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Abstract 

Measurements of electromagnetic fields are used for a wide range of 

applications. Often such measurements provide a non-destructive and non-

intrusive way of obtaining information about the internal structure and other 

properties of the medium. Observations may be conducted across a very 

broad frequency range. Depending on the application domain, the frequency 

bands may range from the UHF band in biomedical engineering to the ULF 

band in geophysics. 

This thesis reports on several experiments where the electric and magnetic 

fields were measured on the surface of different media for the purpose of 

determining the electric properties of the material (electric conductivity and 

relative permittivity). 

A series of interference nulls were observed while measuring the electric 

field at UHF frequencies on the surface of a large, uniform sand dune. The 

source of the field was a transmitter buried in sand. The same pattern was 
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observed after substituting the active transmitter with a passive scatterer 

exposed to a surface located electromagnetic transmitter. The scatterer then 

became a source of the electromagnetic field producing the interference 

pattern identical to the pattern observed in case of the active transmitter. 

Modelling of the surface electric field was done using known closed-form 

solutions for a uniform halfspace and by using an FDTD EM solver. Both 

approaches showed a close match with the measured fields. By varying the 

resistivity and the electric permittivity in the constructed models, it is 

demonstrated that the observed pattern (position of the nulls, nulls depth) 

depend on these electric properties. The inverse problem is posed with the 

goal of determining the electric properties of the material using the observed 

field. The inverse problem was solved, and the conductivity and relative 

permittivity of sand were determined. Two experiments conducted in 

different conditions showed the following results: conductivity 1×10-6 S/m 

and relative permittivity of 2.13 in dry conditions and conductivity 3×10-3 

S/m and relative permittivity of 2.86 in wet conditions. 

Another experiment reports the measurements of the surface electric field on 

the top surface of a small three-dimensional concrete block at microwave 

frequencies (1 – 5 GHz). A copper rod was placed in concrete during sample 

manufacturing to serve as a scatterer. The FDTD solver was used for 

modelling and determining the inverse problem solution. 

At VLF frequencies, several experiments were conducted using surface 

impedance measurement equipment TranSIM. TranSIM allows registering 

amplitude of the electric and magnetic field in the time domain in the 

frequency range between 100 Hz – 50 kHz. The equipment was used to 

measure the EM fields produced by lightning strikes. Data collection was 

conducted on a site where the geology is known. The short -time Fourier 
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transform was used to obtain the spectra of the electric and magnetic fields 

and the surface impedance was determined in the frequency range 0.5-20 

kHz. Frequency sections of apparent resistivity were constructed along the 

measurement profiles and can be interpreted in terms of the geological 

sections. 

These experiments and subsequent data interpretation techniques represent a 

novel approach of determining electric properties of the material by 

observing the electromagnetic field on the surface of the media. 

Experiments conducted at UHF and microwave (S-band) frequencies utilize 

the innovative approach of using the field reradiated by a passive scatterer 

embedded in the material. Potential applications allow using that approach 

for non-intrusive data collection when a passive conductor is already present 

or can be put in the material during manufacturing. 

Experiments conducted at VLF frequency range utilize the data collection 

equipment developed at Griffith University by Mogensen and Thiel. Novel 

data collection and data processing approach of registering solitary short 

samples of electric and magnetic fields produced by lightning strikes is 

discussed. It is shown that the EM field observed in that way can be used 

consistently for creating a reliable geoelectric model of the media. 
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Chapter 1 

1. Introduction 

1.1. Overview 

Observations of the electromagnetic field are conducted in a number of 

applications. Often these observations help gather information about the 

inner structure of objects of interest in a non-destructive way. This thesis 

describes several experiments consisting of observing the electromagnetic 

fields on the surface of the low conductivity media and subsequent data 

analysis and interpretation steps. The experiments are carried out for the 

purposes of determining the electric properties of the media. Novel data 

collection and data processing algorithms are developed and reported in this 

thesis. 
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The practical part of the thesis can be divided in two semantically different 

parts:  

1 measurements and interpretation of the artificially created electric 

field in the UHF and microwave frequency ranges: 0.4 – 5 GHz. 

2 measurements and interpretation of naturally occurring EM field 

produced by solitary lightning strokes in the VLF frequency range: 

0.5 – 25 kHz. 

The first part deals with artificially generated EM fields. The material of 

interest is exposed to the artificially generated electromagnetic field and the 

electric field strength is measured along the surface of that material. Since 

the propagation of the electromagnetic field is dependent on both spatial and 

electrical parameters of the object that is being analysed, the observed field 

is going to depend on these parameters. Thus, it is possible to come up with 

an approximation of the parameters of interest by finding an abstract model 

that will simulate the electromagnetic wave pattern matching the observed 

one. 

This is a common technique used in non-destructive testing. Nowadays there 

are a lot of techniques that allow simulating propagation of the 

electromagnetic field for complex models. Such calculation is called forward 

modelling: calculating parameters of the field given a model where this field 

propagates. The opposite task is called the inverse problem: finding the 

parameters of the model given the field observed for this model. Usually the 

inverse problem is solved by performing forward modelling repeatedly with 

the goal of minimizing the difference between the observed and simulated 

field. 
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The experiments reported in the first part of the thesis describe an 

interference pattern that is observed on the surface of low conductivity 

materials. That pattern is shown to be dependent on the electric conductivity 

and relative permittivity of the material. The pattern is analysed and used in 

order to determine the electric properties of sand and concrete. 

The experiments reported in the first part of the thesis include: 

 Measurements of the artificially produced electric field on the surface 

of a uniform half-space. The source of the electric field was an active 433 

MHz transmitter embedded in the medium.  

 Measurements of the artificially produced electric field on the surface 

of a uniform half-space. The source of the field was transmitter (433MHz) 

on the surface above a passive scatterer embedded in the medium.  

 Measurements of the artificially produced electric field on the surface 

of a 3D concrete sample in the frequency range 1 - 5 GHz. The source of the 

field was a passive scatterer embedded in the medium. The scatterer was 

illuminated by an electromagnetic wave from an antenna located on the 

surface. 

These experiments are arranged in order of increasing complexity. First, a 

uniform halfspace is considered with the transmit ter embedded in the 

halfspace. Then the active transmitter is replaced with a passive scatterer. 

And finally, the uniform halfspace is replaced with a three-dimensional 

object. Field measurements are done on the surface of the material. 

The goal of that analysis is to verify the possibility of determining the electric 

properties of the medium by observing field on the surface of the medium, 

particularly by using the interference pattern for solving the inverse problem. 
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The second part of thesis analyses EM waves produced by solitary lightning 

strokes. These EM waves are often called sferics. The measurements of the 

electric and magnetic fields are carried out using TranSIM equipment 

developed at Griffith University. 

Simultaneous measurements of the magnetic field produced by sferics are 

done over varying distances from several hundred meters to thousands of 

kilometres. Coherency of the signals produced by the same sferic and 

observed over large separations is analysed. A data processing algorithm 

allowing to match spherics recorded in different locations is developed. The 

algorithm is based on minimizing the RMS between the normalised spectra 

of different sperics. Obtained level of similarity between different spherics 

is unaffected by the attenuation of the signal due to different separation from 

the source. That allows matching the signal produced by the same lightning 

and observed in different locations. 

TranSIM equipment was also used for a geophysical survey where 

orthogonal components of both magnetic and electric fields were recorded 

in several observation points over two measurements profiles. Surface 

impedance was calculated for every sferic and average curves of apparent 

resistivity were used to create geoelectric sections of apparent resistivity. 

The sections are then matched with the geological schema of the area. 

In classic well-established methods of electromagnetic geophysics that are 

based on registering naturally occurring EM field, observations are 

conducted continuously often registering variations of the field for more than 

one hour at every observation point. TranSIM equipment is not recording the 

EM field strength continuously but rather registers individual spherics and 

only collects the data that has the amplitude of the magnetic field above the 

defined threshold. 
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1.2. Publications 

During the course of the thesis the following journal and conference papers 

were published: 

• “Surface field measurements from a buried UHF transmitter: Theory, 

modelling and experimental results” [1] 

• “Microwave measurements in cured concrete — Experiment and 

modelling” [2] 

• “Transient surface impedance (TranSIM) measurements using 

discrete lightning for electromagnetic mapping at audio frequencies” 

[3]  
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Chapter 2 

2. Propagation of the electromagnetic 

waves in lossy materials 

2.1. Introduction 

The material discussed in this thesis is based on an understanding of some 

fundamental principles of the EM wave propagation in materials. A brief 

overview of the electromagnetic theory governing subsurface to surface 

propagation is given. The introductory concepts of EM field modelling are 

presented. 
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2.2. Propagation of the electromagnetic waves in the 

material 

The telegraph equations for homogenous medium outline the electric E and 

magnetic H fields in time and space as a function of the electromagnetic 

properties of those materials: 

𝛥𝑬 − 𝜇휀
𝜕2𝑬

𝜕𝑡2
− 𝜇𝜎

𝜕𝑬

𝜕𝑡
= 0 (2.1) 

𝛥𝑯 − 𝜇휀
𝜕2𝑯

𝜕𝑡2
− 𝜇𝜎

𝜕𝑯

𝜕𝑡
= 0 (2.2) 

where Δ – Laplacian operator, ε – electric permittivity, σ – conductivity, µ - 

magnetic permeability, t – time 

In a homogenous medium without extraneous charges, the telegraph 

equations satisfy the homogenous Helmholtz equations: 

𝛥𝑬 − 𝑘2𝑬 = 0 (2.3) 

𝛥𝑯 − 𝑘2𝑯 = 0 (2.4) 

where k is the wavenumber: 

𝑘2 = 𝑖𝜔𝜇𝜎 − 𝜔2휀𝜇 (2.5) 

Often the wave number is written as: 

𝑘2 = 𝑖𝜔𝜇𝜎′ (2.6) 

where 𝜎′ = 𝜎 + 𝑖𝜔휀 is called complex conductivity. 

The solution to that equation is: 

𝑬(𝑟) = 𝐸0𝑒−𝑘𝑟  (2.7) 



8 
 

Where 𝐸0 is the electric field strength in the source and r is the distance from 

the source. 

