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Abstract

This report examines the problem of an antenna radiating from a cylindrical hole in the earth and the
subsequent far-zone field produced in the upper air half space. The approach used for this analysis was to
first examine propagation characteristics along the hole for surrounding geologic material properties.
Three cases of sand with various levels of moisture content were considered as the surrounding material to
the hole. For the hole diameters and sand cases examined, the radiation through the earth medium was
found to be the dominant contribution to the radiation transmitted through to the upper half-space. In
the analysis presented, the radiation from a vertical and a horizontal dipole source within the hole is used
to determine a closed-form expression for the radiation in the earth medium which represents a modified
element factor for the source and hole combination. As the final step, the well-known results for a dipole
below a half space, in conjunction with the use of Snell’s law to transform the modified element factor to
the upper half space, determine closed-form expressions for the far-zone radiated fields in the air region
above the earth.
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1 EXECUTIVE SUMMARY

In this report we examine the radiation characteristics of a dipole antenna when oriented either
vertically or horizontally within a hole in the earth. The problem geometry is shown below.

Az

air region
€, 1
: e B » X
earthregion
62 2 Iu 0
*/\
cylindrical hole
|
dipole source/?\/ :
1 1

Problem geometry (shown for a vertical dipole).

In order to first understand the waveguiding characteristics of the hole, the radial (k,) and axial
(k.) propagation constants are determined using a boundary-condition analysis of the hole. The modal
equation governing the propagation constants is established by enforcing the continuity of the tangential
components of the electric and magnetic field at the hole radius p = a.

1.1 Vertical Dipole

In the case of the vertically-polarized dipole, the modal equation is given by

ekzpJy (Kpa) H(gQ) (k2pa) = e2kpJo (Kpa) H1(2) (k2pa)

Here the parameters ¢, €2, a, ka, correspond to the permittivity of the material within the hole (in this
report, € is assumed to be the free-space permittivity, g = 8.8542 pF'/m), the permittivity of the earth,
the hole radius, and the radial propagation constant in the earth medium. It is important to note that in
the boundary-condition analysis the hole is assumed to be infinite (i.e. for the purposes of determining the
propagation constants, the air-earth interface can be ignored) and therefore ko, = \/k3 — k2, = \/k3 — k2,
where ks is the wavenumber in the earth material.

One manner in which the solutions to this transcendental equation are found is by using a complex
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zero-finding routine based on the complex argument principle [2]. The complex nature of the propagation
constants is associated with the phase variation and attenuation in either the radial (for k,) or axial
direction (for k,). Here it was necessary to carefully define the branches of the square root terms and
Bessel functions and to avoid these branch cuts in the selected zero-finding regions (Appendiz A). With
knowledge of the branch cut locations, it was possible to ensure that zeros on the improper Riemann sheet
were being rejected or, equivalently, that only solutions corresponding to outward propagating waves with
decay were being selected.

For the purposes of characterizing the propagation within the hole, dry sand and sand of 2.18%, 3.88%,
and 16.8% moisture were considered as the surrounding material to the hole. Examining a hole radius
of 0.04 m at a frequency of 300 M Hz, the imaginary parts of the axial propagation constants were found
to be very large compared to the imaginary part of the ko branch point. Thus, instead of propagation
along the hole direction, the energy is being transmitted into the surrounding material to the hole. For
3.0 GH z and the same hole size, it is observed that the loss due to the cutoff frequency is smaller relative
to the loss values at the lower frequency, but the loss is still large compared to the direct propagation in
ko. In considering 300 M Hz and a hole of radius 0.1 m, there is little change in k. as the moisture content
increases, except in the 16.8% moisture case where the imaginary part goes from approximately —10.66k to
—3.68k (k 1is the free-space wavenumber). Despite this decrease however, the energy in all cases is still
significantly attenuated within the hole. At 3.0 GHz, we find an overall decrease in the imaginary part
of k, (Im(k,)) for all four sand cases, but particularly for the 16.8% moisture case where the Im (k. )
becomes less than the imaginary part of the ks wavenumber. Thus, in increasing the radius electrically
(ka has increased), k, is approaching k and the T Mp; (the first mode of propagation) is near its cutoff
frequency. It is important to note however that, even in this case, the attenuation is still significant where
for a distance of 10 m, the energy is decreased by approximately 200 dB (Im (k) ~ —0.038%). (Plots of
the k. solutions for each of these cases are given in Figs. 3-6.)

For the purposes of design, it is also useful to reduce the transcendental expression governing the
propagation constant into an equation that can be easily used to determine the approximate wavenumbers
for a particular hole size, frequency, and surrounding medium characteristics. With a transverse-resonance
method [3], a transcendental equation that is normalized with respect to impedance is used to develop a
relatively simple closed-form expression for the propagation constants in some limiting cases.

Supposing that ks is large and that k, = O (k), the input impedance seen looking into the outer
medium to the hole in the radial direction then becomes

g _ Ky ko

=R —— =
M wey  weg

(772 =/lo/ 52) while looking into the interior of the hole we have

(The derivation of the field quantities £, and H, can be found in the body of the report.) In the limit
of large radius, we can asymptotically evaluate the Bessel functions to obtain

12



- k
Z P~ —j—L cot (kpa — %)

w
At the resonant frequency and just to the interior of the p = a boundary, we know

zZb + 7., =0
so that

M2 o1 ™
n :]wena [kpacot (kpa Bl Z)}

where we have normalized the equation by n = /ug/e. Setting up a bilinear solution to fit the
perfect-electric conducting (PEC) and perfect-magnetic conducting (PMC) boundary limits, we obtain

k’“ppazp—ﬁ+j7a:p_ﬂ+ jka (ny/n)
N s R Lk

where p = 3,7,11,....4q — 1.

Below we show a plot of the approximate k,a expression, for the modes corresponding to p = 3 and
p =T, as the values of a = ka (ny/n) are varied from zero to infinity. It should be noted that, although
the k,a curves have been calculated assuming real values of 7,/n, there was found to be virtually no
change in the curves when complex impedances were considered (loss tangents on the order of 0.1 were
assumed). Also shown are the values of k,a found using the complex root-finding routine [2] and the exact
transcendental equation (as opposed to the asymptotic transverse resonance equation) in the sand cases
of 16.8%, 3.88%, and 2.18% moisture content [1]. For a frequency of 3 GHz and a hole radius of 0.1 m,
the corresponding values of « go from 1.4, 3.0, to 4.0 as the moisture content decreases (free-space has
been assumed for the inner hole medium). In order to create a high a sample point to be used with the
root-finding code, the 2.18% moisture sand was considered at 3 GHz with a 0.25 m hole (this yields an
a =9.0). Thus, we observe good agreement between the approximate values and those produced by the
root-finding routine, with the approximate k,a curves slightly underestimating the code values near the
peaks. Since the setting of ks, to k2 and the approximation of the Bessel functions was found to lead to
negligible errors, it is important to note that the errors here can be attributed to the bilinear approximation
of the transcendental equation.
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Approximate complex k,a values as the a = kan,/n is varied from the PEC limit to the PMC limit .

Using the approximate expression for k,a, we can next determine an approximate expression for k,a.
From the separation equation, we can write

k.a = /k%a? — k3a2

so that substituting in, we obtain

kPP — \/k2a2 _ {IE + Jgka (n3/m) r
) &7 B jha(n/n) 2

Below the approximate values for kPP are compared to the values of k, that are based on the exact
transcendental equation (as opposed to the asymptotic transverse resonance equation) and the complex-root
finding code [2]. A hole radius of a = 0.1 m and a frequency of 3.0 GHz are assumed for these calculations
and the same three cases of varying moisture content are examined as above.
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Comparing axial wavenumbers in the case of a 0.1 m radius hole and a frequency of 3.0 GHz.

Thus, for all three cases of sand considered we observe good agreement between the exact and
approximate values of k,. The approximate solution improves as the moisture content of the sand increases,
with the differences in the real and imaginary parts of k, reducing to —0.19% and 1.77% respectively
at a moisture level of 16.8%. It should be noted, however, that even in the 2.18% moisture case, the
approximate expression is still fairly useful in obtaining an idea of the k, root location. In this case, the
percent differences between the real and imaginary part of the approximate and exact solution are 1.38%
and 8.82%, respectively.

As a means of ultimately determining the radiation due to the dipole in the upper-half space, a
boundary-condition analysis for the air-earth interface followed by a saddle-point evaluation of the potential
integral representations was first used to determine the field quantities in the lower-half space region. With
the details presented in the body of the report, the far-zone magnetic field associated with the vertical
dipole is given by

12 k 1 ik .
lover  _I2 7022 B) 6) ] [j_Q (Io€) e79%2" sin 0,
T k30 | ekoy i (Kpa) Hy” (k3,a) — e2kpdo (kpa) Hy” (k3,a) | L47T
where
z
kg = k2 COSGQ = k’g;
. P
ks = = —
2p ]{,‘2 S 92 k‘g ,
and

k= R = (k)?

Thus, the lower-half space radiation can be identified as the product of the element pattern associated
with a vertical dipole in a homogeneous ks medium and a saddle-point coefficient accounting for the effects
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of the hole on the overall radiation. In the limits of an electrically small hole, we recognize that the saddle
point coefficient

—_j2 kPEQ 1
T k3,0 | ehopdy (kopa) HEY (K3,a) — eakpdo (Kpa) H) (k3,a)

C, (k. k3,) =
goes to one.

In order to relate the field in the lower-half space to the upper-half field, we assume that the antenna
source is located far away from the air-earth interface so that a multipole representation can be used to
model the effects of the hole. In this case, it is shown rigorously that the overall radiation pattern in the air
region is a product of the lower-half space radiation and a term associated with ray transmission through
the interface. In other words, the upper-half space H,, radiation can be written as

— 2_ 1.2 qin2
ke IV R —RE ST 0o o5 0

g9k cos O + g/ k3 — k2sin? 0

upper lower
H ° ~ H P

or

—q 2_ L2 qin2
ke MV ks =k sin® 0 0q 9

g9k cosf + gy /k3 — k2sin 0

gk (Io?)

drr

Hy ~ C, (K3, k3,) e 7+ sin 9}

where by Snell’s Law

ko sinfy; = ksin 6

It should be noted that, in the limit of a small hole (ka — 0), this expression (derived using asymptotic
representation of the potentials in the upper-half space region) agrees with that given in [6]. The normalized
pattern given by

4mr

HnOT'm — ; H
i (I,0) e=ikr "%

at 300 M Hz and 3.0 GHz is shown below, in the case that sand with a 2.18% moisture content is the
surrounding material to the hole.
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Far-field H,, in the upper-half space for the sand case of 2.18% moisture (h = 10 m,a = 0.04 m).

From these patterns it is clear that the energy transmitted into the air region is decreased with an
increase in frequency or conductive loss associated with the earth. In addition to these results, the
radiation patterns associated with the dry sand, 3.88 %, and 16.8 % moisture cases are provided in the
body of the report.

1.2 Horizontal Dipole

A similar procedure to that used for handling the vertical dipole is used to examine the radiation
characteristics of a horizontally-oriented dipole (the dipole is assumed to lie along the x—direction)
However, since this polarization leads to a coupled set of E — and H—modes, the details of the analysis
are much more complicated than the previous case. For this reason, only the upper-half space radiation
results are presented in this section, with the details contained in the body of report.

As in the case of the vertical dipole, the radiation pattern in the lower-half space is found to be a
product of the radiation pattern characterizing a horizontal dipole in a homogeneous k; medium and
a saddle-point coefficient that is dependent on the elevation angle in the lower-half space region ().
Since the pattern behavior captured by the saddle-point coefficient can be represented using a multipole
representation (under the restriction that the source is concentrated at a depth & and does not interact with
the interface) then it is rigorously shown that this same radiation pattern is translated up into upper-half
space. Thus, the total patterns in the air region are given by the lower-half-space patterns, modulated by a
term associated with the transmission of the fields from the earth region into the upper-half space. Thus,
accounting for the effects of the hole and transmission through the interface, we have in the upper-half
space

lefjh\/k:gsz sin2 6

E;p”er ~ Efa‘””er cosf

kcosO + \/k3 — k2sin? 6

or

17



cos

:| Zke—jln/k%—kQ sin2 @

kcos® + y/k3 — k2 sin® 0

upper / s JW,UIIOK —ikr -
BT ~ G (1) [ L0 et in

and

2k2€7jh\/k§7k2 sin? 6 cos
ky/k3 — k2sin® 0 + k2 cos 0
2k2€7jh\/k§7k2 sin2 0 cos

Ey/k3 — k2sin® 0 + k32 cos 0

Due to the tedious nature of the saddle-point coefficients C’,;’e (k%) and C’;l’h (k%), they are suppressed

upper lower
Hg ~ Hy

Tk ke
4drr

HEPPer ~ C;L’h (k) [ cos 3 cos <p]

z
here but can be found from the asymptotic analysis in the lower-half space region presented in a subsequent

section of the report. With these two independent polarizations, the remaining far-field quantities can be
determined using

E
"
6

and
By _
m, "

where 7 = /g/e. Below are plots of the radiation patterns corresponding to the situation when the
horizontal dipole is positioned within a hole surrounded by sand with a 2.18% moisture content. For these
results, the normalizations

477
Enorm — - EI
# (I,0) e—ikr =%
and
4r
Hnorm — - H
s T L

were used. In the body of the report, radiation patterns associated with the dry sand, 3.88 %, and
16.8 % moisture cases are also included.
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Far-zone E,, patterns in the upper-half space for the sand case of 2.18% moisture (h =10 m, a = 0.04 m).

0 Normalized Hp (dB 2/m)
0

-30

—~_/ [=—300 MHz
—— 3.0 GHz

elevation angle
d
(degrees) 90 |

| -90

Far-zone H, patterns in the upper-half space for the sand case of 2.18% moisture (h = 10 m, a = 0.04 m).

