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ABSTRACT
This thesis discusses the theory and limitations of a system
that has been designed and constructed for the purpose of measuring
the phase shift and attenuation of high-frequency (15 MHZ)
electromagnetic waves propagating between two insulated antennas
that have been lowered down air-filled boreholes (cased with PVC
pipe) at San Xavier Mine, Pima County, Arizona. Both the
transmitting and receiving antennas are center-fed, sleeve dipoles
that have been tuned to approximately their resonant lengths. The
insulated-sleeve dipole antenna is modelled as the inner conductor
of a radiating,coaxial transmission-line, which allows simple
transmission-line formulas to be used in approximating the antenna
impedance and current distribution along the antenna. Experimental
results at the San Xavier Mine indicate the analogy is valid.
Consequently, the most easily interpreted and repeatable
measurements have been made with the antennas centered in the
borehole.

1
INTRODUCTION
1.1 GENERAL DISCUSSION OF SYSTEM.
This paper describes a system that may be used to
measure the attenuation and phase shift of high frequency (HF)
electromagnetic energy propagating between two antennas
that are located below the earth's surface. The measurement of
phase shift and attenuation between the transmitting and
receiving antenna is discussed in Section 4 and is a relatively
straightforward task. The accuracy of the these measurements
is discussed in Section 5. Also, from the error analysis in
Section 5, the overall system performance at 15 MHZ is
estimated as,
Attenuation - ±1 dB
Phase Shift - ± 9°
These specifications are true, regardless of the positioning of
the antenna in the borehole. The amplifiers for the system are
discussed in Section 3. They are straight detection amplifiers
with a gain of 58.5 dB. The transmitting and receiving antennas
are sleeve dipoles that are approximately at their resonant
lengths. In Section 2, the characteristics of the sleeve dipole
antenna are discussed in both free space and in a lossy
medium. Of course, most of the emphasis is on the sleeve
dipole in a lossy medium. It is particularly interesting to note
that an insulated dipole antenna in a lossy medium can be more
easily characterized as the center conductor of a radiating
coaxial transmission line rather than a radiating dipole
antenna. The significance of characterizing the insulated
sleeve antenna as the center conductor of a coaxial line is
that the radiated or received power becomes a function of the
antenna diameter and particularly the antenna position in the

borehole. Therefore, a measurement of the attenuation in the
medium with the antennas eccentralized will be different than
with the antennas centered in the borehole. Also, increasing
the antenna diameter in the borehole will result in more
energy radiated into the formation and less energy lost as heat
near the antenna. These characteristics of an insulated antenna
in a lossy medium are not experimentally determined in this
paper, rather they are the result of research work done by
R.W.P. King et. al. As a matter of fact, most of the discussion
on insulated antennas in Section 2 is based on the research
done by R.W.P. King . In Section 6, a procedure for calculating
the effective constitutive relations of the formation (aeand
ee) is outlined. The best estimates for ce and ee will be
obtained when the antennas are centered in the boreholes.
The system in Figure 1.1 is the basic set-up used for
measuring the attenuation and phase shift between two
boreholes. The frequency generator and radio frequency (RF)
power are supplied with a Yaesu Transceiver FT-747GX that is
rated at 100 watts output power in the frequency range of 330 MHZ. In a lossy medium, 100 watts is generally more than
adequate power. For instance, consider a lossy medium with an
attenuation of 10 dB/m at 15 MHZ. To increase the depth of
penetration in the medium by 4 meters, the power level has to
be increased 40 dB. That is, the power level has to be
increased by a factor of 10000, which is impractical in most
cases. The preferred solution is to lower the frequency to
reduce the attenuation constant, which is how 15 MHZ was
selected as the operating frequency in this project. The
directional coupler is used to couple the transmitted power
and provide a reference for the phase and attenuation
measurements. The sleeve antennas used for both transmitting
and receiving are approximately half-wave resonant dipoles.
Their antenna impedance, at each measurement depth, is
accurately determined with the set-up shown in Figure 4.8. The
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FIGURE 1.1. Schematic Diagram Of System Used To Measure
The Phase Shift & Attenuation Of Underground
Electromagnetic Propagation

antenna impedance is needed to determine both the power
transmitted and received as well as the phase shift in the
antennas. The gain for the receiver is provided with two MINICIRCUIT MAN-1LN amplifiers in cascade that are DC powered
from a surface power supply via the coaxial cable . The gain of
the cascaded pair is approximately 58.5 dB which gives the
system a dynamic range from 2.5jaV - 1000jj,Vrms at the
receiving antenna. The lower bound is primarily set on the
basis of the noise floor (1.9|xV), although it is possible to
reduce the noise floor to such a low level that 58.5 dB isn't
enough gain to boost the signal level high enough for detection
by the oscilloscope. That would only occur if the system
bandwidth were to be reduced below 300 KHZ, almost an order
of magnitude less than the present system bandwidth of 1.5
MHZ. At the other extreme, the upper bound of the dynamic
range is chosen to keep the output voltage of the second-stage
at least 10% below the 1 dB compression point. In the lossy
medium {11 dB/m @ 15 MHZ) at the San Xavier test site (Figure
2.4) with the boreholes separated 9 meters, it would require in
excess of 100 watts of radiated power to exceed the receiver
amplifier dynamic range.
With everything in the system characterized, the
attenuation constant (a) and phase constant (P) in the medium
may be calculated from the field measurements as discussed
in section 6. A direct use of a and p is to calculate the
effective conductivity (oe) and permittivity (se) for the
medium by solving the two equations (7.1.4) and (7.1.5) for the
two unknowns a and 8.
1.2 THE ROLE OF FERRITE BEADS.
The last component to discuss, is the role of the ferrite
beads in the system. To see the necessity of using ferrite
beads, consider an insulated antenna lowered into a borehole
via coaxial cable which doesn't have ferrite beads attached to
the "coax" jacket. When the antenna is radiating, there is a

tendency for some of the radiated energy to propagate up the
borehole as a transverse electromagnetic (TEM) wave as shown
in Figure 1.2. The earth surrounding the coaxial cable acts as a
lossy outer conductor and the outer conductor of the coaxial
cable acts as the inner conductor of a natural coaxial
transmission line which supports the TEM wave propagation in
the borehole. To actually quantify the effect of the ferrite
beads and the optimum spacing is time consuming and
expensive, and is not considered in this project.
Inner Conductor of Natural
Magnetic Field
Inside Borehole

Lossy Earth Acting
'As Outer Conductor

Electric Field
Inside Borehole

FIGURE 1.2. Cross-section Of Electromagnetic Field
Inside Of Borehole When Ferrite Beads Are
Not Attached To Coaxial Cable

Instead, several antenna impedance measurements were
made in order to qualitatively show that electromagnetic
energy indeed was propagating up the borehole. With the

beaded cable extending to within 4 feet of an insulated, sleeve
antenna that was 21 feet in length, the antenna impedance
was measured as 113Z-180 ohms. When the distance between
the 21 foot long insulated antenna and beaded cable was
increased to 24 feet, the antenna impedance decreased to
approximately 94Z-190 ohms. By increasing the insulated
antenna length to 22 feet and moving the beaded cable to
within 4 feet of the antenna, the antenna impedance was
measured as 91Z+110 ohms. The significance of the 21 foot
long antenna (beads 24' away) having nearly the same
impedance magnitude as the 22 foot antenna (beads 4' away) is
that it is shows there is an electromagnetic field propagating
beyond the antenna up the borehole when the ferrite beads
aren't near the antenna. When the beads were 24 feet from the
antenna, enough energy was propagated up the borehole to make
the effective length of the antenna appear longer than it's true
length. With the beaded cable located only 4 ' from the
antenna, very little of the radiated energy was propagated up
the borehole and the antenna had to be lengthened to 22 feet in
order to have nearly the same antenna impedance magnitude as
the 21 foot antenna.
By placing ferrite beads, spaced at periodic intervals, on
the jacket of the coaxial cable, the electromagnetic
propagation inside the borehole can be prevented. The beads on
the coaxial cable rapidly attenuate the TEM propagation above
the antenna so essentially most of the transmitted power is
dissipated in the earth that surrounds the antenna. The ferrite
beads are spaced at 8 inch intervals or about 7 beads per
wavelength (A,) for adequate performance up to 150 MHZ. At
the present operating frequency of 15 MHZ, the bead spacing is
nearly 70 beads/a., which appears to be enough beads to
minimize the energy that propagates up the borehole.

1.3 IMAGING OF GEOPHYSICAL ANOMALIES.
The principle application of the system is for computer
analysis of multiple measurements of phase shift and
attenuation as shown in Figure 1.3. The phase shift and
attenuation data for all the ray paths are input into a
sophisticated software routine that does a reconstruction of
the data to generate an image of the anomalies between the
antennas.
At the San Xavier mine test site shown in Figure 1.4, the
boreholes #H4 and #H12 straddle an old mining drift or tunnel
(~1m radius) <® 41 meters below the surface , which provides
an excellent target to test the limitations of underground
image reconstruction (referred to as geotomography). As might

/ / / /

Transmitting
Antenna
Positions

FIGURE 1.3.

/ / / /

Receiving
Antenna
Positions

Typical Positioning Of Transmitting And
Receiving Antennas To Generate Data For
Geotomography Reconstruction Algorithms

be expected, all the field data were obtained between
boreholes #H4 and #H12 over depths ranging from 25-55
meters for the geotomography reconstruction algorithm. The
results of the reconstruction are beyond the scope of this
paper and wili not be discussed; however, an example of the
processed data used in a geotomography reconstruction is
shown in the appendix.
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FIGURE 1.4. Test Site At San Xavier Mine
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2
ANTENNA

CONSIDERATIONS

2.1 SLEEVE ANTENNA IN AIR.
We have investigated two types of antenna that can be used for
underground electromagnetic propagation which generate a
vertically polarized electric field: the sleeve and "J" antennas. The
reason these two are the most suitable is that they both are
naturally shaped for radiating in narrow well bores, and they can
both radiate at high efficiency in the medium .
The sleeve antenna as shown in Figure 2.1 is a center-fed half wavelength (A/2) dipole with half of the radiating portion of the
antenna folded back over the feed cable (acting as a sleeve).
Generally, the sleeve section of the antenna has a larger diameter
than the other half to facilitate the construction. Both the 2 M and
1/2" sections are approximately a quarter-wavelength.
The sleeve antenna is constructed in such a way (Figure 2.1)
that the antenna impedance can be measured directly, which is one
of the major reasons that it was the antenna used in this system.
Some of the other reasons for using the sleeve antenna are: 1) ease
of construction (most parts available at a plumbing supply), 2)
readily adjustable by telescoping the elements to a wide range of
resonant frequencies, i.e. from 5-50 megahertz (MHZ), 3)
streamlined so that it may be readily lowered and raised in narrow
well bores via coaxial cable, and 4) the radiation pattern ( see
Figure 2.2) and gain of the A/2 sleeve dipole can be approximated as
that of a thin-wire center-fed A/2 dipole, which is well understood
and documented in the literature2. The radiation pattern of a thinwire, center-fed A/2 dipole is shown in Figure 2.5.
The details of the construction of the sleeve antenna are shown
in Figure 2.1. The only part that has to be fabricated is the copper
cylinder that fits snuggly over the 1/2" neoprene teflon (NPT) to 2"
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FIGURE 2.1. Sleeve Antenna1
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pipe connector which is fitted inside the 2" copper pipe. Copper
sheet metal was cut, shaped, and soldered to form the cylinder. The
bottom plate of the cylinder, not shown in Figure 2.1, is used to hold
the female panel mount UHF connector and provide electrical
continuity between the coaxial cable shield and the 2" copper pipe.
Electrical continuity between the coaxial cable center conductor and
the 1/2" copper pipe is achieved when the pipe to NPT thread adapter
is screwed into the ABS 1/2" NPT to 2" pipe connector, forcing the
male banana metal piece to plug into the female banana connector
that is firmly soldered inside the 1/2" pipe. Once all the parts have
been purchased, the fabrication and construction of the generic
sleeve antenna can be accomplished easily in a day.
The length of the generic antenna should be based upon the
maximum operating frequency that is to be used. Actually, the
antenna should be built slightly shorter than is required for the
maximum operating frequency so that the antenna can be tuned for
its best efficiency.
The tuning is accomplished by changing the length of the antenna
with brass or aluminum tubing pieces that fit inside the copper pipe
and telescope to the resonant length. Copper pipe dimensions refer
to the inside diameter of the pipe, and brass or aluminum tubing
dimensions refer to the nominal outside diameter. Therefore, 2"
aluminum or brass tubing fits snuggly into 2" copper pipe and
likewise for 1/2" aluminum or brass tubing. Even though it's a snug
fit between the aluminum tubing (assuming aluminum tubing is used,
since it is more available and considerably less expensive than brass
pipe) it's best to slot the copper pipe several centimeters and then
use a hose clamp to firmly secure the aluminum tubing inside the
copper pipe. In this way, the best electrical continuity is assured as
well as mechanical reliability.
The sleeve antenna used for this project has a generic length of
1.95 meters for a maximum operating frequency of 55 MHZ in the
earth. The actual operating frequency of 15 MHZ requires the

24
antenna length to be approximately 6.7 meters for the best
efficiency (i.e. resonance) inside the borehole.

DBI

270

90

FIGURE 2.2. Sleeve Antenna Radiation Pattern in Free Space3
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2.2 THE J-ANTENNA.
An alternative to the sleeve antenna is the J-antenna which, as
the name implies, is shaped like a J. The theory of operation for the
J-antenna is actually quite simple. The two conductors that are side
by side, as shown in Figure 2.3, ideally act as a non-radiating
transmission line that is a quarter-wavelength long.

coaxial
feed line

u

• tdy

FIGURE 2.3. Schematic Diagram of J-Antenna
At the end of the quarter-wave section, there is a current minimum
(1=0) on the antenna. Between the end of the quarter-wavelength
transmission line and the end of the stand-alone section is the part
of the antenna that radiates. Ideally, the stand-alone section is a
half-wavelength with all the characteristics of a center-fed X/2
dipole; however, such is not the case, because the quarterwavelength section of the transmission line actually radiates to a
limited degree (depends on conductor spacing) causing interference
with the radiation from the half-wavetength section. The end result
is that the J-antenna has a radiation pattern similar to the one in
Figure 2.4 which is noticeably different from that of the center-fed
half-wave dipole (Figure 2.5).
Also, of greater concern, is the inability to directly quantify the
J-antenna impedance. The best that can be done is to measure the
output impedance of the J-antenna where the feed line (coaxial
cable) is connected to the quarter-wavelength transmission
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FIGURE 2.4 Radiation Pattern Of J-Antenna in Free Space4

line section. Since the radiating X/2 section is a quarter-wavelength
away, the precise antenna impedance can never be directly
measured, only calculated, assuming the characteristic impedance
of the quarter-wavelength section is accurately Known. With these
limitations, the sleeve antenna is the best choice.
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FIGURE 2.5. Radiation Pattern of Half-Wave Dipole Antenna in Free
Space5

2.3 THE FRIIS TRANSMISSION FORMULA IN AIR.
After deciding in favor of the sleeve antenna, the basic theory
that has been developed in the literature for the ideal half-wave
dipole is applicable to the sleeve dipole. The first characteristic of
interest is the resonant length of the antenna at a specific
frequency (f0) of operation. In free space, as the resonant length of
an antenna is approximately one-half the wavelength of the
electromagnetic energy that is propagating with phase velocity, Vph,
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at the frequency, f0. The well known relationship between the
wavelength, frequency, and propagation velocity in free space or a
low-loss dielectric material is6