Since k is a complex number it can be represented as: 

𝑘 = 𝛼 + 𝑖𝛽 (2.8) 

where both α and β are real values and i is the imaginary unit. Using this 

value of k, equation (2.7) can be written as: 

𝑬(𝑟) = 𝐸0𝑒−𝛼𝑟𝑒−𝑖𝛽𝑟 (2.9) 

The constant α is called the attenuation constant and β is called the phase 

constant. 

Thus, it can be derived that the wavelength  in the medium is: 

𝜆 =
2𝜋

𝛽
 (2.10) 

and the skin depth s (distance at which wave amplitude has been attenuated 

by the factor of 𝑒−1) is: 

𝛿𝑠 =
1

𝛼
= √

2

𝜔𝜇𝜎
 (2.11) 

The skin depth is inversely proportional to the angular frequency ω, meaning 

that during wave propagation inside a material, higher frequencies attenuate 

faster than lower frequencies. This fact enables performing so-called 

frequency sounding: obtaining information about the conductivity of the 

medium by analysing the phase and the amplitude of the EM waves with 

different frequencies or by analysing different parts of the frequency 

spectrum. 
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2.3. Subsurface propagation with surface detection 

Let’s consider the transverse component of the electric field induced by a 

horizontal electric dipole for the case of subsurface to subsurface 

propagation. The transmitting dipole (angular frequency ) is located at (0, 

0, d) in a uniform earth half-space (relative permittivity r, conductivity 1). 

The electric field E1 is calculated at the observation point (ρ, φ, z). The 

complex wave number of region 1 (sand) is 𝑘1 = 𝜔(𝜇0[휀0휀𝑟 + 𝑖𝜎1/𝜔])1/2, 

the wavenumber of air is 𝑘0 = 𝜔(𝜇0휀)1/2 , where 0 and 0 are the electric 

permittivity and magnetic permeability of free space respectively (see Figure 

2.1). 

 

Figure 2.1 Locations of the transmitter (Tx) and the receiver (Rx) of EM waves. 

In their papers [4] and [5] Wu and King derived simple formulas for all 3 

components of the electric field generated by a horizontal electric dipole in 

a half-space of water or earth near its boundary with air. The transverse 

component of the electric field E1 is given by 

 

Tx 

Rx 
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E1=
ωμ

0

πk1
2

{e𝑖𝑘1 (𝑧+𝑑)e𝑖𝑘0 𝜌 [
𝑘0

𝜌2
+

𝑖

𝜌3
+

𝑖𝑘0
4

2𝑘1

𝜋1/2 

(𝑘0𝜌)3/2 
∙ e−𝑖𝜌𝑘0

3 / 2𝑘1
2
ℱ]

+ e𝑖𝑘1 (𝑧+𝑑+𝜌) [
𝑖𝑘1

2

2𝜌
−

𝑘1

𝜌2
−

𝑖

𝜌3
]

−
1

4
[e𝑖𝑘1 𝑟1 + e𝑖𝑘1 𝑟0] [

𝑖𝑘1
2

𝜌
−

𝑘1

𝜌2
−

𝑖

𝜌3
]} 

(2.12) 

 

Where ℱ =
1

2
− 𝐶[𝜌𝑘0

3/2𝑘1
2] + 𝑖 {

1

2
− 𝑆[𝜌𝑘0

3/2𝑘1
2]} and C and S are the 

Fresnel integrals, 𝑟1 = [𝜌2 + (𝑧 − 𝑑)2]1/2 , 𝑟0 = [𝜌2 + (𝑧 + 𝑑)2]1/2  

For the same case, Banister [6] proposed the formula (2.13): 

 

E1=
ωμ

0

2πk1
2

{e𝑖𝑘1 (𝑧+𝑑) e𝑖𝑘0 𝜌 [
2

𝜌3
−

𝑖𝑘0

𝜌2
(1 + 𝐹)] − e𝑖𝑘1 𝑟1

∙ [−
𝑖𝑘1

𝜌2
+

1

𝜌3
+

(𝑧 + 𝑑)2

𝜌2
(

𝑘1
2

𝜌
+

3𝑘1

𝜌2
−

3

𝜌3
)]

−
1

2
(

𝑘1
2

𝜌
+

𝑘1

𝜌2
−

1

𝜌3
) [e𝑖𝑘1 𝑟1 − e𝑖𝑘1 𝑟0]} 

(2.13) 

 

Where 𝐹 = 𝐹(𝑤0) = 1 − 𝑖(𝜋𝑤0)1/2 𝑒−𝑤0 𝑒𝑟𝑓𝑐(𝑖𝑤0
1/2 

)  is the Sommerfeld 

surface-wave attenuation function, 𝑤0 = − 𝛾0𝜌 2𝑛2⁄  is the Sommerfeld 

numerical distance and 𝑛 = 𝑘1/𝑘0  is the index of refraction. 

Equation (2.13) consists of two parts and may be presented as sum of two 

functions: 𝑓𝐿 (𝜌, 𝑧, 𝑑) = 𝑓𝐿 (𝜌)𝑒𝑥𝑝 [𝑖𝑘0𝜌 + 𝑖𝑘1(𝑧 + 𝑑)] and  𝑓𝐷 (𝜌, 𝑧, 𝑑) =

𝑓𝐷 (𝜌)[𝑒𝑥𝑝(𝑟1) ± 𝑒𝑥𝑝(𝑟0)]. 
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Equation (2.12) for transverse component proposed by Wu aside from 

abovementioned terms contains one with 𝑒𝑥𝑝 (𝑖𝑘1(𝑧 + 𝑑 + 𝜌)). The 

formula proposed by Bannister for the same polarization does not have this 

term. Bannister discusses this difference in the formulas in his paper [6] 

where he proposes to use the term 𝑒𝑖𝑘1 𝑟1 instead. With this substitution (2.12) 

becomes 

 

E1  = 
ωμ

0

πk1
2

{e𝑖𝑘1 (𝑧+𝑑) e𝑖𝑘0 𝜌 [
𝑘0

𝜌2
+

𝑖

𝜌3
+

𝑖𝑘0
4

2𝑘1

𝜋1/2 

(𝑘2𝜌)3/2 
e−𝑖𝜌𝑘0

3/ 2𝑘1
2
ℱ]

+ e𝑖𝑘1 𝑟1 [
𝑖𝑘1

2

2𝜌
−

𝑘1

𝜌2
−

𝑖

𝜌3
]

−
1

4
[e𝑖𝑘1 𝑟1 + e𝑖𝑘1 𝑟0] [

𝑖𝑘1
2

𝜌
−

𝑘1

𝜌2
−

𝑖

𝜌3
]} 

(2.14) 

 

Function 𝑓𝐿 (𝜌) is a lateral wave which interfering with the superposition of 

direct and reflected from the boundary earth-air rays (𝑓𝐷(𝜌, 𝑧, 𝑑)) produces 

a standing wave pattern. Wu first described this phenomenon in [4] for radial 

(E1ρ) component. A similar interference is not present for the other two (E1ϕ 

and E1z) components of the electric field in [5] because of the erroneous 

involvement of the term with the distance 𝑧 + 𝑑 + 𝜌. As we will show 

further equation (2.14) agrees with experimental observations and Banister’s 

formula (2.13). 
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Chapter 3 

3. UHF EM waves propagation in a 

uniform halfspace 

3.1. Motivation 

The challenge of determining the location in three dimensions and 

communications from the surface with a buried radio beacon remains of 

interest for many applications. Underground sensors networks (UGSN) is 

one such broad application area, as for example discussed in [7] and [8]. 

These include: 
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• Wireless sensor networks for monitoring ore movement during 

blasting [9], [7] 

• Soil moisture sensors in wireless networks to control watering systems 

over large areas such as golf courses and intensive agriculture[7], [10] 

• Location of an ingested transmitter in the human body for 

gastrointestinal studies [11] 

• Communications with moving objects from buried fixed receivers in 

such applications as athlete monitoring, motor vehicle identification 

on roadways, [12] 

• Communications between underground pipes for leak detection and 

water flow measurements [13] 

• Communications between mobile units in a forest canopy [14][15] 

Previous theoretical studies were based on a number of different approaches 

including: 

• Geometrical ray optics where the ground forms a material of lower 

impedance compared to air resulting in total internal reflection from 

the surface for almost all angles of incidence 

• Lateral wave propagation where a circular wavefront originates from 

the surface point closest to the transmitter (i.e. directly above the 

transmitter). This results in an interference pattern on the surface 

resulting from the direct ray and the lateral waves [4][6] 

• Lateral wave propagation enhanced by a multilayer subsurface, so the 

result is a three-ray path interference pattern [14][15] 

• Complex image theory where the surface electric field is estimated 

from the interference between the direct ray, the complex image ray 

and a lateral ray [16] 
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Some of these approaches have relatively simple closed-form solutions as 

discussed in the section 2.3 of this thesis. 

In order to model propagation of the EM field in more complex 2 and 3 

dimensional models when closed form solutions are not available, more 

sophisticated computational techniques exist. For example, electromagnetic 

modelling has been undertaken for the gastro-intestinal radio pill using the 

impedance method [11] and the three-dimensional finite integral technique 

[17]. The finite-difference time-domain had been used in assessing the 

performance of UGSN [18]. 

Measurements of the EM field are often conducted with the purpose of 

determining properties of the medium, determining the internal structure of 

the model or characterization of damages on the surface and interior of the 

material. Such class of application is called non-destructive testing (NDT) 

[19]. 

This chapter reports experimental measurements of the electric field strength 

which show high levels of interference, numerical methods which show 

similar effects and the closed-form solutions which allows the determination 

of the relative permittivity and the conductivity of the upper earth. 

Apart from the theoretical work by Bannister and Dube [6] and the 

experimental work by Tamir [14], [20] and Meng et al [15], [21], there have 

been few experimental observations of the interference effects on the surface 

electric field from a subsurface transmitter. 

Measurements were conducted on the surface of a sand dune. Two models 

were considered: active transmitter buried in the ground and a buried passive 

scatterer exposed to the electromagnetic radiation. Parameters of the 

interference pattern (positions of nulls and amplitude) observed for the 
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models and dependence of these parameters on the permittivity and 

conductivity of the medium were analysed. Utilization of the passive 

scatterer is of interest for the NDT applications since it is not always possible 

to embed an active transmitter in the material in a non-destructive manner. 