1.3 Conclusions

We have found that for the same waveguiding mode of propagation, the diameter of a hole within
the earth must be increased to obtain reasonable signal levels at the top of the hole, relative to a
perfectly-electrically conducting waveguide. This was determined by using a complex-zero finding routine
to solve the transcendental modal equation for the axial propagation constant (and radial) when sands with
varying moisture levels (loss tangents on the order of 0.1) where taken as the surrounding material to the
hole. It was also determined that, for the same signal level, the increase in the hole diameter must increase
as the permittivity of the soil decreases or, equivalently, as the moisture content of the soil decreases. Thus,
in general, a hole in the earth with a radius less than a wavelength does not act as a good waveguiding
structure. In the case that sand with a 16.8% moisture content surrounds the hole, a hole with a 0.1 m
radius and a 3.0 GH z vertical dipole source was found to be characterized by approximately 200 dB of
attenuation after propagating a distance 10 m.
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Due to the high losses associated with propagation through the earth at high frequencies, one solution
to decreasing the levels of attenuation experienced by the signal (and consequently, obtain measurable
signals at the top of the hole) would be to use higher frequencies (e.g. millimeter band frequencies) and,
correspondingly, a highly directive beam. In this way, the number of reflections off the wall boundary are
minimized, less energy is dissipated into the lossy soil, and reasonable signal levels could be measured at the
interface. However, we note that this is only a valid solution if no backfill is introduced into the cylindrical
hole during the measurement. The case of backfill would lead to extremely large attenuation at these very
high frequencies (a much more severe case than when dealing with wavelengths on the order of the hole
diameter).

However, instead of relying on the hole as a waveguiding structure, perhaps a better solution would be
to use lower frequencies and direct radiation through the earth. In this situation, the electrical dimensions
of the hole become negligible and consequently the entire problem can be treated as if the hole does not
exist. Here it may be appropriate to use magnetic dipoles or loop antennas for efficiency reasons. As
done in this analysis, the magnetic dipoles in the earth-air half space problem can be easily represented
by an integral transform solution (which also applies to vertically layered media), which can then be
asymptotically evaluated to find the far-zone fields in the air region.

2 INTRODUCTION

This report examines the problem of a dipole antenna (both vertically and horizontally oriented)
radiating from a cylindrical hole in the earth and the subsequent far-zone field produced in the upper air
half-space. The problem geometry is shown in Figure 1. In addition to providing guidance in the overall
system design, the purpose of this analysis was to examine the important features of the radiation into
the upper-half space region and also provide estimates that could be used as checks on further numerical
simulations.

The approach used for this analysis was to first consider the radiation characteristics in the lower
half-space with various geological materials located exterior to the hole. In particular, a hole of radius
a = 0.04 m was examined and three cases of sand with varying levels of moisture content were considered
as the surrounding material to the hole [1]. (The corresponding material properties are shown in Table
1.) After applying asymptotic methods to determine closed-form expressions for the radiation in the lower
half-space region, the goal was next to determine analytic representations for the far-zone fields in the upper
half-space (the air region) and ultimately determine the effects of the hole on the overall dipole radiation.

Table 1.Sand material properties.

|| || E?OO MHz || E?.O GHz ||

[ Dry Sand | 2.55 (1 —40.01) [ 2.55(1 —;0.0062) ||
[ 2.18% Moisture J[ 2.55 (1 — j0.026) ]| 2.55 (1 —40.03) ]
| 3.88% Moisture || 4.5(1—;0.03) || 4.4(1—;0.046) |
| 16.8% Moisture || 20.0 (1 —40.03) || 20.0(1—;0.13) ||

3 HOLE-PROPAGATING CHARACTERISTICS

Waveguiding characteristics of metal tubes are a result of the nearly perfect reflectivity of the high
conductivity walls. Similarly, waveguiding characteristics of optical fibers are set up by the total internal
reflection occurring at the wall of the inner dielectric caused by the higher propagation velocity of the
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outer medium or cladding layer (this corresponds to the fiber having a larger dielectric constant than the
surrounding medium). In the case of a hole in geological media, the conductivity of the surrounding
medium is not sufficiently high (the loss tangents of the geological media being less than one at high
frequencies) to produce high levels of reflection, nor is it less optically dense than the interior to produce
total internal reflection. In fact, Snell’s law indicates that rays leaving the interior are bent toward the
normal, effectively reducing the energy radiated toward the surface. Hence, in the case of a hole within the
earth, we expect these guided modes to be damped, in some cases to an even greater degree than the direct
radiation through the earth media. It is also clear from the decay length in the earth (determined from
the permittivity characteristics of the geological media), that for these materials and radii (and frequencies
near the hole cutoff frequency) most of the energy of the guided mode resides in the surrounding medium.
A schematic for the ray paths in the cases of a metal waveguide, an optical fiber, and a hole within the
earth are shown in Figure 2.

3.1 Propagating Characteristics for a Hole of a = 0.04 m

In addition to Snell’s law and the decay lengths associated with the earth, the propagation along
the length of the cylindrical hole can also be understood by examining the zeros of the modal equation
corresponding to a cylindrical hole in lossy media. To this end, a program was set up which uses a global
complex zero-finding routine based on the complex argument principle [2] and, for this particular problem,
on a transcendental equation related to the complex Bessel functions associated with the circular hole
geometry. The complex-zero solutions to the transcendental function determine the propagation constants
in the radial and axial directions, giving both the phase variation and attenuation along the two directions.
Here it was necessary to carefully define the branches of the square root terms and Bessel functions
(associated with the zeros of the wavenumbers in the radial directions) and to avoid these branch cuts in
the selected zero-finding regions (more on this is discussed in Appendiz A). With knowledge of the branch
cut locations, it was possible to ensure that zeros on the improper Riemann sheet were being rejected
or, equivalently, that only solutions corresponding to outward propagating waves with decay were being
selected. Although the details of the transcendental equation are suppressed here, they are presented below
for both a vertically and horizontally-positioned dipole.

To demonstrate the lack of wave propagation along a cylindrical hole of radius 0.04 m , the axial
propagation constants k, found closest to the real axis (using the zero-finding routine [2]) are shown in
Figures 3 and 4. Here the results are shown for the case of a vertical dipole operating at 300 M Hz and
3.0 GHz and the wavenumbers have been normalized to the free-space wavenumber k. (The propagation
behavior for a hole of 0.1 m radius is considered in the next section.) For comparison, the wavenumbers
ko in the various geological media are also shown, with the material properties at these frequencies (given
in Table 1) being obtained from [1]. Thus, because the imaginary parts of the propagation constants were
found to be very large compared to the imaginary part of the ko branch point, instead of propagation
along the hole direction, the energy is being transmitted into the surrounding material to the hole. At
3.0 GHz, it is seen that the loss due to the cutoff frequency is smaller relative to the loss values at the
lower frequency, but the loss is still large compared to the direct propagation in k5. It is important to note
that, although only the results of the vertically-oriented dipole are being shown here, the zeros associated
with the horizontally-oriented dipole were also examined and found to demonstrate similar behavior.

3.2 Propagating Characteristics for a Hole of a = 0.1 m
In Figures 5 and 6 we examine the propagation behavior when the radius of the hole is increased from
0.04 m to 0.1 m. In considering 300 M Hz, there is little change in the location of the zeros from the

a = 0.04 m case, except in the 16.8% moisture case where the normalized level of the imaginary part goes
from approximately —10.66 (Figure 3) to —3.68 (Figure 5). At 3.0 GHz, we find an overall decrease in the
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Figure 3. Normalized branch point wavenumbers and axial propagation constants for a hole of radius 0.04
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Figure 4. Normalized branch point wavenumbers and axial propagation constants for a hole of radius 0.04
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Figure 5. Normalized branch point wavenumbers and axial propagation constants for a hole of radius 0.1 m

and various geological media at 300 MHz.

imaginary part of k, (Im (k,)) for all four sand cases, but particularly for the 16.8% moisture case where
the Im (k. ) becomes less than the imaginary part of the ko wavenumber. Thus, in increasing the radius
electrically (ka has increased), k, is approaching k and the T'My; (the first mode of propagation) is near its
cutoff frequency.

4 VERTICAL-DIPOLE ENGINEERING FORMULAS
4.1 Radial Propagation Constant

For the purposes of design, it is useful to reduce the transcendental equation governing the propagation

constant into a simple equation that can be used to determine an approximate propagation constant for

a particular hole size, frequency, and surrounding medium characteristics. Although a derivation of the
transcendental equation based on a boundary-condition analysis is presented in a later section, here we
present an alternative formulation based on a transverse-resonance method [3]. With this method, the
transcendental equation is normalized in terms of impedance and we are able to proceed to develop a
relatively simple closed-form expression for the wavenumber in the axial direction (k) for some limiting
cases. It should be noted that a similar simplification can be performed for the case of the horizontal
dipole, though this is not done in this paper and is left for future work.

Looking into the outer medium to the hole in the radial direction, we can write the input impedance as

7P — k2p
n T
we2

which, if we suppose that ks is large and that &, = O (k), becomes
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(172 =/ ,u/eg). By next looking into the interior medium of the hole, the input impedance can be
written as

E,
H ® lp=a—0
where referring to the boundary-condition analysis presented below, we have

P _
Zin -

ik o (kp)

L 7
o we Ji (kya)

In the limit of large radius, we note that

2 T
Jo (kpa) ~ 4 | — cos (k:pa — Z)
P

and
2 3
k,a) ~ k,a — —
Ji (kpa) Mﬂkpacos(pa 4)
so that
Jo (kpa) __ cos (kpa - %)
Ji (kya) ~ cos (kpa — 3T)
or

Jo (kpa) _ cos (kpa — %)
Ji (kpa) ~ sin (kya —T)

= cot (kpa - g)

Substituting back into the input impedance seen looking into the interior of the hole, we have

_ k T
Z, P~ —yw—’; cot (kpa - Z)

Here we note that Z,, " is described by a perfect magnetic conductor boundary (PMC) condition shifted
by an electrical distance of 7/4 from the origin (as shown in Figure 7), but more will be said about this

later.

The impedance transcendental equation governing the circular hole boundary is then given by

P _ _ 7P
Zin - Zzn p=a—0
or
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K T
Ny = jw—’; cot (lcpa — Z)

Normalizing the transcendental equation by the intrinsic impedance of free-space (17 =/u/ 8), we
obtain

We now note that given an expression

oot (- )
a=jxrcot (x— —
J 4
where

o = nywea = ka (ny/n)

is small, we can approximate the values of x by

pw .
~—+
T 1 e

where € is a small number and p = 3,7, 11, ...4g — 1, ... Substituting into the expression for «, we find
that

a=j (% +j6) cot (qw— g +je) =—j (% +je) tan (je)

or approximately

. v . .
Jo~ (p_ + j€) J€
4

Thus, to a first-order approximation, the values of x become
pm Jo
— t+
4 BE 4 je
The choice of € in the denominator does not affect the leading two terms of x in the a — 0 limit as

long as € — 0 in the same limit. We are thus free to choose it so that another limit is satisfied and by
constraining € = O (). Choosing the perfect magnetic conductor (PMC) limiting case where a — 0o, we
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know that the solution must equal = where n =5,9,13,...4¢ + 1,... , so therefore we take

2
€= —«
w
where correspondingly,
4 o T ika
kgppazp_+w‘77‘2:p_+ _ J ! (m2/m) ;
4 H+jaz 4 B Ajka(ny/n) 5

Thus, with this form for k,a, we obtain the solutions for the two limiting cases of a PEC and PMC
boundary condition at p = a. We note that as @ — 0, we have a cavity formed by a PMC inner boundary
and a PEC outer boundary (as shown in Figure 7) where the boundary conditions are satisfied at a
frequency corresponding to A/4. Alternatively, when the outer boundary tends towards a PMC limit, the
boundary conditions are satisfied at A/2. Thus, it is to be expected that the cutoff frequencies for a given
mode are lower for the PEC cases than the PMC cases, as described in the k3PPa formula.

In Figure 8 we show a plot of the approximate k,a expression, for the modes corresponding to p = 3
and p = 7, as the values of @ = ka (ny/n) are varied from zero to infinity. It should be noted that,
although the k,a curves have been calculated assuming real values of 1, /7, there was found to be virtually
no change in the curves when complex impedances were considered (loss tangents on the order of 0.1 were
assumed). Also shown in Figure 8 are the values of k,a found using the complex root-finding routine and
the exact transcendental equation (as opposed to the asymptotic transverse resonance equation derived in
this section) in the sand cases of 16.8%, 3.88%, and 2.18% moisture content [1]. For a frequency of 3 GH z
and a hole radius of 0.1 m, the corresponding values of « go from 1.4, 3.0, to 4.0 as the moisture content
decreases (free-space has been assumed for the inner hole medium). In order to create a high « sample
point to be used with the root-finding code, the 2.18% moisture sand was considered at 3 GHz with a 0.25
m hole (this yields an o = 9.0). Thus, we observe good agreement between the approximate values and
those produced by the root-finding routine, with the approximate k,a curves slightly underestimating the
code values near the peaks. Since the setting of ks, to k2 and the approximation of the Bessel functions
was found to lead to negligible errors, it is important to note that the errors here can be attributed to the
bilinear approximation of the transcendental equation.

4.2 Axial Propagation Constant

Using this approximate expression for k,a, we can next determine an approximate expression for k.a.
From the separation equation, we can write

k.a = \/k%a2 — k%az

where, substituting in, we obtain

kPP — \/kQaQ _ {TE + Jka(na/n) r
) 4 B+ jka(ns/n) 2

In Fig. 9 the approximate values for kPP are compared to the values of k, which are based on the
exact transcendental equation (as opposed to the asymptotic transverse resonance equation derived in this
section) and the complex-root finding code discussed in the previous section. A hole radius of a = 0.1 m
and a frequency of 3.0 GH z are assumed for these calculations and the same three cases of varying moisture
content are examined as above. (The exact results shown here are identical to those in Fig. 6 and are
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Figure 9. Comparing the exact and approximate axial wavenumbers in the case of a 0.1 m radius hole and

a frequency of 3.0 GHz.

included here for comparison purposes to the approximate values.)

