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IEEE Guide for Measurements
of Electromagnetic Properties
of Earth Media

1. Overview

The electromagnetic properties of the earth (conductivity o in S/m, permittivity € in F/m, and magnetic
permeability ¢ in H/m) can have a major effect on the performance of electrical and electromagnetic
systems. Examples of these systems include both communications systems and remote sensing systems.
For example, the electrical properties of the earth beneath an antenna can influence the antenna
efficiency (and the need for a metallic ground plane) and radiation pattern, and these properties also
can limit the effective depth of ground-penetrating radar. Many different methods and techniques have
evolved for the measurement of the electrical properties of the earth at and near the surface at radio
frequencies, and other methods using lower frequencies were developed for measuring the conductivity
deeper into the earth for geophysical prospecting and other applications.

This guide is intended to describe these methods (both the theory and field methodology) and provide
references for further reading for each method. The descriptions represent the recommended practice
of these techniques. There is a further attempt to provide guidance on the limits of applicability of the
methods (e.g., in frequency or in geographical context).

This guide has been prepared by the Wave Propagation Standards Committee of the IEEE Antennas
& Propagation Society to replace IEEE Std 356-1974, IEEE Guide for Radio Methods of Measuring
Earth Conductivity [B1.7],! which was also published as a paper by deBettencourt et al. [B1.5]. In 1974
Lytle published a comprehensive review paper [B1.14].

The International Telecommunication Union (ITU) has published world surface conductivity maps
for a number of frequency bands [B1.9], although these are no longer being updated. The curves of
conductivity and relative permittivity in ITU-R Recommendation 527-3 [B1.8] exhibit no dispersion in
the band 3-30 MHz, whereas measured values show significant dispersion in this band for which
surface soils typically can show characteristics from lossy conductors to lossy dielectrics [B1.11]. The
real and imaginary parts of the complex relative permittivity form a Hilbert transform pair. As a
result, the conductivity and relative permittivity are not independent variables. Their mutual coupling

'The numbers in brackets correspond to those of the bibliography in Annex B.

Copyright © 2002 IEEE. All rights reserved. 1
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is described by the Kramers—Kronig relations [B1.11]. Therefore, the ITU values for the HF band are
inconsistent with the results of complex variable theory and are in error.

1.1 Scope

The purpose of this guide is to describe the measurement principles of the electrical properties of
naturally occurring solid materials, although it will also serve as a guide for the measurement of any
solid material. These properties are the conductivity ¢ (in S/m) and the permittivity (or dielectric
constant) ¢ (in F/m). The magnetic permeability x (in H/m) will not be considered except where it
impacts on the interpretation. This is because p = g (to within less than 5%) for most naturally
occurring materials. Even dry, pure magnetite sand only increases y, to 1.09. In free space (vacuum),
the permittivity is g, = 8.854 x 10712 F/m and the magnetic permeability is p, = 4 X 107"H/m.

The conductivity of a material is defined by Ohm’s Law; i.e., the current / (in A) passing through a
block of the material (length / in m and cross-section 4 in m?) is related to the voltage ¥ applied to
plate electrodes covering two parallel faces of the cube, as given by Equation (1):

I=% (1)

where R is the resistance in ohms. The conductivity ¢ can be determined using Equation (2):

/
R=— 2
> 2
Similarly, the permittivity of the material can be determined by the same physical arrangement of a
block (area 4 and length /) between two parallel electrodes by measuring the voltage V" between the
plates and the charge stored on the plates Q (in coulombs) by the capacitance C (in F/m), as shown by
Equation (3) and Equation (4):

0
c=7 3)
and
C— ? )

where the effects of fringing fields have been ignored. The similarity between the measurements of R
and C, and consequently ¢ and o, result in very similar methods being used to determine the two
parameters.

In particular, by using Equation (5), one can write [B1.3]:

RC="% (5)
a
When the material has conduction and displacement currents, the relationship between the applied
voltage and the current can be written as shown in Equation (6):
1 1

I x = 6
o—i—jwex ><A ©

where e/” notation has been used for a time-harmonic signal.

Dividing the permittivity by the permittivity of free space ¢, provides the relative permittivity ¢,. The
complex relative permittivity for a linear, isotropic medium can be written as shown in Equation (7):

& =&, — je; @

where ¢, is the real part (also called the effective relative permittivity) and &, accounts for losses.

2 Copyright © 2002 IEEE. All rights reserved.
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The conductivity ¢ can range in value from 10°°S/m for very dry sand, rock, or fresh water ice to
10 S/m for highly saline soils. The effective relative permittivity &, can range from 3 to 100 for isotropic
materials, but the effective relative permittivity can assume much larger values (or even be negative) in
the case of mixed and/or anisotropic media [B1.1, B1.2]. For example, a clay—loam soil with 10%
water content was found to vary continuously from ¢ = 1072 S/m and ¢, = 10* at 100 Hz to ¢ = 5S/m
and &, = 10 at 10" Hz [B1.11].

It is well known that the physical and electromagnetic properties of the earth are highly nonuniform.
Consequently, the use of parameters ¢ and ¢ to describe the earth has to take into account the fact that
they will be a function of spatial dimensions or will represent a composite value, which is directly
affected by the nonuniformity of the sample. In rock mechanics, these differences are described by the
terms “‘rock mass” to represent the nonuniform composite structure, and ““rock material” to represent
the uniform material. This distinction can also be made by differentiating between those methods of
measurements that are made in situ and those that are made on rock samples in the laboratory. This
distinction is also directly related to the wavelength of the radiation in the material under
consideration, and the size and separation of the contact electrodes used in the measurement.

This guide does not cover electrical or electromagnetic geophysical methods [B1.10] that rely on
mapping anomalies in the earth’s structure, unless such information is directly related to determining
the electrical properties of such materials. These geophysical techniques include magnetic tilt methods,
magnetic surveys, most types of ground probing radar, and many airborne and satellite remote sensing
techniques. The guide does include the methods used to provide “ground truth” for these mapping
methods.

The frequency of measurement, the water content of the sample, the temperature of the sample, the
pressure on the sample, and the degree of fracture of the sample will all affect measurements [B1.1].
There can be significant problems with probe contacts, both for in-situ measurements (probe
impedance, conductive layers, etc.) and sample measurements (surface preparation, air gaps, etc.).
In addition, these materials can be highly inhomogeneous, anisotropic, layered, and fractured so
that the orientation of the electrodes should play a significant part in determining the results obtained
[B1.10].

The measurements on soil samples are particularly difficult as the removal of a sample can strongly
affect soil compaction and water content (particularly the water concentration profile as a function of
depth) [B1.19].

In-situ measurements are commonly made from or above the earth’s surface, e.g., with inserted
probes, from an airborne platform, or from boreholes. In-situ measurements, where properly
implemented, can avoid the problems resulting from changes in compaction and soil moisture content.
An attempt shall be made to cover all of these techniques.

Given the inhomogeneous and anisotropic nature of earth mass, the derivation of reliable data from
field and laboratory measurements is difficult. It is possible to find analytical solutions to certain
idealized earth structures. The calculation of field results using analytical or numerical methods from a
postulated earth structure is called forward modeling. Thus, one can derive characteristic curves to
deduce ground constants. More commonly, however, automated data inversion techniques are not
available as the number of unknown parameters (including their spatial distribution) is so large that
least squared error minimization techniques do not converge to the correct answer [B1.18]. The
mathematical techniques of numerical modeling for solving the forward problem (i.e., assuming a
particular earth profile to calculate expected measurement results), and stimulated annealing and
artificial neural networks for the inverse problem (i.e., determining the electrical properties of the earth
from the measurements) require considerable computation time and effort. Therefore, only passing
mention shall be made to numerical methods for forward modeling and data inversion for two- and
three-dimensional structures.

Copyright © 2002 IEEE. All rights reserved. 3
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1.2 Applications

The measurement of the electromagnetic properties of soil and rock, commonly called ground
constants, are important for a wide variety of reasons, including:

a) Ground plane assessment for the location of antennas and assessment of the characteristics of
installed antennas;

b) Estimation of the coverage area of transmitters;

¢) Mapping of conductive and resistive formations to obtain geological information and locating
buried objects;

d) Assessment of ore-grade quality, moisture content, salinity, etc.;

e) Propagation studies for communications links above the surface and through-rock commu-
nications systems;

f) Assessment of aquifer activity for water search, assessment of nuclear waste disposal sites, the
location of dams, and rock drilling for tunnels and storage sites;

g) Measurement of surface parameters to calibrate antenna sites and remote sensing systems
(including surface soil moisture content, soil salinity, aquifer location, etc).

The area of coverage of these techniques is not only frequency dependent, but also relates to the ease
of use of the technique and whether it is possible to perform the measurements from an airborne
platform. A very generalized surface coverage diagram for in-situ measurements is given in Figure 1.

DC resistivity (2)

Surface impedance (3)

Propagation studies (4)
Wave tilt (5)

Self-impedance (6)

Mutual impedance (7)

Transient methods (8)

Time domain reflectometry (9)

Ground probing radar (10)

Free-space reflection (15)

Remote sensing (16)

U] T T TTIT T TTTTI T T TTTI T T TTTT T T TTTI
0.1 1 10 100 1000 10000
Distance (m)

Figure 1—Approximate coverage area (linear traverse)

NOTE—The numbers in parentheses refer to the relevant clauses.

1.3 Document organization

The distinction between methods of measurement is quite blurred in many cases. However, in the
interests of clarity, each different generic measurement technique shall be discussed separately. The
divisions used in this guide are listed in Table 1.

As the effect of frequency is very important—not only because of the depth of electromagnetic wave
penetration—but also because the electrical parameters can differ dramatically over the frequency
range, Figure 2 has been included to categorize the different measurement techniques in terms of their
typical frequencies of operation. Each technique is discussed in turn, with bibliography given in
Annex B, as well as suggested further reading.

4 Copyright © 2002 IEEE. All rights reserved.
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Table 1—Measurement method categories

In-situ measurements

Laboratory measurements

Resistivity methods (2)

Time domain reflectometry (9)

Surface impedance methods (3)

Resistivity methods (11)

Propagation studies (4)

Capacitance methods (12)

Wave tilt methods (5)

Transmission line methods (13)

Probe self-impedance (6)

Waveguide and cavity methods (14)

Mutual impedance (7)

Transient electromagnetic methods (8)

Time domain reflectometry (9)

Ground probing radar (10)

Transmission line methods (13)

Free-space reflection (15)

Microwave and millimeter-wave remote sensing (16)

NOTE—The numbers in parentheses refer to the relevant clauses.