A passive reradiating element can be placed in the material during 

manufacturing. 

3.2. EM field propagation from a subsurface transmitter 

3.2.1. Experimental methods 

Experimental measurements were made on top of a sand dune const ructed 

from reclaimed beach sand located on a sand bar (spit) on the Gold Coast in 

South East Queensland Australia. The dune (Figure 3.1) has dimensions of 

approximately 8 meters high and has flat rectangular surface of 

approximately 80×100 meters. The dune was constructed in September 

2013. 
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Figure 3.1 The dune made from reclaimed sand at the Gold Coast, Queensland. 

The flat top is approximately 100m x 80 m and stands approximately 8m high. 

Coordinates: 27.940108 S, 153.427743 E. Black polygons correspond to the 
basement and top surfaces of the dune. Grid size is 10m x10m. Black line is the 

location of the measurement profile. 

Each radio beacon consisted of a battery powered transceiver circuit 

operating at 433 MHz (Figure 3.2). The transceiver records the received 

signal strength indicator (RSSI) from the coded matching transceiver for 

later download to a computer. The transmitter power was +10dBm and the 

receiver sensitivity was -105dBm. 
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Figure 3.2 The 433 MHz beacons consisted of an insulated wire monopole antenna 

(length 173 mm) attached to a battery-powered transmitter/logger circuit board (40 
mm x 60 mm). It was arranged on a semi-rigid foam backing sheet and placed in 

a plastic bag to prevent sand ingress 

 

 
Figure 3.3 Schematic diagram showing the position of the buried transmitter. 

One of the beacons was buried in sand (Figure 3.3) and the second beacon 

was moved along the profile over the buried beacon on the surface of the 

dune with the step 5 cm at 201 measurement points. At every point electric 

field intensity was measured. The length of the profile was 10 meters and the 

buried beacon was placed in the middle of the profile. Measurements were 

made for transverse polarization: the transmitter and the receiver were 

aligned in the same direction that is orthogonal to the direction of the 

measurement profile. Two sets of measurements were conducted with bury 

depths of 45 and 60 cm. The experimental results are shown in Figure 3.4 

with significant interference nulls. The theoretical results are shown for 

comparison. This is discussed further in Section 3.2.3. 
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3.2.2. Modelling 

A) Impedance method 

A two-dimensional forward modelling impedance method [22], [23] was 

used to model the electric field signal strength on the earth’s surface from a 

buried source. This method requires the region to be discretized into two-

dimensional rectangular cells bounded by impedance elements with 

properties dependent on the local electromagnetic properties of the medium 

and the cell size. The model consisted of a rectangular grid defined by 6 m 

length and 5 m depth with 1 cm cell resolution. The transmitter was buried 

at 45 cm and at 60 cm. 

The electric field at the surface was determined as the product between the 

surface impedance and the magnetic field [22]. The magnetic field was 

computed by solving the linear system 

[𝑺]𝑁×𝑁 [𝑯]𝑁×1 = [𝑯0]𝑁×1  (3.1) 

 

where H is the vector of unknown magnetic field elements, 𝑯𝟎 is the known 

source field vector (buried transmitter), S is a square, side-banded tri-

diagonal sparse matrix and N is the number of impedance elements in the 

solution space. Since the forward modelling in is in two dimensions, both the 

buried transmitter and the receiver in the surface were aligned so the 

horizontal cross section was simulated. 

When the earth was modelled as a uniform half-space, an interference pattern 

was evident. This resulted in a series of interference nulls (see Figure 3.5) 

which change for burial depths of 45 cm and 60 cm, respectively. When the 
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region consisted of two horizontal layers, a top layer with 60cm depth (σ = 

1×10-3 S/m and εr = 2.15), and the second layer infinitely deep layer (σ = 

1×10-5 S/m and εr = 2.15), additional interference nulls became evident 

(Figure 8). Note also that there is a null at  = 0 m when the beacon is located 

at 60 cm. This was also observed in the experimental measurements. 

B) CST time domain solver 

The buried beacon was modelled using commercial three-dimensional 

electromagnetic simulation software (CST Microwave Studio). The 

computations were conducted with time domain solver based on the Finite 

Integration Technique [24]. Buried half-wave dipole transmitter (frequency 

of 433MHz) located within an earth half-space (relative permittivity 2.13 and 

conductivity 1 × 10−6 S/m). Open boundaries were employed all around the 

space and a vertical symmetry plane was utilized which dissected the dipole. 

The dipole was located at depths 45 and 60 cm. The instantaneous electrical 

field strength (dB) of the simulation for the plane perpendicular to the dipole 

axis located at 60 cm depth is shown in Figure 3.7. The interference nulls are 

evident underneath the ground as well as along the surface. 

3.2.3. Interpretation 

The experimental results obtained for the sand dune are plotted in Figure 3.4 

a and b (45 cm and 60 cm respectively) for the two depths. There is a clear 

set of interference nulls in the data for both cases although the results are not 

perfectly symmetric about the 0 m displacement line. The asymmetry is 

thought to be due to local inhomogeneities in and beneath the sand dune.  

Equations (2.13) and (2.14) and were used to match experimental results by 

adjusting the relative permittivity and conductivity of the sand. The most 
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characteristic features of the experimental curves are sharp dips – field 

strength minima sometimes more than -20 dB. When choosing values of 

relative permeability and conductivity, attention was concentrated on 

matching the position and amplitude of theoretical interference minima with 

observed ones. The position and depth of the nulls have been matched quite 

successfully although there are additional interference nulls between the 

major nulls. These secondary minor nulls are thought to be the result of a 

basement below the sand within the dune. 

As can be seen from Figure 3.4, that equation (2.14) matches with 

experimental results better, especially for small distances from the origin ( 

= 0 m). The first dip situated at  =±1.2 meters and  =±1.9 meters for 

depths 45 and 60 cm respectively is not predicted by Bannister’s formula but 

is seen on the graph for Wu’s formula. A very good match is achieved for 

the right half of the experimental data and Wu’s formula for 45 cm depth. 

Both Bannister and Wu assess the range of applicability of their formulas as 

|𝜌| ≥ 3(𝑧 + 𝑑) or, in this case, one of the beacons is situated on the 

surface |𝜌| ≥ 3𝑑 which explains the significant disagreement between the 

experimental and theoretical results directly above the beacon. 
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Figure 3.4 Comparison of experimental electrical field results with computations 

using (2) and (3) for a depth of 45 cm (a) and 60 cm (b) 
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Figure 3.5 The horizontal surface electric field profile across the surface of the 

sand calculated using the impedance numerical method matched with theoretical 

and experimental results. A 433MHz transmitter buried at a depth of 45 cm (a) and 

60 cm (b) in a uniform half-space of sand (conductivity = 10-6 S/m, relative 

permittivity 2.13) was located in the centre of the model 
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Figure 3.6 The horizontal surface electric field profile across the surface of the 

sand calculated using the impedance numerical method matched with theoretical 

and experimental results. A 433MHz transmitter buried at a depth of 60 cm in a 

layered model was located in the centre of the model. The conductivity of the top 

layer = 10-2 S/m, of the bottom layer = 10 -6 S/m, the thickness of the top layer is 

60 cm, relative permittivity of both layers = 2.13. 

Experimental and theoretical results were also compared with the impedance 

method results (Figure 3.5 and Figure 3.6) for the beacon depths of 45 and 

60 cm. Similar interference patterns are observed. The rate of attenuation of 

the electric field with the distance is lower for the impedance method since 

the simulation was made for a 2-dimensional model. The field source in this 

case is an infinite line source whereas experimental observations and 

computations using Wu and Banister theory are made for a point source 

dipole.  
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The positions of the nulls are not matched except for those at  = ±1.2 meters 

for the depth 45 cm. The number of interference nulls is generally much 

higher for the impedance method compared to that for the theoretical curves 

and the nulls are not so pronounced. 

One of the features of the experimental plot for the depth 60 cm is an electric 

field minimum directly above the buried beacon (Figure 3.4 b). This effect 

was simulated using the impedance method adding a conductive layer on top 

of the model. The thickness of a layer was 60 cm and the conductivity was 

10−3 S/m. The source was placed at a depth of 60 cm (Figure 3.6). 

 
Figure 3.7 CST time domain modelling of the electric field from a buried half-
wave dipole transmitter buried at depth 60 cm in the sand (position of the beacon 

is shown with the black circle). 
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Figure 3.8 Comparison of CST time domain modelling results, Wu and King 

theoretical formulas and experimental results. Depth of the beacon is 45 cm (a) 

and 60 cm (b) 
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The results of the CST time domain simulations compared with Wu and King 

theoretical curves and experimental results (Figure 3.8) shows similar 

interference patterns but the position of the nulls is different especially in the 

vicinity of the buried dipole. The CST results and the Wu and King curves 

match better at larger distances on the profile. The depth of the nulls is 

similar for both computations. 

The number of nulls in the experimental curves is higher than that from the 

closed-form solutions and CST simulations. This may be explained by the 

presence of the reflecting boundary in the sand dune. The similar phenomena 

were described in [25]. 

 

3.2.4. Conclusion 

 

A simple model with the active transmitter embedded in the sand halfspace 

is considered. Experimental observations of the electric field on the surface 

were conducted. A series of the interference nulls was observed and 

modelling of the electric field using equations (2.13), (2.14) and CST EM 

modelling solver match the observed interference nulls. The best match was 

obtained for the values of σ = 10-6 S/m and εr = 2.15 which agrees with the 

values reported in [26] for the dry sand. 

Figure 3.9 demonstrates phase plots for different values of the relative 

permittivity of the sand halfspace with the fixed value of the conductivity (σ 

= 10-5 S/m). The plots are obtained using CST EM solver. The positions of 

the interference nulls can be seen clearly along the surface of the halfspace. 

In case of the phase plots, the nulls are represented by the areas that show 
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rapid change of the phase values in a very small spatial area. Such an effect 

is explained by the permanently small amplitude of the electric field strength. 

 

Figure 3.9 Phase plot of the E field modelled for a transmitter embedded in the low 

conductive halfspace with varying relative permittivity  

From the plot it can be seen that the positions of the nulls vary with the 

relative permittivity of the halfspace: higher values of the relative 

permittivity produce higher spatial frequency of the interference pattern. 
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Thus, it is possible to determine the values of the relative permittivity from 

the position of the observed nulls. The values of electric conductivity can be 

obtained from the attenuation rate observed on the distances from the 

transmitter. 