Thus, for all three cases of sand considered we observe good agreement between the exact and
approximate values of k.. The approximate solution improves as the moisture content of the sand increases,
with the differences in the real and imaginary parts of k, reducing to -0.19% and 1.77%, respectively
at a moisture level of 16.8%. It should be noted, however, that even in the 2.18% moisture case, the
approximate expression is still fairly useful in obtaining an idea of the k, root location. In this case, the
percent differences between the real and imaginary part of the approximate and exact solution are 1.38%
and 8.82%, respectively.

4.3 Axial Attenuation Constant

Thus far, we have obtained an expression for the axial propagation constant k, that yields accurate
results for both the real and imaginary components. However, in order to realize a simple engineering
design formula for the attenuation constant, we first take pm/4 to be the dominant part of the bracketed
term above so that we have

N 2
k.a ~ \/k2a2 - (%) — j2ka (ny/n)
For operation above the cutoff frequency (since near and below cutoff leads to larger attenuations), we
will simplify by taking k2a? to be the dominant real part of the square root but retain the imaginary
leading term (we are also assuming the loss tangent in the material is much smaller than unity). Thus,
approximating the square root function we obtain
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t
b~ (1= g Re s/

A simple engineering formula for the attenuation of the modes within the hole, after travelling a distance of
h, is then

“ h
atzrh = (1) Re /)
or in units of decibels,
a%Ph dB = 20log e~ “ac"h

We now tabulate some attenuation values using this expression and compare them to the values found
using the exact zero-finding routine (assuming h = 10 m).

Table 2.Exact and approximate attenuation values.

Lalml | e | lel =1[ka (no/n)l || act? INp/m] || Po/Plase || Po/Pilyerec || A(Po/Pr) |
[010 [20(1—40.13) ] 14 | 2.23 | —193.0dB || —209.2dB || 7.7% |
[ 0194 [ 20(1—40.13) || 2.7 | 115 | —995dB || -96.2dB [ -34% |
[025 [ 20(1—;0.13) 35 | 0.891 | —772dB || -87.5dB [ 118% |

Thus, with a maximum absolute error of only 11.8% occurring in the case of a = 3.5, the simple
expression for a?PP is shown to yield an approximated location associated with the k, root for moderate
values of a’s also (the approximations made in obtaining the simple form of the attenuation constant have
assumed small values of o). In general however, the expression for k2Pcan always be used to obtain the

attenuation constant, although the expression is much more complicated.

Table 2 also indicates that at 3.0 GHz and 16.8% moisture sand, reasonable signal levels for h = 10m
(corresponding to the first mode of propagation) can only be measured when the hole radius is increased
beyond about 0.2m. This situation can be compared to the case of a PEC waveguide where the cutoff
frequency for a radius of 0.04 m is approximately 2.8 GH z.

5 VERTICAL-DIPOLE RADIATION CHARACTERISTICS

We first consider the case of a vertically-oriented dipole (positioned along the z-axis, Figure 1). This
dipole orientation is examined before considering the horizontally-oriented dipole, since it results only in
E—modes along the hole and hence can be reduced to a simple scalar problem. (Another scalar problem
that would be of interest is a loop antenna, but it is not considered at this time.) Furthermore, because
this analysis is relatively simple compared to the case of the horizontal dipole, the vertical dipole is included
to provide an overall understanding of the general antenna propagation characteristics through the earth
when the hole is taken into account. The case of a horizontal dipole is considered in a subsequent section
of the report. It is important to note that a time dependence of e/*? is assumed and suppressed throughout
this report.

5.1 Boundary-Condition Analysis

As stated previously, the vertical dipole is relatively simple because it leads to only F—modes along the
hole and, in this case, the axial component of the magnetic vector potential can be used exclusively. The
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source term satisfies

10 0 0? d(p
(V2 + k2) A, = [;—p <p—> + —+ kQ} A, = —pgd, = —polold (r) = —pglold (2) 2§rp)

where the solution is

A5 = oyt
= = HBofot Ty
The integral representation can be found as
45 = = [T A HY (ko) e dk
z_% - (Z) 0 (pp)e z
where
k, =+/k*— k2
and
Im (k,) <0

Inserting the representation and inverting the Fourier transform gives

2

9 (9 2| 77(2) é(p) [~ ks é(p)
A(k‘z) |:8_p (pa—p) + pk'p:| HO (l{,‘pp) = —/,LOI()£7 /_oo 6(2) el Fdz = —Molog
where next integration with respect to p yields

2j 1
—A (k2) kppHy? (pp) ~ = A () = —polol -

or

Ak) = —iﬂow

Thus, the dipole source solution (existing in the interior of the hole) becomes

AS = _8]_77 Oloé/ H(g2) (kop) e I3k, 0<p<a

where the source-free potentials are given by

1 [ ,
A= o B (k) Jo (kpp) e %*dk, , 0 < p < a

— 00

1 [ .
=5 C (k) HéQ) (kapp) e *2dk, , p > a

— 0o
and
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kop = /K2 — k2
Enforcing the continuity of E, (p = a)

-j (& 2
E, = — +k°)A
T wpge (62’2 * ) ?
gives
j (2) _ kae 2
_Z/J'OIOEHO (kpa) + B (kiz) Jo (kpa) = K2es C (kiz) HO (]{JQPG,)
P
while the continuity of H, (p = a)
3]
poHy = _8_,0AZ
yields

Ly Toth, 1T (k) + B (1) by s () = © (k) k(o)

We next eliminate C' (k,) to obtain
L g Lot (k) HE (ko) + B (k2) Jo (k) HE (kaga) =

or

) k2 ¢
—Ltgof (kp hop) HYP (kpa) Hi? (kzpa) + B (k2) (ky kay) Ji () HE” (kapt) | 155

k‘gz’:‘g

B (k2)

Do (ko HL (kya) H (kapa) — eoky Hy? (kya) Hy? (kyya)
s

ekap 1 (Kpa) H(gQ) (k2pa) — ek, Jo (Kpa) H1(2) (k2pa)

= zﬂ Il |1 j€k2ﬁyl (kpa) H(EQ) (k2pa) — eak, Yo (kpa) H1(2) (kQPQ)]
=1, -

4 ekapJ1 (kpa) H(EQ) (k2pa) — e2kpJo (Kpa) H£2) (k2pa)
Here the poles are found from the equation

ekop s (kpa) HS (kapa) = eakpJo (kpa) H (kopa)
provided that

eko, H? (kya) HSY (kypa) # ok, HS? (k,a) H? (kypa)

Thus, using this expression in the root-finding code we find that the poles having high rates of decay
do not contribute significantly to the potential integral A, (the corresponding results have been presented
in Figures 3 and 4.)
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Adding the source and scattered parts of the potential together gives

2 2

A’;Ot _ ilﬁofof /Oo lgk%Yl (kpa) H(§2; <k2pa) — &2k Y0 (kpa) Hi; (k2pa)] Jo (k‘pp) e_jkzzdkz

8 —0o0 EkaJl (kpa) HO (kgpa) — Sgk’pj() (kpa) H1 (kaa/)

1 > )
—guol(ﬂ/ Yo (kop) e *%dk, , 0 < p < a
or -

1 [ eko, Yy (kpa) H? (kapa) — eak,Yo (kpa) H® (kapa) .
AZOt — _MOIOZ/ P 4 (()2) 14 P P 12) p Jo (kpp) e*]kzzdk,z

8 —o0 E,‘kgpjl (k’pa) HO (k’gpa) — 62ka0 (k‘pa) Hl (kzpa)

k
+,u010€COS( r) ,0<p<a

4mr

We next focus on the branch cut contributions to the integral, where if we rotate k, around the branch
point ko and use the identities [4]

HéQ) (2e77) = 2Hé2) (2) + H(gl) (2)

Hl(z) (zej’r) = —2H1(2) (2) — Hl(l) (2)
we find

se”kngl (kpa) H(()2) (k;gpe”a) = 2k, Jo (kpa) H1(2) (k:gpema)
and

ek Ty (k) |27 (kapa) + ') (kapa)| = —<ako o (hya) (20 (kaya) + " (hsya)]

Separating real and imaginary parts for real medium parameters yields

Ekngl (kpa) J() (kgpa) = EQkPJ() (kpa) J1 (kgpa)
and
EkaJ1 (kpa) Yb (kgpa) = €2ka0 (kpa) Yi (k’gpa)

which are identical to the results obtained before the rotation. With the equations remaining the same,
the integrand ratio becomes

ekope™ H) (kpa) HS? (kapae'™) — exk, HS? (kya) H® (kopaei™)
ekopei™Jy (kpa) HSY (kopaei™) — exkyJo (kpa) H (kypaeim)

B (k2 kape'™) = %MOIOE
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i eskngl(Q) (k,a) [QH(S?) (kapa) + HY (kapa)| — eak, HS (k,a) [QH{” (kapa) + HY (kgpa)}
= T Hoto g
4 ekap Ty (kpa) [2H(§2> (kapa) + HSY (kapa)| — eakydo (kpa) [2H{2> (kapa) + HY (kgpa)]
i gekzngl(Q) (kpa) [HE® (kapa) + 20 (kzpa) | — 2k, HE (ya) [HP (kapa) + 271 (kapa)|
= yHoto 7
4 ekap i (kpa) [Hé” (kapa) + 2Jo (kapa)| — 2k, Jo (kpa) [H{” (kapa) + 21 (kgpa)}

where it does not appear that the branch cut goes away. Next, if we rotate k, around the k branch
point we find

eko,HY? (kpae™) HYY (kopa) — eok,e™ HSY (kpae'™) H (kopa)
ehop i (kpaei™) HSY (kopa) — exk,ei™ Jo (kyae™) H) (kypa)

B (kz, kpe'™) = inIOK

ehap [2H (kpa) + H{ (ky0)| B (kapa) = eaky |28 (kya) + H (kpa)| HE (kap)

J
= —,UJOI()g
4 ekap 1 (kpa) H(EQ) (k2pa) — e2kpJo (Kpa) H1(2) (k2pa)
i eka [ (k) + 21 (hpa) | HE (kapa) = eaky [HE? (kpa) + 20 (kpa) | HI (Rzpa)
= grolot @) @
€k2pJ1 (kpa) HO (kgpa) — 82]€pJ0 (kpa) Hl (k)gpa)

— B (k) + %,LLOI()€
Now for z > 0 we can close the contour downward and obtain

A2 = — 2ol / HD (o) = HY (kppe'™) | e M2k 0 < p < a
Cy

- LMOIOE/ [H(SQ) (kp) + H (k‘pp)} e Edk, 0<p<a
87T Ch
= i,uoloé/ Jo (kpp) e k=2 dk, 0<p<a
47T Ch

where the contour C is along the right side of the branch cut about k from k to infinity. Using the
preceding relation for the rotation of B (k.) about k we find

1

A, =—
z 2 Ch

(B (k.) — B (ks kpe™)] Jo (kpp) e *=%dk., 0 < p < a

= —omolol / Jo (kop) e *+*dk 0 <p<a
7i Ch.

k
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Thus, the source contribution exactly cancels the contribution of the scattered part of the potential on
the k branch cut integral (p < a).

We now consider p > a, where the ks branch cut contributes. The constant C (k) is

; k2eo HP (k k2e5Jdo (k,a
C(kz):—i,uofongQ—o (kpa) + B (k pQO(p)

20€ Hy? (kopa) T K3,eH (kapa)
__dy, gk HY (ko) [
0 2
477k B (kapa)

| _ kot (kya) By (kaya) — eakyHy” (kya) B (kapa) Jo (kpe) ]
ekapJ1 (kpa) H(gQ) (k2pa) — e2kpJo (Kpa) H1(2) (k2p0)

H(SQ) (kpa)

i kees HEY (kya)

ehap {1 (kya) HS? (kpa) = H\® (kp0) Jo (kpa) } HE (zpa)
= 74#0106

2
k2,6 H® (kypa) {hap T (kpa) B (kapa) = 2k o (kpa) B (kapo) } S (ky0)

1 k2es Ji (kya) Yo (kya) — Vi (kya) Jo (kya)
—pHolol ®) ©)
2p Ek‘ngl (lcpa) HO (k‘gpa) — EQka() (kpa) Hl (k‘gpa)
1 " Kkp€2 1
= —35 0
21 kapa | kg, Jy (Kpa) H (kapa) — exkydo (kpa) H? (kapa)

where rotating about the k branch point gives

, i k20 H? (k aqei™ . 120 T (k
C (ks kpe’™) = _lﬂo 0 562 . (2)( o) + B (kz, koe’™) M
4 k3,e Hy™ (kopa)

K,eHy” (kzy0)

_ G g koe2 20 (kpa) + HEY (kpa) | f G ) Kpeado (kpe)
= 4:“0 0872 2 @) (k2) + 2/’40 0 s @)
2p Hy™ (kgpa) k3, (k2pa)

Thus, as expected, there is no k branch point contribution,

C (k.. k,) — C (k:,k,e’™) =0

Rotation about the ks branch point gives

4 kp&?g

C (ks kope’™) = S HololT

2p@

1
ekapJi (kya) {H(?) (kapa) + 2J (i%a)} + exky o (kpa) {H{” (kapa) + 2J; (kzpa)}
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where using the Hankel function identity for HSQ) (ze”) above [4]

HE®) (koppel™) = H (kzpp) + 2J0 (kzp)
Thus, recalling that

1 [ _
A=5 | Clk) HE (kypp) e *2dk. | p > a

— 0o
we can also write

1

A, =—
2w Ck:2

(€ (e hag) HE (k) = € (s haye’™) HED (kaype’™) | ek, p > a

5.2 Radiation in the Lower Half-Space

In this section we compare the results from an asymptotic evaluation of the fields in the lower half-space
to those resulting from the exact numerical integration. The far-zone magnetic field is examined, where
in the particular case of a vertical dipole, only an azimuthal component is present. With the asymptotic
analysis, the effects of the hole on the radiation can be easily identified in terms of a scaling coefficient
associated with the saddle-point in the lower region, thereby producing an effective dipole source. The
saddle-point coefficient is then used to determine the radiation in the upper-half space.