DC resistivity (2)

Surface impedance (3)
Propagation studies (4)
Wave tilt (5)
Self-impedance (6)

Mutual impedance (7)

Transient methods (8)

Time domain reflectometry (9)
Ground probing radar (10)
Capacitance methods (12)
Free-space reflection (15)

Remote sensing (16)

11 17 17 17T T T 1T T 17 1T T T T T71
1E-03 1 1E+03 1E+06 1E+09 1E+12

Frequency (Hz)

Figure 2—Frequency ranges of field methods

NOTE—The numbers in parentheses refer to the relevant clauses.

1.4 Notation

Throughout this guide, a set of standard definitions shall be used. The complex propagation constant
y for an electromagnetic wave propagating through any material is defined by Equation (8) [B1.3]:

y =o+jf =jovue +a/jo) ®)

where
o is the attenuation constant,
p is the phase constant,

Copyright © 2002 IEEE. All rights reserved. 5
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w is the angular frequency,
u is the magnetic permeability of the medium,
& is the permittivity of the medium,
o is the conductivity of the medium,
j is the square root of —1.

The resistivity p of the medium is given by Equation (9):

p=- €
a

As there are losses associated with the propagation, one can attribute a finite value to the conductivity
of the medium. If the medium is uniform, then the field strength of the propagating wave attenuates
exponentially. The separation distance between two points along a line in the direction of propagation
is designated the penetration depth (or skin depth, §) [B1.6] if the ficld at one point is 1/e less than
the field at the other. This can be defined as the reciprocal of the attenuation constant. Thus, in
Equation (10) one can write:

§=- (10)
o

When the conduction current is much larger than the displacement current (i.c., ¢ > we), we can write
an approximate expression [Equation (11)] for § as

1
V7fue

where fis the frequency of the radiation (f = w/2mw).

§ o (11)

When ¢ ~ we, it is necessary to use the full expression for the skin depth § derived from Equation (8)
and Equation (10).

The intrinsic impedance of the medium, Z, is given by Equation (12):

7= | IO (12)
o+ jew

If the conduction current dominates the displacement current in the earth, then, by using
Equation (13), one can write:

Z = \/joup (13)
The normalized impedance A is the ratio of the intrinsic impedance Z divided by the impedance of
free space Z, is given by Equation (14):
4 zZ

A=2
Z, 120m

1%

(14)

The reflection coefficient for a plane wave in Medium 1, incident at an angle 6;, is polarization
dependent and is given by Fresnel’s equations [B1.3]. Note that 6; is measured with respect to the
surface normal (Figure 3a). One can use Snell’s Law [Equation (15)] to calculate the angle 6, of
the lines of constant phase in Medium 2:

sinf, = /z'—'osin 0; (15)
rl
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Figure 3—Schematic diagrams for electromagnetic radiation incident on the earth’s surface:
(a) uniform, infinitely deep earth; (b) single layer above a uniform, infinitely deep earth

In a lossy medium, ¢, is complex [Equation (7)], so . will be a complex angle. From this angle, one can
calculate the equation for the planes of constant amplitude and constant phase. For parallel (TM)
polarization when the magnetic field vector is perpendicular to the plane of incidence, the reflection
coefficient I' is given by Equation (16):

_ (Zycos0; — Z, cos ;)

= 16
I (ZycosO; + Z, cosb,) (16)

and for perpendicular (TE) polarization when the electric field is perpendicular to the plane of
incidence, the reflection coefficient I'| is given by Equation (17):

_(Zycos0; — Zycosb,)

' =
+ (Z,cosb; + Zycos ;)

(17)

Note that, for any horizontally layered medium having » layers, the intrinsic impedance Z, is given
by Equation (12), i.e., Equation (18):

z,= |22 (18)
O-I’l +]8I1w

where n = 0, 1, and 2 are the layer numbers.

If the medium is nonuniform, it is common to assign a single parameter, the effective surface
impedance, to describe interactions on the surface. Geophysicists often use apparent resistivity p, to
quantify the total loss measured in the medium. Thus, many geophysical techniques will yield contour
maps of p, and not attempt to interpret the underlying structure. In this guide, reference will be made
to effective surface impedance and apparent conductivity, which are directly related to p, through
Equation (9), assuming that the earth is uniform and infinitely deep.

The effective impedance concept can be used to describe the reflection of electromagnetic waves from
the plane surface of a nonuniform material. For example, if the earth plane is horizontally layered, it is
possible to calculate the effective surface impedance for a plane wave incident from the air.

Two separate cases must be considered, TM and TE. In the general case for an angle of incidence 6
it is convenient to define the effective impedance Z [B1.25] by Equation (19):

A Y2 cos b;

Zl =Zl 1 B (19)
"
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where Z; is the intrinsic impedance of the earth defined in Equation (18), and the angle of incidence
0, is as shown in Figure 3a.

For a uniform earth that is infinitely deep (Medium 1) the surface impedance is given by Equation (20):

Zs=2Z, (20)

In the TM case, for a single earth layer of depth /; overlying an infinite half-space (see Figure 3b), the
resultant surface impedance Z% is given by Equation (21) [B1.25]:

Zs=0,Zs (21)
where Zg is the surface impedance of an infinitely deep earth of Medium 1 given by Equation (21), and
Q; is given by Equation (22):

_ Z, + Z, tanh(u, hg)

_LiTs (22)
Zz + Zl tanh(ulhl)

o

Here, u; = y;cos0; = [y} — ygsinzei, Yo is the complex propagation constant for free space, and y; is
the complex propagation constant for Medium 1; Z, is given by Equation (19), using the electrical
properties of Medium 2.

For a multilayered earth plane, one can calculate the surface impedance by calculating the intrinsic
impedance of the lowest layer (i.e., assuming no reflection from a lower boundary), and use Equation
(21) and Equation (22) iteratively until the upper surface of the top layer is determined. This
calculation is identical to the expression used to calculate the input impedance of a multicomponent
transmission line [B1.25].

In the simplest case of normal incidence, ¢; = 0, the reflection coefficient I'j is given by Equation (23):

 Zy—Zs

ry=——== 23
1= Zy+ Zs (23)
In the TE case, the surface admittance, Y is given by Equation (24):
Ys=0'Y, (24)
where IA’I = u; /jy;» and
, Yo+ Y, tanh(u i) 25

Y, + Y, tanh(u; hy)

When the earth electrical properties vary continuously as a function of depth (e.g., when the moisture
content is varying exponentially), analytical expressions for the surface impedance and surface
admittance can be derived [B1.10]. In general, the vertical gradient down to approximately one skin
depth for the frequency in use has to be considered.

If the earth is anisotropic, it is possible to rotate the resistivity tensor to the direction of interest
and calculate the effective surface impedance [B1.16]. This is true both for horizontally oriented
anisotropy and tilted (i.e., dipping) structures [B1.22]. When the earth has a dipping, layered structure
(i.e., nonhorizontal, parallel stratifications), a more complex solution is required [B1.26].

There are analytical formulas for the permittivity of materials consisting of mixtures of dielectric

materials [B1.21]. Similarly, in composite materials, artificial dielectric theory can be applied to
conductive particles embedded in a lossy matrix [B1.2, B1.23, B1.24]. At most frequencies, the

8 Copyright © 2002 IEEE. All rights reserved.
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complex permittivities of earth materials are dominated by the water content [B1.11-B1.13, B1.27]. The
water distribution is often highly variable, particularly in the vertical direction. A lumped impedance RC
network model, such as the Longmire-Smith (L-S) model [B1.13], allows a description of the
relationship between the real and imaginary part of the permittivity. A plot of the imaginary part ¢
versus the real part ¢, of the relative permittivity &, is referred to as a Cole-Cole plot [B1.4, B1.11]. Only
recently has dispersion been incorporated into numerical methods [B1.11, B1.17, B1.20].

2. DC resistivity

2.1 Theory

DC resistivity measurements represent the most fundamental approach to determining the
conductivity of in-situ materials from a surface. Two electrodes are used to make electrical contact
with the surface to inject current, and the potential distribution is measured in the vicinity of
the current electrodes. Despite the name, low-frequency alternating voltages and currents are used.
Table 2 summarizes the common electrode arrangements and the expressions used to calculate the
apparent conductivity. Note that 7 is the injected current, V' is the voltage detected, « is the standard
electrode spacing, and #n is an integer. The geometry for these different electrode arrangements is
illustrated in Figure 4.

Table 2—Common resistivity electrode configurations [B2.3]

Electrode arrangement Apparent conductivity, o,
Wenner array I2nVa
Schlumberger array I/7Vna(n+ 1)
Three-electrode array 1/27Vna(n+ 1)

(pole—dipole)
(Eltran array when n = 1)

Dipole—dipole array I/nVna(n+ 1)(n+2)

Right-angle array 0.05305 x (I/V)/a
(Wait array)

NOTE — I is the current, V is the voltage detected, a is the standard electrode spacing, and » is an integer.

For measurements on a semi-infinite uniform half-space (conductivity ¢) using hemispherical
electrodes with radius r, the resistance between one electrode Ry and a point an infinite distance away
is given by Equation (26) [B2.16]:

1

- 2nro (26)

R

As there can be significant difficulties in ensuring adequate contact between the electrodes and
the ground, the effect of the contact is minimized by using a set of voltage electrodes and a different
set of current electrodes located in the vicinity; this constitutes a four-point electrode system, and
is used to map the conductivity profile of the upper parts of the earth’s surface. DC current is injected
into the ground at one electrode and extracted at another (the current electrodes), and two other
spaced electrodes (the voltage electrodes) are used to determine the voltage for a given electrode
spacing at the surface in the local area. This process usually is repeated for different electrode spacings
to check for layering. Data commonly are plotted as contours of apparent resistivity covering the
area surveyed [B2.3]. The right-angle array technique (or Wait array) is described in more detail
in [B2.3, B2.18].

Copyright © 2002 IEEE. All rights reserved. 9
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(d) Dipole—dipole array
a

(e) Right-angle array (plan view)

Figure 4—Common apparent resistivity arrays [B2.3, B2.5, B2.14-B2.16, B2.18]

The forward modeling problem requires the solution of Laplace’s equation for the potential
distribution found on the surface.

When the earth is inhomogeneous, the potential distribution is distorted. For example, current in
Medium 1 flowing to Medium 2 changes direction if the conductivity is different [B2.14]. The surface
potential due to horizontal bedding layers can be calculated using the method of images [B2.14] or
using effective resistance calculations in an integral equation [B2.16]. Other variations in conductivity
can be solved analytically. These include buried spheres, anisotropic earth materials, vertical dikes,
exponentially varying conductivity, wedge-shaped anomalies, and borehole configurations [B2.3, B2.5,
B2.14-B2.16, B2.18]. Numerical modeling techniques include the finite difference method [B2.9], the
finite element method [B2.11], and the conjugate gradient method [B2.19].
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While measurements are clearly influenced by subsurface variations in conductivity, rugged
topography has a similar effect since the current tends to follow the surface. Shallow conductive
layers also can result in misleading potential variations [B2.14].