 

3.3. EM field propagation from a subsurface passive 

scatterer 

 

Experiment and modelling described in the subchapter 3.2 show that the 

electric field produced by an active transmitter embedded in a low 

conductivity medium consists of the series of interference nulls that can be 

used in order to solve the inverse problem and determine ε and σ based on 

the pattern alone. A similar experiment and processing and interpretation 

steps are described in this subchapter. The difference with the subchapter 3.2 

is that instead of an active transmitter, a passive scatterer was placed in the 

sand. 

 

3.3.1. Experimental methods 

 

The experiment was conducted on the same sand dune as the experiment 

from the previous subchapter. The conditions for the experiment were 

slightly different and the experiment described here was conducted during 
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rain season when the water content in the sand composing the dune was 

higher compared to the experiment reported in the subchapter 3.2. 

The 433 MHz beacon was connected to a horn antenna and the antenna was 

used as the source of the electromagnetic waves. The dimensions of the 

antenna are presented on Figure 3.10.  

 
Figure 3.10 Dimensions of the horn antenna used for the experiment. The active 

element (5 cm long cylinder) was located at the top part of the antenna 

The same beacons that were described at the previous subchapter were used 

as the transmitter and the receiver. The transmitter was connected to the 

radiating element of the antenna through a coaxial cable and the receiving 

beacon was placed on the surface of the sand dune and moved along the 

measurement profile. The scheme of the measurements is shown on Figure 

3.11. 

The experimental setup is very similar to the one described in the previous 

subchapter. This time a passive scatterer was placed in the sand directly 
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underneath the horn antenna. The scatterer was a 30 cm long solid copper 

cylinder with the diameter of 2 cm. Scatterer, receiver and the radiating 

element of the horn antenna were placed horizontally, parallel to each other 

and orthogonal to the direction of the measurement profile. 

The model used for this experiment is a more complicated version of the 

model discussed in the previous subchapter. In order to understand whether 

the same interference pattern is going to be observed during that experiment, 

preliminary modelling was conducted using the CST studio suite solver. 

 

 
Figure 3.11 The scheme of the measurement profile. The horn antenna is the source 

of the EM waves. The position of the passive scatterer is directly underneath the 

horn antenna. 

The model consisted of the replica of the horn antenna shown on Figure 3.10. 

The antenna was placed on top of a cube with the edge length equal to 6m. 

The material composing the cube was defined to have ε of 2 and σ of 10-5 

S/m. The cube’s boundaries were defined as open absorbing non-reflective 

boundaries on all faces except for the top surface where 2 m of air was added 

to the model. Similarly to the modelling discussed in chapter 3.2, the 

configuration of the open boundaries makes the cube to be effectively a half-

space. A perfect electrically conducting cylinder with the length of 25cm was 
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placed directly underneath the horn antenna inside of the cube at the distance 

of 45 cm from the top surface of the cube. 

Two computations were performed: with the scatterer and without the 

scatterer. The modelling results are shown on Figure 3.12. The plots show 

the electric field strength of the component orthogonal to the plane of the 

image. 

 
Figure 3.12 Comparison of the modelled electric field strength with (a) and without 

(b) the passive scatterer. Position of the scatterer is shown with a black circle on 

the top image 

a) 

b)

) 
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There is a clear difference in the field intensity observed inside of the 

material directly underneath the surface on the distance greater than 1 m. 

Much higher electric field strength (-20 - -40 dB) is observed for the model 

with the passive scatterer compared to the model without one (-50 - 70 dB). 

Since the horn antenna is radiating majority of its energy directly 

downwards, the field strength close to the surface at the profile distances 

greater than 1m is very low for the model without the scatterer. The stronger 

electric field values for the modelling results shown on Figure 3.12a can be 

explained by the fact that the scatterer being exposed to the electromagnetic 

field, becomes the source of the secondary reradiated field. Since the 

scatterer is just a plain cylinder, its directivity is omnidirectional, and it 

produces the wave propagating along the surface. 

Similar to the case of the active transmitter placed in the material, the set of 

interference nulls can be seen on Figure 3.12a. As it will be shown later, the 

parameters of the pattern are identical to the case with the buried active 

transmitter and the same formulae can be used to evaluate the electric field 

strength on the surface of the material. 



33 
 

 
Figure 3.13 The measured surface electric field strength on sand at 433 MHz 

together with the calculated and computed surface fields. The red error bars show 

the standard deviation of the field strength at each measurement point.  

The electric field strength measured during the experiment is shown on 

Figure 3.13. Red vertical lines correspond to every observation point and 

show the standard deviation of the measured electric field strength on every 

measurement point. 

 

3.3.2. Interpretation 

 

To match experimental results the brute force algorithm was used. Positions 

and depth of the nulls of the observed electric field strength were iteratively 

matched with the position and depth of the nulls of the modelled electric 

field. Wu and Bannister formulae (2.13) and (2.14) were used to calculate 

multiple curves of the electric field strength for varying values of ε and σ. 

Values of ε were chosen to be between 2 and 6 with the step of 0.02. Since 

values of σ are distributed log-normally [27], σ was changed with the 
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logarithmic step. Values were chosen to be between 3 × 10−7 S/m and 

3 × 10−1 S/m with 25 steps per decade. 

The optimal match was achieved for values of ε = 2.86 and σ = 3 × 10−3  

S/m. For these particular values of ε and σ the field was also modelled in 

CST. Since it takes fractions of a second to calculate the field strength using 

Bannister and Wu equations on a modern CPU and calculating the field 

values with the CST solver takes several minutes, the brute force matching 

was performed using Wu and Bannister equations and CST solver was run 

only once to validate the close match with the most optimal result. 

The results of the computations are shown on Figure 3.14. It can be said that 

all 3 curves match each other very closely, especially starting with the profile 

distance further than 1.2 m. 
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Figure 3.14 Electric field strength modelled for the values of  and sigma 

determined by performing the brute force matching. Top: electric field strength 

observed on the surface. Bottom: electric field strength section of the model. 

These values of ε and σ are higher than the values reported in the subchapter 

3.2 which is explained by the fact that the water content in the sand was 

higher compared to the experiment reported in this subchapter. Since water 

has higher values of ε and σ than sand, bulk values of ε and σ are expected to 

increase as well. 



36 
 

3.3.3. Conclusions 

It is possible to use a passive scatterer embedded in the medium to reradiate 

EM signals which produce a lateral wave causing an interference pattern on 

the surface which depends on conductivity and permittivity of the medium 

This was successfully calculated using the same closed-form solutions that 

were used in chapter 2. 

3.4. Discussions 

The surface horizontal electric field measurements from a dipole transmitter 

buried in a sand dune showed significant nulls across the surface. This is an 

experimental observation of lateral waves predicted by Wu and King [4] and 

the formula was modified by Bannister [6]. The theoretical relationship was 

matched with numerical methods using two different computational 

techniques. 

The interference pattern observed on the surface provides information about 

the electric properties of the material since the wave propagation is 

determined by these constants.  

In surface based electromagnetic field investigations, subsurface conductors 

reradiate the incident electromagnetic waves. This should result in the 

creation of lateral waves as observed in these experiments. It is shown that 

an active transmitter embedded in the material can be replaced with a passive 

scatterer and the parameters of the interference pattern observed on the 

surface remain the same. This fact might be of interest in the applications 

where inclusion of an active transmitter is more difficult than placing a 

passive element inside of an object. 
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The Wu and King theory demonstrate that lateral waves will only be 

observed when the conductivity of the half-space is sufficiently low. This 

can account for the lack of previous field observations. In the experiment 

reported here, the conductivity was quite small (σ = 10−5 S/m) and (σ = 

3 × 10−3 S/m).  



38 
 

 

Chapter 4 

4. UHF-SHF EM waves propagation in 

cured concrete 

4.1. Introduction 

As it was shown in the previous chapters, the interference pattern is observed 

on the surface of the low conductive uniform halfspace when either an active 

or a passive source of EM waves is located inside of the halfspace. The 

properties of the pattern are shown to depend on conductivity and relative 

permittivity of the halfspace. A similar setting is analysed in this chapter but 

instead of the uniform halfspace, a uniform three-dimensional concrete block 

is used as a host for the scatterer. Experiment and modelling reported in this 
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chapter are similar to the ones reported in Chapter 3. The scatterer was 

exposed to the EM radiation from the source situated on the surface and the 

values of the electric field were observed on multiple points along the 

measurement profile. The transmitter and the receiver communicated on 

multiple frequencies in the band between 1 and 5 GHz. 

Determination of electromagnetic properties of concrete is of importance for 

network applications in the built-up areas and inside buildings and other 

constructions as well as for non-destructive testing applications. Many 

factors govern the values of conductivity and relative permittivity of concrete 

including: age [28], moisture content[29], aggregate size and density, and 

the presence of re-enforcing structures [30]. Some of these factors may cause 

an increased rate of structural deterioration of concrete. Monitoring the 

electromagnetic parameters of concrete is one of several non-destructive 

condition assessment methods used for the detection of early signs of 

structural deterioration [31]. 

The goal of the experiment reported in this chapter is to analyse whether a 

similar pattern occurs for the three-dimensional medium where the wave 

propagation pattern is much more complex compared to the uniform 

halfspace because of the presence of the reflective boundaries. 

The method for determining the electromagnetic properties of concrete 

outlined in this chapter employs a lateral wave interference pattern occurring 

in highly resistive materials. As was shown in the previous chapter the 

electric field (E field) pattern occurs on the surface of the material because 

of the multipath propagation of the electromagnetic field waveguide modes 

originating in the medium. Being of different wavelength, the 

electromagnetic waves in the material and in air produce a series of 

interference nulls observed on the surface of the highly resistive halfspace. 
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4.2. Experimental methods 

4.2.1. Sample preparation 

The concrete used to cast the sample was designed for prefabricated wall 

panels with a target strength of 50 MPa. General-purpose sand and maximum 

10 mm aggregate was used to produce the concrete with a slump of 80 mm. 