5.2.1 Magnetic Vector Potential: Dipole Approximation

We first want to compare A, for large z >> a with the approximate form of a dipole sitting in an
infinite ko space,

efijT

AP — o
z Ho 0£ A

If we approximate the branch cut integral for large z and thus the integrand for k;,a — 0 and
k, — ko2 = \/k? — k3 (where —27 < arg (k — ko) < —m and —7/2 < arg (k + k2) < 0), we obtain

J
B (k,) ~ =puyIpl
( ) 4“0 0 J() (k‘oQa)
and
/Lofoé
k., k 4 k., k
C( QP) Jo (k02a) ¢ ( 2p€ )
so that
1 Lpglot

A, / Jo (k2pp) e k2dk,  p>a,z>>a
Chy

~ % JO (koga)

Next using the relationship
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p Ioeeijkr = iu Ioﬁ/ Jo (kpp) e 7*=*dk,
0 4drr 470 Ch ’

we obtain

e*jkg’l‘

A, ~ 1olol ,p>a,z2>>a
4drr

1
J() (k()ga)

In a subsequent section, this form of the magnetic vector potential will be used to evaluate the field in
the upper half space.

5.2.2 Magnetic Vector Potential: Saddle-Point Evaluation

If the Hankel function is expanded for large p, the combined exponential function can then be used to
define the phase function % (k.). The resulting function is then differentiated to determine the location of
the saddle point [5]. We recall that A, in the outside region of the hole (p > a) is given by

1 > )
A=y / C (k) HY (kapp) e 7*¥=2dk. , p > a

where, for convenience in evaluating the final integral, this can also be written as

- ]
Ae =g omolo! / C, (ko) H (kapp) e 7**dk., p > a
™ —00

Here

0= ()

and C (k.) is given above. Evaluating this integral asymptotically, A, becomes

J >y 2 ikie—j(kapp—n/4)
A, ~ —=—polpl C, (k. JR=2=3{F20P dk,
Liolot [ €l T
or
Azw—iuofoe / e (k) el™/4 2ok g,
8w oo ! Tkapp
where

¥ (ky) = koz + kopp = koz + /K3 — k2p

Differentiating with respect to k. to determine the saddle-point, we have
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or

k.
————— =2z/p=cotby
NCE
where, consequently,

k‘i = k‘g 00892 = k‘gi
T

. p
ks, =k 0o = ko=
2p 2 SIN U9 Qr

It is interesting to note that if we average the value of k., we obtain the same result as the saddle point
That is,

. . X —jkor
oy = T8 o R B (happ) e i ()
U G HS (kapp)eitrdk, (222

a (eijkzr)
5 mwr ].
:jC089—4 —z<k2— ) i
r

e~ Jkar o ~ ko
4mr

r
(In a similar manner, averaging k2, yields the same result as k3,.) By next using the dipole source

relationship,

o0 —jkor
J 2 k.2 e 7"
—5oHolo! l R HE (kapp) e %2 dk, = polol you
the evaluation of A, at the saddle point becomes

, —jkar
A, ~C, (ki, k;p) MOIOKW

where

’ s 1.5 N —j2 kpé‘g 1
o (kZ’k2P) T ko (2) (1.5 . (2) (1.s
200 | ekapJy (k:pa) Hy (k2pa) eak,Jo (k:pa) H,; <k2pa)

and k, is evaluated within the hole as

kp = k2 — (kg)Q

As with the dipole approximation to the magnetic vector potential, the field results corresponding to

the saddle point evaluation of A, will be examined in the next section and compared to the exact numerical
integration of the potential integral. It is important to note that here, unlike the previous approximation,
the coefficient C,, (k2,k3,) is not a constant but rather, a function of z/r, p/r, or 6. This is a consequence
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of the modifications to the radiation pattern resulting from the local hole effect on the source.

5.2.3 Numerical and Asymptotic Evaluations of H,

In the case of the vertical dipole, we found the asymptotic form of the magnetic vector potential to be
given by

7]‘]@27‘

A, ~ C (ks kap) e

,p>a,z>>a

where, approximating the potential as that of a dipole source in a homogenous medium,

o - 1
C (kZaka) - JO (k‘oga) .UJOIO£ (1)

(as stated previously, here the scaling factor C* (k., kz,) is a constant or independent of the observation

point and is strictly a dipole field). On the other hand, using a saddle-point evaluation of the asymptotic
integral,

O (k2 kap) = C,y (K3, k3,)

Iofﬁ ]C,,JEQ 1
T k350 | ehapdy (kpa) HSY (k3,a0) — 2kpdo (kpa) HY (k3 ,a)

= —Ho )

Here €3, ky are the permittivity and wavenumber characterizing the medium surrounding the hole.
Using these forms of the magnetic vector potential, the asymptotic field component H, can then be written
as

0

_Az
dp

toHp = —

, 1 9 e ik2v/p?+2?
HEm L 1 ) 22

Ho 3_P4m/p2+22

asym _ _ L pe IR
H<P : ~ —M—OC (kz,k2p> <—W) (]kg), p>a,z>>a (3)
Alternatively, the integral representation of A, is given by
1 > .
A=y / C (k) HY (kapp) e *¥=2dk. , p > a
where
1 k 125 1
C(k’ ): —— 108 e
: 210 kapa | kg, Jy (Kpa) H (kapa) — exkydo (kpa) H? (kypa)

so that
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1 o 0 )
poHE™ = =5 | C (k) g HGY (hayp) €94 d,

]_ oo ’ .
Nngum - _%/ C (k) kQPH(SQ) (k2pp) e M2 d,

1 [ ,
Hp™ = 27/ / C (k) kapH? (kapp) e *=*dk,
0

—0o0
Note that, due to the even nature of the integrand with respect to the integration variable k, over the
range (—o0,00), this can also be written

1 oo
Hp'm = —— [ C (k) ko H? (kapp) cos (k=2) k. )
Tho Jo

5.2.4 Results

The asymptotic evaluations of H, at the interface between an air and dry-sand medium, as well as the
numerical evaluation of the field, are shown in Figure 10. It is important to note here that the asymptotic
results correspond to a dipole in a homogeneous region approximation and also, the saddle-point evaluation
of the asymptotic integral for A,. The results are presented as a function of radial distance p from the hole
and at a frequency of 300 M Hz. The source is assumed to be located a distance of 10 m from the interface
and the sand properties at this frequency are assumed to be &, = 2.55 (1 — j0.01) [1]. (In these results and
those that follow, a unit-strength dipole moment is assumed (Ipf =1 A -m)).

Thus, in this relatively low frequency case, it is observed that the hole has little effect on the radiated
field and the field can most simply be taken as the field produced by a dipole positioned in a homogeneous
medium with an amplitude weighted by 1. While the numerical calculation of H, best captures the null
behavior in the radiation directly above the hole, the three sets of results are virtually indistinguishable as
the radial distance from the hole increases.

Increasing the frequency to 3.0 GHz and using a sand permittivity of e, = 2.55 (1 — 50.0062) [1], the
results shown in Figure 11 are obtained. In this case the presence of the hole is evident in the discrepancy
between the dipole-field approximation (which has a constant coefficient C* (k., k2,)) and the numerical
calculation of the magnetic field. However, the asymptotic evaluation of the field at the saddle-point is in
excellent agreement with the results obtained from the numerical evaluation of the integral.

Thus, by examining the asymptotic form the fields in the lower half-space, we recognize that to an
excellent approximation, the fields associated with a vertical dipole present within a cylindrical hole in the
earth are, in general, the fields of a dipole located in a homogeneous medium scaled by the saddle-point
coefficient C,, (k$,k3,). Stated another way, we find here that the radiation pattern is modified from the
simple dipole by the multiplicative factor C’; (k:;, k3 p), which is a function of #. (In the low-frequency
case, the effect of the hole is to simply reduce the amplitude of the field produced by a dipole in a
homogeneous medium by a constant independent of the observation point.) In the next section, the
coefficient C’; (ki, k3 p) is used to determine the radiated fields in the upper half-space or air region.
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Figure 10. Azimuth magnetic field distributions along an air/dry sand interface at 300 MHz, determined

using asymptotic expressions and an exact numerical evaluation.
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Figure 11. Azimuth magnetic field distributions along an air/dry sand interface at 3.0 GHz, determined

using asymptotic expressions and an exact numerical evaluation.
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5.3 Radiation in the Upper Half-Space

In this section, we use the saddle-point method of the potential-integral representation to evaluate the
upper-half space radiation associated with a vertical dipole placed in a cylindrical hole. As a means of
obtaining the final results, we first consider a vertical dipole positioned in a half-space with no hole present
(homogeneous media). In this case, the saddle-point method is shown to yield identical far-zone results to
those found in [6],[7], and [8]. By next assuming that the source is positioned far from the interface and,
consequently, that a multipole representation can be used to model the hole effects, the field in the upper
half-space is then shown to be a product of the multipole element pattern (determined from the lower-half
space analysis presented above) and a pattern associated with ray transmission through the interface. Here
it is important to note that the earth region was considered homogenous, although it could have been taken
as a layered medium. In addition, we note that, although not done so in the case of the vertical dipole
(due to the null in the radiation pattern along the hole direction), a small contribution to the radiation
resulting from the hole intersection with the interface (corresponding to an electric-field discontinuity) can
be added to assess the error associated with ignoring the hole intersection with the upper-half space..

5.3.1 Half-Space Problem: No Hole

The formulation of a dipole interacting with a half space can be found in [9]. In addition, the case
where the dipole is in the conducting half space along with many expansions of the field can be found in
[6] and more recent expansions can be found in [7] and [8]. Here we give far-zone expansions in the upper
half-space by a saddle point treatment of the potential integrals, which can be shown to produce equivalent
fields to the previously cited results.

In the case of a vertical dipole in the conductive half space, the source term is

Note that for a triangular current distribution, we can take Iy = I (0) (the current at the center of the
dipole), and ¢ as the physical half height of the antenna. We can expand the Green’s function as

AS = poIol / D (k,) Jo (kpp) e %21k dk,
0

where

kas = \JK3 — k2

and

To solve for the coefficient D (k,) we write

. [10 [ 84 92 5 (p)
2 2 s _ | = z 2 s _
(V?+k3) AS = |:p_5p (p o ) +ta3t kQ} A “OM—%p d(2)
so that
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=M19 (0N &, e 8()8(p)
/0 {;8_,0 (Pa—p) Tae T kz] D (ky) Jo (kop) e kpdk, = T o,

e} 2 )
= / D (k,) Jo (kop) (% + k3 — k:i) ek 71k,
0

Inverting the Hankel transform gives

s 2 2\ _—jka.l|z| _ d(z) [~ J(2)
D(k/’)<@+k2k9>e =T /0 Jo (kpp) 6 (p) dp = o
where integration with respect to z yields
__.7'
‘D (kﬂ) 47_[_]{:22

Now we take as the source potential

o_ >~ o Kol
= —Lyorel [ Ty (kp) e ke lz+hl %0
A7 1 Holo /0 o (kpp)e o

with the source-free potentials given by
0 .
A, = polot / E (k) Jo (kpp) e 9%+%k,dk, , z > 0
0

= polot / F (k) Jo (kpp) €%2+7kdk, , 2 < 0
0

ko= \/k2 — k2

and enforce the boundary conditions at z = 0 using
10
H,=———
v to Op :

and

e
P e 0pdz” ¢

Thus, enforcing continuity along the air-earth interface, we have

J

Eko) =~

eIkl L (kp)

and



_ J —jkzzh_F k)= e2k, E(k
47Tk226 ( P) EOkQZ ( P)

The coefficient for the potential in the upper-half space region then becomes

J 20

_J 0 —jke:h — E(k
2 Eka +€0kgze ( p)

so that

J * o —jkazh —jk.z
A, = —=—pgll —e 72y (K W2k dk
271_/’1/0 0 /0 52k2+50k226 O( Pp)e 14 P

We can also write this potential integral as

J * €o —jkash [ (2 (1) ] —jk.z
A, = ——pulol — e IF k H k IR22 ke dk
1 oo /o 52kz+sokgze o (kpp) + Hy" (kyp)| e pdrp
or

J > €0 iy 2 ks
Ax = *E“UM/O S o) 7 Rty

J > €0 —jkazh pp(1) —jkaz
———polol ——e = H (K P2k dk
471_11’0 0 /0 €2kz+50k226 0 ( Pp)e PP
Using a change of variables for the second integral contribution,

;o
— 1 i
k, = ke
A, becomes

J > €o —jkaoh 7(2) —jksz
A, = ———puyIl — eI g ( N2 dk
4ﬂ_ﬂo 0 /0 €2kz+50k2ze o (kpp)e paRp

j - €0 —jkosh (1) ' —jk.z7.) !
_477'%[06/0 g2k, —I-Eokzze T Hy (kpej p) ek dky
or

j > € -7 —jk.z
A: = _E'uoloe/o eak. +0€ok2ze szZhH(?) (kpp)e Ihs ko dk,

. 0
J €0 —j 2 k.2
75%106/, eak, + Eosze ijZhH(g ) (ko) e " Ko dky

if we use the analytic continuation of the Hankel function [4]
Hg (2/7) = —Hg" (2)

and the fact that k. is an even function of k,. Thus,
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J >~ € _; s
A=t || ) ()
—00 z z

Here we note that there are branch points at k, equal to & and k2. An additional branch point is
introduced in the Hankel functions at k, = 0 (we can choose the original contour either above or below this
point because it is not a branch point of Jy (k,p)). Since we do not want to include this branch cut for
z > 0, we choose the original contour below the origin and note that poles occur if

eak: + okaz = 22\ /K2 — k2 + 20 /13 — K3 = 0

We assume we can deform the contour for each term through a saddle point for which |k,| p >> 1 (we
leave out the overhead point p — 0, as well as the approach to the surface z = 0, for the time being). Thus,
for large arguments we can expand the Hankel function as

2

e_jkpﬂ"‘jﬂ'/‘l
wkpp

H? (k,p) ~

We take p = rsinf and z = rcos@ with 0 < 6 < 7/2 and let kr — co. The large argument exponential
phase function then takes the form

exp [ (kzz + kpp)] = exp [—jkry (1))
where k, = k7 and k, = kv1 — 12

Y (r)=71sin0++/1—72cosf

The saddle points are at

-
Y (15) = sinf — —=—=cos0 =0
or L=
Ts =sinf
where
Y (1) =1

The steepest descent contours are defined by

Re[y) (1) — ¢ (75)] = Re [TSiHHJr vV1—712cosf — 1} =0

If we approximate near 75 by letting 7 = 75 + § we have
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Re {(sm9+5)sm9+ 1— (sinf +6)* COSQ:| =1