^0

B

Vph =

1/(

HoM-r£oer)1/2

,3,1

where
\lq = free space magnetic permeability = 4rc x 10-7 (Henries/m)
|ir = relative permeability (1 in non-ferrous material)
e0 = free space permittivity = 8.85 x 10-12 (Farads/m)
er = dielectric constant (1 in free space)
Vph = phase velocity (m/sec)
The speed of light, c , is only achieved in free space with the
terms er and jir equal to 1. Thus,
c = 1/( n0 e0 )1/2 = 3.0 x 108 m/s

2.3.2

Therefore, the resonant length( X/2) of an antenna in free space is
c/(2f0) meters. When the antenna is placed in a non-ferrous medium
which has a dielectric constant larger than 1, the resonant length is
calculated as Vph/(2f0) meters where
Vph = 1/( |I0 SR E0 )1/2

m/s

2.3.3

is called the phase velocity. Alternatively, if the resonant length of
the antenna is known then the dielectric constant of the medium may
be calculated as
er = 1/{(A.f0)2fi0e0)
dimensionless
2.3.4
where X is 2 times the length of the dipole antenna at resonance.
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Equations (2.3.3) and (2.3.4) are valid as long as the antenna is
completely immersed in the medium ( no insulation between the
antenna and the medium ) and the conductivity, a , is negligible such
that a /(coere0) « 1 where the expression a /( A)ERE0) is called
the loss tangent. When the antenna is insulated from the medium,
equations (2.3.3) and (2.3.4) are no longer valid in relating the
resonant length of the antenna to the dielectric constant of the
medium. In section 2.4, it is shown that the resonant length of the
antenna is dependent upon the diameter of the borehole, the diameter
of the antenna itself, and the propagation constant of the ambient
medium. Any change in one of these parameters results in a change
in the resonant length. Therefore, there is not a direct relationship
between the resonant length of an insulated antenna and the
dielectric constant of the ambient medium. For instance, the nominal
resonant length of the sleeve antenna in borehole #H4 at San Xavier
Mine is 6.6 meters at 15 MHZ, which according to equation (2.3.4)
will result in er = 2.29, when in fact, the value for er is closer to 20.
The calculation of er in a medium with non-negligible conductivity
is discussed later, in section 6. The difference between the two is
an order of magnitude, which reinforces the need to avoid using
equation (2.3.4) for a means to quantify the dielectric constant of
the ambient medium when working with insulated antennas in lossy
mediums.
For an ideal antenna, the resonani length corresponds to an input
impedance at the center-feed point that appears as a pure
resistance. However, due to the way the sleeve antenna is
constructed there is a parasitic capacitance that has to be included
at the antenna feed point as shown in Figure 2.6a. The circuit model
for a resonant antenna is shown in Figure 2.6b, which has an
impedance comprised of a resistor in parallel with a capacitor.
There is also a small parasitic inductance which is not shown,
because it is negligible compared to the capacitance.
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By increasing the frequency, the antenna impedance will have
more reactance, as shown in Figure 2.6c. The inductance will have
the effect of cancelling the parasitic capacitance and making the
load appear more nearly resistive. Therefore, the experimenter has
to consider the parasitic elements of the antenna in deciding on the
resonant length of the antenna.
The electric far-field (EQ) in spherical coordinates for the thin
linear antenna with a sinusoidal current distribution in free space
is7

Ee = jgo I(q) exp{jw(t-r/c)}
r

[cosfph

cos

-costphi]

2.3.5

sin 6

where
|3 = phase constant, (radians/m)
h = half-length of the dipole antenna (m)
r = distance from center of antenna to the point of
interest (m)
0 = the zenith angle in spherical coordinates

Note that the radiation pattern for the electric far-field is
generated by the bracketed term in equation (2.3.5) which is called
the pattern factor. By setting h = A./4, the pattern factor is

P = cos^TT/2^ COS
sin 6

2.3.6
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FIGURE 2.6. Circuit Representation of Dipole Antenna
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which is shown plotted in Figure 2.5.
The magnitude of the electric field is dominated by the pattern
factor when the angle 0 is small. For instance, at 6 = 5°, the pattern
factor is .069. An important use of the pattern factor comes when
the Friis transmission formula8 is employed to relate the
transmitted and received power between two antennas that are
vertically offset as shown in Figure 2.7. The

FIGURE 2.7. Vertically Offset, Adjacent Half-Wave Dipoles

Friis transmission formula is

Prec = (Pr/4*r2) qt Aer(Pn)4 e"2ar

where
Prec - power at the receiving antenna (watts)
PJ = power radiated by the transmitter (watts)
r = distance from transmitting antenna (meters)
GT = gain of transmitting antenna

2.3.7
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Pn = normalized pattern factor of both transmitting and
receiving antennas = P(0)/[P(0)]max
Aer = effective aperture of receiving antenna (meters)2
a = attenuation constant (Nepers/m)
The gain (G-r) of the antenna may be expressed as the ratio of the
maximum to average Poynting vector. Thus,9

Gj =

S.C 9. $3 max
S( 0. <t>)av

2.3.8

The average Poynting vector over a sphere is

2K

S( e, l(>)av -

J
0

N

J
0

Sf fl.^
4tc

dQ

2.3.9

where dQ = solid angle subtended by a differential surface area of a
sphere = sine d9 d((). As an example of how equation (2.3.8) and (2.3.9)
are used to calculate the gain of an antenna, consider the half-wave
dipole in free space with the expression for its electric far-field
defined in equation (2.3.5). The expression for the Poynting vector in
the far-field of a symmetrical dipole is independent of the
azimuthal angle, so

S(0) = A P2 (0)

2.3.10
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where A is the magnitude of the Poynting vector and P(0) is the
pattern factor. With the maximum value of the Poynting vector
occurring when 0 = jc/2 ,

S(e)max = A P2(rc/2) = A

2.3.11

Substituting equations (2.3.9), and (2.3.11) into equation (2.3.8)
results in a gain of 1.64 for a half-wave dipole.
The pattern factor (P) for the half-wave dipole in free space is
defined in equation (2.3.6). It represents the electric far-field
strength of a half-wave dipole as a function of the zenith angle, 0 .
When the transmitting and receiving antennas are identical and the
radiation patterns of the antennas are vertically and horizontally
symmetric, the term (Pn)4 represents the angular power loss
between antennas. Of course, for a half-wave in free space, Pn is
simply P. However, the pattern factor for an insulated antenna in a
lossy medium is greater than 1 (see appendix), and therefore, it has
to be normalized before being applied in equation (2.3.7).
The effective aperture, Aer , of the receiving antenna oriented
for maximum power reception is defined as10
2

Aer =

Vr Rt
S [ ( R a + R T) 2 + (X A + X T )2]

2.3.12

where
R/\ + j'Xa = radiation impedance of receiving antenna (ohms)
Ry + jXj = termination impedance of antenna (ohms)
Vr = received voltage when antenna is oriented for
maximum response = EXIn (voltsrms) 11
S = Poynting vector = E2/Zj (watts/m2)
Zj = intrinsic impedance of medium (ohms)
X = wavelength (m)

35
In free space, the radiation impedance of a x/2 dipole antenna is
73+j42.5 ohms12 and usually the antenna is terminated in a 50 ohm
load via a 50 ohm coaxial cable. Therefore, the radiation and
termination impedance are
RA + jXA = 73 + j42.5
and

Rj + jXy = 50 + jO

ohms
ohms

2.3.13
2.3.14

respectively. Substituting equations (2.3.13) and (2.3.14) in equation
(2.3.12) and using the fact that Z0 = 377 ohms in free space, results
in

Aer = 0.126 X2

2.3.15

The effective aperture of a half-wave resonant dipole at 15 MHZ( X 20 meters) therefore calculates to 45.1 m2 . The area, 45.1 m2 , is
the effective area over which power is absorbed from the incident
electromagnetic energy and delivered to the load.
The antenna's physical aperture is much smaller than its
effective aperture. An antenna with a nominal 0.05 meter diameter
and a resonant length of 10 meters corresponding to 3t = 20 meters,
has a physical aperture of 0.5 m2, versus an effective aperture of
approximately 45.1 m2 . The effective aperture is almost 100 times
larger than the physical aperture.
The only term that cannot be measured or calculated
independently from equation (2.3.7) is a (assuming there are only
two boreholes to lower the transmitting and receiving antennas
into). The gain, the pattern factor, and the effective aperture are
calculated based on the size, positioning, and type of antenna that is
being employed. The received power, the transmitted power, and the
distance between the antennas are measured quantities. Substituting
all these known terms into equation (2.3.7) yields one equation with

one unknown that is readily solved for the attenuation constant, a .
Equation (2.3.7) is valid for an antenna in air or in a lossy
medium. However, in a lossy medium some extra consideration has to
be given to the terms Prec , Pj , Gj and even Aer before they are used
to calculate the attenuation constant, a . Calculation of these terms
in a lossy medium is the topic of discussion in the next section.
An alternative method for calculating a is to make two
measurements of received voltage at two distances from the
transmitting antenna which are at the same angle 0. Substituting the
respective voltages and distances in the expression
V = _A_ e_ar
r

2.3.16

yields two equations with two unknowns (A and a). A is an arbitrary
magnitude, V is the voltage, and r is the distance. Letting V0 be the
voltage at distance ro and
the voltage at r-j results in the
following expression for a :

a = - ln{ V^/ V0r0} * _1

2.3.17

Or ro)
where

r^ > rg . This is by far a simpler way to determine the

attenuation constant, however, it is not always possible to make
differential measurements. A differential measurement requires 3
boreholes.
2.4 INSULATED ANTENNA IN A LOSSY MEDIUM ACTING AS A
RADIATING TRANSMISSION LINE.
When a center-fed antenna is placed inside a non-conducting
borehole that is surrounded by a lossy medium which appears
infinite in extent, many of the equations used in sections 2.1, 2.2,
and 2.3 are not applicable. The equations in sections 2.1, 2.2, and 2.3

represent the characteristics of a dipole antenna in a low loss or
lossless medium. These fundamental characteristics are altered
considerably when the antenna is placed in a medium with
conductivity, due to the interaction between the induced currents in
the the lossy medium and the current on the antenna. R. W. P. King et.
al13 have analyzed this problem both experimentally and
theoretically for the electric dipole and have shown that the
characteristics of

2h

Region 4

Region 2

^ Region 1

Region 3

FIGURE 2.8. Insulated Antenna as the Center Conductor of Coaxial
Transmission Line with an Air Dielectric in Region 2,
a Thin Sheath of Plastic in Region 3, and a Metal in
Region 4.
an insulated antenna in a lossy medium may be modelled quite
accurately as a coaxial transmission line. The schematic of the
transmission line used in the analysis is shown in Figure 2.8.
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The current distribution on the inner conductor of the coaxial
line is14

I(z) *= iV» sin K| ( h - \ z \ )
2ZC cos (K[_h)

2.4.1

where
KL «
= propagation constant of coaxial line (radians/m)
Zc = characteristic impedance (ohms)
V0 = voltage at feed point to dipole antenna (Voitsrms)
h = half-length of antenna (m)

The terms Kj_ and Zc are crucial in the analysis of the insulated
antenna as a transmission line. With these terms quantified it is
only a simple matter of substituting them into equation (2.4.1) to
obtain the normalized current distribution (dividing I(Z) by V0) as a
function of antenna length, h. Also, by letting Z = 0 and dividing I(Z)
by V0 the admittance at the feed point of the antenna may be
calculated as a function of the antenna length, resulting in

Y = _j_tan (Kuh)
2ZC

2.4.2

King15 has shown that the calculated current and admittance from
equations (2.4.1) and (2.4.2) are in very good agreement with the
measured quantities. The complex wave number, K|_, is the key
parameter in accurately predicting the current and input admittance.
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Therefore, a summary of the procedure used by King et. al. in the
derivation of the wave number KL, is discussed in the subsequent
paragraphs in order to better explain how KL is derived for the
insulated antennas in this project.
The current I(Z) in equation (2.4.1) satisfies the differential
equation

&VZX + KL2I(Z) = 0
3Z2

2.4.3

where the complex wave number, KL , is defined in standard form as

Ku = (-ZLYL)1/2

2.4.4

where
Z|_ - impedance per unit length of transmission line
Y|_ = admittance per unit length of transmission line
The equivalent circuit for the coaxial line which shows Z|_and YL
separated into their respective components is shown in Figure 2.9,
where

Z L = Zj + Z4 + Zq

2.4.5

YL = Y2Y3/ (Y2 + Y3)

and

o
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2.4.6
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o

FIGURE 2.9. Equivalent Circuit for Coaxial Transmission Line
The impedances Z-j and Z4 are the internal impedances per unit
length of the center conductor and shielding, respectively, and Ze is
the inductive
reactance per unit length for the coaxial transmission line. The
general equation for the internal impedance Z-j with radius a is

Z-i = 1
7ua2ae1

Hia
2

ioUlialJ^K-ja)

2.4.7

where cei = effective conductivity of region 1
(mhos/m)
1/2
K-j = {-jwj!Cei )
= complex wave number (rad/m) of inner
conductor provided aei/weei » 1

The general equation for the internal impedance , Z4 , is16

Z4 =

]
&£ Uo{K4£LUi <1 > UU<j) - Ho'1) {K4EU1(K4di]
Itc2ae4 2 [J1(K4d) H,(1)(K4C) J,(K4c)]

2.4.8
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where
a64 = effective conductivity of region 4 (mhos/m)
K4 = B4 - ja4 = complex wave number of region 4 (rad/m)
c = inner radius of region 4 (m)
d = outer radius of region 4 (m)
The inductive reactance is

Ze = i<afi Infc/al

= jcol_e

2.4.9

2k
The admittance terms, Y2 and Y3, result from the capacitance
per unit length of the coaxial transmission across the dielectric
material in region 2 and region 3, respectively. They are defined as

v2 = 2k (jffs.e2t =
ln(b/a)

2kj( K 2 ) 2

2.4.10

(ojx ln(b/a)

and
Y3 = 2k(jwee3l
ln(c/b)

mm)2
(oji ln(c/b)

where
Ee2 = effective permittivity of region 2 (Farads/m)

2.4.11
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f<2 = co(|a£e2)1/2 = complex wave number (rad/m) for region 2
provided ae2to£e2<<1
e©3 = effective permittivity of region 3 (Farads/m)
K3 = co(nee2)1/2 = complex wave number (rad/m) for region 3
provided oe3/coee2<<1

The equations (2.4.7)-(2.4.11) may be substituted into equations
(2.4.5) and (2.4.6) to give the general expressions for the impedance
and admittance per unit length of a coaxial transmission line which
has an outer conductor of finite thickness. The terms Z|_ and Y|_ may
then be substituted in equation (2.4.4) to yield a complicated
expression for the complex wave number K|_ that is time consuming
and difficult to evaluate.
A less complex equation for KL develops when the outer radius d,
is allowed to effectively extend to infinity. The impedance Z4 in
equation (2.4.8) reduces to

Z4 = jm
HO<1>XK4£}2tcK4C H1(D(K4C)

2.4.12

because as d -> 00 the expression J-j( K4d)/H1 H)( K4d) also
approaches infinity, which justifies the reduction of equation (2.4.8)
into the expression shown in equation (2.4.12). Also, when the
Bessel functions in equation (2.4.7) have large arguments, K^a »1,
the impedance of the coaxial inner conductor simplifies to

Z1
7EC2CTe4

Hia
2

2.4.13
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The impedance per unit length, Z[_, of a coaxial transmission line
with a radius, d , that extends to infinity is calculated with equation
2.4.5, where 2-j and Z4 are evaluated with the equations 2.4.12 and
2.4.11 respectively. Combining Z\_ and Y[_ in equation 2.4.4 results in
the following wave number for the coaxial transmission line of
Figure 2.9 :