When the earth is horizontally layered, the results become a function of the electrode spacing, a.
Information about the conductivities of the two layers and the depth of the upper layer can be
determined by multiple measurements using different spacings.

Automated inversion techniques for field survey results based on these models have been under
investigation [B2.7, B2.8, B2.13, B2.19]. For example, least squared error minimization techniques
combined with a forward modeling numerical technique have been investigated [B2.8, B2.11, B2.19].
For in-field use, a simple calculator-based method is available [B2.7].

2.2 Field methodology

Both dc and extremely low frequency (ELF) ac (less than 60 Hz) current sources are used [B2.14]. If the
source is dc, the polarity must be reversed periodically to reduce the effect of electrolytic polarization
[B2.13]. This reversal is implemented a number of times each second. While a dc source clearly yields
dc resistivity, the spontaneous potentials (SP) in the earth (the basis of another method of geophysical
mapping) can significantly alter the results. This bias effect can be minimized by simply noting the
potential before the current source is applied, and subtracting this value from the measured results.
The ac technique eliminates the SP effect, and allows the use of narrow-band amplifiers tuned to the
source frequency to improve the signal-to-noise ratio. The measured resistivity is usually lower than
the true dc value, and there can be interference through inductive coupling from the current supply
leads.

The ac electrodes can be metallic conductors (steel, brass, aluminum, stainless steel, etc.). For dc
currents, porous-pot electrodes filled with electrolyte are used [B2.5, B2.6]. The electrodes have to
penetrate the ground by at least 10 cm to ensure adequate contact. The feed cables for both the current
source and the potential measurements shall be insulated from the ground.

Figure 4 represents a number of the common configurations used for resistivity mapping. The larger
the spacing between the electrodes, the deeper the effective area of measurement. The expressions given
in Table 1 for the apparent conductivity o, assume a uniform earth half-space, where 7 and V" are the
injected current and measured voltage, respectively. It is clear from these expressions that the spacing
between the electrodes, a, is the most important parameter in determining the volume of earth to be
associated with a resulting apparent resistivity datum.

The probe resistance can cause significant problems. While the four-electrode array is independent of
the probe resistance, if this is too high, then insufficient current is injected into the earth. This results in
poor quality voltage measurements and an associated loss in the maximum probing depth. It is
possible to model the contact points as hemispherical electrodes coated with a layer of insulation to
investigate the influence of contact resistance analytically [B2.16].

In highly resistive earth, the technique can still be used effectively. In the Antarctic [B2.1], the current
was provided by a 810V voltage source and the voltmeter used had an input impedance of 10'* Q.

Marine resistivity surveys have been successful in determining the resistivity of the sea floor and the
layered structure beneath [B2.12]. In one example, a dipole—dipole array of nine electrodes is floated in
a regularly spaced line behind a vessel. The first two inject current, and the following seven are
nonpolarizing potential difference electrodes. Six voltage measurements are made, and the apparent
conductivity for the n'™ channel (g,,) is calculated. These data are then inverted to give a horizontally
layered interpretation that includes the resistivity of each layer and its depth.

Copyright © 2002 IEEE. All rights reserved. 11
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2.3 Borehole resistivity

In-situ resistivity measurements can be made using an appropriate borehole logging tool. As with
surface-based measurements, a four-electrode technique (two current and two voltage electrodes) is
commonly employed [B2.5, B2.17]; however, usually only three electrodes are located in the hole. The
fourth electrode is located at the surface. From the electrode configuration, one can derive an
expression for the apparent resistivity [B2.5, B2.17]. The current distribution in the earth is quite
broad, with the result that thin bedding planes and other fine structured features can be unrecogni-
zable. This problem can be overcome to a certain extent through the use of a three-electrode ““focused”
resistivity measurement [B2.10]. The focusing is achieved through the positioning of two, quite long,
guard electrodes located above and below the active electrode, and set at the same potential. The
current to a surface electrode is then confined to a thin disk in the immediate vicinity of the borehole.

In one case a three-clectrode array has been used, with one current electrode and two potential
electrodes. The presence of water in the hole ensures good electrical contact and does not appear to
affect the resistivity reading significantly [B2.2].

More recently, tomographic techniques have been used to create a two-dimensional map of the
resistivity between two boreholes. For example [B2.4], one hole contains an array of current electrodes
and the other an array of voltage electrodes. Current is applied to each adjacent set of current
electrodes, and the voltage on all adjacent potential electrode pairs is recorded.

3. Surface impedance methods

3.1 Theory

Surface impedance measurements are made by examining the interaction of a plane electromagnetic
wave with the surface of the earth.

Surface impedance measurements are used to map the conductivity profile of the upper parts of the
earth’s subsurface. Principal applications include the mapping of geological structure and ice depth
mapping. The technique is based on three assumptions:

a) The electromagnetic waves are incident on the surface of the earth from above the surface of the
earth. Consequently, the depth of investigation is limited by the skin depth of the soil for the
frequency of the wave.

b) The position of measurement lies in the far field of the radiation source. This means that all
calculations (i.e., forward modeling and inversion techniques) assume plane wave interactions.

¢) At the frequency of interest, the air—ground interface is adequately approximated by a plane at
the position of measurement.

The method was first used in the 1950s, when it was suggested that the naturally occurring low-
frequency radiation around the earth could be used as the source for an electromagnetic geophysical
prospecting technique. This became known as the magnetotelluric method [B3.2, B3.6, B3.16]. Since
then, similar techniques have been used across the frequency range from 10~ Hz to 20 kHz, with both
naturally occurring radiation sources, which includes the magnetotelluric method (MT), the audio-
magnetotelluric method (AMT) [B3.12], lightning based techniques [B3.15], and artificial sources that
include controlled source audio-magnetotellurics (CSAMT) [B3.4] and VLF [B3.3]. Table 3
summarizes the main features of these techniques, including the frequency ranges of operation and
source polarization. In the case of MT, the plane wave is assumed to be incident from the vertical and
elliptically polarized, whereas in all other techniques the direction of propagation is almost tangential
to the surface and the wave is linearly polarized.
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Table 3—Principal characteristics of surface impedance methods

Method Frequency (Hz) Signal source Angle of incidence Polarization
MT 1073 to 107 Tonospheric currents Normal Elliptical
AMT 10 to 10* Spherics Grazing Linear
CSAMT 1to 10° Grounded dipole Grazing Linear
transmitter
VLF 8x10° to 25%10° Navigation beacons Grazing Vertical
Lightning 100 to 10* Discrete lightning Grazing Vertical
Radio MT 10° to 10° Local transmitter Grazing Vertical

For transverse magnetic (TM) polarization, the surface impedance Zg is defined by Equation (27):

Zg=-2X 27

where FE, is the horizontal electric field component, and H, is the horizontal magnetic field component
measured perpendicular to E,. The axes are defined in Figure 3. Z is a complex number having both
amplitude and phase. The surface impedance is almost independent of the angle of incidence at
frequencies when the conduction currents dominate displacement currents in the earth media. This
condition typically applies to most soils for frequencies less than about 3 MHz.

The apparent resistivity p, is often used as a single parameter to describe the plane earth. This is
defined in Equation (28) in terms of the inverse of Equation (13); i.e.,

::YZSV

(28)
JOU

Pa

The equations for a horizontally stratified, multilayered, anisotropic earth are given by Equation (21)
and Equation (22).

When the earth has lateral changes or is anisotropic, then field scattering occurs and Zg can no longer
be interpreted in terms of a horizontally stratified earth. Abrupt lateral changes in conductivity
(e.g., faults, dikes, finite sized objects, and formations) result in anomalous Zg values. In these cases,
Z is dependent on the plane of incidence of the incoming plane wave. In cases where the incoming
wave is elliptically polarized (e.g., MT), the surface impedance is defined [Equation (29)] as a 2 x 2
tensor (or dyadic) [B3.18]:

7 — |:Zxx nyi| (29)

Zye Zy,

where the tensor elements Z,,, = E,,/H, for m = x,y and n = x, y.

Given the complexities of the earth’s subsurface makeup, including horizontal layering, vertical
dislocations, and folded structures, the forward modeling problem using analytical methods is limited
to a few idealized cases [B3.9, B3.18]. Numerical modeling techniques are used to model two- and
three-dimensional earth structures. In particular, the finite element method [B3.10, B3.11], integral
equation methods [B3.5, B3.17, B3.19], and the finite difference time domain method [B3.8, B3.13]
have been used. Automated interpretation methods for surface impedance data (referred to as
inversion) for inhomogenecous earth structures exist [B3.7], but they are not widely used. More
commonly, a one-dimensional interpretation is used [B3.20].
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3.2 Field methodology

From Equation (27), it is necessary to make measurements of the complex amplitudes E, and H, for
one-dimensional profiling, and E,, E,, H,, and H, for two-dimensional profiling. The magnetic field
is commonly measured using a multiturn loop with a ferrite or laminated steel core. The electric field
is commonly measured using a horizontal dipole wire antenna with conductive connections to the
ground at the two ends. This configuration is similar to those used in the resistivity field survey method
described in Clause 2.

Poor quality ground contact can also result in a staked antenna probe giving misleading results [B3.14,
B3.21]. In ice-covered regions, this is almost impossible to accomplish. In this case, one would employ
capacitive electrodes [B3.1].

It was concluded [B3.3] that

“Detection of E-field signals is relatively simple, employing high performance instrumentation
amplifiers. .. in the preamplifier section. The bandwidth of 300 kHz with a gain of 10 provides stable
frequency reception and the high input impedance (10'° ohms) produces insignificant loading on the
E-field probes.”

4. Propagation studies

4.1 Theory

There are two principal methods commonly used. The first is a surface-based method where both the
transmitter and the receiver are located on or close to the earth’s surface. Field strength measurements
[B4.4] are made as a function of separation distance. Usually the receiver is moved while the
transmitter remains fixed. In the second method, at least one antenna is located underground (in a
borehole, cave, or mineshaft) and the signal strength is measured, as the position of either the
transmitter and/or the receiver is moved. These two methods will be discussed in turn.

The propagation of an electromagnetic wave between two antenna systems located in the earth—
ionosphere waveguide (i.e., the waveguide bounded by the earth and the ionosphere) is affected by the
electrical constants of the ground in between the two antennas. If the antennas are quite close together
and lie close to the earth’s surface, then two components of the energy arriving at the receiver have
interacted with the earth: the ground-reflected ray path and the Sommerfeld wave.