= Re [(sinQ +9)sinf + \/1 — 28sin 6/ cos? @ — 62/ cos? A cos? 9}
=Re [(sin@ +0)sinf + {1 — §sinf/ cos® 0 — %52/0052 60— %52 sin? 0/ cos* 9} cos? 9]

= Re {—%52 - %52 sin?6/cos® 0| +1

or

—% secZ 0 Re (52) = —% (5'2 — 5"2) sec20 =0
6/2 _ 5//2

where § = ¢’ + j§”. Noting that
1
-5 sec? § Im (52) = 466" sec? 6
we see that

1
—JY (1) = —jo (15 +0) ~ —j+j§5QSeC29

and on the constant phase contours that

—j (1) ~ —j — 66" sec? O
Thus, from these expression, it is evident that ¢’ > 0 and " > 0 or ¢’ < 0 and §” < 0 lead to descent on
both sides of each saddle point. Letting
§ = vel™/1
with k, = k7 = k7, + k0 we see that

dk, = kdr = ke’™*dv

ky ~ ksin
k, ~ kcost

1
—j (1) ~—j — 5112 sec? 0

Using the saddle point contributions alone we have
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A, ~ _LMOIOK i __SovF Vkpe*j’%zh+jﬂ/4€*jkape*jkzzdkp
47 T J_ oo

eak, + eoko

~ _%NOI()E\/ 2 ksso—i— kzk;s eIk ekin/4=ikr /OO e ahrtsec? O ein/4 gy,
7 TP E2R; T EoRg,

— 00

—jk§, h—jkr D) =
~ %MOIM\/ coVhsin 0 cos OV 2k

wsinf egks 4+ €oks,
ke—iksh—jkr

~——nyIpf
2mr H

€0 0
olol————— cos
Egk‘; + Eok%z

Finally because

ki = kcosf

ks, = \/k3 — k2sin? 0

we have

ke—jhy/k%—kQ sin? 0—jkr €0

5 /.LOI()E
s g9k cos O + g9y /k3 — k2sin 0

To now transform the magnetic vector potential to spherical coordinates, we use the unit-vector relation

A, ~

cos f

e, =e,.cosf —eysinf

and find
A kefjh\/kgsz sin2 0—jkr I €0 P
r o~ oy tolo cos” 0
T 9k cosO + eg\/ k3 — k2sin? 0
A ke—jh«/k%—kQ sin? 0—jkr €0 .
g~ — 5 tolol sin @ cos 0
s g2k cos O + g9/ k3 — k2sin 0

Next using

we obtain, in the far zone,

k k2€—jh\/k§—k2 sin2 —jkr €0
Hgo ~ _jM_Ae ~J Iot
0

2nr g9k cosf + g/ k3 — k2sin” 0

sin @ cos 6
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—gkr - ik sin (20
Njoge efjhwkgfkgsm?@ J Sln( ) (5)

J
dmr (£2/20) cos 0 + 1/ (e2/20) — sin® @
which is identical to the series of formulas: (1.18) p. 7, (2.104) p. 43, (2.147) p. 53, and the leading
term of the result (6.37) p. 180 in [6]. The far-zone electric field is then
Eg ~ Hy/ng

For convenience in determining the far-zone magnetic field when the hole is considered, H, can be
rewritten as

4 2_ L2 qin2
2ke—IhV/ka—k2sin® 0 o050

g9k cosf + g9/ k3 — k2sin” 0

where the first term in brackets is the far-field pattern of the vertical dipole antenna and the second
term is associated with the rays transmitted through the interface and arriving at the observation angle 6.

5.3.2 Half-Space Problem: Including Hole

gk (Io?)

H ~
¢ 477

e I*" gin 9}

Comparing the radiated field by a vertical dipole in a lower-half space ky medium to the field radiated
in the upper half-space by the same dipole (positioned in the lower half-space), we find that the field is
modified only by a term related to ray transmission through the material interface. The purpose of this
section is to demonstrate that the same relationship between the lower-half space radiation associated with
the dipole within a hole in the earth and the radiation in the upper-half space holds; that is, the upper-half
space pattern is the lower-half space pattern scaled by a transmission term. Since we are assuming
that the source is located far from the earth-air interface, and, consequently, that any radiated field can
be represented in terms of multipoles, here we demonstrate this relationship for any general multipole
expansion.

Thus, for the purposes of determining the upper-half space radiation accounting for the presence of the
hole, we first examine the forms of the lower and upper half-space patterns in the case of a homogeneous
lower-half space region. In the lower-half space, the dipole far-field radiation is given by

L.dipole _ | k2 —jkor
HoPore = E(Iof)e TR2T gin Oy

where, in general, the radiation associated with additional multipoles (n = 0 corresponding to a dipole) can
be found as

8
L7 L7 1

or

k ; n
Hf;’" = j4—7r2r (Iol) e=9%2" sin By (—jky cos By)
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Using a power-series expansion, the total field accounting for all multipoles can, by superposition, then
be written as

2) Z Iy, (—jko cos02)™

sin 92

where [,, are the multipole coefficients. Now, referring to the derivation presented above (the result
which was verified with [6]), we have

Ik (Tol) g . } ke IMVRE—R2SnZ 02 o5 0
— ‘e sin 0
9k cosf + g9/ k3 — k2sin” 0

for the upper-half space radiation associated with a dipole. In this case, to account for higher-order
multipoles, we differentiate with respect to the parameter i to obtain

H ~
v [ 4mr

- ) —jhks cos 02
Hg,n — (—jko cos 0s)" I:Me—jkr sin 9} [ 2ke gocosf ]

4r gak cos B + gk cos O

where n is the order of the multipole moment. Using Snell’s Law, this can also be written as
Jka (Ipf) . 92} { 2keIhkzcosba g cog ]

HU™ = (—jky cos )"
® (=gk2 2) { 47r gok cos O 4 ok cos 09

where the pattern can be interpreted as a product of the element pattern of a n — pole antenna with a
term associated with ray transmission through the interface. Written in terms of a power series expansion
in 5, the element pattern associated with each individual multipole,

V™ (03) = (—jks cos62)" []7]{2 Bob) —snr

- sin 02]

can be summed to form the element pattern associated with the entire system of multipoles. That is,
we would have

Z Uy, (—jka cos02)"

and, comparing this to the lower-half space element pattern, we find that the element pattern remains
the same in both the lower and upper-half space field representations. Here u,, are the multipole coefficients
characterizing the upper half-space radiation. Therefore, in terms of the power-series expansions,

I =un
If we assume that the antenna source is located far away from the interface then, based on this result,
the multipole representation of the field can be used to model the effects of the hole on the overall radiation

pattern, in both the lower and half-space regions. We recall that from the saddle-point analysis for the
fields in the k3 medium, the azimuthal component of the magnetic field was found to be
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asym 1 a eijkzr . :
HE™V™ ~ M_OC (k’z,kgp)< - )(]kgsmﬁg)

(we use the angle 05 since we are examining a field in the ko region) where

EE ]{Jpé‘g [ 1
T k300 | ckopdy (kpa) HSY (k3,a) — e2kpdo (kpa) HYY (k3 ,a)

ce (kza k2p) = _MOIO

Thus, given that the hole effect contained in C* (k., k2,) can be modeled with a multipole expansion,
the radiation pattern in the upper half-space region including the effects of the hole can very simply be
written as

’ ] ; —jhy/kE—K2sin? 0
H, ~ C, (ki, k;p) []]1([05) e=Ik" gin 0:| 2ke 3 £ cos 0
r gokcos @ + gom
where
! S 1.8 _ ]2 kaQ 1
Cv (k;za kQP) - _? ks a l ]{Z J k H(Q) ks o k J k’ H(Z) ks (6)
2p ER2p 1( pa) 0 ( 2pa) g2k, 0( pa) 1 ( 2pa)

S

and the saddle points kZ, k3, in the k2 region have been defined above. It should be noted that a
line-source distribution of current can also be used to model the effects of the hole. The result in this case
will be the same provided that the current is concentrated at depth h, so that there is little interaction
between the source and the interface.

5.3.3 Results

To demonstrate the dependence of the transmitted energy into the upper-half space region on the
antenna frequency and the characteristics of the earth, dry sand and sand with a moisture content of 2.18%
are considered at 3.0 GHz and 300 M Hz. For the radiation patterns shown, the hole was assumed to have
a radius of 0.04 m and the dipole was assumed to be located a distance of 10 m from the air-earth interface.
From [1], the relative permittivities of dry sand were taken to be 2.55(1 — 50.01) and 2.55(1 — 50.0062), while
those for the sand with a 2.18% moisture were taken as 2.5(1 — 50.026) and 2.5(1 — j0.03) at 300 M Hz and
3.0 GHz , respectively. The normalized H, component of radiation for these cases are shown in Figures
12 and 13, where the normalization is given by

norm 47TT

B T e e

Thus, it is clear from the patterns that the energy transmitted into the air region is decreased with
an increase in frequency or conductive loss associated with the earth. Also, it is important to note that
the effect due to the earth losses becomes more pronounced at higher frequencies. Figure 14 shows the
normalized H, patterns in the air region when sand with moisture levels of 3.88% and 16.8% is considered.
Here the patterns are shown only for the frequency of 300 MHz, since with the high level of conductivity at
3.0 GHz virtually all of the energy is dissipated into the sand.
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Figure 12. Far-field radiation patterns produced in the air region for a vertical dipole positioned in a hole

contained in dry sand (h =10 m, a = 0.04 m).
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Figure 13. Far-field radiation patterns produced in the air region for a vertical dipole positioned in a hole

contained in sand of 2.18% moisture content (h =10 m, a = 0.04 m).
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Figure 14. Far-field radiation patterns produced in the air region for a vertical dipole positioned in a hole

contained in sand of various moisture contents at 300 MHz (h = 10 m, a = 0.04 m).
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6 Horizontal-Dipole Radiation Characteristics

We next examine the radiation characteristics of a horizontally-oriented dipole positioned within a
hole in the earth. The dipole is assumed to lie along the x—direction (Figure 1). As mentioned in
the vertical-dipole section, this dipole orientation is much more complicated than the previous case since
it leads to a coupled set of E — and H—modes. We next examine the radiation characteristics of a
horizontally-oriented dipole positioned within a hole in the earth. The dipole is assumed to lie along the
xz—direction (Figure 1). As mentioned in the vertical-dipole section, this dipole orientation is much more
complicated than the previous case since it leads to a coupled set of E — and H—modes.

For this case, the source potential is taken as

where the integral transform representation is

A5 = fSJ—W,uOIOE/ H (kpp) e =2k, , 0 < p<a

Using the unit vector identity

€, = €,C08¢p — €, 8inp

this vector potential can be written in terms of the cylindrical components

AS = _8L Oloécosgo/ H((,Q) (kop) e *=2dk, 0 < p<a
™ —o0

AS = 8Lu010£sincp/ H(()2) (kpp) e 7*2dk, , 0< p<a
™ — 00

Note that

1 9 ] 9 s -7 > —jk.z
p {8_/0 (pA;J) + B_LpA‘/’} = S—W,uoloﬁcosgp/ k:pH1(2) (kop) e I*=2dk,

In addition, we have the axial component of the magnetic vector potential (F—modes)
1 > —jk.z
Az:cosg02— By, (k2) Ji (kpp) e ?"*dk, , 0 < p<a
™ — 00
_ L (2) jkes
= cos o Crm, (k) Hy™ (kopp) € dk.,p>a

and the axial component of the electric vector potential (H—modes)
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ez—smgp—/ 2 Ji (kpp)ei*2dk, 0 < p<a

—SHIQDQ—/ C. (k) H? (kopp) e *7dk,, , p > a

The fields in the hole are given by

T [(9 e 910 asy . 9 ys
E, = e Kaz +I~:)Az+azp ap(pAp)-i-awA(p

j [1 02 191(0 0 5 10
E,=— - A = (pAZ) + — A° Al +-=4
Y wpe L}&oaz “t o oer ap(p p)+3s0 oy I T2t

(9 LLI0 asy 9 ys
M= e (322+IIC)AEZ+ {3/)(A) D"

j 1 02 19 10

H,=——"—(-—=——) Ae. —A, — A3
® WitE <p 0p0z ) T

where outside the hole they become

; 2
E . = J 1 9 A + ii
wuoeg p 00z €9 Op

J 0
H,=-— Aes
WHoE2 (8,22 * kz)

i (1 &2 ) 19
H,=- - _a_ Aez - __Az
T wpges (p Dp0z 1o Op

AEZ

Continuity of these tangential components at the boundary of the cylindrical wall yields
1
Ky Bun (k) Ju (kpa) + JpoTofh H® (kya) = —ngpcm (k) H® (kgpa)

1
kB (k2) T (kpa) + riodol {20 (kya) =k, H (kya) b +wpioB. (k) {kyaJo (kya) = Ji (kya)}

€ 5
gkzcm (k=) H1(2) (k2pa) + gwﬂoce (k2) {kaaH(gQ) (k2pa) - H( ) (k2pa)}

g €
i Be (ke) Ji (ko) + qeosto ol Hi? (pa) = —k3,Ce (k) Hi” (kzpa)
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k.Be (k.) J1 (kpa) + weBy, (k) {k,aJo (kpa) — Ji (kpa)} +2 w,uolofk: H (k a)

&
= _hCe (k) H® (kapa) + weChy (k) {k2paﬂé2> (kspa) — H? (kgpa)}

6.0.4

6.0.5 Developing a 2X2 System for C,, (k.) and C, (k)

Eliminating B,, and B, using from the system of equations given above, we obtain

e k32
By (k2) 1 (kpa) = =2 Cr (k) H{? (hzp0) - ook, H® (k)