KL =K2 [

x [1 -

INTEZA)
ln(b/a) + ti2ln(c/b)

i
Kialn(c/a)

+

]1'2

]1'2

HolDl&s)
K4c tn(c/a)

2.4.14

where ti2 = ( K 2 ) / ( K 3 ) = ee2 / ee3 , for low-loss dielectrics. In the
case when region 3 is non-existent or its thickness is negligible,
c -4 b and ri2-»1, equation 2.4.14 reduces to
2

KL=

K2

2

[1 j
K-|aln(c/a)

]1'2

+
K4c ln(c/a) H1

(1)(K

2-4.15

4c)

which is a straight forward analytical expression for the wave
number , Kl = Bl - jai_, of the coaxial transmission line that consists
of a highly conducting inner conductor, air as the dielectric, and a
conducting medium as the outer conductor. Actually, King et.al.17,
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has shown that the ambient medium which acts as the shielding of
the coaxial line does not have to be conducting in order to apply
transmission line theory. It only has to be much more dense than the
dielectric material that separates the antenna from the ambient
medium.Thus, the inequality

|(K4)2| = | G)2|X£e4 - jcoj4,Ge4 | » | (K2)2 | = | co2nee2-jco|iae2 I

2-4.16

must be satisfied in order for transmission line theory to apply. This
is a very important result, since it means that the outer conductor
does not have to be conductive at all (oe4 = 0), it only has to have a
permittivity such that £©4 » ee2, which meets the restriction in
equation 2.4.16.
The other important quantity of interest is the characteristic
impedance of the coaxial line, Zq. By definition,

Z c = ( Zl/Yl)1'2

2.4.17

where Z|_and Yi_are defined in equations (2.4.5) and (2.4.6). Solving
equation (2.4.4) for ZL and substituting it in equation (2.4.17) yields

zr =

2.4.18
vL

Subsequently, solving for Yj_ with equations (2.4.10), (2.4.11), and
(2.4.6) yields,
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2c = _£Q±lKl [ ln(b/a) + ri2 ln(c/b) ]
2tc(K2

2.4.19

)2

or when region 3 is absent,

ZC = _.0)M-KL [ in(b/a) ]
2JC(K 2 ) 2

2.4.20

Generally, the dimensions of the antenna are carefully measured
and region 2 is air so K2 = 2tc/X,2. This means only the complex wave
number, KL = PL - jaL , is needed to solve equations (2.4.2) and
(2.4.20) for the input admittance and characteristic impedance,
respectively.The term, KL, is a function of the complex wave number,
K4, of the ambient medium as seen in equation(2.4.15). Therefore,
the attenuation and phase constants of the ambient medium are
necessary to calculate
In many situations, this information isn't
available, particularly below the earth's surface.
The alternative, is to find K[_ semi-empirically. That is, make
measurements to determine pL and determine aLwith analytical
expressions. By carefully plotting the admittance as a function of
the antenna length, the phase constant, pL » can be approximated as

pL = 27C = 2RC
= 7C
XL 2(2hm) 2hm

rad/m

2.4.21

where 2hm is the length of the antenna corresponding to the
maximum conductance in a graph of admittance versus length of
antenna. At San Xavier mine, the maximum conductance in Figure
2.12 corresponds to an antenna length of approximately 6.6 meters,
which results in a phase constant 0.476 radians per meter.
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The length of the antenna at maximum conductance also
corresponds to the current standing wave on the antenna
experiencing % radians phase shift (a half-wavelength), as shown in
Figure 2.10. It should be emphasized that the maximum conductance
does not necessarily occur at the antenna resonant length.
In this paper, the resonant length of the antenna refers to the
length of the antenna that results in the input admittance at the
center-feed point

Current Standing Wave

FIGURE 2.10. Schematic Diagram Of Current Standing Wave On Antenna
At Resonance

having zero phase (completely resistive input impedance). Typically,
the first resonance on a center-fed dipole occurs when the current
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standing wave on the antenna is approximately a half-wavelength (tc
radians phase shift over the length of the antenna), as shown in
Figure 2.10.
The real part of the input conductance will be a maximum when
the antenna length is exactly a half-wavelength, but will also have
an input susceptance. The resonant length is very near the antenna
length which results in a current standing wave that is exactly a
half-wavelength; however, the two lengths will never be the same.
The resonant length is always slightly longer or shorter than a halfwavelength in order to cancel the susceptance that exists when the
input conductance is a maximum. A dipole in free space has to be
slightly less than a half-wavelength in order to invoke resonance.
Typically, an insulated dipole in a lossy medium has to be slightly
longer than a half-wavelength in order to produce resonance.
The attenuation constant, a[_, is calculated with equation (2.4.2),
assuming there is negligible error between the measured and
theoretical values of admittance (Y). As mentioned before, King has
shown that theory matches experiment quite well18. Therefore, by
finding the resonant length of the antenna feed-point admittance,
two of the three unknowns, Y and p|_i in equation (2.4.2) are known,
leaving one equation with one unknown. The one unknown is the lossy
part of the complex wave number, ai_.
The expanded form of equation (2.4.2) [where region 3 is absent]
that has to be solved for ot|_ is

Y = J7C,(,K2X2

[sin(pLmcosh(aLh) - j cos(pLh)sinh(<xLm]

cojj.(pL-jaL)ln(b/a)[cos(pLh)cosh(otLh)+j sin(pLh)sinh( a L h ) ]

2.4.22

48
where
Y = the measured admittance at the feed-point of center driven
dipole (ohms)
to = frequency (rad/sec)
ji = permeability of dielectric in the coaxial line = 4ji x 10"7
Henries/m (for non-ferrous material)
b = radius of insulated region when region 3 is not present (m)
a = radius of antenna (m)
Kz = complex wave number of material in insulated region, or
2nfX0 when region 2 is air (rad/m)
(3l = phase constant of transmission line which has antenna as
center conductor, (rad/m)
A,l = wavelength of electromagnetic energy propagating on
antenna in borehole (m)
h = half-length of dipole antenna (m)
aL = attenuation constant of transmission line which has antenna
as center conductor, (nepers/m)
The attenuation constant, aL, at San Xavier was calculated
approximately to be 0.125 nepers/meter. The reason it is an
approximate value is that equation (2.4.22) is based on a dipole that
is symmetrical in all its features around the center-feed point. The
sleeve antenna in Figure 2.1 is not symmetrically constructed. Half
of it is constructed with 1/2" copper tubing and the other half with
2" copper pipe. Also, the sleeve antenna was not centered in the
borehole for the measurements of admittance. Four inch diameter
spacers were placed on the antenna to partially centralize the
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antenna inside a 6 inch diameter borehole . The ratio of borehole
was 3 (b/a = 371")
radius to antenna radius used for calculating
even though the average borehole radius to antenna radius ratio is 5
over the length of the antenna. Therefore, a\_ can only be considered
an approximation of the coaxial line attenuation constant.
The degree to which oil is approximated is seen by comparing the
theoretical admittance in Figure 2.11 with the measured admittance
in Figure 2.12. The theoretical admittance was generated from
equation (2.4.22) using pL = 0.476 and aL = 0.125. Note, that the
theoretical admittance is very nearly the same as the measured
admittance, which is as it should be if pL and aL are the right values.
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FIGURE 2.11. Theoretical admittance of Insulated Antenna Derived
with Equation (3.4.22) in Medium with Complex Wave
Number, K4=1.70-j0.94 (1/m) - See Appendix
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Indeed, King19 has shown that when the wave number, K|_ , is
accurately known the experimental admittance should almost
overlay the theoretical admittance exactly.
The admittance curves in Figures 2.11 and 2.12 do not overlay in
this way exactly because the non-symmetry and eccentralization of
the antenna are factors that effect the measured admittance which
are not included in equation (2.4.22). Also, the ferrite-beaded
coaxial cable does not extend right to the antenna. The beaded cable
is attached about 10 feet above the antenna to an un-beaded section
of "coax" which extends to the feed point of the antenna. This may
increase the effective length of the antenna by allowing some of the
energy to propagate up the borehole. As a final note, the
heterogeneous nature of the earth surrounding the antenna will make
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FIGURE 2.12. Measured Admittance of Insulated Sleeve Antenna
at a Depth of 15m in Borehole #H4 at San Xavier Mine

it very difficult to exactly quantify the terms, ct|_ and (3L, such that
the theoretical admittance curves calculated with equation (2.4.22)
will truly represent experimental admittance curves obtained in a
controlled, heterogeneous environment. Nevertheless, equation
(2.4.22) provides a reasonable first order approximation of the
antenna admittance, and therefore a means to qualitatively gauge
the antenna performance.
As a matter of interest, the equation used explicitly for
calculating aL is
(Yc )max - I Y | cos( Z Y )

2.4.23

where
(Y c )max = maximum conductance value in Figure 2.12 (mhos/m)
Y = admittance defined in equation (2.4.22), (mhos/m)

z Y = phase of admittance
The maximum value of conductance is used because it corresponds to
the antenna length that is exactly a half-wavelength. The term pLh
can be substituted in equation (2.4.22) as ti/2 when the antenna is a
half-wavelength which results in a much simpler expression for the
calculation of aL.
The difference in the theoretical admittance plotted in Figure
2.11 and the measured admittance plotted in Figure 2.12 is most
notably the susceptance curve. One of the reasons is that the antenna
used to make the admittance measurements has a finite parasitic
capacitance which adds susceptance to the true antenna admittance
and also, results in the measured conductance being slightly smaller
than the true antenna conductance. To calculate the parasitic
susceptance, the phase of the theoretical input admittance at (Yc)max
is subtracted from the phase of the measured admittance at (Yc)max .
Thus,
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Qpara

=

^ (Ymeas)m ~ ^ (Ytheo)m

2.4.24

where
9para = phase delay due to parasitic capacitance (radians)
(Ymeas)m = measured input admittance at Y = (Yc)max (mhos)
(Ytheo)m • theoretical input admittance at Y = (Yc)max (mhos)
The advantage of knowing 0p ara is that it can be used to correct
the conductance and susceptance curves in Figure 2.13. Subtracting
0para from each value of admittance in Figure 2.13 results in the
curves for susceptance and conductance that are associated with an
ideal antenna ( an antenna with no parasitic capacitance or parasitic
inductance). The parasitic inductance is not considered because the
construction of the sleeve antenna make the parasitic inductance
effectively negligible. In this project, 0para was calculated to 2.9°,
which has very little effect on the measured data (other sources of
error, as discussed above, have a much greater effect). So no
correction for 0para was made.
With the maximum conductance in Figure 2.13 estimated as 11.9
miliimhos, and with equations (2.4.22) and (2.4.23), aL was found to
equal 0.125 nepers/m. Therefore, the wave number of the coaxial
transmission line is KL = 0.476 - j0.125. This value of K[_
corresponds to a specific ratio of borehole to antenna diameter (b/a)
and specific wave number of the ambient medium. With a change in
the antenna diameter a new value for KL will result. For example, by
increasing the ratio b/a , both the phase constant (p|_) and the
attenuation constant (aL) will decrease. The smaller value of aL is
the result of less coupling between the antenna and the medium that
surrounds it. In essence, there is more power dissipated in the near
field as heat when b/a increases, because more of the energy is
propagating along the antenna as a TEM wave and less out into the

formation. The phase constant, PL » IS a'so decreasing, which means
that the resonant length of the antenna is longer for larger ratios of
b/a. Therefore, increasing the ratio b/a results in less energy
radiated into the formation and a longer resonant antenna.
Conversely, decreasing the ratio b/a results in a larger value of oci_ .
The phase constant, pL, also increases, which means the antenna
resonant length is reduced. Therefore, decreasing the ratio of b/a
will result in a shorter resonant antenna, with more power being
radiated than an insulated antenna with a larger ratio of b/a. The
values of aL and Pl may be quantified for various ratios of b/a with
equation 2.4.14, assuming K4 is known.
Equation 2.4.14 relates the complex wave number of the coaxial
line (K|_) to the complex wave number of the ambient medium, K4
(assuming all the other terms in the equation (2.4.14) are known).
In most cases (as in this project), K4 is the unknown in the equation
2.4.14. Even though it is the only unknown, it is not a simple matter
to calculate K4, since it is in the arguments of two Bessel functions
of the third kind, H0(1)( K4b) and H-|<1)(l<4b). When K4 is complex, as
it usually is, there is no unique solution to equation 2.4.14 because
there are 2 unknowns, a4 and p4, and one equation. However, when
either a4or p4 are known, equation 2.4.14 is back to one equation
and one unknown with a unique solution.
This is precisely the situation when a good approximation for p4
is available from cross-borehole measurements (see section 6). The
attenuation constant, a4 , is the only unknown in equation (2.4.14)
and in the general case can be solved for numerically.
In the special case , for small arguments of Bessel functions
(|K4b|«1), equation (2.4.14) can be simplified to one equation with
one unknown. At San Xavier, IK4I = 1.7 and b = 0.07 which gives |K4b| =
0.14 - a magnitude that is marginally acceptable as a small
argument. Applying the small argument approximation to the Bessel
functions in equation (2.4.14) yields,
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Hon)(K4b) = 1 + J2_ ln( 2/y K4b)
K
and

2.4.25

H1(D(K4b) = J_2_
7c K4a

2.4.26

Substituting equations (2.4.25) and (2.4.26) into equation (2.4.14)
and approximating the conductivity in region 1 as infinity (K-j = »)
yields,

(K L / K 2 )2 = 1 + _J
* IN (2/(Y b[(P 4 ) 2 + (A 4 )2]I/2) )
ln(b/a)
+ ]( tan-1(a4/p4)

- 1/2ln(b/a) )

2.4.27

where
K2 = wave number in region 2 (usually air), 2 n / X 0 (rad/m)

X 0 = free space wavelength, (meters)
p4 = measured phase constant of region 4 (rad/m)

a4 = attenuation constant of region 4 (nepers/m)
K l = p4 -ja4 = complex wave number of coaxial line (rad/m)

7 = exponential of Euler's constant = 1.781 (dimensionless)
Equation (2.4.27) can be separated into two equations; one
equating the real part on the left hand side to the real part on the
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right hand side of equation (2.4.27) and the other equating the
imaginary parts. Thus,

Re {(KL/ K2)2}=1 +

* in (2/(yb[(p4)2 + (a4)2]l/2) )

2.4.28

In(b/a)
and
l m { ( K L / K 2 ) 2 } = t a n - i ( a 4 / p 4 ) - 1/2ln(b/a)