If the transmitting antenna is a vertical dipole located at height 4, over a flat earth with a surface
impedance Zg = 120wA [see Equation (14)], then the vertical field measured at a height 4, at a
horizontal range r is approximated by Equation (30) [B4.14]:

E, =~ 2E,W (30)

where E is the electric field at unit distance, and W is given by Equation (31):

W =—(1/2p)(1 + ¢q)(1 + ¢2) (31
with

p = —jkrA?)2

q1 = jkAhy (32)

¢ = jkAh,

When the numerical distance |p| > 10, A is the normalized surface impedance, and W is referred to as
the Norton attenuation function.
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The ¢ factors describe the height-gain characteristics of the propagation, and the p term, the numeri-
cal distance, describes the attenuation function in the far field of the radiating antenna. After
appropriate curve matching of the experimental data, the effective electrical constants of the ground
can be inferred [B4.5].

Similarly, if the transmitting antenna is a loop lying on the earth’s surface, one can conduct a similar
attenuation measurement to determine the surface impedance of the earth.

In the event that there are lateral changes in the surface impedance along the path, then the
measurements will reveal a significant change in the impedance as a function of distance from the
transmitter. This is especially evident, for example, when the path crosses a land—sea boundary [B4.7,
B4.14].

If both the transmitter and the receiver are located underground, then the propagation is described by
the complex propagation coefficient y, given by Equation (8), and the attenuation is related to the
conductivity and relative permittivity of the material between the transmitter and receiver.

4.2 Surface-based field methodology

Measurements of the LF attenuation as a function of distance have been made with a light aircraft
flying at low altitude to minimize the height gain effect [B4.7]. The field data were normalized to the
transmitter output power, and curve matching techniques were applied to determine the average
conductivity over the path. Least squares curving fitting is required when the propagation is clearly
over inhomogeneous paths [B4.5, B4.14]. Other conductivity maps have been generated from ground-
based surveys of commercial radio transmitters [B4.5].

The complex permittivity of Antarctic ice was determined by measuring the phase velocity of a VLF
signal [B4.11]. Glacial interiors and the surface of planetary bodies have been investigated by curve
fitting the field strength versus distance measurements at a number of RF frequencies [B4.6].

These surface-based measurements are influenced significantly by the surface topography [B4.1, B4.16]
and by surface features such as vegetation [B4.15] and buildings [B4.8].

4.3 Borehole and other underground applications

The measurement of path attenuation along a borehole has been used to deduce the electrical
properties of the surrounding earth [B4.2]. In this case, a small transmitter was lowered down the hole,
and the field strength at the surface was measured as a function of transmitter depth.

Borehole tomography uses two boreholes, one for the transmitter and the other for the receiver
[B4.10]. The attenuation across the path is determined as a function of depth for both the transmitter
and receiver. A two-dimensional (2D) image of the attenuation in the rock between the two boreholes
can then be resolved using standard tomographic techniques [B4.10].

Durkin [B4.3] used magnetic loops, operating in the frequency range 630-3030 Hz, for probing
underground coal seams in more than 20 different mines. The input signal was a square wave and the
data were processed by Fourier transform for final analysis and interpretation. It was found that the
conductivity of the material decreased with depth.

This technique has been broadened for use in underground mines to map the attenuation of a radio

signal through solid rock lying between two horizontal mine roadways. The technique (radio imaging,
RIM) allows the generation of 2D images of attenuation using tomographic techniques [B4.12, B4.13].
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The relationship between the attenuation and the electrical constants of the earth is not straight-
forward, and so the technique is used to locate inhomogeneities in the earth rather than to estimate
conductivity and permittivity values. Various numerical modeling techniques (integral method, FDM)
have been used for forward modeling through geological structures [B4.9].

5. Wave tilt methods

5.1 Theory

When the radiation from a distant radio transmitter is vertically polarized, and incident on the earth’s
surface at grazing incidence, there are two components of the electric field, a vertical component E.
(i.e., perpendicular to the earth’s surface) and a horizontal component E, (i.e., parallel to the earth’s
surface). These two field components are commonly out of phase and the electric field vector is tilted
forward [B5.1]. In the horizontally polarized case, the magnetic field is tilted.

Wait [B5.6] and King [B5.3] have published expressions [Equation (33) and Equation (34)] for the
TM (vertical polarization) wave tilt I, and TE (horizontal polarization) W,, wave tilt in terms of the
normalized surface impedance A, i.e., the surface impedance divided by the free-space impedance
(1207 ).

E, A
w,=-= 33
¢ E. sing, (33)
and
H, §0)
W, o=—X= 34
" H, sin6, (34)

where 6; is the angle of incidence measured with respect to the surface normal (see Figure 3) and §(6)
is the normalized surface admittance.

As both A(#) and §(0) are complex, so then W, and W,, are complex.

In most cases, the TM propagation mode suffers less path attenuation, and so most fieldwork has been
performed by measuring the electric field wave tilt, W,, with a vertically polarized radiation source.

5.2 Measurement techniques

The measurement of the two field components on the earth’s surface can be undertaken by two
orthogonal dipoles in the TM case [B5.2], and by two orthogonal loop antennas for the TE case. In
most cases, the dual antenna combination is manually rotated about a horizontal axis perpendicular to
the plane of incidence. As the magnitude of the wave tilt is commonly very small, there are significant
instrumental problems in determining this very small, horizontal field component in the presence of
the very strong vertical electric field [B5.5].

There are significant difficulties associated with making these measurements. These include:

a) The changing antenna impedance due to earth coupling

b) The effect of the measurement electronics (including cables) on the measurement
¢) The effect of the operator on the measurements

d) The finite size of the antennas

e) Antenna alignment errors

For these reasons, the ground-based technique has not found favor in ground survey work.

16 Copyright © 2002 IEEE. All rights reserved.



IEEE
PROPERTIES OF EARTH MEDIA Std 356-2001

It has been suggested that an airborne wave tilt measurement might solve some of these problems
[B5.4]. However, in order to minimize the effects of aircraft vibration and other misalignment
problems, the phase quadrature of the horizontal electric field is measured in order to minimize
coupling of the horizontal antenna into the much stronger vertical electric field. If only the phase-
quadrature component is measured, it is impossible to determine the complex permittivity of the
ground, and the technique becomes one in which only anomalies in the field can be detected. In
addition, the rapid variation in the electric field wave tilt as a function of altitude also has ramifications
on the overall accuracy of the technique. The airborne wave tilt technique has not been investigated
experimentally to our knowledge.

6. Probe impedance (self-impedance) methods

6.1 Theory

It is possible to determine the electrical properties of the earth by measuring the input impedance of a
probe located either in air close to the surface or embedded in the earth. A number of probe
configurations can be used, including a dipole and a monopole (either insulated or bare) [B6.1, B6.7,
B6.9-B6.12], and various configurations of parallel conductor transmission lines.

Above the surface, both the height of the dipole and the electrical characteristics of the earth [B6.1]
affect the input impedance of horizontal electric and vertical magnetic dipoles. This strategy has been
used by measuring the input impedance of a horizontal, near resonant, electric dipole located in air
immediately (i.e., # < A/10) above the earth’s surface [B6.10].

There are several methods for measuring the electrical properties of the earth in situ that make use of
probes embedded in the ground. These include both antennas and transmission lines. Figure 5 shows
three typical arrangements. In all cases, the input impedance, Z, of the probe is measured at a single
frequency or over a range of frequencies with a device such as a vector network analyzer or impedance
bridge, and the electrical parameters of the surrounding medium (g,e,) are obtained by a
mathematical inversion process. In most cases, the probe is first calibrated by making measurements
in a medium with known electrical properties (e.g., air).

Coaxial line

—[/ Parasitic
L \ T |e— elements
Monopole Coaxial line -

(@) A (®)
Balun
Air
Ground I
L

Transmission

line
(©)
Figure 5—Probes for the in-situ measurement of the electrical properties of the ground:

(a) monopole probe with ground plane (image screen); (b) monopole probe with parasitic
elements; (c) parallel-wire transmission line probe
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In the inversion, an electrically homogeneous medium is assumed, so when inhomogeneities do exist,
the procedure produces a spatial ““average” of the electrical properties of the medium surrounding the
probe. These methods are generally used at frequencies (HF and above) where electrochemical effects
at the metal/soil boundaries are insignificant. However, care must be taken when the probes are
inserted into the ground to avoid creating air gaps at these boundaries.

The simplest impedance probe is the monopole antenna with a circular ground plane (i.e., an image
screen) as shown in Figure 5a. Here, a metal rod is inserted vertically into the ground, and a horizontal,
metal image screen is placed on the surface of the ground over the rod. The rod is fed through the image
screen by a coaxial transmission line. The input impedance/admittance of the monopole is measured
and used to infer the electrical properties of the surrounding medium. When the electrical length of
the monopole is very small, |kh| < 1, the antenna behaves as a lossy capacitor, and the relationship
between the input admittance and the electrical properties [Equation (35)] is fairly simple [B6.7]:

o

Y =G+ /B =joCy (a,. - ) (35)
e

Here, C,;,, the capacitance of the antenna in air is a constant, which can be determined from a

calibration measurement. For electrically longer monopoles, the inversion procedure is more complex
[B6.7].

One inversion procedure is based on a rational fraction approximation to the impedance [B6.16].
When the order of the rational fraction is three, the normalized impedance is approximated by
Equation (36):

kh

Z, = i Z
o h\ UL jby(kh) + by(kh) (36)
T <cCair> kh [1 + by (kh) + az(kh)z]
where
ko = w/c (37)
and

k=B —jo=koe —jo/we (38)

The four real constants (Cy,as,b1,b,) in Equation (36) are determined from calibration
measurements made with the probe in a material with known electrical properties. With the probe
in an unknown material, the impedance Z is measured. This impedance is inserted into Equation (36),
which is then rearranged to form a polynomial of fourth degree in k4. The polynomial is solved for k#,
and ¢, and ¢ are determined from Equation (38) [B6.16]. This procedure is limited by the approxi-
mation to the impedance, which is accurate for monopoles of electrical length |kh| < /2. For
electrically longer monopoles, a more general inversion procedure is available [B6.15]. The monopole
antenna radiates energy into the surrounding medium where it is attenuated by dissipation. The
distance from the monopole to any object that can reflect this energy, such as the edges of the image
screen, has to be sufficiently large so that these reflections are negligible when they return to the
monopole. When this requirement cannot be met, the structure shown in Figure 5b can be used
[B6.17]. Here, two closely spaced parasitic elements are placed at the sides of the monopole. These
elements reduce the radiation from the monopole and, therefore, the reflected energy from nearby
objects. The calibration procedure is similar to that used with the monopole antenna.