2 k‘g 4k;
B (k _thy ®)
e (k=) J1 (kpa) :ﬁce (k) Hy™ (k2pa) — 4k:2 — whiglolk, H (k a)

which then gives

e k3 1 1
k. {52 1:2PC (k )H( ) (kopa) — pT®: Mofogkzkaf) (k:pa)} n Zuofoﬁ {kzaH(SQ) (kpa) — k’pH@
P

+witg { C’ (k )HI(Q) (kapa) — 4/<:2 —wpololk, H1 (kpa)} {kpado (kpa) [ Ji (kpa) — 1}

€ £
= —heCon (k) HY? (k) + —wonCe (h2) {kopaH” (hspa) = H{Y (kapa)

and

£ 2
k. { = k;c (k2) H? (kypa) — 4k2wM010£k H? (kpa)}

[Sp] k2

k2
+we{5 —2£Cy (k) H? (kzpa) — 12

(ko) }

QMOIOEk k, H ( pa)} {kpado (kpa) /Ji (kpa) — 1}

age 13
+wngloth. H” (kpa) = —h-Ce (k) H? (kpa) + weChy (k ){kgpaﬂo (kspa) — H® (kgpa)}

Let us write this system as

c11Cm + c12Ce = fi
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c21Cm +c22Ce = fo
where

c c k2 _ k}2
e = gkz (1—k3,/k) H (kspa) = gkz ( k2 2) H{®) (kspa)

o

cvs/ ( St ) = 22 [ () s ) = G ) Jo (i) HE ()] = (1 = 13,/02) HE ()

1 k%a
o= oot s [ ) 1 )~ HE® ) o )

J k?/ky
Ll
2 M T )

£ 2 k3, H® (kypa
e/ (5%) = {k’zpaH(gQ) (kapa) — H? (kgpa)} - %ﬁ {kpado (kya) — Jy (kya)}

- Jlk(leaa) [("“3/ k2) H? (kapa) Ji (kpa) — (Kap /) HY”) (kapa) Jo (kpa)] — (K3/K? — K3, /k2) H (kspa)

Here we note that

13 I3
co1/ <gw<€) —c12/ (E—Qwﬂo> = (k3/k* —1) [’%aH(gQ) (kapa) — H? (kapa)

Con = ék (1= k2, /k2) H® (kspa)

inaa) [H”) (kpa) 1 (kya) = H (kya) Jo (kya)]

Ny kJk, [ k.
- 27TW8MOIO£J1 (kpa) — \wpy h

1
fo= sz—:uOIOK

Thus, the coefficients associated with the exterior of the hole (C,, and C.) are given by

1
Ce=— (f2 - 0210m)

C11
and
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Note though that from above,

Ja= < ks >f1
WHto

nl-a ()]
C _ 11 Ho
n (Cll _ 012621)
c11

6.1 Radiation in the Lower Half-Space

so then we have

In a similar manner to the vertical dipole case, in this section we compare the results from an
asymptotic evaluation of the fields in the lower half-space to those resulting from the exact numerical
integration of the potential. The far-zone magnetic field is examined, where in this case both an azimuthal
and radial component are present.

6.1.1 Asymptotic Evaluation of H,

Recall that
1 > )
A, = coscp—/ Co (k) H? (kapp) e 7%2dk, , p > a
2 J_ o

1 [ )
A., = sin Y5 / Ce (k) Hfz) (kapp) e *2dk, , p > a

where the coefficients Cy, (k) and C. (k.) have been determined from the boundary conditions along
the cylindrical hole. The azimuthal component of the magnetic field in the region exterior to the hole is

given by
- 2
H, = — J (1 9 )AezigAz
wpge2 \ p Opdz to Op
Differentiating we obtain
=g cosp | {20 (1) B (happ) + Co (1) o (k) 34 a
® 27 prig o e 1 p pPH 1 P
or
1 e kz 2 2 2 —jk.z
R T d {%2 G (k) HYY (happ) + o (k) | happHS? (kagp) = HE (kzp)] } eIk dk

where, rearranging terms, we have

-1 e k. 2 2 ks
H“o - 2mppig cosgo/_oo H&Ez Ce (kZ) = Cm (kz)} f ) (k2pp) +Cm (kZ) k2ppH(g ) (kQPp)] e b
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Expanding the Hankel functions for large arguments, the integral representation can be rewritten as

HesY™m
v 2mppg

{/ i 1 5 Hk—c (k) = Crn <kz>}e‘j’“zz‘“’”””“°’”/4>+cm (k) happe™ 4= =3kaen =/ 4’] dkz}
—oo \| TR2pp | (WwE2

or, factoring,

-1 < ]2 y k ; ;
Fesym . j3m/4 z _ Jm/4 —j(kzz+k2pp)
s S cos ¢ [m " {e - Ce (k) — Cr (k) | + C (ko) €™ *kopp p e dk,

From the phase function,

COS -

Y (ko) =koz+ kopp = koz + /K3 — k2p

the saddle points were previously found to be (in the vertical dipole asymptotic analysis)

k‘z = k‘g 00892 = k‘gz
T

and

. p
ks, =k 0o = ko
2p 2 SN U9 QT

At the saddle point, the magnetic field then becomes

-1 . ks > 2 - ;
Hsym jm/2 z Ce kS — Cm kS Cm k5 kS ) / jm /4 —j(ksz+ks p)dkz
® QWPMO {6 <w€2 ( z) ( z) + ( z) 2pP ( COS P . Wkgppe e 4

or, equivalently,

-1 . k3 00 .
Hasym Jr/2 [ Nz sy _ s 5 1.8 . H —kaz
@ B {e (wsz Ce (k2) = Cm (kiz)> +Cp (E2) k:2pp} cos@[m o (kopp)e dk.,

Using the relationship (from the source potential representation of A$)

o] ) 2 —jkaor
/ HE? (Fkpp) e/ dl. = j=
—00

we can write
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i —jkar ) s
HE™ ~ J <€ ) {egw/2 <£Ce (k3) — C (k;)) + Cp (k3) kzgpp} Cos ¢

TP T WEe?

or, recognizing that the first term is not a component of the far-zone,

asym _j eijkﬂ‘ s s
Hsay NW—MO< " >Cm(kz)k2pcos<p (7)

6.1.2 Numerical Evaluation of H,

From above, we have

-1 ° k. k.2
Hy = g cos [ [{ 2200 () = o ) b H () + Co (1) b H (k)| 7%

— 0o weg

Noting that the integrand is an odd function of k, (this can be shown numerically and with the asymptotic
forms of the coefficients), we can rewrite the integral as

num __
H;*™ =

> k. .
cos<p/0 [{wEQ Ce (k) — Cn (kz)} H{Q) (k2pp) + Crm (k) kgppH(()Q) (kgpp)] sin (k,2) dk,

TP

which in the far-field becomes

ngm - # cos S0/ Cp (k) kQPH(()Z) (k2pp) sin (k. 2) dk. (8)
0 0

6.1.3 H, Results

The asymptotic and numerical evaluations of H, at the interface between an air and dry-sand medium
at 300 M Hz and 3.0 GHz are shown in Figures 15 and 16. The results are presented as a function of radial
distance p from the hole and and the source is assumed to be located a distance of 10 m from the interface.
As in the case of the vertical dipole, a unit-strength dipole moment is assumed (Ipf =1 A - m) for these and
all remaining horizontal dipole results. The sand properties are assumed to be &, = 2.55 (1 — j0.01) and
er = 2.55 (1 — §0.0062) at 300 M Hz and 3.0 GH z, respectively [1].

In both cases the saddle-point evaluation is a very good approximation to the exact numerical
integration of the field. As one would expect, there is a slight discrepancy between the results when the
observation point is very close to the hole. However, the results become indistinguishable as the distance
from the hole increases.

6.1.4 Asymptotic Evaluation of H,

For this component of the magnetic field, we have

2
)= iliAz fj; (a_Aez)
Lo p Op weatty \ 0p0z
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Figure 15. Azimuth magnetic field distributions along an air/dry sand interface at 300 MHz, determined

using asymptotic expressions and an exact numerical evaluation (a = 0.04 m).
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Figure 16. Azimuth magnetic field distributions along an air/dry sand interface at 3.0 GHz, determined

using asymptotic expressions and an exact numerical evaluation (a = 0.04 m).
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so that

11 . 1 [® k. ) 1 ) e
Hy ==z sinogs [~ [{Cn () = 220 6 [ () + oo ) by ()| 74

Following a similar saddle-point method as above, we obtain

S

sin {ej’r/2 (C’m (k3) — jz C. (kf;)) + ikice (k3) krjpp} :
2

Hgsym ~

27y, €2
e 2
/ eI/ g=iks+kap) gpc
—00 7T]€2pp
which, in the far-field, becomes
oo o~ g (0 T s () s (9)
P Tl s T wey 2 ENTE 20

6.1.5 Numerical Evaluation of H,

Numerically, we evaluate

11, 1 [*™ k., (2) k. (2) —jk
rum —_ i — H —_— H, JraZ
b _,Uo P sinpo— /_Oo HCm (k) oes C. (kz)} 1 (kopp) + el Ce (k.) koppHy™ (kopp) | € dk,

where we note that again the first part of the integrand is an odd function of k, . Thus, the far-zone radial
component of the magnetic field can be rewritten as

HW™ = — — Ce (k) kepHy™ (K k,z)dk, 10
pm = <Lsingn [T () i HE () sin (52 (10)

6.1.6 H, Results

Figures 17 and 18 show the radial component of the magnetic field at the interface of the air and dry
sand regions at 300 M Hz and 3.0 GH z, respectively. As one would expect given the previous results, we
again see excellent agreement between the saddle point evaluation and numerical integration of the field.

6.2 Radiation in the Upper-Half Space

To compute the fields in the upper-half space, we use an approach similar to that used for the vertical
dipole. The fields in the air region, without the effects of the hole, are first determined using a saddle-point
evaluation of the integral representation for the half -space problem and the results are verified against the
results in [6]. In order to address the issue of the hole, a multipole expansion of the radiation is performed
and shown to yield identical element patterns in both regions. Thus, assuming the source is placed far
enough from the interface and the effects of the hole on the overall radiation can accurately be modeled
using a multipole expansion, the radiation in the air region is shown to be a product of the multipole
element pattern and a term associated with ray transmission through the interface. Again it is important
to recognize that, to obtain the total field in the upper-air half space, it is possible to add the radiation
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Figure 17. Radial magnetic field distributions along an air/dry sand interface at 300 MHz, determined using

asymptotic expressions and an exact numerical evaluation (a = 0.04 m).
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Figure 18. Radial magnetic field distributions along an air/dry sand interface at 3.0 GHz, determined using

asymptotic expressions and an exact numerical evaluation (a = 0.04 m).
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associated with the electric-field discontinuity at the air-earth interface to the dipole radiation.

Since, as

expected, the contribution due to this continuity is found to be negligible, the analysis is suppressed here

and presented in Appendiz B.
6.2.1 Boundary-Condition Analysis

The source magnetic vector potential can be written as

A1 = ot
z — Molo Ay

s J = —jkaz|2+h) Kodkp
Al = ——puglpl Jo (k Jh2z

a =~y -Holo /0 o (kop)e o

which in cylindrical coordinates becomes
s J > ik zan| Kodk
Ap = _EMOIMCOS‘P/O Jo (kpp) e Tk 'H”ﬁ

o o o ean Fpd,
Ap = E#ofoeblmﬁ/o Jo (kpp) e 72! ‘k—%

where the unit vector g, is given by

€, =€,C08p — e, singp

Also, the scattered potentials (magnetic and electric) can be written as

A, = uofoﬁcosgo/ E. (ky) Ji (kop) e %2k dk, , 2 > 0
0

o0
= polot coscp/o F. (k,) Jy (kpp) e?*2=%k,dk, , 2 < 0

and

Aer = pololsing / By, (kp) Ji (kpp) e %%k, dk, , 2 > 0
0

= polo? sincp/o Fo (ky) Jy (kpp) €222k ,dk, , 2 < 0

Enforcing the continuity of H, at z = 0 where

i (1 & 19 1o
Hy=—— (- ) A — —— A+ — A8
Y wpee <03w82> o dp 0
we obtain
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_%Em (kp) J1 (kpp) — Ee (kp) {kppJo (kpp) — J1 (kpp) }

_ k22

Fin (ko) J1 (kop) — Fe (kp) {kppJo (kpp) — J1 (kpp)} —

2 47
Enforcing the continuity of E, at z = 0 where

i T1 82 1901(0 d )
Bp= 2t |22 A b === = (pA2) + o= A b+ KPAS | + =
© T e [p 09027 p0pp ap(p p)+390 ef T T
we obtain
k. 1
EEE (kp) J1 (kpp) + EHOEm (kp) {kopJo (kpp) — J1 (Kop)}
— e () Ty () = - s ()} e sy () e
1
t— ,Uo m (ko) {kppJo (kpp) — J1 (kpp)}
Note that

9 0 j > i k
A5 as VL J 7 jkoz|z+h| oY o
{ap ( ) + 0(,0 «p} 47rnu’O 05005()0/0 {kppjl (kpp)}e —

Enforcing the continuity of H, at z = 0 where

; 2
g L (10N, i 10
1o \ p Op W Opdz o 0z %
we obtain

=B () () = 22 B () Ui () = 1 ()} =

k22
—F, (k k
( p)Jl( pp)+wag

Enforcing the continuity of E, at z = 0 where

1 .
—pJo (kpp) e—Jdkaz|h|

]sz\h‘L

dk

k?z

1 .
F, (kp) {kaJO (kpp) - (kpp)} - EPJO (kpp) e Ihazlhl

I NAECR (U A | B U S N
EP - W€ apaZAz + 8pp {8/) (pAp) + 8()014@}] - (pagp) Aez ](JJAP

we obtain

w];nge (kp) {kopdo (kpp) — J1 (kpp)} — %Em (kp) Ji (kop)
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__J
WHpE2

) j s k
JkozFe (kp) {kopdo (kpp) — Ju (kpp)} + 4]_77 {kopJo (kpp) — J1 (kpp)}e ]k%lhlﬁ

1 w . 1
——F,, (ky) J1 (kpp) — —pJo (k,p) e Tk2=Ihl_—
o (kp) J1 (kop) = 3 —pJo (kop) € o