2.4.29

The attenuation constant, a4 , is the only unknown in both equations.
Ideally, either equation will give the same result for a4 , however
equation (2.4.27) is an approximation based on the condition that
|K4b | « 1 which is barely satisfied in this project ( | K4b | = .14 ).
Solving for a4 in the above equations yields a4 = 3.93 and a4 = 0.47
nepers/m in equations (2.4.28) and (2.4.29), respectively. The value
of a4 calculated with equation (2.4.28) is way out of line, however,
a4 = 0.47 nepers/m is a reasonable estimate. The value of a4
calculated with equation (2.3.7), using some typical values of Prec
and P-]- calculated in cross-borehole measurements (Prec=5E09watts,PT=20watts, GT=2,Aer=physical aperture=1m2,r=9m), is
approximately 0.9 nepers/m. This value of a4, represents the
absolute maximum value for the attenuation constant in the medium.
Since part of the power at the transmitting antenna is lost as heat,
the true value of PT in equation (2.3.7) should be smaller than 20
watts. Likewise, Prec , should be larger than 5E-09 watts. The net
effect is that a4 will be smaller than 0.9 nepers/m. Quantifying how
much power actually gets radiated or received in a lossy medium is
discussed in sections 6 & 7. An alternative approach for calculating
a4 is also discussed in section 6. Now that both the wave numbers,
K4 and K|_, have been determined, they can be used in the following
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section to aid in determining the gain and radiation pattern of an
insulated antenna in a lossy medium.
2.5 PROCEDURE FOR TRANSFORMING A DIPOLE ANTENNA INTO
AN ISOTROPIC POINT SOURCE.
The purpose of making the radiated energy from a dipole antenna
appear as if had been radiated from a point source is to satisfy the
single constraint placed on geotomography reconstructions - the
received electromagnetic energy must be radiated from a point
source. The radiation pattern of an insulated, resonant dipole
antenna in the lossy earth at San Xavier versus the radiation pattern
of an isotropic point source emitting the same energy is shown in
Figure 2.13. The significance of the different "radii" for the two
radiation patterns is to indicate the relative electric field
strengths. From 60° to 120° (or 240° to 300°) the dipole electric
field is larger than the point source electric field at a receiving
antenna that is equidistant from both antennas. The largest
difference occurs at 90° where the electric field of the dipole is
approximately 1.5 times larger than the point source electric field.
Hence, the need for a technique to transform the radiated fields of a
dipole antenna into what appears to be radiated fields from a point
source.
To transform a dipole antenna into a radiating point source
requires one key piece of information - the radiation pattern factor
of the electric far-field. The electric far-field for an insulated
antenna in a conducting medium, derived by King et. al.20 , is

Ee = )mm 9-<k4r> Fo(0,K4h1KLh) [ J0(K4b sine)
K4R
- K4b ln(b/a)((KL/ K4)2 - 1) J0fKv,b sin9^ ]
sine
where

2.5.1
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FIGURE 2.13. Radiation Pattern Of Resonant Insulated Antenna At
San Xavier Mine Versus Radiation Pattern Of Isotropic Point Source

Fo(0,K4h,KLh) = [ cosfK^h cosel - cosfK| h) ] gjn9,
[KL/ K4 - (K4/ Kl) cos20 ] sin(KLH)

2.5.2

is the pattern factor of the electric far-field. The electric far-field
of an insulated antenna in a lossy medium is defined by King as the
region in which the inequality, r2 » h2 is satisfied, where r is the
radial distance from the antenna and h is the half-length of the
antenna. This inequality provides a mathematical simplifications
that leads to a closed form expression for the electric far-field of
an insulated antenna in a lossy medium.
The pattern factor is used to calculate the gain of the dipole
over an isotropic sphere defined in equation (2.3.8) as

G-

2.3.8

S(
^max
S( 0, <|>)av

The maximum Poynting vector of an insulated antenna is given by

S(6)max — A0 Fo2(0I K 4 h ,K[ _ h )

2.5.3

where A0 is the amplitude of the Poynting vector. The average
Poynting vector is given by
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S( 0)av = -&o-

4tc

I
0
o

JC

J
o

I F0(e,K4h,l<Lh)|2sine

d0 d<|)

2.5.4

where sin0 d6 d(|) is the solid angle subtended by the differential
element of area that is on the surface of a volume element generated
by rotating the pattern factor in Figure 2.13, with maximum radius,
rm, through an angle of 360° in the azimuthal plane. By substituting
equations (2.5.3) and (2.5.4) into equation (2.3.8) results in the gain
of the antenna.
Notice that S(0)max is proportional to the square of the maximum
value of the pattern factor and may be written as

S(9)max

06

2.5.5

( r m) 2

where rm is the maximum value of the pattern factor
(dimensionless). The reason for using the letter "r" to denote a
pattern factor magnitude is that it is more convenient to think of
the pattern factor as an angle dependent "radius" than an angle
dependent magnitude. The average Poynting vector over a sphere,
S(0)av . may be written in terms of a "radius" as

S(0)av «

2.5.6

( r s )2

where rs (dimensionless) is
isotropic point source which
with maximum "radius" , rm
Substituting the expressions
(2.3.8) gives

the value of the pattern factor for an
radiates the same power as the dipole
. It is always less than rm .
in (2.5.5) and (2.5.6) into equation

G = [ W rs ] 2

2.5.7
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Equation (2.5.7) shows that the relationship between

rs and rm

is a constant, independent of the power that is being radiated from
the dipole. The pattern factor of a dipole antenna, by convention, is
only a function of 0, so the magnitude of the pattern factor is fixed
at any arbitrary value of 0. However, the "radius" of the pattern
factor in Figure 2.13 may be increased artificially by increasing one
of the other factors in equation (2.5.1) that is directly proportional
to the electric far-field. A convenient scaling factor is the current,
1(0). Doubling the radius, rm , corresponds to doubling the current,
1(0). The end result is that the electric field in equation (2.5.1) has
doubled.
To transform the radiating insulated antenna into a radiating
point source only requires one step - multiply the "radius" of the
sphere by a factor that will make it equal to the maximum "radius"
of the insulated antenna. In other words, make the average electric
field of the point source (which is proportional to rs) equal to the
maximum electric field of the insulated antenna (~ rm ). From
equation (2.5.7) the factor that has to be multiplied by rs to make it
equal to rm is G1/2. Therefore, the current in the point source is
(G)1/2 times larger than the current in the dipole or the radiated
power from the point source is G times larger than the radiated
power from the dipole which results in a point source that has a
"radius" equal to rm, as shown in Figure 2.14. The point source has
an average electric field that is equal to the maximum electric field
of the dipole antenna.
So, once the gain of the antenna is found with equation (2.3.8), it
can be used to calculate the hypothetical power radiated from an
isotopic point source that has an average electric field equal to the
maximum electric field (« rm) of an insulated antenna. Thus,

Ppoint - Pinsul G

2.5.8
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where
Ppoint = hypothetical power radiating from point source
that has average Poynting vector equal to maximum
Poynting vector of insulated antenna
Pjnsui = actual radiated power of insulated antenna
G = gain of insulated antenna
For angles of 6 other than 90° ( the angle corresponding to the
maximum electric field with dipole antennas) , there is an additional
multiplication factor that normalizes the magnitude of the electric
field at any angle 0 to the magnitude of the electric field at 90°,
namely,

En = -Lie(9 = 9Q°JLL
I Ee(0) |

- JJE0jLaQoJS4L-KLlJLL
| Fe(0, K4L, KlL) |

2-5-9

The magnitude of the electric field |Ee(r,0)| at an arbitrary
distance and angle from the antenna is multiplied by the
normalization factor, En, in order to mathematically increase the
magnitude of E0(r,0) so that it appears to have been generated by a
point source. The distance r has no bearing on the normalization
factor. It only is a function of 0. Therefore, whether |E(r,0)| is 10
meters or 20 meters from the antenna at the angle 0, the factor, En,
remains the same.
In cross-borehole measurements both the peak current, \j, on
the transmitting antenna and the voltage (proportional to E0) at the
receiving antenna VR, are calculated. Therefore, by multiplying the
current, lj, by the factor (G)1/2 and multiplying VR by the
normalization factor, En, the transmitting dipole may be
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FIGURE 2.14. Radiation Patterns Of Isotropic Point Source And
Resonant Dipole In Which The Point Source Is
Radiating G Times More Power Than The Dipole
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transformed mathematically into appearing as a radiating point
source. The only requirement for performing the transformation is
that an expression for the radiation pattern factor of the antenna
exist in closed form.
The pattern factor for the electric far-field of an insulated
antenna in a conducting medium is given in equation (2.5.2). King21
has shown that the pattern of a dipole generated with equation
(2.5.2) agrees very well with the pattern of a dipole that has been
experimentally measured. The experimental measurements by King
were conducted in a homogeneous medium in which the parameters
K4 and K|_ were accurately known . The measurements were also
taken in the radiation far-field of the antenna which may be
described as distances from the antenna that are large compared to
the half-length of the antenna. Specifically, the far-field is the
region beyond the antenna which satisfies the condition, r2 » h2 . In
a lossy medium the far-field may be as small as a few meters at a
certain frequency, while in free space the far-field may be a few
tens of meters from the antenna at the same frequency.
The measurements made at San Xavier were between boreholes
separated a distance of at least 9 meters with dipoles having a 3.3
meter half-length. Therefore, the electric field at the receiving
antenna may be accurately represented with equation (2.5.1). Also,
the differential measurements between boreholes #H4 , #H12, and
#H13 (see section 7) indicate that 9 meters away from the
transmitting antenna is indeed in the radiation far-field.
Assuming K4 and K|_ have been accurately determined with the
equations in section 2.4, the normalization constant En may easily
be evaluated by straight substitution of K4, K|_, and the angle 6 into
the equation (2.5.2). The factor G that is used to transform an
insulated antenna into a point source is more difficult. Before G is
calculated the integral in equation (2.5.4) has to be evaluated, which
requires numerical methods in most cases. MathCAD22 was used for

evaluating the integral which resulted in G = 2.2. The procedure for
calculating G is outlined in the appendix.
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3
AMPLIFIERS
3.1 BENEFIT OF STRAIGHT DETECTION AND AMPLIFICATION.
The amplifier used in this project, a mini-circuits MAN-1LN,is a
high- gain, low-noise, low-power, RF amplifier, with a nominal 50Q
input and output impedance that was priced less than $20. For the
generic application of this project there's no better bargain than an
off-the-shelf component. An amplifier constructed using discrete
components, that has anywhere near the performance
characteristics of the MAN-1LN would cost in the hundreds of
dollars, primarily due to the time required for testing and tuning.
Therefore, off-the-shelf components from reputable manufacturers
should be the first choice. An exception to this would be when the
frequency range of interest is in a very narrow spectrum. Then, it
may be economical to design and build a narrow band amplifier,
though only if the proper test equipment is available. There is
considerable literature available on procedures (Stern23 or Ghausi24)
for amplifier design in the VHF spectrum; however, they are all
based upon the S parameters of the transistor, either directly of
indirectly. Therefore, access to an instrument such as a network
analyzer with an S parameter test set may prove to be very helpful
in realizing the design.
In this project though, the broadband amplifier was the way to
go. Many field tests were performed at frequencies ranging from 5145 MHZ, all of which required an amplifier. The use of narrow band
amplifiers would have delayed the field testing. When possible, in
line filters were used to boost the signal-to-noise (S/N) ratio in the
preliminary field testing.
3.2 AMPLIFIER CONSTRUCTION.
The schematic diagram of the first-stage amplifier in this
project is shown in Figure 3.1.25
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NOTE: All resistor values In ohms
and all capacitor values in micro
farads unless otherwise specified.
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,R5
2K
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R7
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FIGURE 3.1. Schematic Diagram Of 1st Stage Amplifier

Notice that the input to the amplifier is padded with a resistor "PI"
network that is used to optimize the impedance match between the
amplifier input and the MAN-1LN input. The nominal input impedance
of the MAN-1LN is 50 ohms; however, it varies as seen in the
specifications of the MAN-1LN shown in the appendix. To see how
these variations are compensated, consider the case when the input
impedance of U1 is 49.5 ohms. Analyzing the circuit shown in Figure
3.2, which includes the resistive "PI" network, the amplifier input
impedance calculates to 49.6 ohms. Certainly not earth shaking, but
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an improvement nevertheless. Notice that the same "PI" network is
utilized on the amplifier output as well.

V.in

0

50 ohms

5 ohms

•wv

•vw^

z,in

1 K
ohms

1K
ohms

49.5
ohms

ifFIGURE 3.2. Schematic Diagram of "PI" Network Between Input
of MAN-1LN & Input of Amplifier

The capacitors C1 and C3 are tantalum DC blocking capacitors
that have very good performance at high frequency. They are
polarized, so care has to be exercised when installing them in the
circuit. The positive polarity side is always marked
The power
supply bypass capacitors are C2 and C4. Capacitor C2 allows by
passing of high-frequencies, while C4, in series with a ferrite bead
(FB), allows by-passing of low-frequencies. Capacitor C6 is used to
bypass high-frequencies at the input to the 12-volt regulator (a
78L12). Capacitor C7 is a feed-through capacitor that is used to
filter high-frequency noise that may be present on the incoming DC
voltage (V^c). The resistor R4 acts to further attenuate highfrequencies at the power supply input.
Typically, the off-the-shelf transistor amplifiers are designed
with a power supply isolation circuit that prevents high frequency
noise or ripple voltage from interfering with the amplifier

performance. Therefore, the external bypassing components are not
essential, but add an additional margin of safety. The manufacturer
of the transistor amplifier often will provide the schematic of the
device that allows one to determine the necessity of the external
bypassing components. In this case, the mini-circuits MAN-1LN
functional diagram is proprietary information, which makes the use
of external bypassing components desirable.

NOTE: All resistor values in ohms
and all capacitor values in micro
farads unless otherwise specified.
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to Stage 1

R4
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FIGURE 3.3. Schematic Diagram Of 2nd Stage Amplifier
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The second stage amplifier (mounted on another PC board) has
virtually the same circuit layout as the first stage. A schematic
diagram of the second stage is shown in Figure 3.3, for comparison.
Feed-through capacitor (C7) is not present because the DC voltage is
input on the coaxial cable center conductor. Inductor L1 acts as an
RF choke allowing only the DC component into the regulator while
capacitor C3 blocks the DC from the transistor amplifier output. At
15 MHZ, the reactance of L1 (6fyiH) is 6408 ohms. That is more
than 100 times larger than the 50£2 impedance seen at the output
terminal. Therefore, approximately 99% of the amplified signal will
be transmitted through the 50Q coaxial cable.