The size of the concrete sample was 350 x 100 x 100 mm. The sample was 

prepared using the FOLA-0247-M beam mould. 

A vibrating screed was used during the casting process to remove air voids 

from the concrete and provide a uniform consistency to the sample. The 

sample was kept moist for the first few days before removing from the mould 

and then cured in a controlled indoor environment. The measurements were 

made when the concrete age was 40 days after the pour. 

During the concrete pour, a 100-mm long copper rod (diameter of 3 mm) 

was placed in the concrete orthogonal to the long axis of the sample and 

positioned 3 cm below the surface and 4 cm away from the one end of the 

sample. This position was chosen to ensure a long measurement space along 

the sample was available. 

4.2.2. Electric field measurements 

An aluminium box antenna with a resonant slot and a brass patch feed probe 

was designed and fabricated (Figure 4.1). The antenna design was adapted 

from [32], where a similar antenna was used to minimize losses in off-body 

radiation in a wearable transmitter. The antenna was placed above the copper 

rod in the concrete sample. The slot was perpendicular to the long axis of the 

box and generated linearly polarised radiation with the E-field parallel to the 
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rod for maximum induced coupling. This increased the microwave power 

inside the concrete sample when compared to samples where there was no 

copper scatterer. 

 
Figure 4.1 Aluminium box antenna with a tuned slot used as the transmitter. The 

SMA coaxial feed is shown at the end of the box. 

Before the antenna was manufactured, several variations of the design with 

varying dimensions of the slot and the patch were simulated in CST. Since 

the goal of the experiment was to find electric properties of concrete, these 

properties were unknown. Certain antenna characteristics (e. g. S11) were 

optimized when the antenna is in contact with the material under 

investigation. Since the exact electric properties of the material were not 

know, these values were taken from [33]. The design used for the experiment 

(Figure 4.1) provided the best S11 match for the values of ε = 7 and σ = 10−4  

in the frequency range of 1 – 5 GHz. 

Measurements were made in the frequency band between 1 and 5 GHz using 

a vector network analyzer. The electric field strength on the concrete surface 

was measured using a simple 6 cm long co-linear dipole antenna oriented 
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parallel to the scattering copper rod and lying on the concrete surface.  The 

long axis of the box antenna was oriented parallel to the receiver and the 

scatterer. 

The complete experimental setup is shown on Figure 4.2. The concrete 

sample stands on a polystyrene block. Polystyrene has electric properties of 

vacuum and was used in order to distance the concrete sample from the 

potentially non-electric neutral basement. 

 
Figure 4.2 Experimental setup. Network analyser is connected to the transmitting 

box antenna and receiving dipole antenna. The base the concrete sample stands on 

a polystyrene block. 

It is worth noting that the surface of the concrete is almost ideally smooth. 

The height of imperfections on the surface of the concrete sample is of the 

order of 1 – 2 mm which is much smaller than the wavelength in concrete on 
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the microwave frequencies. A smallest reasonable approximation of the 

wavelength in concrete on the highest observed frequency of 5 GHz is 20 

mm (given relative permittivity of 9 and using (2.10)). The wavelength at the 

lowest frequency (1 GHz) given the same relative permittivity is 100 mm. 

The dipole antenna was manually moved along the surface to the end of the 

sample with a 5mm step size starting 5mm away from the antenna and the 

electric field on the surface of the sample was measured. The dipole antenna 

was oriented orthogonally to the observation profile (see Figure 4.3). 

 
Figure 4.3 Experimental measurement configuration showing the concrete brick, 

the transmitting box antenna and the colinear dipole probe. The arrow shows the 

direction of the measurement profile. The dipole probe was moved along this 

direction with the step of 5 mm and the electric field strength was measured at 

every position. 

The network analyser used for the experiment measures the electric field 

strength in the frequency domain. At every observation point a curve of 

electric field strength versus frequency was obtained. By mapping these 

curves next to each other on a 2-dimensional plane where the vertical axis is 
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the frequency and the horizontal axis is the profile distance, the data can be 

represented as a coloured contour map of values of electric field strength. 

The experimental results represented this way are shown on Figure 4.4. 

There are two sets of interference nulls. The depth of the nulls is 

approximately 35 dB compared to the background field strength level. The 

areas containing the nulls are highlighted with the dashed line. 

 
Figure 4.4 Frequency sections of the measured electric field strength on top of the 

concrete sample. Areas highlighted with the dash lines show areas with the 

interference nulls. 

4.3. Modelling 

Equations describing subsurface to surface propagation of electromagnetic 

field were used for the modelling of the electric field in chapter 3. Such 

simple equations are not available for three-dimensional cases with arbitrary 

positions of the reflective boundaries. Thus, the modelling of the EM field 

was performed using the only iterative FDTD approach. CST microwave 

solver mentioned in the previous chapter was used.  
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In order to determine the electric parameters of concrete the experimental 

setup was modelled in the CST designer and classic inverse problem was 

solved: the modelled field is being fit to the observed one by varying the 

values of the sought parameters. The measured field was parametrized, and 

particle swarm optimization technique was used. The values of electric 

conductivity and relative permittivity are treated as variables and are being 

changed by the optimizer on every step of the iterative process. 

The end goal of the solver was to fit the modelled field values as close as 

possible to the measured field values for several chosen points on Figure 4.4. 

6 points corresponding to the values of the E field where the interference 

nulls were observed, and 2 points of the background E field values were 

chosen. The values selected for the inversion are highlighted on Figure 4.5. 

 

Figure 4.5 Frequency sections of the measured electric field strength on top of the 

concrete sample. Circles highlight the field values selected for the optimization 

algorithm 

On every iteration of the solver for the values 𝜎, 휀, the fitness level F of the 

modelled field was calculated as: 
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𝐹(𝜎, 휀) = ∑(𝐸𝑥𝑖𝑓𝑖

𝑚𝑜𝑑(𝜎, 휀) − 𝐸𝑥𝑖𝑓𝑖

𝑒𝑥𝑝
(𝜎, 휀))

2

𝑖

 (4.1) 

where i is the index of one of the areas highlighted on Figure 4.5, 𝐸𝑥𝑖𝑓𝑖

𝑚𝑜𝑑 – 

field strength (in dB) of the modelled electric field for the point with 

coordinates (𝑥𝑖 , 𝑓𝑖), 𝐸𝑥𝑖𝑓𝑖

𝑒𝑥𝑝
 – field strength (in dB) of the experimentally 

observed electric field for the point with coordinates (𝑥𝑖 , 𝑓𝑖 ). The goal of the 

optimizer was to find the values of 𝜎, 휀 that provide the smallest possible 

value of F. 

No restrictions for the max values of σ and ε were given to the solver and the 

minimum value for both parameters was specified as 0. The initial guess for 

the first iteration of the solver was chosen as ε = 7 and σ = 10−4  S/m in 

accordance with the values reported by several experimental observations 

[33], [34]. 

On every iteration, forward modelling was performed using the finite 

integration technique [24]. The optimizer stopped when the optimal level of 

fitness of measured and modelled fields was achieved. The results of the 

optimization are shown on Figure 4.6. 
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Figure 4.6 Frequency sections of the modelled electric field strength on top of the 

concrete sample 

The values of the searched variables determined by the optimizer were 

conductivity equal to 10-3 S/m and relative permittivity equal to 7.9. The 

frequency section of the modelled electric field strength contains the same 

features which are present on the frequency section of the measured electric 

field strength. 

4.4. Discussion 

Solving the inverse problem of fitting modelled electromagnetic field to the 

measured one provides means for determining conductivity and permittivity 

of concrete. In this chapter the EM field induced by an antenna placed on the 

surface of a concrete block is analysed. A passive scatterer was placed in the 

concrete and is exposed to the electromagnetic radiation in the microwave 

frequency range (1-5 GHz). The electric field strength was observed on the 

surface of the concrete block over multiple observation points . The 
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interference pattern discussed in the previous chapters was observed and 

used for solving the inverse problem. 

This method may be used as a part of non-destructive quality assessment of 

concrete and for planning wireless networks inside concrete buildings. While 

small cracks originating in concrete structures as such may be too thin for 

direct detection by this method, preceding or causing these cracks changes 

in the water content or chemical composition may affect significantly big 

areas in the material. These zones of changed chemical composition which 

would have different electrical properties may cause distortion in the 

observed electric field pattern as reported in [35] and [36]. That would make 

it possible to use a similar method of solving the inverse problem with 

additional variables parametrizing the areas affected by the changes in the 

chemical composition. 
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Chapter 5 

5. ULF-VLF surface impedance using 

discrete lightning strokes for earth 

imaging 

5.1. Introduction 

Observations of the natural electromagnetic field of the Earth have been used 

during geophysical investigations since the middle of the previous century. 

There are several sources of this field as, for example, currents flowing in 

ionosphere [37] or lightning strikes occurring worldwide at an average yearly 

rate of approximately 40 flashes per second [38]. 
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A lot of research has been made to investigate the distribution of the 

thunderstorms producing lightning strikes. Thunder day observations [39], 

[40] and data from meteorologic satellites [41] - [44] show great prevalence 

of thunderstorms over land areas and that lightning are much more common 

closer to equator (20° S – 20° N) than at higher latitudes. Figure 5.1 shows 

world lightning distribution over entire year 1996th. The observations were 

made with the Optical Transient Detector by NASA [45]. 

 
Figure 5.1 The annualized distribution of total lightning activity: flashes per square 

kilometre per month [45] 

The main challenge in analysing the data of natural electromagnetic field is 

that the interpreter does not know the precise characteristics of the source of 

the field and can only work with the observed field. The electromagnetic 

field on the Earth surface depends on the orientation and intensity of the 

primary source, the distance from the source to the point of observation and 

the resistivity of the medium. First attempts to use the natural 
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electromagnetic field for earth probing purposes solving these problems 

were made by Cagniard [46]. He proposed using orthogonal components of 

the electric and magnetic fields. Cagniard showed that the ratio of those 

components does not depend on the distance from the source if 

measurements are made in the wave zone (far field). The ratio 

𝑍 =
𝐸𝑥

𝐻𝑦

 (5.1) 

 

where Ex is a horizontal x component of electric field and Hy is a horizontal 

y component of the magnetic field depends only on the resistivity of the 

earth. While developing the theory of the method it was assumed that the 

electromagnetic wave is a plane wave and the medium is a horizontally 

layered conductive half-space. The method was called the magnetotelluric 

method (MT). The ratio Z (5.1) was widely used in the literature by the time 

Cagniard presented his work so he followed the common name - wave 

impedance. 