To solve for the unknown coefficients, we note that maintaining the same radial functionality on both
sides of the equations, this rather complicated 4 x 4 system can be reduced to two redundant, but much
simpler systems of 2 x 2 order. That is, since the boundary conditions must be satisfied for all p along
the interface, we can use the continuity of H, to equate Jy (k,p) and Jy (k,p) terms on both sides of the
equation. Thus, using

1 .
kPEe (kp) - Fe (k’p) k’p = Eefjkblh‘
and

kQZ
weg

k.
—E. (k,) + EE’” (k) + F. (k,) + F (k) =0

we obtain expressions for the electric potential coefficients in terms of the magnetic potential coefficients
given by

1.
F. (k,) = E. (k,) — He Jkaz|h|
14
F, (k,) = _hep (k,) + —222 o=dkazhl
mATe kgzz’:‘ mATe 47Tk1pk’2z

Next using the continuity of E,, we have

1 . k‘2
Fon (k) = 2By (k) — —— e dkaslhl_12

e  dmwpg Kook,
k.ea k3 ) k -
F(k)=—-22 4 —QB*Jk2z|h| _ _ﬂefjku\hl
e (ko) ko€ e (ko) Ak3 k, Ak3,
where, upon substitution, we obtain
e~ Ikaz 1Pl e
E,, (k)

= 2ntk, [ka. + k2

e Ikezhl gy e
n 27Tk}p [kng + ]{3282]

Ee (k)

We note that these coefficients can also be obtained from the continuity in the radial components of
the electric and magnetic field.
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6.2.2 Half-Space Problem: No Hole

We now asymptotically evaluate the fields in the upper-half space and compare the results to those
obtained by [6]. Recall the magnetic potential expression in the region z > 0

A, = pplolcos ¢ / E. (k,) Jy (kop) e 757k dk,
0

which can be rewritten as

Iyl > |
4. = H00 cosp /0 Be (k) [H (ko) + B (yp)| e 7k,

or, applying a change of variables as was done in the vertical electric dipole case when evaluating the
upper-half space radiation,

I o _
A, = “0705 cos / E, (k,) H® (k,p) e %=k dk,
0

+'UOTIO€ coscp/ E. (kpej”) H£1) (k;pej”p) eijkzzk:pdkp
0

The magnetic vector potential then becomes

polol - (2) ka2
2= g o cosy ; E. (k,) Hy” (kpp)e k,dk,

Folot ’ iy ;@ — k=
—=y oy E. (k,e’™) Hy” (kop) € 7*%k,dk,

where [4]

H{l) (ze/7) = —e*j”Hl(z) (2)
Next, noting that

E. (k,e’™) = —E, (k,)
we obtain

4, = oot B (k) HP (ko) % ey
Z—TCOSSO 6(;)) 1 (pp)e p@Rp

— 00

Similarly, for the electric vector potential

A, = ,uoloésingo/ E,, (kp) Ji (kop) eijkzzkpdk’p
0
or

A, = Holol T B (k) H® (ko) eIk db
ez = "5 s @ m (kp) Hy™ (kpp) € p@Fp

—0o0
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For the asymptotic evaluations, we first examine A, and deform the contour through the saddle point for
the Hankel function. Expanding the Hankel function as

[ 2 . ..
H1(2) (kpp) ~ — pe—gkppﬂsw/z;
14

polol |2 > j3n /4 —jkop,—jksz
A, ~ — cos¢ E. (kp) \Vkpe e e dk,
2 p —o0

A, becomes

Using the saddle-point results found in the case of the vertical dipole (when evaluating the magnetic
vector potentials in the upper-half space), the magnetic vector potential for the horizontal dipole is given by

1ol 2 , , o0 ,
Az ~ :u()TO cos p ZE. (k,z) kz€j37r/47jkr/ e*%km}? sec? ekejfr/4dv
V 7p V e

or
M()Iog 2 s s ,j3m/4—jkr ( '7r/4> V2n
A, ~ 1/ E. (K5) \/kse’ IR kel
2 PP\ Trsing ( p) rc ¢ Vkrsec2 0
Simplifying,

kefjkr
A, ~ <— " ,u010£> E, (k;;) cos f cos
and in a similar fashion,

kefjkr
Aoy ~ (— " uOIM) E,, (k;) cos 0 sin

In spherical coordinates (again we note that e, = e, cos — ey sin ), the magnetic potentials are given by

—jkr
A, ~ (_ke NOIOE) E, (k;) cos? 0 cos p

r

ke—ikr ,
Ag ~ ( ,U010£> E. (k;) cos 0 sin 6 cos
r

while the electric potentials are given by

ke Ikr
Agp ~ ( " ,uofoﬁ) E,, (k;) cos? fsin ¢

ke—dkr
Acg ~ ( " ,uOIo€> E,, (k;;) cos 0 sin O sin

Using the principle of superposition (for both potential types), the fields in the upper half-space region
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can be written as

1 1 o010 ,, a 1178 P
o ey rsind dp [T_QE (54r) + 7sin 6 90 <Sm9A9)} Cer {E (rdeo) - @AET]
and
_ 1119 04,1 .1 1 9 [10 ., 19
He = Ho T [87” (rdo) o0 } ]wE,uo rsinf Op {7“2 or (r*Aer) + rsin @ 00 (sm&Ae@)]

We first consider the electric-field component E,. Substituting and retaining only far-field terms, £,
becomes

‘k267jkr
E,~

. = tololEy, (k;) cos fsin 0 sin ¢

k 2cosee—jkr—th/k§—k2 sin2 @

(11)
kcos® + y/k3 — k2 sin® 0 dmr

We note that this expression is identical to the far-field contribution derived in [6].

E, ~ jwpylolsing

Substituting into the magnetic field expression and again considering only the far-field contributions,
we obtain

H, ~ ui% [—ije_jkTMOIOEEe (k;) cos 6sin 6 cos Lp]
0
or

\/ k% — k2sin® 0 k2 cos fe—ikr—ihy/k—K2sin? 0 12
12
ky/k3 — k2 sin® 0 + k3 cos 0 "

which can be shown to be equivalent to the far-zone magnetic field derived in [6].

6.2.3 Half-Space Problem: Including Hole

1
H, ~ —jlylcos L
T

E, Radiation: For convenience in including the effects of the hole, the fields in the upper-half space
region can be rewritten as a product of the far-field of a horizontal dipole in a homogeneous medium and
the pattern associated with the rays originating from the source, being transmitted through to the air
region, and arriving at the observation point. That is, in the case of the azimuthal electric field component,
we can write
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:| ke —ih\/ k3 —k?sin® 0
{kcos@ + /K3 — k2 sin? 9}

To determine the far-zone electric field in the upper-half space when the effects of the hole are
considered, we first note that the total F, element pattern generated by accounting for additional multipoles
has the form

[ Jwnolot
4rr

—jkr s

sin cosf

E, e

e (09) = Zun (—jka cos02)"

which can be shown to be identical to the lower-half space radiation when the same multipoles are
considered. Thus, the element pattern translates directly from the lower-half space region into the
upper-half space.

We now examine E, in the lower-half space,

; 2
j 10 1£Aez

E,=—- - —
® weapy p Opdz” ~ + €9 0p

or, upon substitution,

1. I k. 2 2 iz
Bo = singges [ {220 (6 = Coll] B () 4 C. (62 b (hp) e

Here we recall the potentials in the lower-half space region,

1 o0 .
A= cos - / Con (k) HP (kpp) e *%dk, , p > a
T J-—x

and

) 1 [ ks
A =singg- [ Colh) B (happ) e b p > a

Using a similar saddle-point procedure to that used to evaluate HZ*¥™, in the far-field this becomes

oo — (N ¢ gy g s
# T ey T e \Nz) P2 SHLY

where since this is the field in the lower-half space, p = rsinfly. For convenience in comparing to the

fields produced from a dipole in a half-space (the fields derived in the previous section), we rewrite the field
in the lower region as
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asym JWM Ioé —gkor : ! s
B3V = 747?7“ e k2" gin ¢ Che (k)
where

4

Che (k) = ————
h,e( z) WMOIO€€2

Ce (k) k3,

Since the pattern behavior captured by the saddle-point coefficient can be represented using a multipole
representation (under the restriction that the source is concentrated at a depth h and does not interact with
the interface) then, from what has been shown above, this same element pattern is contained in the total
upper-half space radiation. Accounting for the effects of the hole and transmission through the interface,
we have in the upper-half space

lefjh\/k:gsz sin2 0

] {kcos@—i— \/ k3 —kQSin29}

E, Results: As was done with the dipole oriented in the vertical direction, the dependence of the
transmitted energy into the upper-half space region on the antenna frequency and the characteristics of
the earth is demonstrated by evaluating the radiated fields at 300 M Hz and 3.0 GH z for soils of various
moisture contents. As was done previously, the hole was assumed to have a radius of 0.04 m and the
dipole was assumed to be located a distance of 10 m from the air-earth interface. From [1], the relative
permittivities of dry sand were taken to be 2.55(1 — 50.01) and 2.55(1 — j0.0062), while those for the
sand with a 2.18% moisture were taken as 2.5(1 — j0.026) and 2.5(1 — j0.03) at 300 M Hz and 3.0 GHz,
respectively. The normalized F, component of radiation for these cases are shown in Figures 19 and 20,
where the normalization is given by

, jwiglol
E, ~ C), . (K7) JUL0707 —jkr sin cos 6 (13)

4rr

4rr
Enorm — _ E
R ) P

In Figure 21, the azimuthal component of the electric field (with the same normalization) is shown for
sand with moisture levels of 3.88% (&, = 4.5 (1 — j0.03)) and 16.8% (e, = 20.0 (1 — 50.03)) at 300 MHz [1].
It is important to note that all these radiation patterns are shown for the H-plane (¢ = 90°). As in the
case of the vertical dipole, the frequency 3.0 GHz is omitted since with these levels of moisture content,
the conductive losses are high enough so that virtually all of the field is dissipated into the sand and very
little is transmitted into the air region.

Reviewing the far-field patterns, we observe very similar behavior to what was found when the dipole
was oriented vertically within the hole. As before, we find that less energy is transmitted into the air
region when the frequency or the conductivity of the earth is increased, with the earth conductivity having
more of an effect at higher frequencies.

H, Radiation: As was done in the evaluation of E,, we rewrite the half-space magnetic field as a
product of the far-field of a horizontal dipole in a homogeneous medium and the pattern associated with
the transmission of rays through the air-earth interface and arriving at the observation point. Referring to
the magnetic field above, we can also write
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Figure 19. Far-zone H-plane electric field patterns produced in the air region by a horizontal dipole positioned

in a hole contained in dry sand (a = 0.04 m).
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Figure 20. Far-zone H-plane electric field patterns produced in the air region for a horizontal dipole positioned

in a hole contained in sand of 2.18% moisture content.
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Figure 21. Far-zone H-plane electric field patterns produced in the air region for a horizontal dipole positioned

in a hole contained in sand of various moisture contents at 300 MHz (a = 0.04 m).
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—iha/k2 K2 sin2
2k2e jha/k5—k? sin GCOSQ

ky/k3 — k2sin® 0 + k3 cos 0

ERACIDL p—

H ~J
ks 47y

cos 5 cos cp]

where

k’g sin 02 = ksinf

kg cos Oy = 1/ k2 — k2sin’ 6

To account for the effects of the hole, we recall that the asymptotic form of the field in the lower-half
space (found from the analysis in a previous subsection) was given by

—j e~ Jkar
asym S S
HEV™ ~ - ( " ) Con (K7) k3, cos
which, in spherical coordinates can be written as

—iIol ., 4
asym Jkar - S\ 1.8
Hg {—4777“ e cosgp} [—Mofogc (k3) k3,

or, for convenience,

—jIplk ot !
H;sym ~ {Me_ﬂgy CcOS 02 COS Sp:l Ch,h (ki)

4rr
where

4

Cpp (k) = ——r
h’h( ) tololks cos Oy

Cm (k2) k3,

and the coefficients C, (k) and Cp, (k2) have been defined previously. Thus, using the result from
the half-space problem and the argument of multipoles (as done previously), the far-zone magnetic field
including the effects of the hole can be written as

—iha/E2_K2 sin2
2k2e jha/k5—k? sin GCOSH

ky/k3 — k2 sin® 0 + k3 cos 0

H, Results: Using the same parameters as those used in the evaluation of E,, the corresponding
far-zone H,, radiation patterns in the air region are shown in Figures 22-24. In this case, the patterns are
shown for the E—plane and have normalized according to

ERACDL p—
47r

H,~ C’,;,h (k3) cos B3 cos gp} (14)

47r
——nH
(I,0)e—dkr 17¢

norm __
Hg =

As one would expect, we obtain very similar behavior to the previous electric field patterns, with, in
fact, the loss in field levels in each of the different cases being approximately the same as the corresponding
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case for the azimuthal electric field. Thus, based on the results for the horizontal (as well as the vertical
dipole), we conclude that in order to obtain measurable signals in the far-zone of the upper-air half space
and, correspondingly not dissipate most of the signal within the sand, it is generally necessary to reduce
the frequency. (The exception here is the case of very low-loss dry sand).
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Figure 22. Far-zone E-plane magnetic field patterns produced in the air region by a horizontal dipole

positioned in a hole contained in dry sand (¢ = 0.04 m).

7 Analysis Summary

By examining the upper-half space radiation patterns each characterizing a vertical and horizontal
electric dipole located within a hole in the earth, we have found that, in general, simple element factor
modifications to the well-known upper-half space result for a dipole in a homogeneous half-space [6] can
be made to account for the effects of the hole. The simple closed-form results account for the radiation
contribution through the earth and can be easily adjusted to include vertical layering throughout the earth
region (although not done so in this analysis).

In the case of the vertical dipole, simple design formulas for the guided-mode attenuation within the
hole have been provided. With this formula the attenuation associated with a given frequency and given
hole size can be readily obtained and the design tradeoffs can be easily identified (for example, an increase
in measured signal level at the top of the hole requires an increase in hole diameter). The same asymptotic
methods used to realize the guided-mode attenuation associated with the vertical dipole can be used for the
horizontal dipole, although the details are more complicated. At this time, this analysis is left for future
work.