UHF Female-To-Female
Panel Mount Connectors

MAN-1LN

Amplifier

Figure 3.4. Cross-Sectional View Of Amplifier In It's Enclosure
(Not To Scale)
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A cross-sectional side view of an assembled amplifier, built for
in-line operation, is shown in Figure 3.4. The PC board is elevated to
a convenient height, with 4 brass-threaded round spacers that are
secured to the PC board with round head machine screws. The length
of the PC board is 1 3/4 inches, which allows it to narrowly fit
inside the aluminum enclosure without contacting the female panel

(TOP VIEW)

( BOITOM VIEW )

FIGURE 3.5. Diagram Of Amplifier PC Board Artwork
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mount center conductors. The tight fit minimizes the wire length
between the PC board and center conductor of the female panel
mount connector.
The PC board used to mount the components is 1/32 inch, 2
ounce double-clad epoxy-glass material. The double-cladding
allowed convenient mounting of the transistor amplifier on the
underside of the board as seen in Figure 3.4 and provided a
continuous ground plane on both sides of the board.
The PC board artwork26 shown in Figure 3.5 was designed to
minimize the distance between components. The artwork was
fabricated by taping in the small regions of copper and coating the
large copper regions with the ink from a permanent magic marker,
and dipping the board in a copper etching solution.
3.3. GAIN OF AMPLIFIERS.
Once the amplifier construction is complete, the gain vs.
frequency curve was measured and compared
50 -i
4030 c

«

CD

20 -

10 -

100

200
Frequency (MHZ)

300

FIGURE 3.6. Plot Of Gain vs. Frequency For Amplifier Which
Has "PI" Network At Input And Output Of MAN-1LN
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with the gain vs. frequency curve given in the specifications for the
MAN-1LN shown in the appendix. Obviously, when the amplifier
construction is properly done, the two curves will be in close
agreement. Figure 3.6 is a plot of gain vs. frequency for the 1st
stage amplifier. It has the same character as seen in the
specifications, however, with approximately 2dB less gain. The "PI"
resistor network that is used at both the input and output of the
MAN-1LN is the reason for the reduced gain. The "PI" network can be
approximated as a series 5 ohm resistor that causes approximately a
20% reduction in the amplifier voltage gain. In terms of dB, that
converts to a 2dB loss which is very nearly the difference of the
gain in Figure 3.6 and the gain of the MAN-1LN in the appendix.
Because of the large attenuation between well bores, the
system required two amplifier stages in cascade as shown in Figure
3.7. The DC power is sent down the coaxial cable and de-coupled in
the 2nd stage amplifier as seen in Figure 3.2. The same DC power is
available to the 1st stage amplifier through a short section of #22
wire. Feed-through capacitors are used to connect the #22 wire
between the amplifiers in order to filter potential noise.
The gain of this cascaded pair @ 15MHZ was measured as 58.5
±0.1dB with a phase shift of 11° ± 1°. In a similar test at 15 MHZ,
with the RF choke removed (as well as the #22 wire) and the DC
power supplied to each amplifier with 2-9 volt batteries in series,
the gain was measured as 58.5 ±0.1 dB with a phase shift of 10°±
1°. The difference in gain and phase shift for the two methods is
negligible; therefore, either would be acceptable. As already shown
in Figure 3.7, power was supplied via the coaxial cable in this
project. The one big advantage of using the coaxial cable to DC
power is it eliminates the need to interrupt field measurements to
change batteries.
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FIGURE 3.7. Cascaded Amplifiers Assembled For Operation In
Borehole
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FIGURE 3.8. Standard Set-up Used For Measuring Phase Shift
And Attenuation Of Amplifiers

The equipment used to measure gain and phase shift is shown in
Figure 3.8. The HP 3200B VHF oscillator provides the power (up to
0.5 watts) to a mini-circuits power splitter (2FSC-2-1) that ideally
sends half the power to CH1 and the other half in phase towards CH2.
As long as CH1 on the Tektronix 2430A is terminated in 50 ohms and
the input impedance of the attenuator is 50 ohms (which it is), there
will be an equal power split. The attenuator can then be adjusted in
1 db increments to a level that makes the voltage magnitude at CH2
approximately equal to that of CH1. The amplifier gain is then equal
to the attenuation level.
If the attenuator is only accurate to within ± 1dB, then, after
the initial measurement of gain, the amplifier should be removed
from the circuit (keeping everything else the same) and the output
power of the HP 3200B increased to a level that results in a voltage
at CH1 large enough to detect (well above noise level). The more
accurate value of gain will then be

Gain (dB) = 20 logCHI - 20 logCH2 ,

3.3.1
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which is simply an accurate assessment of the attenuator
attenuation.
A much simpler technique for measuring amplifier gain is to
connect CH1 of the oscilloscope directly to the HP 3200B and set the
power level well below the level that will cause non-linear
distortion in the amplifier and measure the CH1 voltage (V0).
Subsequently, insert the amplifier in the circuit and measure the
CH1 voltage (V-j). The ratio of Vi to V0 is the amplifier gain.
This technique is fine for amplifiers with gains less than 50 dB;
however, above 50 dB, it is difficult to set the power level low
enough to prevent non-linear distortion and still accurately measure
(V0). Therefore, the measurement technique used in Figure 3.8 is the
preferred technique when dealing with high-gain amplifiers.
To determine where non-linear distortion begins, the amplifier
specification sheet has included the 1 dB compression point. It
refers to a known amount of distortion, approximately 10%, in the
amplifier output voltage at a specific power level. For instance, the
MAN-1LN has a 1 dB compression point at an output power of +8 dBm.
The 8 dBm is equal to 6.3 milliwatts, or, when referenced to 50
ohms is equivalent to 1.59 volts peak-to-peak (p-p). Therefore, to
avoid distortion, the output voltage should be maintained well below
1.59 Volts p-p or the input voltage less than 63mV p-p with a 28dBV
gain amplifier.
Also, distortion may not be the only problem
encountered if the input voltage is too large; there may be damage to
the amplifier. The MAN-1LN is rated up to 15 dBm input power
without damage.
Another advantage to measuring the gain with the equipment
arrangement shown in Figure 3.8, is that the phase shift through the
amplifier can be easily measured. With the CH2 voltage peak as a
reference point, the phase shift of CH1 is the time separation
between the CH2 voltage peak and the subsequent CH1 voltage peak.
The phase shift is calculated by simply multiplying the time
separation of the voltage peaks by the operating frequency (HZ),
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then by 360. This will be true as long as the distance from the
power splitter to CH2 is electrically shorter than the distance
from the power splitter to CH1 (within a wavelength).
When an additional element such as an amplifier is inserted in
between the attenuator and CH1 of the oscilloscope, the physical
length as well as the electrical length from CH1 to the attenuator is
increased. The electrical length (or phase shift) of the amplifier can
then be measured as the change in time delay between CH1 and CH2
with and without the amplifier in the circuit. This technique
assumes that the phase shift in the attenuator is constant
regardless of what the attenuation level is. For the Allen 50DA127
attenuator employed in this project, the assumption is valid.
3.4. CALCULATION OF AMPLIFIER NOISE FLOOR.
Another important parameter on the amplifier specification
sheet is the noise figure (NF). By definition27,

NF = 10 log F,

3.4.1

where F is the noise factor. The noise factor is a quantity that was
developed in the 1940's to quantify the noise performance of active
devices. It is defined as

F = noise power output of actual device
noise power output due to thermal noise of Rs

3.4.2

By placing a resistor, Rs , at the input of the amplifier, as in Figure
3.9 (with the other elements to the left of Rs removed), the output
voltage, Vno , will equal AVj for an ideal amplifier, where A is the
amplifier gain and Vj is the thermal noise voltage28 due to the
resistor Rs . The thermal noise voltage due to a pure resistance is
defined analytically as
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Note: Rs and R L are equal 1o 50 ohms to match the amplifier
input and output impedances

R bias

blocking

AAA_

Amplifier
Noise
Diode

Vdc

Gain = A

V,no

FIGURE 3.9. Circuit To Measure Noise Figure Of Amplifier

VT =

(4 K T B Rs)1/2

3.4.3

where,
K = Boltzmann's constant = 1.38 x 10"23 joules/°K
T = temperature (°K)
B = Bandwidth (HZ)
Rs = Source Resistance (ohms)
However, amplifiers always independently generate some
additive noise voltage, therefore, Vno is always larger than AVj.
The magnitude of the noise power generated by the amplifier is
found from the definition of the noise factor given in equation
(3.4.2) as
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F = QLoFLBl - IVnol2(AVT)2/RL (AVT)2

3.4.4

Equation (3.4.4) represents the definition for the noise factor of an
amplifier which uses a pure resistor as the noise source. Generally,
this method is not practical, because the resistor will not provide a
large enough thermal noise voltage to make good quantitative
measurements.
The complete circuit in Figure 3.9 , on the other hand, is a more
practical set-up for calculating the noise factor of an amplifier. The
determination of the noise factor with the circuit in Figure 3.9 is a
2 step process: 1) a measurement of the output voltage, Vno , is made
with zero current through the noise diode, and 2) the diode current is
increased until the output voltage is 1.414 times larger than it was
in the first step (i.e., the output power is doubled). The noise factor
may then be written as29

F = 20 ldc R

3.4.5

where ldc is the direct current through the diode that results in the
amplifier output voltage, Vno , 1.414 times larger than the Vno
measured with zero current through the diode.
Typically, F ranges from 3 to 10 (NF from 5 to 10 dB) for good
receivers. In this project, the noise figure of the MAN-1LN amplifier
is given as 2.8 dB. Although a very low value, it will be shown in
subsequent calculations that the noise figures below 5 dB make
little difference in the system performance.
The limitation of the amplifiers performance is based primarily
on the thermal noise voltage, equation(3.4.3), that is generated from
the real part of the receiving antenna impedance. For instance, an
antenna with a nominal impedance of 80 ohms fed directly into an

amplifier with a bandwidth of 500 MHZ generates a thermal noise
voltage of 25.3 JIV. An input signal of 75 |IV would only give a S/N
ratio of 3 to 1. By reducing the bandwidth from 500 to 1.5 MHZ the
thermal noise voltage is reduced to 1.4 (J.V; an acceptable level.
To calculate precisely the noise floor, which refers to the
maximum noise voltage at the antenna, the noise figure of the
amplifier as well as the thermal noise voltage of the receiving
antenna are both necessary. For an 80 ohm antenna with a bandwidth
of 1.5 MHZ at room temperature, the thermal noise voltage has
already been determined to be 1.4 jiV. Applying the voltage divider
rule to an antenna with a radiation impedance of 80 ohms and an
amplifier that has a nominal input impedance of 50 ohms, the noise
voltage at the amplifier input is,

Vin = 1.4 jiV I 50
50 + 80

^ = 0.54

3.4.6

or in dB volts, Vin = -125.4 dBV. Now, the amplifier noise figure can
be added to Vin to determine the noise voltage at the amplifier
input(-125.4 + 2.8). To get above the noise level, the voltage at the
amplifier has to be larger than -122.6 dBV (.74 jiV). Referring the
actual amplifier input noise voltage (.74 JIV) back to the receiving
antenna, yields,
VNF = 0.74 |iV ( 80 + 50) = 1.93
50

3.4.7

Therefore, the noise floor is 1.93 p.V or -114 dBV, and any received
voltage less than 1.93 JJ,V will be buried in the noise.
To see the impact the noise figure has in the calculations,
consider the case in which the noise figure is changed from 2.8 dB to
6.0 dB with everything else remaining the same. The noise floor
would rise from 1.93 JIV to 2.8 JIV, or about a 45% increase.

Under normal conditions, the received signal voltage will be an
order of magnitude larger than the noise floor voltage. Therefore,
whether the noise floor is at 1.93 JIV or 2.8 |XV it has little effect
on the signal to noise (S/N) ratio. In the situation when the received
voltage is always slightly larger than the noise floor voltage, both
the bandwidth should be reduced and the amplifier noise figure
should be at a minimum. For instance, by reducing the system
bandwidth by an order of magnitude results in approximately a 70
percent decrease in the noise floor voltage and a 2 dB reduction in
the amplifier noise figure giving an additional 20% reduction.
Therefore, minimizing the bandwidth is generally the most effective
way to reduce the noise floor voltage. The noise figure for
commercially available amplifiers is normally very low to begin
with and a replacement amplifier with a lower noise figure would be
difficult if not impossible to find.
In this project, the nominal real part of the antenna impedance
at resonance is 80 ohms (see Figure 2.12), the bandwidth is limited
to 1.5 MHZ with a 15 MHZ bandpass filter manufactured by TTE, and
the amplifier (50 ohm input impedance) has a noise figure of 2.8 dB.
The noise floor voltage, is therefore 1.93 JIV. Unfortunately, due to
the high attenuation in the earth, the received voltage is not much
larger than 2.0 |iV, resulting in a S/N ratio of not much larger
than 1.
The signal averaging of the Tektronix 2430A oscilloscope gives
an additional means to improve the S/N ratio. By invoking maximum
signal averaging from the oscilloscope (256 times), the S/N ratio
can be increased by a factor of 16, reducing the effective bandwidth
of the system from 1.5 MHZ to 0.75 MHZ. Therefore, received signals
that have a S/N ratio of 0.5, will have a S/N ratio of 8 at the
oscilloscope via signal averaging. These numbers are not exact (due
to other more subtle forms of noise causing the actual noise floor
voltage to be higher) but, provide a ball park figure for the optimum
performance of the receiving system. In this project,the received

voltage calculated from field measurements indicate the system is
limited to a minimum S/N ratio of about 1 at the receiving antenna
which means the received voltage will need to be larger than 1.93
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4
DATA ACQUISITION AND PROCESSING
4.1 GENERAL DISCUSSION OF ACQUISITION AND PROCESSING.
The field data acquisition and processing is a four step process
shown in Figure 4.1. The data acquisition in steps 1-3 is facilitated
through the use of a software routine that was written to

STEP 1

Record Transmitter Radiation
Impedance Data

,,
STEP2

Record Receiver Radiation
Impedance Data

,,
STEP3

Record Cross-Borehole Phaseshift
And Attenuation Data

,,
Processing of Steps 1-3
STEP4

FIGURE 4.1 Field Data Acquisition And Processing Flow Graph

interface a Compaq Portable II with a Tektronix Digital Oscilloscope
2430A. The oscilloscope is built to interface with computers
through an IEEE-488 board that is built into the oscilloscope as
standard equipment. A software package (GPIB) purchased from
Tektronix was used to interface the Compaq Portable II with the
Tektronix 2430A.
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Acquisition subroutine to
retrieve data from oscilloscope

Program explanation

Return

Data written to file
upon user's approval

To continue, user has to
press a key

Assembly subroutines are
loaded into RAM

Pertinent information
entered into program by user

All information written
to file

Declaration of which voltages go
to which oscilloscope channels

yes

Step 1

Transmitter radiation
impedance measurement

no
yes

Step 2

Receiver radiation
Impedance measurements

no

yes

Step 3

Cross-borehole
measurements

no
END

FIGURE 4.2. Flow Chart Of Acquisition Software30
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The flow chart for the acquisition software, written in
interpretive basic, is shown in Figure 4.2. It outlines the decision
making process for the user, such as when to proceed to the next
step or verifying that the "measurements" are correct before they
are written to file. The term "measurements" refers to the
voltage,phase, and depth information that is recorded at each depth.
In each of the data acquisition steps, the same "measurements" are
recorded and stored for processing, which means only one subroutine
is necessary for the data acquisition in steps 1-3.
The software purchased from Tektronix made it very practical
to write a program in interpretive basic that would do iterative
"measurements" and store the values. The job of the user is to
verify these "measurements" and decide when to proceed to the next
step.
The verification of the "measurements" usually involves
checking to see that the delay between CH2 and CH1 is correct. The
reason that the delay between CH2 and CH1 is not an absolutely
reliable value is that it involves turning on a "window" that has to
be adjusted by the user. When the waveforms on CH1 and CH2 are not
properly positioned in the "window", then the delay value is invalid.
It is time consuming to find the correct position of CH1 and CH2
inside the "window", so manually measuring the delay between CH2
and CH1 using the time cursors and typing in the value computer is
preferred. Also,^ because of digitizing error, the peaks of the
sinusoidal waveforms are often flattened (or slightly clipped),
which requires the judgement of the user to decide just where the
time cursors should be positioned in order to get a good
measurement of the phase shift (delay, ns) of CH2 with respect to
CH1. The delay value obtained with the software {assuming the
waveforms in CH1 and CH2 are properly positioned inside the
"window") will usually differ from the manually measured delay by
the width, in nanoseconds, of the voltage peak that is clipped. At
most, the difference between the computer measured and manually

measured delay will be 1 nanosecond or 5° at 15 MHZ. When there is
no digitizing error (clipping) they will be the same or nearly the
same, with a difference less than 0.2 nanoseconds or 1° at 15 MHZ.
Therefore, each measurement of delay should be confirmed with a
manual measurement before writing the data to file. The values for
the peak-to-peak voltages on CH1 and CH2 are virtually always
correct and have to be checked only on the initial "measurements" to
verify that everything is in order.
There were 6 items written to disk each time a measurement
was made and verified: 1) the "category", labelled T" for step 1, "R"
for step 2, and "G" for step 3, 2) the transmitting antenna depth, TD,
3) peak-to-peak voltage CH1, 4) peak-to-peak voltage CH2, 5) delay
(nanoseconds) of CH2 with respect to CH1 and 6) the receiving
antenna depth, RD. The "category" is used later in the processing
software. Once the data acquisition is completed, all of the field
data are contained in a single file that has been named by the user at
the beginning of the program. There are 6 columns corresponding to
the 6 items mentioned above and a row for every measurement made.
If there are bad measurements or double measurements at a single
depth, then it is up to the user to edit the file to correct the errors
or suspicious measurements.
The processing software (step 4) is a separate program and is
organized into two parts: one that dimensions the field data on file
into three 2x2 arrays and the other that performs the numerical
calculations using the arrays. The flow chart for the conversion of
field data into arrays is shown in Figure 4.3. After all the field data
is contained in the three arrays, then the actual processing (part
two) of the program begins.
Part two of the processing software is written to perform
calculations of phase shift and attenuation between the
transmitting and receiving antennas. In the software, the
assumption is made that the transmitting antenna is at a single
depth while the
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File Name

Prompt to name
the data file
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A$ represents a single
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no
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yes
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FIGURE 4.3 Flow Chart For The Conversion Of Field Data31
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FIGURE 4.4. Flow Chart of the Processing Software in Part 4
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receiving antenna is initially positioned below the transmitter and
incrementally moved up the well bore, usually with 0.5 meter
increments between measurements. The receiver continues up the
well bore to a predetermined depth or until the voltage level at the
receiver is "buried" in the noise. When this point is reached.the
software checks to see if there is another transmitting antenna
depth. If not, the program is finished and the phase shift and
attenuation will be available on a printout or in an output file.
Generally , there will be multiple transmitting antenna depths (at
least 3) which the software is written to accommodate. The flow
chart for part two of the processing software is shown in Figure 4.4.