Cagniard found a relationship between the impedance of the plane wave on 

the Earth’s surface and resistivity structure of the medium for cases  of 

uniform half-space, two-layered and three-layered models. The apparent 

resistivity  of the material is defined as  

𝜌 =  
|𝑍|2

𝜔𝜇0

 (5.2) 

 

where 𝜔 is a angular frequency and 0 is the magnetic permeability. For a 

uniform half-space value of apparent resistivity is equal to the value of unit 

resistivity. 
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The main idea of the method was that analysing different frequency 

component of the field it is possible to obtain information related to the 

different depths of the medium thus conducting sounding of the Earth’s 

interior. It is possible due to simple skin effect where the low frequency parts 

of the EM spectrum, for example, correspond to deeper regions of the 

geological section due to the longer wavelength. 

The main advantage of the method was that it relies on the natural EM field 

and does not require artificial generators. In the following decades, the 

method was improved in both data acquisition and processing techniques. 

The exact closed-form solution for Cagniard impedance in an N-layered 

media was given by Wait [47]. He used the fact that horizontal components 

of the EM field are continuous over horizontal borders and so the impedance 

is continuous over the boundary as well. Knowing the impedance on the 

lowest boundary it is possible to calculate it on the next upper boundary and 

so on up until the surface. 

A very important step in the theoretical development of the MT method was 

made by Cantwell [48]. The method proposed by Cagniard worked very well 

in the horizontally stratified medium. Cantwell expanded the range of 

applicability of the MT method for the two-dimensional cases. He described 

the behaviour of the MT field for anisotropic media and proposed using 

impedance tensor instead of previously used scalar value. The tensor value 

was written as: 

 

[𝒁] = [
𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
] (5.3) 
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and the relationship between horizontal electric and magnetic components of 

the EM field is: 

𝐸𝑥 = 𝑍𝑥𝑥𝐻𝑥 + 𝑍𝑥𝑦 𝐻𝑦 

𝐸𝑦 = 𝑍𝑦𝑥 𝐻𝑥 + 𝑍𝑦𝑦 𝐻𝑦 

(5.4) 

(5.5) 

 

Or written in the linear form: 

[𝑬] = [𝒁] [𝑯] (5.6) 

 

The impedance components 𝑍𝑥𝑦  and 𝑍𝑦𝑥  are called the main components of 

the impedance tensor and are mostly used during interpretation. The 

components 𝑍𝑥𝑥 and 𝑍𝑦𝑦  are called additional components and in a 

horizontally stratified medium they are equal to zero. The impedance tensor 

proposed by Cantwell automatically reduces to the Cagniard 1D-impedance 

in the one-dimensional case.  

Methods of estimation of the impedance tensor have been studied and 

proposed by many authors since the first experimental implementations of 

the MT method [48], [49]. The methods commonly use power spectral 

density estimates (PSD) obtained by performing Fast Fourier Transform 

(FFT) and estimating the impedance tensor elements in the frequency 

domain. Implementing the FFT on the observed data and then averaging 

results in some “true value” of the surface impedance allows the apparent 

resistivity determination. 

The problem of the method is the presence of unknown noise in the observed 

fields. Averaging PSD estimates contaminated by noise gives biased values 

of the impedance tensor. These biases were discussed by Sims [50]. He 
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proposed using different mean square estimations of the impedance tensor, 

some of which are biased upward and other downward. This method gives a 

range of values within which the true value lies. 

To avoid these errors due to the noise, Gamble [51] introduced processing of 

MT data with a remote magnetic reference. The reported method uses the 

magnetic field from a distant site. The horizontal components of the 

magnetic field at the remote site are correlated with ones at the local site and 

thus the noise is eliminated. The assumption of the method is the absence of 

the correlated noise between the local and referenced channels. The method 

was of great importance in the MT processing. For example, as one of the 

obvious conclusions in his paper on comparison of different processing 

techniques Jones [52] states that to minimize noise related errors, remote 

reference processing should be used whenever possible.  

When the remote reference site is not present, robust statistics methods are 

used [53]. Robust algorithms are based on data adaptive weighted schemes 

which usually automatically eliminate error contaminated intervals from a 

set of well-behaved samples. This approach, however, performs poorly when 

the noise is present throughout all time of data recording [54]. 

Both robust algorithms and remote referencing methods when used together 

show superior results compared to other methods [55], [56]. 

The number of geophysical methods based on studying of EM field 

propagation is very large because it is possible to receive and generate 

different polarizations of the field and observations can be carried out in the 

wave zone, transition zone or near field using different theoretical basis and 

providing different results. Different geophysical methods can be used in 

different geological applications but most common areas for EM methods 
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include exploration of mineral deposits, regional geologic studies, deep 

Earth’s structure investigation, hydrological investigations and detection of 

buried metal and highly conductive objects [57]. 

It should be mentioned that after VLF transmitters used for navigation 

appeared, the theoretical basis of the MT method was implemented to work 

with the EM field of the transmitters. In 1995 the Thiel Surface Impedance 

Meter (TSIM) was developed. The TSIM utilizes a single frequency 

electromagnetic field from remote VLF transmitters. In Australia, the North 

Cape VLF transmitter is used. The frequency of the signal is 19.9 kHz. 

The TSIM has been in use during geophysical investigations for more than 

20 years and proven itself as a reliable tool for shallow rock resistivity 

assessments. The TSIM instrumentation works in the higher part of the EM 

spectrum compared to MT method performing measurements with a much 

faster rate. The TSIM provides very fast and inexpensive geophysical data 

acquisition. The obvious disadvantage of the method is the ability to work 

only with a single frequency not allowing depth sounding. Another 

shortcoming is the requirement of an artificial VLF transmitter since the 

device fully relies on this as a coherent, vertically polarised signal source. 

Besides the currents flowing in the ionosphere, there is another source of 

natural EM field usually neglected by the MT method – lightning. The 

electromagnetic signal occurring after lightning strike is called a sferic. The 

dominant part of frequency spectrum of sferics is concentrated in the band 

from 500 Hz to 25 kHz [58]. That part of the EM spectrum is usually treated 

as noise during MT data processing and is excluded from consideration. 
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Sferics can travel through the earth-ionosphere waveguide distances over 

10,000 kilometres [59] with the attenuation rates in order of 10 dB per 1000 

km [60] providing possible EM signal for geophysical explorations. 

The idea to develop a system registering EM signal from distant lightning 

led to evolution of TSIM method. Recently the TranSIM system [23] was 

developed and this allows broadband EM data registering in the frequency 

range from 1 kHz to 30 kHz. The corresponding depths of investigation are 

from tens to the first hundreds of meters. Higher frequency of recorded signal 

compared to MT allows much faster data acquisition. 

 

5.2. Sferic coherence over large distances 

5.2.1. Introduction 

Lightning strikes are sources of the EM field which can be detected around 

the world. Cloud to ground strikes are essentially vertically polarized sources 

and cloud to cloud strikes have both vertical and horizontal components. The 

equatorial regions over land have most lightning activity and in the 

Australian longitudes (115-153 degrees east), the thunderstorm centres 

located in the vicinity of Indonesia provide an approximately north-south 

propagation direction. The average number of strikes depends on the season 

of the year and the time of day but is often quoted as an average of 4 per 
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second [38]. It is possible to view the global lightning activity every 10 

seconds via the world-wide lighting location network (WWLLN1) [57]. 

In the 1960s the first attempts were made to utilize the field of distant 

lightning strokes as a source of electromagnetic waves. Johler and Lilley [62] 

showed that it is possible to use sferic pulses from thunderstorms to 

determine the conductivity of the ground. Aside from a different source of 

the electromagnetic waves, the main difference of this method from MT 

sounding is a higher frequency range of observation. In their work Barr, et 

al. [63] stated that the EM field of a lightning strike has a dominant part of 

its spectrum in the frequency range of 500 Hz to 30 kHz which provides 

information about the conductivity distribution for shallower regions of the 

ground compared to MT. 

Garner and Thiel [64] provided further development of the method proposed 

by Johler and Lilley demonstrating that discrete sferics can be used as a 

source for broad-band (187.5 Hz to 24 kHz) surface impedance 

measurements (VLF-MT). According to the authors in the presence of a 

strong signal, interpretable impedance information can be obtained from 

very short sampling intervals (less than 25 s) and possibly even a single 

discrete sferic. The technique they developed could be useful in a number of 

exploration applications, filling a niche between audio-magnetotelluric and 

ground-penetrating radar. 

These investigations allowed construction of a VLF sferic probing system – 

TranSIM [23] which was used in the research. 

 

 

1 http://http//wwlln.net/ - World Wide Lightning Location Network 

http://http/wwlln.net/
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The current pulse causing the lightning strike current can be approximated 

mathematically by the Dirac delta function, however, at large distances from 

the source, the EM field profile is an oscillatory transient function lasting 

several milliseconds in the ULF-ELF frequency band (100 Hz – 20 kHz). 

The electromagnetic field from lightning is the major source for the audio-

magnetotelluric (AMT) method of earth investigation. 

In this sub-chapter, we report simultaneous recordings of the magnetic field 

produced by individual sferics at different ground locations. Two battery-

powered magnetic field recorders were used during three sets of 

measurements. Each set of measurements corresponds to different locations 

of the units. The effect of the separation distance on the sferic waveforms 

between the recorders was investigated. The degree of similarity between 

signals was determined using a weighted root-mean-square (RMS) 

evaluation method based on the spectra at each location 

 

5.2.2. Experimental methods 

The sferic recordings were made using the TranSIM instrumentation 

developed at School of Engineering, Brisbane, Australia [23]. 