8 Conclusions

Relative to a perfectly-electrically conducting waveguide, the diameter of a hole within the earth must
be increased to obtain reasonable signals levels at the top of the hole, for the same waveguiding mode of
propagation. Furthermore, for the same signal level, the increase in the hole diameter increases as the
permittivity of the soil decreases or, equivalently, as the moisture content of the soil decreases.

Due to the high losses associated with propagation through the earth at high frequencies, one solution
to obtaining measurable signals at the top of the hole would be to use higher frequencies (e.g. millimeter
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Figure 23. Far-zone E-plane magnetic field patterns produced in the air region for a horizontal dipole

positioned in a hole contained in sand of 2.18% moisture content (a = 0.04 m).
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Figure 24. Far-zone E-plane magnetic field patterns produced in the air region for a horizontal dipole

positioned in a hole contained in sand of various moisture contents at 300 MHz.
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band frequencies) and, correspondingly, a highly directive beam. In this way, the number of reflections
off the wall boundary are minimized, less energy is dissipated into the lossy soil, and reasonable signal
levels could be measured at the interface. However, we note that this is only a valid solution if no
backfill is introduced into the cylindrical hole during the measurement. The case of backfill would lead to
extremely large attenuation at these very high frequencies (a much more severe case than when dealing
with wavelengths on the order of the hole diameter).

However, instead of relying on the hole as a waveguiding structure, perhaps a better solution would be
to use lower frequencies and direct radiation through the earth. In this situation, the electrical dimensions
of the hole become negligible and consequently the entire problem can be treated as if the hole does not
exist. Here it may be appropriate to use magnetic dipoles or loop antennas for efficiency reasons. As
done in this analysis, the magnetic dipoles in the earth-air half space problem can be easily represented
by an integral transform solution (which also applies to vertically layered media), which can then be
asymptotically evaluated to find the far-zone fields in the air region.

9 Appendix A: Branch Structure

The definition of the branch cuts used throughout this analysis is discussed in this section. First the
branch cut from k is given by

ky =k —k2 =k —kk+k.
where

Im (k,) <0
The complex k—plane is shown in Figure 25.

k, = \/|k - kZ|\/|k + /{:Z|ej(0++9‘)/2

—T<(0+4+6-)/2<0

Due to the restricted range of the square root in the cut plane, we do not cross the branch cut of the
Hankel function.

In order to use the intrinsic function CSQRT (kz) in the fourth quadrant we must redefine

k—k, — e ™2\ /k, —k=—j\Vk, — k

where

—m<arg(k, —k) <0
We can use the intrinsic function for vk + k. in the fourth quadrant without redefining the square root of
this factor.

Noting that
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Figure 25. Definition of k, square root function in cut plane.



ko = kb + kY , kb >0, ki <0
and

k, =k, + jk
then the square root function

kap = V k3 — k2

having

Im (k2p) <0
has the deformed branch cuts shown in Figure 25 satisfying

klgklzl — k/ k,/l
The definition above used on the ks cut gives
ky —k, — e 72 \/k, — ko = —j\/k. — ko
where
—m < arg (k, — ko) <0
Thus this moves the cut so it proceeds to the left of ko. This definition using CSQRTY() is suitable for

searching above, to the right of, and below the branch point at k3. We can rotate the cut so it proceeds
downward from the branch point ks by writing

ky — k, — eI/, Je=in/2 (|, — ko) = (1 — j) /—3 (ks — k2) /2

This form is suitable for searching to the left of, above, and to the right of the branch point at ks.
Thus, between the two definitions we can search all regions about the branch point in the fourth quadrant.
Of course, we must also check where the poles lie with respect to the actual physical cut location. The
branch point at —ko or the function v/ke + k. can be implemented directly with the intrinsic FORTRAN
function CSQRTY() in the fourth quadrant.

10 Appendix B: Magnetic Current Contribution

In this section we consider the contribution of the magnetic current on the interface to the total
radiation in the upper-half space region for the case of the horizontal dipole. For this analysis we consider
only the low-frequency situation since we have found that very little energy makes it out of the hole and
into the air region for the higher frequencies.

Thus, the problem we examine is the 2D static problem of a uniform transverse field £, = e, Ey in
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a medium ¢ interacting with a cylindrical hole of radius a filled with free space 3. The actual far field
of the source in the lower medium is propagating along the hole direction with wavenumber k5 and has a
static distribution in the transverse direction. Of course, there will in general be some 3D fringing at the
opening of the hole; however, we are neglecting this effect in this simple analysis. The magnetic properties
are continuous so it is the electric field perturbation we are concerned with here. Based upon

L£=-Vo
the solution can be found using the potential

A
¢ =—Eypcosp ——cosp, p>a
P

= —Bpcosp, p<a
and the displacement vector

IS
I

o

=

Continuity of the potential gives

E0+A/a2 :B

whereas continuity of the normal displacement gives

Ey— A/a* = (g0/¢) B

Solving this system of equation, we obtain

2
_€+€o
g €0
Ala® =
/a g+¢€o 0
The fields are thus given by
E, = Ejcos —a—QE_EOE cos >a
p — L0 ® p2€+50 0 Y, P

2
- = Egcosp, p<a

e+¢eg
E FEjysi a26760E si >
= — inp — — iny, a
%2} 0 QD p2€+€0 0 SD p
2e
= — FEysin <a
5_1_50 0 Y, P
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Now let us take the difference of these versus the uniform field

2
a~ e —&g
AE, = —— Egcosp, p>a
P p25+€0 0 @, p
e—¢
= OEocosga,p<a
e+eo

2

a~ e —¢&op .
AE, = —— E, L p>
® oo, osing, p>a

E—E&p
€+¢eo

Eysingp , p<a

We define the magnetic currents as twice these values to account for symmetry

2
a~ e — &g
K, =2———Fycosp, p>a
me p2€+€0 0 PP
€—¢
=-2 OEocosgp,p<a
e+ e¢o
K, ——2a—26_60E sin >a
mp — p28+80 0 P, P
E—&o .
=-2 FEjsin <a
6+€0 0 ®w, P

To determine the amount of radiation produced by this magnetic current, we next find the electric
vector potential in the upper half space

D=-VxA,

g0k ~ jke, X A,

co [ eIkR /
A = —
Aw=32 [ ity

In the far-field, this can be approximated by

I3 e—jk?’ o0 4 AP ) / /
Agp ~ — K,,e’"" Tpdp d
P /o Dm€ pap ap

—T
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where

r = /p2+22

and

: ' rme, tye, t2e,

a2 42+ 22

Also

/

~ / . / . .
r -T=ux sinfcosy+y sinfsiny

or, in cylindrical coordinates,

r 7 =sind [0/ cos ¢’ cosp + p sin ¢’ sin ]

r 7 =p'sinfcos (p— )
Thus

—jkr o] T L ' /
Ae (f) ~ o€ /O / pldpld(,ﬂlejkp blIleCOb(ga—Lp )Km

47r -
where in the far zone

ekl ~ jke, X A,
Substituting,
col ~ jk (gp sinf + e, cos 9) X (Awgw + Aepgp)

where, extracting the magnetic current contribution to the p—component of the radiated field (the
electric-field component previously calculated for the horizontal dipole case), we obtain

colly ~ jke, cos x Aepgp

k
E,~j—Ac,cosb
€o

where

—jkr ee] ™ . ,
Aep - £oc / / p’dp’ng/Kmp e]k‘p sm9(:os(ap—<p)
dnr Sy J_x

Substituting,
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—jkr a T _ o /
Aep ~ 7506 / / 28 €0 EO sin SD/ p/dp/dwlejkp schos(gofgo )
4mr £+ ¢

76067“” / /
4y

ik
Aep N __Eo€ IR 5 - 50 / / sin <,0/p dp/dgﬁlejkpl sin9cos(ap—<p')
4mr E + €o -7

ejkp’ sin 6 cos(apfap’)

EO sin ¢’ p'dp'dy’

0o pm 2 . )
_|_/ /_ % sin Lpldp/dép/ejkp schos((pfgo )

Note that for the integral in ¢, we have

/ sin ¢ e/*’ Sinecos(@*“’/)dgo’ = j2nJ; (kp' sin @) sin ¢

and A., becomes

epe TR e — g
Aep ~ =]
r E+e

EO sin g {/ J1 (kp' sin @) p'dp’
0
2 > ! 3 1 /
+a J1 (kp'sinf) — dp
a P
In order to compute the p integrals, we rewrite A, as

.Epe
Aep ~ =]

*jkrEfE E 1 kasin@J p
” €+€ OSIDQD m/ 1(U)U u

+a2/ J1 (w) 1 du]
ka si u

. asin 6
or, equivalently,

,Eoeijkr £ —eo 1 /kasmﬂ
Aep~— E sing | —— J1 (u) v du
ep J r cte 0 @ (ksm@)Q 1 ( )

+a? {/OOO J1 (u)% du — /OkaSiﬂ9J1 (u)% du}]

where we let
u=kp sinf
du = ksinf dp’
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This form is convenient for using [4]. Thus,

_£pe —jkr £ — o 1 /ka sin 6
Aoy~ — E sinp | ——= Ji(u)u du
P J T eteq 0 SDl(ksinﬁ)Q 1)

kasin @ 1
+a? 1—/ Ji (u) = du
0 u

and
Acp ~ =] Eoe;jkr i :L iz Ey sin -
[m {kasmo i ,i (2 + 2k) +(k)+ ) Jepeopy (hasin 9)}
+a? {1 = ;ne ? g; g; 2+ Iglz); (§)+ E) Sy o, (hasin Q)H
Simplifying,
Aep ~—J EOe;jkr i _T_ = Ey sin -

1 kasin® <= (24 2k)T (3 + k) '
v J k; 3 9
[(lcsin@)2 { 2 I;) T (3+k) (2+2k) (kasin 0)

)

A epe kT2 — g
ep ™~ —J

E
T e+e osing: ksin @

—i Eé + k) — 4‘| (14 k) J242r) (kasin 0)}

kasin @ +
{3 [

Thus, the magnetic current contribution to £, is therefore given by

—Jjkr _
Eg’" ~ [ane (6 60) cot@sincp] .
r €+¢o

— 4| (1 + k) J242r) (kasin 9)}

+ |+
ZlE

Also in the far-field
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H=—jwA,
so that for the p—component of the magnetic field (again the previously calculated component used in
evaluating the direct radiation of the horizontal dipole) we have
H, = —jwA.,

The component of the electric vector potential is given by

—7k [ee] ™
Aecp -~ €o€ T / / Km(ppldp/déplejkpl sinGcos(«pfga/)
dmr Sy J_x
where substituting we obtain

—jkr ~ _ a pm . ,
Aego ~ —Fp €oc £—¢o / / cos (p/p/dpldgolejkp s1n9cos(<p—¢ )
2rr e+eo |Jo Jon

2 "1 jkp' sin 0 cos(p—¢')
/ / ! 7 n —
—a / / - cos p'dp'dp’ e TR\
a —T p
For the ¢’ integration , we have

s
/ cos ¢ ekP sin 0 cos(ip—¢ )d<p' = j2rJ1 (kp' sin ) cos ¢
-7
S0

eoe Ik e — g @ .
Aep ~ —j T Eycosp [/0 p'J1 (kp'sin®) dp’

—az/ ;Jl (kp' sin0) dp'}

Again letting

u=kp sinf

du = ksinf dp’
we have

) €0€7jkr £—¢€o 1 /kasin9
A., ~ —1E cos —_— uJq (u) du
v SR €+¢€o w[(ksinG)Q 0 1)

> 1
—a2/ —J; (u) du}
kasing U
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Using a similar method used to evaluate A.,, A.,becomes

goe Ik e — g

Aoy ~ —jE .
e 750 T €+€Ocos<p ksin 0

I (3+k) 4
T'(3+k)

[k’a sin g+
k=0

(1 + k) J(2+2k:) (ka sin 0)]
Thus,

goe I e — g

HY™ = F .
0 e+ eo Coswksiné?
| T (5 +k)
kasin 6 — —2 L4l (1+k)J kasin 0
[ par lr (%‘Fk) ( ) (2+2k)( )

Here we note that the magnetic current contribution to both the electric and magnetic field is presented
in terms of a normalization constant Fy. For this analysis, Ey is taken as the field in the lower half space
region (evaluated at the interface) modified by the Fresnel reflection coefficient to account for the mismatch
at the air/conducting half-space boundary. Thus,

2 ] p
\/g'i‘\/% Tlz=h,p=a

where E, can be found through Maxwell’s equations and the magnetic field analysis for H, presented
in Section 4.1. We recall that in this section both saddle-point and numerical results were presented, with
the most discrepancy in the lower-half space fields occurring at p = a. For the determination of Ey we
choose to normalize with respect to the saddle-point fields, which have higher levels at the hole boundary,
and thereby, if anything, overestimate the effects of the magnetic current contribution. Thus, in the results
that follow, it is important to keep in mind that a very conservative approach has been taken so as not to
weaken the effects of the magnetic current at the interface.

|

In order to demonstrate the dominance of the direct dipole radiation relative to the magnetic current
contribution, the normalized azimuthal component of the electric and magnetic field are shown in Figs.
26 and 27. Here two cases of sand moisture content are included (dry and 3.88% moisture) at 300 MHz.
Thus, it is evident that the upper half-space radiation accounting for the discontinuity in the electric field
at the interface is nearly indistinguishable from the results including only the direct dipole radiation and,
for practical purposes, the magnetic current at the interface can be neglected. — This same behavior is
observed at 3.0 GHz, as shown in Figs. 28 and 29. Here only the case of dry sand is examined, since the
levels of radiation in the upper half-space region at this high of a frequency are extremely low in the more
conductive sand situations.
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Figure 26. Far-zone E-plane electric field patterns produced in the air region by a horizontal dipole positioned
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Figure 27. Far-zone E-plane magnetic field patterns produced in the air region by a horizontal dipole

positioned in a hole of 0.04 m radius (300 MHz).
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