4.2 CALCULATION OF THE ATTENUATION CONSTANT IN LOWLOSS MEDIUM WITH THE FRIlS TRANSMISSION FORMULA.
Before discussing how the attenuation constant is calculated,
it will be helpful to review the overall system as shown in Figure
4.5.
Coaxial Cable w/
Reference Signal
(A)

Tektronix
2430A
CH1

Compaq
Portable II

CH2
Directional
Coupler

HP

DC Power
Supply

3200B
<H) 1.5 MHZ Bw
Filter

77777777

RG-8/U

Tx
Antenna

Ferrite
Beads

(D)

RG-213
^ 58.5 dB Gain
(F)
Amplifiers
^ Rcvg
(E) 'Antenna

FIGURE 4.5. System Diagram Identifying Components Causing
Phase Shift and Attenuation
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The system is subdivided into 8 elements labelled A-H that are
described as follows:
element A - 19.1 meters of RG-8/U between CH1 of the
oscilloscope and directional coupler
element B - directional coupler
element C - 64.4 meters of RG-8/U between directional
coupler and transmitting antenna
element D - transmitting antenna
element E - receiving antenna
element F - 58.5 dB gain amplifiers
element G - 88.68 meters of RG-213 between receiving
antenna and CH2 of the oscilloscope
At 15 MHZ, each of these elements contributes a specific amount of
phase shift and attenuation that must be known in order to calculate
the phase shift and attenuation through the earth.
The attenuation constant through the earth is derived from
equation (2.3.7), shown here for convenience as
Prec = (P T /47cr2) G T A er (Pn) 4 e"2«r

2.3.7

where a is the attenuation constant is units of nepers/meter. Once
the type of antenna is identified, the terms Gj , Aer , and Pn may be
readily calculated (section 2.3), leaving only two terms in equation
(2.3.7) to evaluate (r and 0 are simply based on the geometry
between the transmitting and receiving antennas); Prec and Pj .
The easiest way to calculate Pj is with the use of a wattmeter
that provides a measurement of the forward and reflected power.
The difference between the forward and reflected power, referenced
to the antenna, is the power dissipated in the antenna impedance, Pj.
This power measurement technique works well when power is the
only quantity of interest. However, it fails to provide any way to
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quantify the phase information in the system or provide the
information to calculate the peak current on the antenna ; both of
these are needed in our geotomography reconstruction.
In order to provide a means to calculate these quantities the
forward voltage is sampled with a directional coupler (element B)
and viewed on CH1 of the oscilloscope. Both the amplitude and phase
of the voltage at CH1 are then referred to the transmitting antenna
by correcting for the appropriate attenuation and phase shift in
elements A, B, and C. The power dissipated in the antenna impedance
is then,
PT = | VL+(1 + rL)|2 Re{ 1/ZT }

4.2.1

where,
V|_+ = forward voltage at the antenna terminais (Volts,rms)
rl = reflection coefficient of the load
Zj

= impedance of the transmitting antenna (ohms)

Therefore, to calculate the power dissipated in the antenna
impedance, the terms Vl+ ,
, and Zj must be derived.
The voltage, Vj_+ , is the forward voltage on the main line at the
transmitting antenna. The equation that relates the voltage at CH1
to V|_+ at the antenna is
VL+ =

log-1{(

20logV1 + F op - F ins +

oc8( L

A

- Lc))/20}

4.2.2

where
V1 = voltage measured at CH1 (mV)
Fcp = ratio of the forward voltage at the input port of the
directional coupler to the voltage at the coupling port(dB)
FjnS = insertion loss of the directional coupler (dB)

acs = attenuation constant for RG-8/U coaxial cable (dB/m)
La = length of coaxial cable between directional coupler and
CH1 of oscilloscope (m)
Lq = length of coaxial cable between directional coupler and
the transmitting antenna (m)
V[_+ = forward voltage at transmitting antenna (mV)
The term , aC8 . was derived using the equipment arrangement
shown in Figure 4.6. In calculating acg , CH1 and CH2 are assumed to
have exactly 50 ohm termination impedances so that the power is
equally divided between

Power
Spinier

TIP
3200B

Tektronix
2430A
CH1
CH2

L2 > L1
FIGURE 4.6. Schematic for Measuring Phase Shift and
Attenuation in the Coaxial Cable

cable lengths L1 and L2. With the voltage V1 at CH1 and V2 at CH2
the attenuation constant is

ac8 = 20looV1 - 20loaV2
( L2 - L1 )

dB/m

4.2.3

Different frequencies yield different values of acg , therefore it
must be measured for each frequency of operation.
The term , Fcp , was derived using the equipment arrangement
shown in Figure 4.7. By making the cable lengths from CH1 and CH2
to the power splitter the same , an accurate determination of the
coupling factor is

Power

Tektronix
2430A

TIP

3200B
50 ohms

CH1
CH2

Directional
Coupler

FIGURE 4.7. Schematic for Measurement of Coupling and
Phase Shift in Directional Couplers

possible. The coupling factor is calculated from the measured
voltages at CH1 and CH2 as
Fcp = 20log(V1/V2)

4.2.4

Even though the coupling factor is relatively flat(depends on the
design of the directional coupler) with frequency it should be remeasured for each frequency of operation. The coupling factors (as
well as other parameters) @15 MHZ are listed in Table 4.1
The insertion loss, F|ns, of a directional coupler is measured by
swapping the cable connections at the output and coupling ports in
Figure 4.7. The output port will then be terminated in 50 ohms at
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CH2 of the oscilloscope, and the coupling port will be terminated in
the external 50 ohm impedance. The insertion loss is defined as

Fins = 20log(V1/V2)

TABLE 4.1
DIRECTIONAL
COUPLERS

dB

4.2.5

Essential Characteristics of Directional
Couplers
COUPLING
(dB)

INSERTION
LOSS
(dB)

PHASE SHIFT
@ 15 MHZ
(DEG)

ZFDC-10-1

10.4

.78

1 80

ZFDC-20-3

19.4

.18

1 80

Model 4266
Bi-Directional
Coupler (BIRD)

30.1

< .05

357.5

With Fj ns , Fcp , and a c 8 accurately quantified in the laboratory
environment , and the terms
, Lq , and V1 known , the forward
voltage at the antenna , V[_+ , is readily calculated. This leaves two
terms , ri_ and Zj , to be determined before P|_ can be calculated .
Actually , only T\_ has to be determined since rl and Zj are
related by the equation

ZT=Z0(1 + rL)/(1 - Tl)

4.2.6

where Z0 is the characteristic impedance of the coaxial cable
(nominally, 52 ohms for RG-8/U).
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The equipment arrangement used to calculate the reflection
coefficient, Ti , is shown in Figure 4.8. Essentially, the directional
couplers provide a

ZFDC-20-3

Tektronix
2430A

3200B
ZFDC-10-1

NOTE :

i = input port
o = output port
cp = coupling port

FIGURE 4.8. Schematic Diagram for Measuring Antenna Impedance

means to calculate a reflection coefficient (F) at a known distance
(L) from the load ( the antenna ), which is used to calculate T\_

(=|rL|

in the equation

|r| ^-e = |rL|

e-2CTL Z {tyL - 2BL)

4.2.7

The terms a and B are the attenuation and phase constants of the
coaxial cable. The attenuation constant, acs (for RG-8/U), is
readily available for use in equation (4.2.7) after its units have been
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converted from dB/m to nepers/m. The conversion factor is 8.686
dB/nepers which gives
a

or

= <*08 (dB/m)

*

a = occq/8.686

8.686"1 (nepers/dB)

4.2.8

(nepers/m)

The phase constant, B, is also a known for RG-8/U coaxial cable and
is discussed in section 4.3.
By dividing equation (4.2.7) into its magnitude and phase
components, the reflection coefficient at the load is defined with
the following two equations:

|rL| = |r|
and

exp(+2 a

L)

4.2.9

(})l = 2BL - 0

4.2.10

Substituting |TL| and <J)|_ into equation (4.2.6) gives the antenna
impedance, Zj .
Now that VL+ , T|_, and Zj are all known, the power dissipated
in the antenna impedance (Pj) can be calculated with equation
(4.2.1). Also, assuming the antenna is at its resonant length, the
maximum antenna current is
l m = ( V l+ / Z j ) ( 1 -

T|_ )

amperes (rms)

4.2.11

The received power (Prec) is calculated in the same manner as
the transmitted power (Pj). The only impedance mismatch is
between the receiving antenna and the coaxial cable; everything else
between the receiving antenna and CH2 is assumed impedance
matched. That is, all the elements in the receiver system, except for
the antenna, are assumed to be impedance matched to 50 ohms, and
therefore no reflected voltage exists on the receiving cable.
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At the frequency of 15 MHZ , the assumption is very nearly
realizable. The input impedance at the oscilloscope is 49.87^ -4°
(50 ohms || 15 pf , which gives an SWR of 1.07 ), the coaxial cable
has a characteristic impedance of 50 ohms , and the SWR of the
amplifier input and output ports is less than 1.1 at 15 MHZ (from the
specifications). From experimentation (discussed in section 5) at
15 MHZ, the SWR at both the input and output of the filter also
appear to be near 1.0.
The received power (Prec) is determined with the following
equation :
Prec= I V r I 2 Re{ 1/(Z R + R in ) }

4.2.12

where
VR = received voltage (Volts,rms)
ZR = receiving antenna impedance (ohms)
Rin = input resistance of amplifier (nominally 50 ohms)
The receiving antenna impedance is calculated in the same manner
as that of the transmitting antenna impedance. However, with the
receiving antenna attached to RG-213 coaxial cable , the attenuation
and phase constants in equation (4.2.6) will be different than those
used for RG-8/U coaxial cable. These characteristics are quantified
for both coaxial cables in section 5. Also , since the amplifier and
filter cannot be in-line during the impedance measurements, the
receiving antenna has to be removed from the borehole to add these
elements before continuing with the cross-borehole measurements.
The received voltage (VR) is straightforward to calculate. The
initial step is to calculate the voltage at the amplifier input
terminals (V2').This is accomplished by using the measured voltage
at CH2 (V2) as a reference and adding to it the appropriate gains and
losses experienced in the system that will refer V2 back to the

amplifier input. The voltage at the amplifier input terminals may
therefore be defined as

V 2 ' = log-l{(20 log V2 + a 2 1 3 L G + A F - G A )/20}

4.2.13

where
Lq = total length of receiving cable (m)
Ap = attenuation due to 15 MHZ filter (dB)
Ga = gain of amplifiers (dB)
<*213 = attenuation constant of RG-213 coaxial cable (dB/m)

V2 = voltage measured at CH2 (mV)

The last step is to apply the voltage divider rule to the simple
circuit in Figure 4.9, yielding:

+

50
ohms

FIGURE 4.9. Circuit Model of Receiving Antenna with
50 Ohm Load Impedance

V R = V 2 ' ( R i n + Z R )/ R i n

4.2.14

where Rjn is the input impedance to the amplifier that is
approximated as a 50 ohm resistor. The terms VR , Z\_, and Rjn may
now be applied to equation (4.2.12) to calculate the received power.
With the power transmitted (Pj) and received (Prec) known, the
attenuation (Nepers/ m) through the earth may be calculated with a
re-arranged version of equation (2.3.7), namely

a = -Ln {PrecAr2aPT(iTAer-{Pnl4)-3:
2r

Nepers/m

4.2.15

4.3 CALCULATION OF THE PHASE SHIFT THROUGH THE MEDIUM.
The calculation of the phase shift through the earth is
considerably less complicated than the attenuation . The phase shift
through the earth is simply the difference between the total phase
shift in the system (elements A-H in Figure 4.5) and the phase shift
that is measured on the oscilloscope. As a simplified example ,
consider the equipment set-up shown in Figure 4.10 that was used to
experimentally determine the phase shift through a length of coaxial
cable and a directional coupler. The cable and coupler are part of the
standard equipment for cross-borehole measurements.
To determine the phase shift, either CH1 or CH2 may be chosen
as the phase reference. With CH1 as the phase reference , the phase
shift through the system may be calculated with the following
equation:

27t(Td1/T) =

BL2L2 - k - BL1L1

4.3.1

HP 3200B

2FDC-20-3

Taktonix 2430A
CH1

Cable L1

CH2

TX Cable Spool

///////////
Cable

L2

\\\\\\\\\\\
Mine Shaft At
San Xavier

Male-to-Male
UHF connector

FIGURE 4.10. Set-Up Used to Calibrate Phase Shift &
Attenuation in Coaxial Cable & Directional
Coupler

where
BLI sa wave number of coaxial cable, length L1 ( rad/m)
Bl2 = wave number of coaxial cable, length L2 (rad/m)

101
Tdi = measured phase angle that the voltage at CH2 lags
the voltage at CH1 in units of time(seconds)
T = period of a cycle (seconds)
k = phase delay (radians) of directional coupler from
main-line port to coupling port @15 MHZ

The minus signs in equation (4.3.1) are used to show that the phase
of the voltage at CH1 has to be advanced when it is referenced to the
main line . The phase angle of the main-line voltage at the
directional coupler serves as the absolute phase reference for the
system. Therefore, after it is found the phase anywhere else in the
system may be calculated (with respect to CH1). The remaining
phase shift in the system is from the directional coupler to CH2 at
the oscilloscope, which is represented by B[_2L2 (radians). The term,
B[_2L2, is positive, because it represents a phase delay between the
directional coupler and CH2 at the oscilloscope. Adding the terms on
the right hand side of equation (4.3.1) leads to a phase angle that is
less than 360° and represents the phase shift in the system. In the
case when the right hand side of equation(4.3.1) is larger than a
wavelength (360°) , the system phase shift is calculated with
fractional part of the wavelength. Therefore, when all the terms on
the right hand side of equation (4.3.1) have been accurately
quantified , the value of Tdi that is measured should agree with the
value of Tdi that is calculated for the system.
The same approach is used when CH2 is the phase reference . The
voltage at CH2 has to be advanced in phase an angle corresponding to
Bi_2L2 radians (therefore a minus sign), which gives the phase angle
of the main-line voltage at the directional coupler (with respect to
CH2 ). The phase delay from this main-line voltage to CH1 added to
the phase angle of the main-line voltage (with respect to CH2)
represents the phase shift in the system. The equation that
describes the phase shift through the system is