The method shown in Figure 5c uses a section of parallel-wire transmission line of length L inserted
vertically into the ground as the probe [B6.2, B6.8]. A balun should be used to connect this probe to
conventional measurement apparatus with a coaxial input, such as a network analyzer. Thus, the
characteristics of the balun must be taken into account when obtaining the input impedance of
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the probe. A simple probe adaptor can be used for frequencies below 30 MHz [B6.8]. In this case,
the impedance transformation of the adaptor must be taken into account through calibration
measurements. The effects of a balun (or probe adaptors in the absence of a balun) can be determined
by measuring the input impedance under open-circuit and short-circuit conditions.

The input admittance of the transmission line is given by Equation (39):
Yy
Y=j—

U i

CyL

(koL)*

kLtan(kL)]
(39)

=jw [kL tan(kL)]
where Y, and C, are the characteristic admittance and capacitance per unit length, respectively, of the
air-filled line. When the electrical length of the transmission line is very small, |kL| < 1, it behaves as

a lossy capacitor, and the relationship between the input admittance and the electrical properties
[Equation (40)] is fairly simple [B6.7]:

Y=GijB= jwcoL(g, - ﬁ) (40)
e

For longer lengths, the inversion procedure consists of inserting the measured value of Y into

Equation (39), solving for kL, then determining ¢, and ¢ [Equation (38)] [B6.14].

An alternative transmission line technique requires the measurement of the complex impedance of a
set of parallel wires inserted into the ground. The method, referred to as the open-wire line (OWL)
technique, is used to measure the moisture content distribution in the upper layers of soil [B6.6, B6.8].
An electrically short parallel wire transmission line in a low-loss dielectric has a relative permittivity &,
given by Equation (41):

Cground

41
Cair ( )

& =
where Cyoung 18 the shunt capacitance of the transmission line in soil, and Cy;;, is the capacitance in air.
The conductivity of the ground is related to the dissipation factor D by Equation (42):

0 =~ weye, D (42)

6.2 Measurement techniques

The most critical part of all probe impedance measurements is the presence of, and variations in, the
air gap between the probe and the earth. For an antenna located above the earth’s surface, the
impedance is very much height dependent [B6.2, B6.18]. For this reason, the antenna input impedance
versus height can be used to infer ¢ and ¢, from a set of parametric curves produced by forward
modeling.

The self-impedance method requires a measurement of the input impedance of the antenna. This can
be achieved by balancing a RF bridge [B6.10], although the spacing of the antenna is critical to the
measurement. For this reason, measurements are usually made at a number of heights above the
surface of the earth. The useful range for variation of the height of a balanced horizontal dipole is
between A/1000 and A/10 [B6.2].

A limitation of using parasitic elements or a parallel wire transmission line is that a constant spacing
has to be maintained as the conductors are “driven” into the ground. This can be difficult when
the soil is hard or contains rocks, but the use of a jig can help maintain a parallel alignment.

Field use of the OWL technique was made in the frequency range 2-30 Hz for the assessment of over
50 antenna sites [B6.3-B6.5]. The probe assembly (two parallel stainless steel, brass, or aluminum
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rods) allowed changing the rod spacing between 5 and 10 cm and depth from 5 to 100 cm. For every site
location tested, the skin depth was computed using Equation (11) and the length of the probe was
adjusted to ensure that the reactance remained capacitive.

6.3 Borehole applications

Sometimes the electrical properties are required at deeper depths. For these cases, the probe generally
cannot be embedded directly in the ground, but must be placed in a borehole [B6.7, B6.11, B6.19].

Figure 6 shows a typical configuration; the borehole is vertical, and the probe is a dipole concentric
with the borehole. The problem is now one involving two materials: the material in the borehole
(04, &), Which is generally a fluid, and the surrounding ground (o, &,,). Any scheme for inversion has
to be able to remove the effect of the borehole.

Borehole
\* Ground
w|
\Dipole
2h = probe

Figure 6—Dipole probe in a borehole

When the electrical length of the dipole is very small, |k,h| < 1 and ’kgh’ < 1, the input admit-
tance of the dipole is approximately a series connection of two admittances (lossy capacitors)
[Equation (43)]; one, Y,, depends on the electrical parameters of the borehole [Equation (44)], and the
other, Y,, depends on the electrical properties of the ground [Equation (45)] [B6.7]:

Y, Y,

SELILI S R
(1, + ¥,) *3)
with
. Jjo
Y, =joCy (8;‘}) - wei) (44)
and
. Jjo
Y, =jwCy, (g,.g — w—g‘i) 45)

and where Cy, and C, are the capacitances associated with the borehole material and the surrounding
ground, respectively.
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When there is not a large difference between the electrical properties of the material in the borehole
and the surrounding earth, Equation (41) and Equation (42) can be inverted to obtain the electrical
properties of the ground. However, in some situations, such as when ¢,, > ¢,;, we have ]Yg] > | Y,
and the admittance of the dipole is insensitive to the electrical properties of the ground, Equation (46)
applies:

Y~ Y, (46)

An electrically short, insulated dipole probe has been used in a borehole in Antarctic ice, and its input
impedance measured as a function of depth. Results were correlated with ice temperature and pressure
[B6.13]. Measurements were made in the frequency range 300 Hz—20kHz, and a least squares
minimization optimization method was used to deduce the complex permittivity of the ice.

A similar technique, but with the ends of the dipole exposed to make electrical contact with the
surroundings, has been used in drill holes [B6.19].

7. Mutual impedance methods

7.1 Theory

In mutual impedance methods, two antennas (one at the transmitter and one at the receiver) are
located in close proximity to the earth’s surface and in the electrical near field with respect to each
other. The separation distance between the two antennas remains fixed as the unit is moved across the
earth’s surface at constant height. The most common antennas used are loops for both transmitter and
receiver [B7.6, B7.12, B7.14]. The signal from the transmitter is commonly at a single frequency.

For clarity, Clause 7 deals only with small loop sources and continuous wave (CW) excitation. Clause
8 deals with large loop sources (e.g., staked dipole) and pulsed sources.

A variety of loop orientations and loop separations are employed (see Figure 7). In the limit, the
centers of the loops are colocated, but the loops lie in orthogonal planes. This is the principle used in
hand-held metal detectors for locating shallow metal objects at shallow depths [B7.4], and also in
towed bird technologies in which the transmitter and receiver loops are located in a single unit (called a
“bird”) suspended from a helicopter or light aircraft.

As the receiving loop lies in the near field of the transmitter, one can describe the interaction as mutual
coupling between the loops. The proximity of the earth affects this coupling from that found when
both antennas are located in free space, and lateral changes in the earth’s conductivity induce
secondary magnetic fields, which are detected by the receiver.

There are four loop configurations commonly used. One can describe these configurations [B7.14] as
System 1 (horizontal loop transmitter and coplanar horizontal loop receiver), System 2 (vertical loop
transmitter and coaxial vertical loop receiver), System 3 (horizontal loop transmitter and vertical loop
receiver), and System 4 (vertical loop transmitter and coplanar vertical loop receiver). These are shown
in Figure 7.

One can apply the quasi-static assumption if the center-to-center spacing between the two loops, r, is
very much less than a free-space wavelength. If Z, is the mutual impedance describing the coupling
between the antennas in free space, then the coupling Z between the antennas with a uniform earth
half-space is given by Equation (47), Equation (48), Equation (49), and Equation (50) [B7.7, B7.14]:

System 1:
V4 2 9+ 9yr + 4yr? 3
Z _ B + 9yr + 4yr- + yr (47)
Zy  (yry er
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System 1: Horizontal coplanar loops

- O

System 2: Vertical coaxial loops

b (-

System 3: Perpendicular loops

O O

System 4: Vertical coplanar loops

Figure 7—Induction sounding-loop configurations

System 2:

7 1
Z = —5[()/”)2(111(1 — hKy) +4yr(11 Ky — IhK,) + 161, K] (48)

where I, I1, Ky, and K; are the modified Bessel functions with argument yr/2.

System 3:
Z e_yr 2 3 12
—=—=[12+ 12yr +5(yr)"+(yry1+2 - — (49)
Zy  (yry (rr)?

System 4:
zZ eV 3
—=2{— 34 3yr+ ()] 41— } (50)
Zy (yr)’ [ ] (yr)?

where y is the propagation coefficient defined by Equation (8).

Additional analytical expressions can be developed for the mutual coupling when the ground is
horizontally layered, in the vicinity of a buried conductive sphere, a vertical conductive sheet, and an
inclined conductive sheet [B7.6, B7.12, B7.14].

In the case of a multilayered earth, when the transmitter dipole is vertical, the equations to determine

the effective impedance of the earth require an iterative calculation of the admittance of successive
layers. This follows the transmission line analogy for a layered earth given in Clause 2 [B7.14].
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A radio frequency, three-coil mapping system has been developed for land vehicle use [B7.1, B7.13].
Termed the Laboratory for Advanced Subsurface Imaging (LASI) high-frequency ellipticity system,
the system operates in the frequency range 31 kHz to 32 MHz, and employs three mutually orthogonal
air-core receiver coils, and tuned transmitter coils. While used for object location, the unit also
provides a mapping mode in which apparent resistivity values are calculated.

7.2 Measurement techniques

Multiturn, air-cored wire loops are commonly used for transmitter antennas, and multiturn, ferrite
cored wire loops are commonly used for receiver antennas in airborne systems. Air-core loops are
common for both transmitter and receiver antennas in surface-based measurements. This allows one to
approximate the antenna as electrically small (i.e., as a magnetic dipole). There are three different
measurement strategies [B7.15]:

a) measurement of the amplitude and phase of the received signal,
b) measurements of the in-phase and quadrature-phase components of the received signal,
¢) measurement of the tilt angle of the received signal.

In the first two methods, a phase reference from the transmitter is required.

From a practical perspective, one must ensure that the spacing and orientation of the two loops
remains constant. This can be achieved by mounting both antennas on the same frame, e.g., on a rigid
boom [B7.9, B7.11] or on a towed sensor system [B7.3, B7.8], or by using distance-measuring
equipment to maintain a constant separation [B7.11]. The frequencies used typically lie in the range
95Hz to 25kHz, depending on the depth of exploration required [B7.7].

The determination of the effective conductivity can be made as a direct readout from the instrument.
The accuracy of the measurement is affected by loop alignment, local electromagnetic noise, and high
local ground conductivity [B7.11]. Data interpretation for a multilayer, planar earth plane can be
achieved from sets of standard curves [B7.11].