TranSIM instrumentation shown on Figure 5.2 allows registering horizontal 

orthogonal components of electric and magnetic fields. During the 

experiments reported in subchapter 5.2, only the magnetic field was 

measured. The magnetic field antenna was constructed as a multi-coil 

antenna built around a split core brass former with multiple ferr ite rods 

inserted through the core former (Figure 5.3). 
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Figure 5.2 One of the TranSIM units used for data collection 

The measuring unit records the magnetic field transients using a sampling 

frequency of 100 kHz. Instantaneous (time domain) values of the electric and 

magnetic fields were measured. When the field strength exceeded a preset 

threshold value, the unit saves to the memory a block of data equal to 1024 

samples (10 ms period) before and after the triggering event. The measured 

data was converted to the frequency domain during the data processing step 

(subchapter 5.2.3). 
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Figure 5.3 3D model of TranSIM magnetic coil antenna 

The measurements were conducted on open field areas using two TranSIM 

units at approximately the same time. The three sets of spatial measurements 

were performed as follows using Brisbane (Australia) as the base station.  

• Experiment 1: both units in the Brisbane area. 

• Experiment 2: Unit 1 in Brisbane, Unit 2 in Melbourne. 

• Experiment 3: Unit 1 in Brisbane, Unit 2 in Wellington, New Zealand. 

Exact coordinates of the unit locations: 

• Brisbane:  27°37'37.1"S 153°09'50.8"E 

• Melbourne:  36°21'57.6"S 145°22'58.8"E 

• Wellington:  41°14'26.4"S 174°47'13.6"E 

All measurements were performed during the day around noon. 

Figure 5.4 shows the occurrence of two sferics separated in time by 1 ms for 

visual clarity. Slight differences in the sferic envelopes are evident. 
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Figure 5.4 Example of magnetic field signal measured in different locations 

5.2.3. Data processing 

A) Spectrogram Development 

The standard technique of calculating the time-dependent spectrum of a time 

series signal is through a fixed length, sliding window, Fourier analysis. The 

spectrum of every window over the frequencies of interest is calculated. The 

resulting array of values is mapped onto a two-dimensional axis (frequency 

vs time) with the time coordinate corresponding to the mid-point of the 

window. 

The selection of the time window length is dependent on the frequency range 

of interest. A fixed window length across a broad range of frequencies results 

in timing uncertainties, particularly at the higher frequencies. In our analysis, 

we have varied the window length which is directly proportional to the 
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frequency. We will refer to this technique as the frequency-dependent 

window Fourier transform (FDWFT).   

The constant window length method is very computationally efficient when 

compared to the FDWFT where the Fourier transform must be re-calculated 

with the new widow length and for every frequency and window position.  

In the classic spectrogram, the general rule is that the window length should 

always be more or equal to the period length of the lowest frequency of 

interest. When performing FDWFT over a wide range of frequencies, the 

length a window will contain a different number of periods at different 

frequencies. 

Figure 5.5 shows a comparison between spectrograms calculated using 

constant window length (a) and window length varying with frequency (b). 

For the analysis, a constant window length of 600 microseconds was used 

for the constant window. For the FDWFT the window length to period ratio 

was selected to be four. Thus, the window length for the short-time Fourier 

transform at every frequency was 4 times bigger than the period length at 

this frequency. Window length measured in seconds for frequency f is equal 

to: 

window length( 𝑓 ) =  4 / 𝑓   (5.7) 

 

In both cases, the windows were moved with every time step equal to the 

sampling interval. 
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Figure 5.5 Comparison between spectrograms calculated using frequency 

independent (a) and frequency-dependent (b) window length approach 

b) 

 

a) 
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Comparing the two spectrograms it can be seen that on spectrogram a, the 

energy at higher frequencies (15 - 30 GHz) is distributed over a relatively 

long interval (3.5 - 4.5 ms). The energy in the same frequency range on 

spectrogram b is located only in the short time interval around 3.8 - 4 ms. 

Using the FDWFT it is possible to locate the high frequency parts of the 

signal more precisely. The FDWFT was used to compare spectra recorded at 

different locations.  

Every spectrogram is represented as a 2d array of values of spectral power 

calculated on the same grid. 

B) Spectral matching 

Sferics measured in different locations produce different spectra due to 

attenuation and slightly different earth-ionospheric filter properties. The goal 

was to design an algorithm giving the same ‘similarity score’ for two signals 

matched in absolute time regardless of their amplitude. The similarity should 

only be calculated based on the spectral distribution pattern seen on the 

spectrogram. This was achieved using the following data processing steps: 

• Step 1: Signal cropping to remove noise 

• Step 2: Noise estimation and removal in the signal 

• Step 3: Power normalization 

• Step 4: RMS minimization using a time shift 

These steps are outlined in more detail in the following sections. 
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Figure 5.6 Spectrograms of a sferic measured in two different locations 
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Step 1: When a sferic is detected the TranSIM instrumentation records 1024 

samples with the sampling frequency of 100 kHz producing a time record of 

10 ms. The signals were cropped to have the same time length and the signal 

outside this time window was set to zero. The FDWFT was calculated using 

the cropped signals (Figure 5.6). 

Step 2: Only spectral values above the noise threshold were considered. The 

noise threshold was selected by calculating the average spectrogram energy 

level of those parts of the signal that were excluded in Step 1. If the signal is 

stronger than the noise threshold on one of the matched spectrograms, the 

values with the same coordinates on the other spectrograms are kept. All 

other spectral values were cropped where signal strength is lower than the 

noise threshold. (Figure 5.7). 

Step 3: To compensate for different amplitudes of the two signals, the 

spectrograms were normalized to the total energy of the sferic calculated by 

summing all the values on the spectrogram above the noise threshold (Figure 

5.7). 
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Figure 5.7 Cropping out the noise and normalizing spectrogram values by total 

energy of the sferic allows a comparison between the sferics 
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Figure 5.8 RMS of the of the images obtained by cropping out the noise and 

normalizing by the total sferic amplitude. 

Step 4: As the crop-out area is identical for both spectrograms, there are 

corresponding values for every coordinate on both spectrograms. The 

similarity of the sferics was calculated as RMS of the values on the images 

obtained in Step 3. The bottom left plot on Figure 5.8 shows the difference 

between the images for every coordinate.  
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The overall similarity score was calculated as the RMS of the difference 

between the two images: 

𝑅𝑀𝑆 = √
∑ (𝑠1 − 𝑠2)2𝑛

1

𝑛
 (5.8) 

where s1 and s2 are the spectral intensity values of each of the n pixels in both 

images. 

 
Figure 5.9 RMS score for the optimal alignment of the signals 
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It can be seen in Figure 5.8 that the spectrograms are slightly misaligned in 

time. By stepping the signals in time increments (see Figure 5.9) of one 

sampling interval sequentially and repeating steps 1 - 4 we can see that the 

similarity score changes with the time shift. Figure 5.9 bottom right plot 

shows the change in the similarity score with the time shift. 

The final similarity score for a pair of sferics occurs when the RMS value is 

minimum (Figure 5.9). 

 

5.2.4. Results 

The optimal RMS value was calculated for each set of sferics recorded at the 

different locations. The separation distance, path orientation and the mean 

and standard values of the optimized RMS values are given in Table I.  

The standard deviation of RMS score values are slightly higher when the 

distance is larger while the average RMS score values remain relatively 

similar (difference is less than 1 standard deviation) independent of distance. 

The South-east path has a higher value which is attributed to the effect of the 

earth’s magnetic field on the propagation path. 
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Table I: The optimal RMS error for various path lengths and propagation directions for 

matching pairs of sferics. 

Location Separation 

distance (km) 

Path 

angle 

Mean 

Optimal 

RMS score 

RMS score 

STD Dev 

Bris-Bris 0 South 0.267 0.026 

Bris-Bris 0.1 South 0.275 0.035 

Bris-Bris 0.5 South 0.277 0.027 

Bris-Bris 1.2 South 0.264 0.029 

Bris-Melb 1217 South 0.217 0.079 

Bris-Well 2483 SE 0.260 0.083 

 

The values presented in Table I were obtained for processing of matching 

pairs of sferics. The main purpose of the designed algorithm was to assign a 

similarity score to every pair of observed sferics. By doing so it is possible 

to separate sferics originating from the same lightning strike but observed in 

different locations from sferics originating from different lightning strikes. 

To see how the algorithm performs for non-matching pairs of sferics the 

records of observed signals were randomly shuffled and the processing 

described in the subchapter 5.2.3 was repeated for the shuffled pairs of 

sferics. The results are presented in Table II 
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Table II: The optimal RMS error for various path lengths and propagation directions for 

non-matching pairs of sferics 

Location Separation 

distance (km) 

Path 

angle 

Mean 

Optimal 

RMS score 

RMS score 

STD Dev 

Bris-Bris 0 South 0.370 0.079 

Bris-Bris 0.1 South 0.345 0.082 

Bris-Bris 0.5 South 0.356 0.071 

Bris-Bris 1.2 South 0.379 0.079 

Bris-Melb 1217 South 0.286 0.102 

Bris-Well 2483 SE 0.388 0.132 

 

The processing results for the shuffled pairs of sferics, as expected, show 

much higher values of RMS. 
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5.3. Surface impedance imaging using discrete lightning 

strokes 

5.3.1. Introduction 

Geophysical methods are a tool of studying the Earth’s interior using the 

propagation of different physical fields in the ground. Usually , three 

practically independent categories of geophysical methods are distinguished. 

Those are seismic methods, potential field methods, and electromagnetic 

(EM) methods. This research is a part of a broad area of EM methods.  

Nowadays there is a great variety of EM methods used during geophysical 

investigations. Those methods utilize both naturally occurring (passive 

methods) and artificial (active methods) electromagnetic fields. On the basis 

of the interaction of the fields with Earth’s interior invest igators try to 

determine certain physical properties of rocks. Usually, those properties are 

resistivity, dielectric permittivity and magnetic permeability. Geophysicist 

and geologists try to find relationships binding together physical properties 

of the medium with those petrophysical and lithological. Most commonly 

assessed physical parameter of the rocks is resistivity. It is due to the fact 

that while dielectric permittivity and magnetic permeability change inside a 

relatively narrow range of values, the resistivity of rocks commonly changes 

over several orders of magnitude [65]. Approximate values of conductivities 

for common earth materials are shown on Figure 5.10. 
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Figure 5.10 Typical resistivities and conductivities for common earth materials. 

Image adapted from [65] 

Ideally, performing a set of observations over a profile or an area using some 

a-priori information geophysicists try to construct or refine an existing 

geological model of the region. Different approximations in relation to both 

the Earth’s structure and field behaviour are often used in order to construct 

relatively simple models reflecting the most important features of an 

investigated object. 