2jr(Td2/T) = k + BL1L1 - BL2L2

4.3.2

where Td2 refers to the measured phase angle that the voltage at
CH1 lags the voltage at CH2 in units of time(seconds). In all cases,
the sum of Td2 and Tdi is the period of a cycle(T).
As an example , consider the equipment arrangement in Figure
4.10 which has the following parameters:
f = 15 MHZ
BL1 = 27c/(XVph8) = 0.46995 rad/m
Bj_2 = 27c/(XVph2i3) = 0.4696 rad/m
T = 66.6666 nanoseconds(ns)
L1 = 19.10 meters
L2 = 151.11 meters
Making CH1 the reference, and using equation (4.3.1) results in the
following simple equation with one unknown:
2jc(Td1/T) = 70.96 - 3.1416 - 8.976
2rc(Td1/T) = 58.844
(Tdi /T) = 9.3653
Tdi/66.66 ns. = 0.3653
yields

Tdi = 24.4 ns

The actual Tdi measured with the equipment arrangement, as
described above, was 25.1 ns. The discrepancy between the measured
and calculated value for Tdi is discussed in section 5.
Now that the phase shift of the system in Figure 4.10 is defined
with equation (4.3.1) or (4.3.2) , the unknown phase delay of an
element that is inserted into the system (assuming CH1 is the
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reference and the element is placed between CH2 and the directional
coupler) may be calculated as

®un ~ 2xc( Tjn - T^-j )/ T

4.3.3

where
eun = phase delay of unknown element (radians)
Tm = measured phase delay that the voltage at CH2 lags the
voltage at CH1 in units of time (seconds)
T^-i = phase shift of system as defined in equation (4.3.1)
T = period of a cycle (seconds)
Equation (4.3.3) is valid as long as 0un remains a positive number.
When 9un is negative, it must be re-calculated as
®un

=

Tm + ( T- Tfj-) )}/ T

4.3.4

which always yields a positive value for the phase shift . Equations
(4.3.3) and (4.3.4) are only valid for elements which induce a phase
delay such as coaxial cable, filters, amplifiers, etc. Generally, this
is always the case (and this project is no exception), so the
procedure for calculating the phase shift with elements causing a
phase advance does not need to be discussed. When 0un is greater
than 360° (a wavelength), additional information is required in order
to determine the total phase delay, however the phase delay that is a
fractional part of a wavelength may always be determined with
either equation (4.3.3) or (4.3.4).
In the system shown in Figure 4.5, the phase shift of the earth
(the unknown element ) is calculated in the same manner that the
phase shift of the unknown element in Figure 4.10 is calculated. The
one big disadvantage of the system in Figure 4.5 is that it cannot be
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calibrated directly with all the components in tandem, as there are
antennas in the system; although, an accurate assessment of the
system phase shift can be made as discussed in section 5.1. With
CH1 as the phase reference in Figure 4.5, the algorithm for
calculating the system phase shift is
®sys =

"

" ®B +

+

®D +

+ ®F + ®G + ®H

4.3.5

where
0A = phase shift between CH1 and directional coupler
0B = phase shift between main-line port and coupling port of
the directional coupler
0c = phase shift in RG-8/U coaxial cable from directional
coupler to transmitting antenna
0D = phase shift due to transmitting antenna
0e = phase shift due to receiving antenna
0p = phase shift due to amplifier
0q = phase shift due to total length of receiving cable
0h = phase shift due to bandpass filter

The phase shift of each of these terms is with respect to the
main -line forward voltage at the directional coupler which acts as
the phase center for all measurements. By selecting CH1 as a phase
reference point in the system, only the phase terms 0a and 0b have to
be phase advanced in order to shift the phase reference point to the
phase center at the directional coupler. The minus signs are used to
indicate the phase advance of 0a and 0b . The remaining phase terms
in equation (4.3.5) are added since they represent a phase delay from
the phase center to CH2. A simplified schematic diagram of the

phase sign convention is shown in Figure 4.11 with CH1 as the phase
reference.

Phase Delay
Phase advance

Generator

T
Phase Center at
Directional Coupler

o
CH1 as
Phase Reference

CH2

FIGURE 4.11. Simplified Schematic Diagram Of Relative
Phase Changes Between CH1 And CH2

The terms 0a , ©c » ancl 0G are based upon the length of the
coaxial cable, its corresponding phase velocity, and the frequency of
operation. As an example calculation , consider a 19.1 meter length
of RG-8/U coaxial cable that has a phase velocity of .6685c (c is the
speed of light) at 15 MHZ :

0A = BA la

4.3.6
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yields

0^ = 2nc La = 2 it c
* 19.1
Wph8
20(.6685c)

or

0A = 8.976

radians

or

0a = 514.3

degrees

yields

6a = 154.3

degrees

4.3.7

The phase shift in elements C and G are calculated in same manner.
The parameters in equation (4.3.7) that define the phase
constant of t h e c o a x i a l c a b l e ( B a ) a r e X , c , a n d V p h 8 ; t h e t e r m , X ,
is the free space wavelength (c/f , where f is the frequency), c is
the speed of light (2.99792458 x 108 m/s ), and Vph8 is the phase
velocity of an electromagnetic wave in RG-8/U coaxial cable that
has to be experimentally determined. The equipment arrangement in
Figure 4.6 was used to determine Vph8 •
In Figure 4.6, the cable length L1 has been made shorter than
the cable length L2 in order to induce a phase delay that is
proportional to the difference in the cable lengths. Assuming the
power splitter acts to perfectly synchronize the phase on both
cables , the phase velocity is calculated as

AL = L2 - L1
AT
Tt

4.3.8

where Tt is the time between an arbitrary voltage peak on CH1 and
the subsequent voltage peak on CH2 (to the right of CH1). If L2 is
longer that L1 by several wavelengths, then the total phase delay is

Tt = nT + Ttf

4.3.9

where n is the integer number of wavelengths, T is the period of a
cycle, and Tj is the phase delay measured on the oscilloscope in
units of time (seconds). Actually, Tt can be approximated from the
fact that the nominal phase velocity for RG-8/U is 0.66c,. therefore

T, = (L2 - L1) .66c

4.3.10

Dividing Tt in equation (4.3.10) by T and truncating the fractional
part gives the value of n. With n and
known, an accurate value for
Tt is calculated with equation (4.3.9). The actual phase velocity may
then be calculated as

Vph = L2 - L1 m/s
Tt

4.3.11

which has been determined to be 0.6685c for RG-8/U coaxial cable.
The phase shift in the directional coupler, Qq , was measured
with the equipment arrangement shown in Figure 4.7. It was found to
be 180°±1°for both the ZFDC-20-3 and ZFDC-10-1 at 15 MHZ.
The phase shift in the transmitting antenna ( 0p) is determined
by finding the phase difference of V|_+ and Vl at the antenna, as
shown in Figure 4.11. The voltage, V0+, is the forward voltage
measured with the directional coupler and is related to Vl and V[_+
through the following equations:

and

Vl+ = V0+ e_aL e~iBL

4.3.12

VL = VL+ + r L VL+

4.3.13

The reflection coefficient, T|_, has been determined a priori,
therefore the phase shift due to the transmitting antenna is simply
the phase angle of V|_+ subtracted from the phase angle of V[_. That
is,

e D = z v u - z v L + = z (1 + r L ) .

4.3.14

V,

v:

<1

oVl

V„

6

V,

0
[>

FIGURE 4.12.Simplified Circuit Representation of Voltage
Generator In-Line with the Transmitting Antenna

The value of 6q calculated in equation (4.3.14) is added directly into
equation (4.3.5). Unlike the phase shift in coaxial cable, which has a
fixed sign associated with its phase, 6p can have a positive or
negative value. A positive value of 6p corresponds to an antenna
impedance that is inductive while a negative value corresponds to an
antenna impedance that looks capacitive. According to the sign
convention set up for this system, a phase lag induced in the system
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will result in a phase that would be added in equation (4.3.5), except
for the phase shift in elements A and B. The exception to this rule is
at the transmitting antenna, where the radiation is the result of a
changing current distribution on the antenna. The voltage and its
relative phase with respect to the current, only determine the power
that is dissipated in the antenna impedance (Pj). Therefore, an
antenna with a capacitive impedance at it's feed-point causes a
phase advance in the overall system because the current is leading
the voltage.
The phase shift in the receiving antenna (0g) may also have a
positive or negative value of phase shift, depending on whether the
antenna impedance looks inductive or capacitive, respectively. The
circuit in Figure 4.9 is used to derive 0e . It is calculated with
equation (4.2.14), repeated here for convenience;

VR = V2 [(50 + ZL)/50]

4.2.14
/

The phase shift 6E, is the phase difference between VR and V2 and
is evaluated with the bracketed term in equation (4.2.14). To more
clearly see 0^, equation (4.2.14) may be re-written as

VR = V2 K z e E

4.3.15

where

and

K = |(50 + 2L)/50|

4.3.16

0E = Z {(50 + ZL)/50 }

4.3.17

As mentioned earlier, the positive terms in equation (4.3.5)
refer to the phase lag in the system between the MLFVDC and CH2.
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Therefore, when 0g is positive it is added to equation (4.3.5), as it
/

corresponds to V2 lagging Vr. Alternatively, a negative value of 0e
is subtracted from equation (4.3.5).
The phase shift in the amplifiers and filter, 0p and 0h are
calculated at 15 MHZ with the equipment arrangement shown in
Figure 5.2; 0F is 11° and 6h is 64° . As these phase terms always
results in a phase delay , Gp and 0h are added in equation (4.3.5).
With the system phase shift accurately quantified (± 9°), the
phase shift through the earth (Bearth) 's calculated by finding the
difference between 6sys and the phase shift on the oscilloscope. The
equation for calculating ©earth ( 'n degrees ) is,

®earth - 360°(Tm/T)

.

0S y S

4.3.18

where Tm is the measured phase delay that the voltage at CH2 lags
the voltage at CH1 in units of time, and T is the period of a cycle.
Because 0earth may be several wavelengths plus a fraction of a
wavelength, 6earth may result in a negative number. In that case,
0earth must be re-calculated with the following equation :

©earth = 360O(T m /T) + 360° - 0 sys

4.3.19

dearth on'y represents the phase shift through the medium that
is a fractional part of a wavelength. Additional information is
needed to calculate the total phase shift through the medium when it
is more than a wavelength. For instance, 2 measurements of 0earth
with the spacing between the antennas varied will provide the
needed information. This subject is discussed in section 6.
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4.4 OUTLINE OF PROCEDURE FOR CALCULATING THE ANTENNA
IMPEDANCE.
The antenna impedance is calculated with the aid of the
equipment arrangement shown in Figure 4.8 (the BIRD model 4266
bi-directional coupler could also be used to determine the antenna
impedance, but was not considered for that purpose in this project).
Assuming the directional couplers are ideal (infinite directivity) the
antenna impedance is derived from a 3 step process : 1) the
reflection coefficient on the main-line is calculated , 2) equations
(4.2.9) and (4.2.10) are used to calculate the reflection coefficient
at the antenna and 3) equation (4.2.6) is used to calculate the
antenna impedance. Steps 2 and 3 have already been considered in
section 4.2 which leaves only step 1 to be discussed.
The ZFDC-20-3 and ZFDC-10-1 in Figure 4.8 are 3-port
directional couplers, manufactured by MINI-CIRCUITS, that are used
to couple a fraction of the main-line forward (V+) and reflected (V-)
voltages to CH1 and CH2 of the oscilloscope, respectively. With the
2FDC-20-3 coupling the forward voltage to CH1 (Vc+) and the ZFDC10-1 coupling the reflected voltage to CH2 (Vc~), the magnitude of
the reflection coefficient, |r|, referenced to the input port of the
ZFDC-10-1 is

|F| = log-1 {(20 loo Vr- 4 . 10.41 720}
log-1 {(20 log Vc+ + 18.4) 720}

or

|r| = log-1 {[(20 log Vc"/Vc+) - 8.0] / 20}

4.4.1

4.4.2

where 10.4 dB is the coupling of the ZFDC-10-1 and 18.4 dB is the
coupling factor used for the ZFDC-20-3. The actual coupling of the
ZFDC-20-3 is 19.4 dB; however, since the measurements are being
referenced to the input port of the ZFDC-10-1, the forward voltage
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suffers an approximate 1.0 dB insertion loss, which effectively
reduces the coupling to 18.4 dB.
The angle that the reflected voltage lags the forward voltage
(0O), also referred to as the phase angle of the reflection
coefficient, can be measured directly on the oscilloscope as

0o = (Td / T)360

4.4.3

where
is the measured phase delay between an arbitrary voltage
peak on CH1 (Vc+) and the subsequent voltage peak (to the right of
Vc+) on CH2 in units of time (seconds), and with T being the period of
a cycle. The direct measurement of 0O is valid, as the phase shift
(0B) in each directional coupler is the same (180°), as are the
lengths of coaxial cable between each coupler and the oscilloscope.
However, because Vc+ is referenced to the input of the ZFDC-20-3
and Vc~ is referenced to the input of the ZFDC-10-1, an approximate
3° correction is necessary to shift the Vc+ reference to the input of
the ZFDC-10-1 (the reference point for the reflection coefficient ).
The phase of the reflection coefficient is therefore
0 = (Td/T) 360 - 3

4.4.4

The minus sign in front of 0 in equations (4.2.7) and (4.2.10) is to
indicate that Vc" always lags Vc+ .
Note that equation (4.4.1) and (4.4.2) are based upon the
assumption that the directivity of both couplers is infinity. The
assumption is valid for the ZFDC-20-3 (the rated 33dB directivity,
together with a forward voltage that is typically 20 times larger
than the reflected voltage, results in almost an ideal directional
coupler); however, that is not the case with the ZFDC-10-1. For
instance, some typical values for Vc+ and Vc- observed with the
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antenna near resonance are .286 Vp.p and .132 Vp_p, respectively.
Assuming infinite directivity and neglecting insertion losses, the
forward (V+) and reflected (V-) voltage on the main line are
calculated as
V+ = 20 log Vc+ + 19.4
yields

V+ = 8.53 dB

or

V+ = 2.67 Vp.p

and

V" o 20 log Vc" +10.4

yields

V- = -7.19 dB

or

V" = .437 Vp.p

4.4.5

4.4.6

In the case when the finite directivity (33 dB, given in the
specifications) is included in the calculations, the actual voltage
that is coupled to CH1 is,
VC+

- VC1 + + v d ~

4.4.7

where Vc1+ is the coupled forward voltage and Vci_ is the coupled
reflected voltage due to the finite directivity of the ZFDC-20-3. The
forward voltage component is
Vc1+ = 20 log V+-19.4
yields
or

Vci + = -10.87 dB
Vc1+ = .286 Vp-p

and the reflected voltage component is

4.4.8
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Vc1" = 20 log V" - 19.4 -33
yields

Vc-j- = -59.6 dB

or

Vcr = .001 Vp.p

4.4.9

The coupled reflected voltage component is approximately 300
times smaller than the coupled forward voltage and may be
neglected, yielding Vc+= Vct+ . The voltage at CH1 is therefore,
virtually all coupled from the forward voltage (V+) and can be used
to very accurately quantify the amplitude and phase of the forward
voltage on the main line. The same, however, can not be said for the
reflected voltage (Vc") at CH2.
The voltage at CH2 is coupled from the ZFDC-10-1 which is
oriented on the main-line to couple only the reflected voltage ( V~ ) .
However, due to the finite directivity of the ZFDC-10-1 ( 33dB ), the
actual voltage that is coupled to CH2 is,
Vc" =

vc2- + Vc2+

4.4.10

where Vc2" is the coupled reflected voltage and Vc2+ is the coupled
forward voltage due to the finite directivity. The reflected voltage
component is
Vc2- = 20 log V- - 10.4
yields