7.3 Borehole methods

The measurement of mutual coupling in boreholes is commonly referred to as induction logging [B7.2].
In a common configuration [B7.6], the transmitter and receiver loops are located on the same axis (the
axis of the borehole), and separated by a grounded ring. At low frequencies, the apparent conductivity
is given by Equation (51):

1

== (51)

Oq

where K is a factor that depends on the geometrical arrangement, 7 is the measured voltage, and
I is the current in the transmitter loop. Clearly, Equation (51) illustrates that the conductivity
is directly proportional to the rock conductivity [B7.11].

In an alternative borehole method [B7.16], the transmitter loop is located on the surface of the earth,
and measurements of the field are made along the length of the borehole.

One difficulty with data interpretation from induction borehole logging is the effect of water in the
borehole [B7.5].
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8. Transient electromagnetic methods

8.1 Theory

Two different methods are employed for transient electromagnetic (TEM) sounding. One technique
uses a fixed transmitter (usually laid out as a loop or dipole on the surface of the earth), and the other
uses a moving transmitter (usually a small loop mounted on an aircraft or other moving vehicle). In
both cases, the transmitter is pulsed with a relatively high current pulse, and the received transient
waveform is recorded and analyzed. All of the induction sounding loop configurations (see Figure 7)
have been used in TEM sounding.

The transmitter provides a fast turn on or off, high-current pulse. The current is cycled between
forward and reverse polarity through the coil. The receiver is synchronized with the transmitter.
Some commercial techniques use the on-time characteristics and others use the off-time characteristics
[B8.5, B8.7]. A more recent variation of this technique is the inductive source resistivity method,
which uses an ungrounded transmitter and noncontact electrodes for signal detection [BS8.4]. While
initially this method failed to yield absolute resistivity values, it is no longer a limitation [B8.3, B8.4].
For a horizontally layered earth plane, the conductivity profile ¢ measured as a function of the
reference depth / is given by Equation (52):

1d*t
o= i (52)
For more complex earth structures, the calculation of the apparent conductivity from such
measurements is quite difficult analytically [BS8.3, B8.4, B8.6—B8&.8, B8.11]. Data interpretation of
the apparent conductivity, determined as a function of frequency, is often based on sets of master
parametric curves that differ for each loop configuration. One approach with such curves is to
normalize the data to the conductivity of the top layer [B8.7, B8.8]. More recently, a highly effective
conjugate-gradient method of data inversion has been developed [BS.10].

8.2 Field procedures

The ground-based transmitter is normally supplied current of approximately 5 A although the higher-
powered units can achieve 50 A [B8.6]. A number of different transmitter pulse techniques are used.
They include (see Figure 8)

— Pure impulses (alternating positive and negative square pulses with a zero resting position
between each pulse).

— Half-sinusoidal pulses (alternating positive and negative sinusoids with a zero resting position
between each pulse).

— Linear impulse ramps (alternating positive and negative trapezoidal pulses with a zero resting
position between each pulse).

— Linear ramps (triangular wave form).

The field strength is then monitored for periods of up to several hundred milliseconds, usually in the
form of a set of predefined windows [BS.5]. The field at each time-step window is averaged; up to
32 windows are used. The window arrangements are different for each commercially available system
and are used to resolve different subsurface features.

In airborne applications, both the transmitter and receiver are located on or towed behind the aircraft.
Most commercial systems run at audio frequencies [BS.1].
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Figure 8—TEM source waveforms

8.3 Borehole transient electromagnetic measurements

The current source for a TEM system can be located in a borehole, and the surface of the earth
can be surveyed using a staked dipole receiving system [B8.9]. From these measurements, one can apply
a simple analytical formula to calculate the apparent conductivity of the equivalent half-space [B8.9].
Also under consideration is the location of a fixed receiver in a borehole and a moving transmitter
located on the surface [B8.2]. This clearly allows a much higher transmitter power to be used.

9. Time domain reflectometry

9.1 Theory

A pulse of EM energy launched at one end of a parallel transmission line located in a lossy material
will have a complex propagation coefficient . If the medium around the transmission line and at the
termination of the line changes, the pulse will be reflected at each discontinuity. Time domain
reflectometry (TDR) requires an analysis of the propagation along the two-wire transmission line of
finite length where one end located in the ground is open circuited and the other end on the surface is
connected to a balanced source. The time of flight of the wave propagated along the line is directly
related to the effective permittivity e, of the medium in which the line is inserted. The on transient and
the off transient of a square wave can be analyzed if the line is very short, or if the attenuation along
the line is very high. The same result can be achieved by making measurements in the frequency
domain and then transforming the data into the time domain. The decrease in amplitude for successive
reflections provides the data for calculating ¢. The resulting electrical properties inferred are the
effective values over the frequency band of the pulse averaged over the length of the probe. It is very
important to note that this is a wide-band technique, and the conductivity ¢ and permittivity ¢ often
show a significant variation with frequency.

The reflection coefficient at any discontinuity along the line results in a signal echo that can be

interpreted at the source. The reflection coefficient is given in terms of the characteristic impedance of
the transmission line, which is directly related to the complex propagation coefficient in the medium
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[Equation (8)]. The velocity of the pulse is simply determined by measuring the difference between the
time of the transmitted pulse and the arrival time of the reflected pulse [B9.5]. From these two
measurements, both the loss along the line and the change in impedance at each discontinuity can be
determined.

The technique has been used in measuring the electrical properties of ice [B9.5] and soil [B9.3]. Since
the effective relative permittivity (e, — 1) is linearly related to moisture content (by volume) [B9.4],
commercial soil moisture content meters have been developed using TDR technology.

The TDR technique has also been suggested for plane wave propagation through the measurement
of surface impedance over a broad band of frequencies [B9.2]. By sweeping the frequency over a
broad range, the surface impedance measurement as a function of frequency can be transformed into
the time domain, resulting in a plot of impedance versus time of flight. From this information,
the propagation velocity can be determined from the first significant reflection layer in a horizon-
tally stratified earth plane providing that the upper layer is not too lossy. The measured phase velocity
in the upper layer is related to the complex permittivity of this layer.

9.2 Measurement techniques

A number of transmission line configurations have been investigated, including a coaxial line,
two parallel rods, parallel plates, and quadrant arcs [B9.5]. The characteristic impedance Z, of
each of these transmission lines is different, but each is modified by the presence of the dielec-
tric material. If the material is low loss (e.g., ice), the transmission line impedance Z is given by
Equation (53):

Z
z=20 (53)
vV 8"
and the reflection coefficient I' is given by Equation (54):
Z -7
r= 0 (54)
Z+Z

There are significant problems with the technique because the process of inserting the wires
disrupts the medium. In inflexible materials, there may be places along the transmission line where
there is an air gap and the propagation constant is affected significantly [B9.5]. In highly conductive
materials, the attenuation and dispersion are very large, so the distance of measurement is
correspondingly small.

TDR measurements have been made on sea ice in the laboratory and also in the field [B9.5] and, with
an appropriate change in orientation of the sample with respect to the transmission line, the
anisotropy can be determined. In the field, a ladder array of parallel transmission lines was used to
determine the change in electrical parameters with depth. These TDR measurements on ice used a
high-speed pulse generator and a sampling system that transformed the high frequency into a low
frequency with a sharp rise time. An oscilloscope was used to record the output transient voltage.

Recently, TDR has been used to measure the modal structure on a long wire antenna lying on the
surface of the earth [B9.1]. Results covering the frequency range 10 MHz-10 GHz can be interpreted in
terms of a horizontally stratified medium.

Loose material such as soil can be packed into a coaxial transmission line and the dielectric properties
measured at UHF frequencies using an impedance bridge [B9.1, B9.2]. Differences in moisture content
and soil compaction can cause the results to differ significantly from the in-situ measurements of the
same soil [B9.6].
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10. Ground probing radar

10.1 Theory

Ground probing radars (GPR), like other forms of radar operating in air, use a high-frequency
electromagnetic pulse launched into the medium. A receiver system records pulses reflected from
propagation discontinuities along the radar range. As the perceived target depth is affected linearly by
1/\/g;, some estimate of ¢, is required to interpret the data. The maximum range of the radar is
determined by the attenuation along the path (a function of the ground conductivity o), the magnitude
of the reflection from the target, and the noise level at the receiver. In the case of ground-probing
radars operating over earth planes that have significant loss, the range is generally quite limited and
very much frequency dependent. A common use of GPR is to detect subsurface anomalies in
conductivity and permittivity, and in these applications no determination of the electrical constants of
the earth or of the targets is made.

Three different radar systems are used for earth probing purposes:

a) Surface-based radars for soil and rock mapping and locating buried objects [B10.4]
b) Ice radars [B10.2]
¢) Airborne and satellite based radars [B10.1].

Surface-based radars have only recently attained commercial prominence as a useful tool for pipe and
tunnel detection, in structural engineering, and pre-mining assessment. Ice radar has been the
preferred technique for ice depth mapping for many years. Radar altimeters on aircraft were forced to
use higher frequencies to avoid receiving echoes from ice layers below the air—ice interface. Airborne
radars were developed in the 1970s for soil moisture assessment [B10.1], and since then they have been
found to have far broader applications.

The finite-difference time-domain (FDTD) numerical method of forward modeling has proved very
useful in both the optimization of radar pulse design [B10.5], and the prediction of structures from
radar measurements [B10.3].

The identification of the relative permittivity—depth profile can be undertaken using a layer stripping
technique [B10.6].

10.2 Measurement techniques

GPR systems are normally bistatic, i.e., the transmitting antenna is separated from the receiving
antenna. The two antennas are mounted on a single movable platform at a fixed separation distance
from each other and the ground. The frequency range of operation is a compromise between target
resolution and the depth of penetration of the radar pulse, but commonly lies in the range of 30 MHz
to 2 GHz. In most cases, GPR is used for the location and identification of buried objects and other
inhomogeneities common in geophysical prospecting. The measurement of ground constants is not a
normal outcome, except during radar calibration.

In most cases, the beamwidths of both the transmitting and receiving antennas are quite large so that
each discrete object traversed will result in an image with a characteristic bow-wave pattern. To
complicate matters, multiple reflections between the object and the surface result in a large number of
false echoes in the image. False echoes also result from nearby above-ground targets (power
transmission lines, trees, etc.). If the number of scattering objects is very high, then significant image
processing is required to permit interpretation [B10.7].
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Given the significant frequency dependence of the conductivity and permittivity of rock and soil
samples, the laboratory measurement of these parameters at these frequencies is of considerable
interest [B10.8].