In this chapter surface impedance measurements are reported. Orthogonal 

components of electric and magnetic fields were measured using TRANSim 

equipment. Source of the measured electromagnetic field were solitary 

lightning strokes – sferics. Sferics are seen on a spectrogram as very short 

wide-frequency bursts. Figure 5.11 shows several examples of sferics 

registered by WWLLN (world-wide lightning location network) observatory 

at Murdoch University, Perth. On the spectrogram it is seen that the biggest 

amount of energy carried by sferics is contained in the range from 
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approximately 3 to 25 kHz. During data processing in AMT and MT those 

bursts are usually excluded from the consideration and treated as noise. 

 

 

Figure 5.11 Wideband VLF spectrograms from WWLLN station at Murdoch 

University, Perth showing sferics 

 

5.3.2. Experimental methods 

Data acquisition was carried out atop effusive tertiary basalt body underlain 

by weathered Jurassic age sedimentary rocks. The thickness of basalt varies 

significantly from less than 10 m to more than 138 m. We have the geological 
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model of the test polygon based on 35 boreholes distributed over 

approximately 0.5 square km on the site. 

 

 

Figure 5.12 Position of measurement sites. Coleyville, QLD 

The measurements were conducted along 2 profiles parallel to each other. 11 

measurements sites were located on the profile A – A’ and 5 sites were 

located on the profile B – B’. The distance between adjacent measurements 

sites on the same profile was approximately 100 m. The position of the 

measurements profiles is shown on the Figure 5.12. On contrary from 

chapter 5.2 where only magnetic field was measured, both electric and 

magnetic fields were being registered at every observation point. TranSIM 

units were oriented with the electric antenna pointing north, thus the 

magnetic coil was oriented in the East-West direction. Between 20 and 30 

sferics were recorded at every measurement site. Example of the collected 

data is shown on Figure 5.13. 
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5.3.3. Data processing 

 
Figure 5.13 Example of registered sferic and corresponding spectres of magnetic 

and electric fields. Vertical dotted lines on the spectrogram mark the time band 

used for further processing 

As it is seen on the graph the duration of the event is less than 1 ms. For 

assessment of apparent resistivity only those parts of the time series directly 

containing signal from sferics were used. For every moment of time 𝑡𝑖  inside 
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the chosen interval, the apparent resistivity was calculated using (5.1) and 

(5.2). Example of the processing results is shown in Figure 5.14. 

 
Figure 5.14 Set of apparent resistivity curves for a single sferic. Colour gradient 

corresponds to different positions of a window for short time Fourier transform. 

Thick red and black lines are correspondingly simple average and  weighted 

average curves 

The number of apparent resistivity estimations for every frequency is equal 

to the width of time interval used for the processing multiplied by the 

sampling frequency. The data is consistent within the frequency interval 5 

kHz to 20 kHz except for frequency 10 kHz which is the resonant frequency 

of the magnetic coil. 

In order to obtain frequency sections averaging of the data at every 

measurement site for all registered sferics has been made. The weighted 

average apparent resistivity curve at every frequency 𝑓𝑗  was calculated as: 
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𝜌(𝑓𝑗) = 
∑ 𝜌(𝑡𝑖 , 𝑓𝑗 )𝑁

𝑖=0 ∙ |𝐻(𝑡𝑖 , 𝑓𝑗 )|

∑ |𝐻(𝑡𝑖 , 𝑓𝑗 )|𝑁
𝑖

 (5.9) 

 

where |H| is an amplitude of magnetic field spectra and N is the number of 

apparent resistivity estimations for all sferics on the current site. 

The main idea of using the amplitude of the magnetic field as the weights 

represents different sferics that have different spectral composition. We 

place more emphasis on the data obtained from a sferic with a bigger 

amplitude of the magnetic field as it provides us with a bigger signal to noise 

ratio. 

 

5.3.4. Interpretation 

The set of apparent resistivity curves obtained during processing was used 

to build up frequency resistivity sections. Comparison between the sections 

and geological schemes based on borehole data is presented on Figure 5.15 

for profile A-A’ and on Figure 5.16 for profile B-B’. Unfortunately, geology 

schemes were provided for very limited territory. Figure 5.15 shows highest 

values of apparent resistivity at profile distances 600-850 meters which 

coincide with the highest thickness of a basalt layer. As we see from the 

geological scheme, the thickness of the basalt layer declines at profile 

distances 400 m and 900 m where on the geoelectric pseudo sections we see 

smaller values of apparent resistivity. Since we expect basalt resistivity to be 

much higher than that of sandstone, correlation of the highly resistive zones 

with higher thickness of the basalt layer is expected. 
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Figure 5.15 Comparison between apparent resistivity pseudo section and 

geological scheme for profile A-A’ 

A similar situation is evident on the profile B-B’. Two highly resistive zones 

at 100-200 and 350-400 meters are accompanied by the biggest thickness of 

the basalt layer. The decrease of the thickness is accompanied by the slightly 

more conductive zones at 0 and 300 metres. The difference between results 

presented on Figures 5 and 6 is in the frequency position of highly resistive 

anomalies – for profile A-A’ values of apparent resistivity at higher 

frequencies are lower than those on profile B-B’. It may be explained by a 
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presence of fresh basalt on profile B-B’ from the surface while on profile A-

A’ top layer of basalt is weathered. 

 

 
Figure 5.16 Comparison between apparent resistivity pseudo section and 

geological scheme for profile B-B’ 
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5.4. Discussions 

Sferic matching algorithm discussed in this chapter shows that sferics carry 

a consistent signal over large separations. Attenuation of the magnetic field 

with distance does take place but it is possible to confidently distinguish 

signals produced by the same lightning by scaling amplitudes of the observed 

fields and calculating RMS of the difference between two spectrograms. 

Electric and magnetic field records were used for a geophysical survey on a 

site with an effusive basalt layer covering sandstone basement. The 

frequency range of valid results is restricted by the coil frequency 

characteristics which is currently a known limitation of the TranSIM units. 

Nevertheless, recorded signals produce consistent values of apparent 

resistivity for different sferics recorded on the same site in the frequency 

range 5 – 20 kHz. Areas of higher values of apparent resistivity match with 

the areas where thickness of the basalt layer is the biggest.  
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Chapter 6 

6. Conclusions 

6.1. Discussions 

Modelling and measurements of the electromagnetic fields on the surface of 

materials have been shown to provide valuable information that can be used 

to estimate values of conductivity and relative permittivity of the material. 

The inclusion of a subsurface scatterer has been shown to increase the EM 

energy inside the material. The lateral wave is only present when the 

conductivity is not too high as defined for lossy materials. 

In order to calculate the surface electric field for more complex three-

dimensional models, finite integration forward modelling technique was 
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used. In order to determine the values of conductivity and relative 

permittivity, the inverse problem was solved by finding the model that 

provides the matching surface electric field pattern. 

These experiments and subsequent data analysis and interpretation present a 

novel framework of utilizing the observed surface electric field strength in 

order to obtain the values of conductivity and electric permittivity of the 

medium. It is shown that in the frequency range of 400 MHz – 5 GHz in 

materials with low conductivity a standing wave interference pattern occurs. 

The interference pattern is dependent on the electric parameters of the media 

and the conductivity and permittivity of the material can be derived by 

solving the inverse problem. 

The electric field pattern observed on the surface of the low conductivity 

halfspace is similar to that from field excitation with an active transmitter 

and a passive scatterer. This has been shown through the experimental 

observations and validated with the modelling of the EM field. Closed-form 

solutions can be used to calculate surface electric field strength for the model 

with a scatterer embedded in the uniform halfspace. For the experiments 

reported in chapter 3, the electric parameters of the medium were derived 

from the observed field using brute force by matching with the modelled 

results. For the more complex 3-dimensional model analysed in the chapter 

4, particle swarm optimization algorithm was used in order to solve the 

inverse problem. 

Recently developed TranSIM equipment was used for geological surveying. 

The TranSIM equipment allows registering the EM field produced by 

solitary lightning strikes recording data only within the time intervals when 

the signal is present. The time series data was transformed into the frequency 

domain and the frequency sections of the apparent resistivity were obtained 
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for 2 observations profiles. Earth profiling using solitary sferic recording 

algorithm is reliable over a relatively narrow frequency band of 1 – 20 kHz 

and the calculated curves of the apparent resistivity are consistent for 

different spherics registered on the same site while varying from site to site. 

The apparent resistivity correlates with the resistivity of the geological 

section. 

Apart from the geological surveying, the TranSIM equipment was used for  

simultaneous registration of spherics over separations from hundreds of 

meters to several thousand kilometres. An algorithm allowing matching 

spherics that were produced by the same lightning strike but registered in 

different locations is developed. 

6.2. Further work 

Simple uniform models were considered in lateral wave propagation 

experiments described in chapters 3 and 4. It would be of interest to analyse 

more sophisticated models with more complex geometry and non-uniform 

composition. As an example, for the experiment reported in chapter 4, the 

potential next step is to analyse the effect that concrete structural defects or 

weathered zones have on the EM field propagation and whether the proposed 

algorithm of data analysis can detect these zones. 

One of the limitations of the TranSIM equipment used for the sferic 

registration is a relatively narrow frequency band of the magnetic coil. It is 

possible to redesign the antenna in order to increase the frequency range of 

the coil and obtain a better signal to noise ratio in the bands of 500 Hz ~ 2 
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kHz and 20 kHz ~ 50 kHz. This would improve the earth profiling technique 

significantly. 

Since magnetic field from the same sferics is fairly consistent especially over 

small separations of several kilometres, it might be possible to record the 

magnetic field on a sparser grid, potentially only on a single base station per 

survey area. For surveys when in addition to the base station the magnetic 

field is recorded on every site, it might be possible to utilize a base station 

processing algorithm for noise elimination. Further investigation is needed. 

Surface impedance results are represented as frequency sections of the 

apparent resistivity. The next step in the interpretation of the surface 

impedance measurement results might be achieved by applying modelling 

and inverse problem solution approach similar to the one used in chapters 3 

and 4. Thus it would be possible to obtain a structural model of the ground 

as, for example, depth sections of the resistivity of the ground.  
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