11. Laboratory resistivity methods

11.1 Theory

In a method similar to the field-based resistivity technique (Clause 2), resistivity measurements can be
made on laboratory rock samples [B11.3]. One convenient shape for such tests is a rock core extracted
from a borehole following diamond drilling. A four-electrode technique is used, where the ends of the
cylinder of area A4 are covered with metal caps and used as the current electrodes (Figure 9). The
potential difference is measured on the cylinder, using wire rings separated by a distance L and using a
high-input impedance voltmeter.

N
v@ ¥

N’

Figure 9—Electrode configuration for resistivity measurements made on rock core samples

The apparent conductivity of the sample is given by Equation (55):

LI

=1 (55)

Ua
where 7 is the applied current, and ¥V is the potential difference measured between the two electrodes.

Another electrode configuration uses two long current electrodes oriented parallel to the cylinder
axis on diametrically opposing sides of the cylindrical sample, with two radial point contacts for
the measurement of the potential difference located on the surface of the cylindrical sample at the
midpoint of both current electrodes and separated radially from them. A cross-sectional view of the
sample with the electrodes is shown in Figure 10 [B11.2]. The electrodes are positioned on the inside of
a plastic sheath. This method allows resistivity measurements to be made without cutting the core. If
the angle between the current electrodes and the potential electrodes is ¢, then the apparent
conductivity g, is given by Equation (56):

K1

_ & 56
0u=1 (56)
where b is the length of the current strips, and the geometric factor K is given by Equation (57):
1, J1
K=-In [+ cos ‘0] (57)
w |l —cose
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Figure 10—Electrode configuration for resistivity measurements on continuous rock cores

11.2 Practical considerations

The major problem lies in the minimization of the contact resistance for the end-cap electrodes.
Tin foil, mercury, and solder have all been used to maximize the contact area. The power source used
is either dc or ELF ac [B11.2].

The method has also been used for the semiautomatic measurement of the complex permittivity of
ice cores at frequencies up to 50 kHz [B11.1]. Both the conductivity and permittivity are determined
in this case.

12. Capacitance methods

12.1 Theory

Capacitance methods represent one of the most fundamental approaches to the measurement of both
permittivity and conductivity (see Clause 1). A sample is machined to have two parallel faces,
electrodes of a known area are placed on these two faces, and the complex impedance between the
plates is measured using an impedance bridge or network analyzer. The complex relative permittivity
is determined directly from the measurement of the capacitance [B12.2, B12.3].

12.2 Experimental procedure

A sample of the material is machined to have two parallel, flat surfaces before being inserted between
the two parallel plates of a capacitor. The real and imaginary parts of the impedance of the capacitor
can be measured using a complex impedance bridge at low frequency and a network analyzer at higher
frequencies.

At the Naval Research Laboratories [B12.1], an inductance, capacitance, and resistance (LCR) meter
dielectric test fixture was modified to include polished, 10 cm diameter parallel plates with concentric
guard rings. One plate is fixed and the other driven by a micrometer drive to ensure accurate thickness
determination. The total impedance of the plates, with and without the sample, is measured using an
LCR meter. The measured capacitance C,, is given by Equation (58):

Cm = CS + Cair (58)

where Cyg is the sample capacitance, and C,;, is the capacitance in air. The real part of the complex
permittivity &' is given by Equation (59):
’ Cmt - 80AA
g =—=

59
SOAS ( )

Copyright © 2002 IEEE. All rights reserved. 29



IEEE
Std 356-2001 IEEE GUIDE FOR MEASUREMENTS OF ELECTROMAGNETIC

where Ag is the area of the electrodes in contact with the sample, and 4, is the area of the air
in contact with the electrodes. The sample thickness is ¢.

The imaginary part of the complex permittivity ¢” is given by Equation (60):
& =¢.D, (60)

where D,, is the measured dissipation factor (i.e., the inverse of the quality factor Q).

The sources of error in making these measurements include poor contact between the electrodes and
the specimen, and the accurate determination of the sample area 4g. Poor electrical contact can be
avoided to some extent by using silver paint on the parallel faces of the sample. For highly conductive
materials, the electrode polarization effects can strongly influence £’ measurements.

A similar technique has been used for many years in investigating polarization processes in rocks
[B12.4].

When ice cores are analyzed for variations in conductivity resulting from ancient geological events,
a rapid scanning technique is required. The precision of the measurement and the speed of
the measurement can be greatly improved using a small movable electrode surrounded by a guard
plate, with the other electrode being the container in which the core sample is placed [B12.5].
The second electrode is effectively of infinite length. This technique has been used over the frequency
range 30 Hz-1 MHz.

13. Transmission line methods (laboratory)

13.1 Theory

Clause 13 is confined to measurement techniques in the frequency domain. As some transmission line
techniques employ TDR techniques, the reader is referred to Clause 9 for a description of these
methods.

In investigating the electromagnetic properties of earth materials related to ground probing radar,
the open-ended coaxial line technique was regarded as the most useful [B13.9, B13.10]. Above
100 MHz, measurements can be made using small samples with a single flat surface. Below 100 MHz,
the capacitive method (Clause 12) was found to be more accurate. The real and imaginary parts of
the complex permittivity are given by Equation (61) and Equation (62) [B13.10]:

o —2Tsin ¢ Cr 61)
T CUCail'ZO(l +2I"cos ¢+ Fz) Cair
-1
& = > (62)
oCyp Zo(l + 2 cosp 4+ T'7)
where
r is the magnitude of the reflection coefficient,
¢ is the phase of the reflection coefficient,
Zy is the characteristic impedance of the line,

C,:  1s the capacitance of the open-ended coaxial line in air,
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Cr is the internal fringing capacitance of the coaxial line,

C,ir 1s a function of the coaxial cable geometry, which can be determined by calibration against
known standards [B13.7].

Full-mode models of the open-ended probe are available [B13.2, B13.6].

The Fourier transform of an electromagnetic pulse fired along a coaxial cable containing a machined
annular disk of material has also been used [B13.8]. The pulses have to have a subnanosecond rise time
for the frequency coverage required. These measurements yield results that span the frequency range
0.4—10GHz, and provide both complex permittivity and complex permeability of the sample.

Soil measurements can be made by inserting the soil sample into a section of coaxial line with an open-
circuited center conductor [B13.1, B13.3].

13.2 Measurement techniques

Open-circuit coaxial probes are available commercially. A typical dielectric probe consists of an open-
circuit coaxial cable with an outer circular flange. The flange is pressed against the sample of the
material that has been machined flat and the reflection from the open circuit determined using an
impedance bridge. As most samples are quite lossy, and as the fringing fields are quite tightly confined
to the center conductor and the flange, very small samples can be used [B13.5]. The unit is calibrated
over the frequency of measurement using a three-point calibration procedure. Measurements are made
in air, against a short circuit, and with a user defined standard (usually water or alcohol) [B13.4].
During a measurement, the complex reflection coefficient is determined across the frequency range,
using a vector network analyzer. Also, changes in moisture content and sample compaction can result
in laboratory measured values that are different from corresponding in-situ values.

Other major errors in these laboratory measurements include the feed cable mechanical stability, the
presence of air gaps between the flange and the sample, and problems created when the sample is too
thin [B13.4]. The manufacturer provides an uncertainty factor for the measurement [B13.1]. The
largest uncertainty occurs at the lowest frequency due to the size of the probe [B13.7].

The errors in the annular disk method [B13.1] primarily relate to the low voltage (120mV, 30 ps rise
time) and therefore to the low-power density at high frequencies.

14. Waveguide methods

14.1 Theory

A number of approaches to the measurement of the electrical properties of earth materials in the
microwave region of the spectrum have employed the use of rectangular metallic waveguides. These
laboratory techniques require the insertion of a machined rock sample into the waveguide and the
measurement of the reflection coefficient and/or the transmission coefficient. The reflection coefficient
measurements use either a traveling waveguide mode or the sample is located in a resonant cavity.

In one method, the specimen is machined to a precise block to fit inside the rectangular waveguide
along one plane (either E plane or H plane) with the major part of the waveguide remaining air filled
[B14.1]. The wavelength and the attenuation in the waveguide are measured using a slotted line
or network analyzer, and the complex relative permittivity of the material is determined. Solving for
the complex permittivity requires the iterative solution of a set of transcendental equations [B14.7].
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This technique has also been used in the investigation of soils at microwave frequencies [B14.6].
An alternative technique locates the sample in a short-circuited waveguide [B14.3-B14.5] and
measurements are made over the frequency range 1-12.2 GHz.

A third method of measurement is to machine the sample to a relatively thin sheet, and the open ends
of a waveguide are placed on either side of the material [B14.8]. If the alignment is sufficiently accurate,
it is possible to measure both the transmission and reflection (S;; and S,;) of the signal through the
material in the frequency ranges 1.12-1.7 GHz and 8.2-12.4 GHz.

A fourth method employed is to locate the end of the waveguide on the machined side of the rock
material. The total reflection coefficient is then measured and inverted to give the effective conductivity
and relative permittivity.

In yet another method, the machined sample is positioned in a resonator and measurements are made
at a single frequency [B14.2]. It is necessary for the sample to fill a substantial portion of the resonator
to ensure adequate coupling to the material. The method is only suited to low-loss materials where the
resulting frequency shift of the resonator is less than 1% of its original value.

14.2 Measurement techniques

For low-loss material, an analytical solution is available [B14.1], but this fails when the loss is
significant. In Nelson et al. [B14.5], the standing wave ratio (SWR) is measured using an inductive loop
or a capacitively coupled probe. The system required calibration in air in front of the sample
terminated with a short-circuit. The subsequent analysis takes into account the wall losses as well as
losses in the sample itself. At high frequencies, the propagation can support a number of different
propagation modes, and this will render the analysis inaccurate.

When using a thin specimen [B14.8], data inversion again requires an interactive technique to deduce
values for the complex relative permittivity.

All of these techniques suffer from problems associated with the difficulty in ensuring a good metal—
rock contact that is free of air gaps, the difficulties in machining rock without altering the surface of
the rock with polishing material, etc. Also, it is important to minimize the development of spurious
waveguide modes that are not accounted for in the inversion equations. This last problem is usually
solved by ensuring that the transmission path in the material is much less than one wavelength in the
material.

15. Free-space reflection and transmission

15.1 Theory

In an attempt to quantify the reflection coefficient of soils and other earth surfaces for aircraft and
satellite remote sensing, a number of research groups have undertaken reflection measurements in
open fields at frequencies above 10 GHz. The basic premise is that, with a measurement of the complex
reflection coefficient as a function of angle of incidence or as a function of the frequency at normal
incidence, one can apply Fresnel’s laws of reflection to determine the intrinsic impedance of the earth.
The technique is used both for an intact surface (i.e., soil where roughness is a factor) or a machined
rock sample [B15.1, B15.2, B15.4].

One method is implemented by varying the geometry between the transmitting and receiving antennas
so that the received signal level of the space wave (the vector sum of the direct and ground-reflected
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rays) as a function of elevation angle goes through at least one minimum and one maximum as the
angle of incidence is varied. The peak-to-null ratio (PNR) can be related to the modulus of the Fresnel
reflection coefficient I' using a two-ray model for reflection from a planar surface. The phase of the
reflection coefficient can be estimated from the elevation angle of the null(s). The complex permittivity
(and hence the relative permittivity and conductivity) of the earth’s surface in the reflection area (the
first Fresnel zones) can be derived from the complex reflection coefficient [see Equation (16) and
Equation (17)]. The PNR in decibels is given by Equation (63):

1+l

PNR = 20log( 1! (63)
1 -0

The ground-reflected ray and the direct ray arriving at an antenna located at height /& above the

ground, differ in phase by ¢ as a result of the physical path distance, as shown by Equation (64):

_ dmhcosO

- (64)

There is also a phase shift ¢ associated with the Fresnel reflection coefficient.

A null occurs at the angle 0,,;, when ¢, + ¢ = —180°. Thus, Equation (63) and Equation (64) are
required to solve for ¢ and e,.

It should be emphasized that the reflection coefficient is very much dependent on surface roughness so
it is quite difficult to separate out the two effects (i.e., complex permittivity and surface roughness)
when the surface is not smooth for the wavelength and angle of incidence of interest.

If a thin sheet of material is used, both the transmission and reflection coefficients can be determined at
frequencies up to 110 GHz, using horn antennas with Fresnel lenses [B15.5].

15.2 Experimental methods

Ghodgaonkar et al. [B15.1] made laboratory-based measurements on rock samples using a pair of
spot-focusing horn lens antennas with a focal distance-to-diameter ratio of unity. The measurements
were conducted in the frequency range 14-17 GHz. Diffraction at the edges of the sample is
insignificant because of this focusing. The system is calibrated by measuring the scattering parameters
in free space using the transmission reflection line (TRL) technique (through connection, a short-
circuit on each port, and a transmission line between the two ports). Assuming plane wave
propagation, the reflection from the sample mounted on a metallic backing plate is measured. These
data are then used in a computer program, and the problem is solved iteratively.

Three experimental methods have been employed to measure the planar Fresnel reflection coefficient:
ground-based measurements, and measurements involving airborne and satellite mounted systems. In
the ground-based method, the transmitting and receiving antennas are erected with a horizontal
separation distance r sufficient to satisfy the far-field criteria, as shown in Equation (65):

2D?
—_— 65
r> - (65)

where D is twice the height of the antenna above the ground plane, and A is the free-space wavelength.

The received signal level is recorded as one of the antennas (usually the transmitting antenna) is raised
and lowered to vary the angle of incidence 6. The transmitting and receiving antennas have to have a
sufficiently broad beamwidth to ensure that the radiated amplitudes of the direct and reflected rays are
essentially equal.
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In the airborne method, a transmitter on an aircraft is flown over the site while being tracked so that
is known for the set of received signal levels recorded on the ground.

Kavak et al. [B15.3] monitored the signal strength into a horizontally oriented global positioning
system (GPS) receiving antenna as a function of time. The measurements were conducted at 1.6 GHz.
As the satellite passes across the sky, the direct ray and the ground-reflected ray interfere. The
resultant interference pattern can be analyzed to provide the complex permittivity values of the ground
in front of the receiver. A least squares parameter optimization method was used to derive the
electrical parameters of the earth’s surface. One potential problem with the method is the surface
roughness, which, if greater than A,/10, will result in a significant error in the analysis.

It is important to note that major errors can occur as a result of

a) Surface roughness.

b) Lateral variations in the electrical properties of the earth (note that as the angle of incidence
changes, so too does the location of the Fresnel zones).

¢) Nonuniform antenna polar pattern of both transmitting and receiving antennas.

d) Polarization variations between transmitting and receiving antennas and from the reflecting
surface.

e) In the case of long propagation paths, the influence of dynamic changes in the atmospheric
propagation path, which could change the angle of incidence.

16. Microwave and millimeter wave remote sensing

16.1 Theory

There are two principal methods of microwave and millimeter wave remote sensing of the
earth’s surface: passive and active. A passive system detects the radiation from the earth’s surface
and, from its spectral energy and polarization, it makes determinations about the electromagnetic
properties of the ground. It is not possible, however, to determine directly the electrical constants
of the ground from these measurements. Passive systems have been employed to deduce the soil
moisture profile of soils [B16.8] and sea ice salinity [B16.7], although the permittivity is not measured
directly.

One example of a multidimensional approach to the remote sensing of the environment was
the aircraft-based microwave assessment of sea ice [B16.2, B16.5]. In this system, images of
the surface were obtained using two synthetic aperture radar (SAR) systems operating at
5.3GHz and 9.25GHz with two polarizations (horizontal and vertical), and these data were
correlated with an airborne imaging radiometer operating at 37 GHz and 90 GHz (two polarizations).
From these data, the complex relative permittivity properties of the newly formed sea ice were
determined.

An active system requires illumination of the earth’s surface with electromagnetic radiation and
the detection of the reflected energy. The intensity of the reflected components is dependent on
the polarization, frequency, depression angle, the complex permittivity of the earth [Equation (16)
and Equation (17)], and the surface roughness. The earth’s electrical parameters can be determined
from these measurements, although these are rarely extracted in routine remote sensing applications.

An example of an active remote sensing system involves the use of an airborne or spacecraft-based
radar system (e.g., SAR). The complex permittivity of soil has been determined to a depth of 40 cm
[B16.1] and of surface water salinity [B16.4] at 30 MHz using radar.
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16.2 Field methodology

Radar pulses are directed towards the earth from the aircraft or spacecraft in a fan-shaped beam
oriented normal to the direction of flight. The reflected pulse from directly beneath the aircraft arrives
first followed by those at an angular displacement. Using the coherent addition of the signals, it is
possible to synthesize a very large effective aperture. The operation of this radar at microwave
frequencies allows cloud penetration. Different types of rock can be distinguished by their
depolarization characteristics. The radar signal can penetrate a short distance into vegetation cover
and also into low-conductivity soils and ice.

For soil moisture profiling, the platform was an aircraft flown at an elevation of 500 to 1000 m with a
flight speed of 180 to 190 km/h. The carrier frequency of the transmitter was 30 MHz with a pulse
length of 1 s with a repetition frequency of 1 kHz. Side reflections were removed using time gating.
The parameters recorded were the mean electric field amplitude (measured with crossed dipole
antennas), the modulation coefficient, and the characteristic fluctuation time. The last two parameters
allow for the removal of surface roughness effects. The system was calibrated over a quiet water body
of known complex permittivity. The soil permittivity was then estimated from the Fresnel reflection
coefficients [Equation (16) and Equation (17)].

There is a significant problem in determining and removing the effect of surface roughness [B16.3,
B16.6, B16.9].
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Annex A

(informative)

List of symbols

o attenuation constant (real part of the complex propagation constant)
p phase constant (imaginary part of the complex propagation constant)
y complex propagation constant (y = a + jf})

I TM Fresnel reflection coefficient

r, TE Fresnel reflection coefficient

r reflection coefficient of transmission line in time domain reflectometry
r magnitude of the reflection coefficient in transmission line methods

8 skin depth (m)

6(6) normalized surface admittance

A normalized impedance

e permittivity (F/m)

o permittivity of free space (gy = 8.854 x 1072 F/m)

&, complex relative permittivity

e, real part of the complex relative permittivity

e imaginary part of the complex relative permittivity

0, angle of incidence measured with respect to the surface normal
0, angle of transmission measured with respect to the surface normal
A free-space wavelength (m)

u magnetic permeability (H/m)

Lo magnetic permeability of free space (1, = 4m X 10~" H/m)

0 resistivity (£2m)

D apparent resistivity (2m)

o conductivity (S/m)
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10 angular location of current electrode in laboratory resistivity method
@ phase pathlength in waveguide methods

o phase shift resulting from Fresnel reflection

¢ phase of reflection coefficient

W angular frequency (rad/s)

a electrode spacing factor (m)

a, constant

Ay area of the air in contact with electrodes

Ag area of electrodes in contact with sample

b length of current electrodes in laboratory resistivity method

b, constant

by constant

B susceptance (S) (imaginary part of the admittance)

¢ velocity of light in free space

C capacitance (F)

Co capacitance per unit length in probe impedance method

Cop capacitance of probe in borehole material
capacitance of probe in ground near borehole
C,,  capacitance of probe measured in air

Cr fringing capacitance

C measured capacitance

Coround Capacitance of probe measured in the ground

d separation distance between transmitting and receiving antenna
D twice the height of the antenna above the ground plane
D dissipation factor in a capacitance measurement

D,, measured dissipation factor

Ey vertical electric field component
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E, electric field component in the X direction
E, electric field component in the Y direction

f frequency (Hz)

G conductance (real part of admittance) (S)

h reference depth (m) (for TEM applications)
h depth/thickness/height of layer 1 or probe
H, magnetic field component in the X direction
H, magnetic field component in the Y direction
1 current (A)

I modified Bessel function of order 0

1, modified Bessel function of order 1

j imaginary number (j = v/—1)

k wavenumber

ko wavenumber in free space

K geometric factor for resistivity measurements
K, modified Bessel function of order 0

K modified Bessel function of order 1

/ length (m)

L length of transmission line (m)

m integer value

n integer value

P numerical distance (factor in Sommerfeld attenuation function W)

PNR peak-to-null ratio

q1 factor in Sommerfeld attenuation function W
9> factor in Sommerfeld attenuation function W
0 charge (C)

0, multiple layer factor

r separation distance (m)
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r radius (m)

R resistance (real part of impedance) (£2)

R electrode resistance (£2)

t time (s) (for TEM applications)

t sample thickness

TE transverse electric
™ transverse magnetic

u; complex propagation constant in the direction of the surface normal

=~

voltage (V)

Sommerfeld attenuation function

I I

electric wave tilt

magnetic wave tilt

b

reactance (imaginary part of impedance) (£2)

Y admittance (S) (Y = G +jB)

Y, surface admittance of Medium 1 assuming infinite depth
Y, admittance contribution from borehole

Y, admittance contribution from ground

Ys surface admittance

Z impedance (2) (Z = R+ jX)

Z intrinsic impedance of medium

VA impedance of transmission line in time domain reflectometry
Z surface impedance tensor (2 x 2) array of complex numbers
Zy intrinsic impedance of free space (Z, = 1207(2)

Z intrinsic impedance of Medium 1

Z, intrinsic impedance of Medium n

Zs surface impedance

Z effective impedance
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