Vc2" = -17.6 dB

or

Vc2~ = .132 Vp-p

4.4.11

and the forward voltage component is,
Vc2+ = 20 log V+ - 10.4 -33
yields

Vc2+ - -34.9 dB

4.4.12
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or

VC2+ = .018 Vp-p

Notice that Vc2+ is approximately 13 percent of VC2" and therefore
is non-negligible, which means the measured voltage at CH2 can not
be accurately approximated as VC2".
In order to accurately quantify VC2* equation (4.4.10) must be
rewritten as
Vc" cos(wt - 0) = Vc2" cos(wt) + VC2+ cos(wt - (J>)

4.4.13

which includes the phase angles of each of the voltages. There are
two unknowns in equation (4.4.13), Vc2" and <|>. The other parameters
are determined either with measurements or are calculated: Vc~ is
measured directly on CH2, 6 is calculated with equation (4.4.4) and
Vc2+ is calculated with equation (4.4.12).
Equation (4.4.13) is based on the assumption that both the main
line forward voltage and reflected voltage experience the same
phase shift from the main-line to the coupling port in the ZFDC-101. In other words, the phase relationship of the main-line forward
and reflected voltages is preserved at the coupling port even though
the forward voltage is significantly more attenuated than the
reflected voltage. Therefore, the forward voltage component, Vc2+ ,
is used as the phase reference, to be consistent with the phase
relationship of the main-line voltages.
The two unknowns in equation (4.4.13), VC2~ and (j>, may be
derived from the following two equations:

Vc" cos(-6) = VC2+ cos(0°) + Vc2" COS (-<}>)
and

Vc_ cos(60° -0) = Vc2+ cos(60°) + VC2" cos(60-<j>)

4.4.14
4.4.15
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which are simply equation (4.4.13) at two different instants of time.
Solving equation (4.4.14) and (4.4.15) for VC2" and <}> yields,
(J)=tan"1{ V»-f.5 cos Q + .866 sin

-Vr?+cos 60° - 0.5773}

4.4.16

.866( Vc-cos 0 - Vc2+ )

and

Vc2" = Vc- cos 0 - Vc2+

4.4.17

COS(()

The new equations for the magnitude and phase of the reflection
coefficient, which include the correction for the finite directivity
of the ZFDC-10-1 are

|r| = log-1{ [ 20log( Vc2- / V0+ ) - 8 ] / 20 }

and

0 = <j>

4.4.18

4.4.19

In order to see the significance of the correction, consider the same
values of Vc+ and Vc_ that were used earlier; 0.286 Vp.p and 0.132
Vp.p with a measured phase angle ( 0q) of 4.6°. Applying equations
(4.4.2) and (4.4.4) yields an uncorrected reflection coefficient of

run = .184 Z-1.60

and applying equations (4.4.18) and (4.4.19)
r cor = .159 Z-1.85°

4.4.20

yields
4.4.21
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Notice, that the magnitude of the reflection coefficient without the
finite directivity correction is approximately 16 percent larger than
the magnitude of the reflection coefficient that has the correction.
Because the difference is so large, rcor is always used in all the
calculations. The error in the impedance calculations using rcor
versus Fun is seen in Tables 5.1-5.4 .
The major difference between these two reflection coefficients
are seen in their magnitudes. The magnitude of the reflection
coefficient without the finite directivity correction (FDC) is
approximately 16 percent larger than the magnitude of the
reflection coefficient. The benefit of using rcor in lieu of run is
clearly seen in Tables (5.1 - 5.4). Each Table is a tabulation of the
impedance calculations made with a known load (100 ohms ||47 pf)
at the end of various lengths of coaxial cable. In Table 5.3, which
uses rcor , the calculated impedances (far right column ) are
obviously much closer to 100 ohms |[ 47 pf than the calculated
impedances (far right column) in Table 5.4 which uses run.
Unfortunately, even with the FDC there is still error in the
calculation. The accuracy of the impedance calculation and the
effect it has on quantifying ©earth » ^rec , ar|d PT are discussed in
section 5.
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5
measurement error

5.1 ERROR IN THE PHASE MEASUREMENT.
From equation (4.3.5) there are 8 different elements which
contribute a phase shift in the system and therefore 8 different
sources of error. With only a phase uncertainty of ± 2° per element,
the system would have a phase uncertainty of ±16°. To reduce this
cumulative type error it would be ideal if all the elements in the
system could be connected together in the same manner, as the
simple system shown in Figure 4.10, in order to determine the
system phase shift. Unfortunately, a single measurement of the
system phase shift is not possible for the system in Figure 4.5
because of the antennas.
The antennas are elements in the system that have phase shifts
which are dependent upon the antenna lengths and the environment
surrounding the antennas. So a measurement of the system phase
shift with the antennas separated a specified distance (the
receiving antenna at least 21 away from the transmitting antenna)
in free space will be significantly different than the system phase
shift when the antennas are in a lossy medium. Also, in the free
space measurement, there is the variation of the field intensity as a
function of the antenna distance above the earth (due to reflected
waves from the ground that interfere with the direct path waves
between transmitting and receiving antennas), which adds a very
large unknown in the free space calibration of the system phase
shift.32 Therefore, the system phase shift has to be determined by
measuring at least the phase shift due to the transmitting antenna,
the receiving antenna, and the lumped sum of the remaining
elements. In this project, the gain of the amplifier was to large to
lump all the system elements together (excluding the antennas) for a
single phase measurement. So the phase shift of the amplifier has to
be determined separately. In fact, the combined phase shift of the
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amplifier and 15 MHZ bandpass filter were measured as the fourth
source of phase shift in the system. The coaxial cable in combination
with the directional coupler are the third source of phase shift, and
the two antennas are the first and second source of phase shift in
the system. These four sources of phase shift result in four sources
of phase error.
The phase shift of the transmitting and receiving antennas, 6d
and 6e , are a function of the antenna impedance. Once the antenna
impedance is known the phase shift of the transmitting and
receiving antennas can be found with equations (4.3.12) and (4.3.19),
respectively. However, these impedance measurements are not exact.
Therefore, the first question to ask is "How accurate are the
impedance measurements?" and the second question to ask is "What
is the approximate error in 6d and 0e corresponding to less than
perfect impedance measurements?".
To answer the first question, Tables 5.1-5.4 were developed for
both types of coaxial - RG-8/U and RG-213. All the impedance
values in these tables are derived from measurements made with a
100 ohm resistor in parallel with a 47pf capacitor soldered to the
end of the coaxial cable, whose length is specified in the tables.
Ideally, when the phase velocity (Vph) and attenuation constant (a)
are accurately chosen for the specified coaxial cable, the calculated
impedance will be 100 ohms || 47pf for all lengths of coaxial cable.
However, because there is a small parasitic series inductance
(=30nH) and fringing capacitance (=8pf), a more accurate value for
representing the load as a discrete resistor in parallel with a
capacitor is 97 ohms || 54pf.
Tables 5.1 and 5.3 represent the impedance values calculated
which include the correction for finite directivity when the load is
at the end of RG-8/U and RG-213 coaxial cables, respectively. Tables
5.2 and 5.4 represent the impedance values calculated without any
correction for finite directivity and may be compared directly with
Tables 5.1 and 5.3 , respectively, to see the effect of not applying

TABLE 5.1. Load Impedance Calculated Which Uses Correction For
Finite Directivity with Directional Couplers
2FDC-10-1 and ZFDC-20-3 Positioned L Meters From
the Load of 100 ohms |j 47pf at End of RG 8/U "Coax"
Atten.(dB/100')

0.75

Phase Vel.(x C)

0.669

L (meters)
58.63

ohms

0.76

pf

87.9 || 55

6.553

92.4 || 56

19.49

0.672
ohms | pf
81.6 || 73

0.76

0.90

0.6685

0.6685

ohms

pf

89.1 || 52

ohms

pf

92.8 || 54

91.7 || 58

92.6 || 56

93.0 || 56

95.2 || 56

93.0 || 62

95.6 || 55

20.25

96.5 || 52

94.4 || 59

96.9 || 51

98.0 || 52

39.37

93.7 || 59

89.1 || 72

94.6 || 56

98.0 || 58

97.0 || 55

TABLE 5.2.Load Impedance Calculated Which Doesn't Use Finite
Directivity Correction with the Directional Couplers
ZFDC-10-1 and ZFDC-20-3 Positioned L Meters From
the Load of 100 Ohms || 47pf at End of RG-8/U "Coax"
Atten.(dB/100')

0.75

Phase Vel.(x C)

0.669

L (meters)
58.63

ohms

0.76

pf

89.0 || 67

6.553

96.4 || 5 9

19.49

99.6 ||

0.672
ohms

pf

81.4 || 87

0.76

0.90

0.6685

0.6685

ohms

pf

90.5 || 64

ohms

pf

94.5 || 67

95.7 || 62

96.6 || 59

97.1 || 59

62

97.1 || 69

100 || 61

102 || 61

20.25

101 || 54

98.5 || 61

101 || 53

103 || 53

39.37

98.4 || 66

92.9 || 80

99.5 || 64

103 || 65

TABLE 5.3. Load Impedance Calculated Which Uses Correction For
Finite Directivity with Directional Couplers
ZFDC-10-1 and ZFDC-20-3 Positioned L Meters From
the Load of 100 ohms || 47pf at End of RG-213 "Coax"
Atten.(dB/100')
Phase Vel.{x C)
L

(meters)

34.67

0.67
0.669
ohms

pf

93.1 || 60

7.899

94.9 || 6 2

77.54

0.672
0.672
ohms

pf

89.0 || 73

0.76

0.75

0.672

0.669

ohms

pf

90.5 || 73

ohms

pf

94.6 || 61

94.0 || 65

94.4 || 66

95.3 || 63

90.6 || 43

83.2 || 68

86.1 || 70

93.5 || 44

3.866

90.8 || 53

90.4 || 55

90.5 || 55

91.0 || 54

75.874

96.3 || 51

87.5 || 78

90.8 || 80

99.9 || 52

87.21

95.8 || 45

86.4 || 75

90.1 || 78

99.7 || 46

TABLE 5.4. Load Impedance Calculated Which Doesn't Use Finite
Directivity Correction with the Directional Couplers
ZFDC-10-1 and ZFDC-20-3 Positioned L Meters From
the Load of 100 Ohms || 47pf at End of RG-213 "Coax"
Alten.(dB/100')

0.67

Phase Vel.(x C)

0.669

L

(meters)
34.67

ohms

pf

92.6 || 57

7.899

94.3 || 6 0

77.54

0.672
0.672
ohms

pf

88.8 || 69

0.76

0.75

0.672

0.669

ohms

pf

90.2 || 70

ohms

pf

94.1 |] 58

93.4 || 63

93.7 || 64

94.6 || 61

84.5 |I 53

76.4 || 78

78.7 || 81

87.0 || 51

3.866

86.0 |l 63

85.6 || 64

85.7 || 64

86.1 || 63

75.874

89.8 || 49

82.0 || 74

84.6 || 76

92.7 || 50

87.21

103 || 45

92.4 || 77

96.8 || 80

107 || 46

the correction.
In Table 5.1, the column with the attenuation constant of 0.9
dB/100' and phase velocity of 0.6685c corresponds to the most
consistent impedance values which are close to the true load
impedance of 97 ohms || 54pf for a variety of RG-8/U coaxial cable
lengths. Therefore, the attenuation constant of 0.9 dB/100' and
phase velocity of 0.6685c have been used to characterize RG-8/U
coaxial cable. The other combinations of attenuation constants and
phase velocities in Table 5.1 illustrate more than one cable length
should be used in deciding on what the best combination of a and Vph
will yield the most consistent impedance calculations.
The impedance values in Table 5.2 illustrate the loss of
accuracy and consistency of the impedance calculations when the
correction for finite directivity in the ZFDC-10-1 is not used. The
value of the parallel resistor in the far right column in Table 5.2
ranges from 94.5-103 ohms while in Table 5.1 the corresponding
parallel resistance ranges from 92.8-98 ohms. Also, the parallel
capacitance in the far right column of Table 5.2 ranges from 53-67
pf while in Table 5.1 the corresponding capacitance varies from 5258 pf. There is a definite improvement in the accuracy and precision
of the impedance calculations when the correction for finite
directivity is employed.
In Table 5.3, the attenuation constant of 0.75 dB/100' and phase
velocity of 0.669c in the far right column correspond to the
impedance values which are most consistently near the nominal load
impedance of 97 ohms (| 54 pf for several arbitrary lengths of RG213 coaxial cable. Therefore, the attenuation constant of 0.75 dB/m
and phase velocity of 0.669c are used to characterize the RG-213
coaxial cable.
Even though the correction for finite directivity improves the
accuracy of the impedance measurements, there is still a small
degree of error in the impedance measurements. The amount of error
in 0q and 9^ caused by the error in the impedance measurement is
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shown in Figure 5.1. The curves in Figure 5.1 represent different
parallel combinations of resistors and capacitors that are plotted as
a function of the phase error (degrees) in the system. The impedance
100 ohms || 50 pf corresponds to 0° phase error so that if Gp or 0e
were calculated using 100 ohms || 50 pf as the antenna load
impedance there would be 0° phase error introduced in the 0SYSImpedance values other than 100 ohms || 50 pf which are
representative of impedances that may actually be calculated (see
Section 4.4) are plotted in Figure 5.1 to indicate what kind of phase
error an incorrect calculation of antenna impedance will yield. The
small error in antenna impedance calculations as observed in Tables
5.1 & 5.3 , typically causes a phase error of ± 10 or at most ± 2° .
Therefore, the maximum error in the phase shift of the system due
to the receiving and transmitting antennas is ± 4° .
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FIGURE 5.1. Plot Of Antenna Load Impedances As A Function Of
Phase Error In Gp Or 0£ Which Is 0° When The Load
Impedance Is 100 ohms || 50 pf
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This still leaves six elements that can contribute phase error in
the system. To reduce the cumulative error that results from adding
the individual phase errors, four of the elements are combined as
shown in Figure 4.10 to determine the combined phase error of 0a +
©B + 0c + eG • The phase error in the other two elements, Op and 0h ,
are determined with the equipment set-up shown in Figure 5.2.

Power

Attenuator

DC
Power
Tektronix
2430A

HP
3200B
Amplifier

^
15 MHZ
Bandpass
Filter

1 —CH1

CH2

FIGURE 5.2. Schematic for Measuring Phase Shift and
Attenuation in Amplifier and Filter

The calculated phase shift in the system shown in Figure 4.10
with CH1 as the phase reference is

e SYS5.10

or

= - 0A • 0B + eC + 0G

5.1.1
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0SYS4.1O =--22LXLU -N +
*-Vph8

C Lc
^Vph8

+ 2K

C LG

5.1.2

^Vph213

where
®SYS4.1 o = calculated phase delay of the voltage at CH2
laggging the voltage at CH1 (radians)
La = length of coaxial cable between CH1 and directional
coupler = 19.1 m
Lc = length of coaxial cable between directional coupler
and female-to-female connector = 64.4 m
Lq = length of coaxial cable between female-to-female
connector and CH2 of oscilloscope = 86.7 m
Vphs = calibrated phase velocity in RG-8/U coaxial cable
is 0.6685c
Vph2i3

=

calibrated phase velocity in RG-213 coaxial cable
is 0.669c

X = wavelength @15 MHZ = 20 meters

Solving equation 5.1.2 results in 0SYS4.1O = 58.86 radians or 0SYS4.IO
= 132.5°. When elements A, B, C, and G were connected as shown in
Figure 4.10 and the cables were lowered approximately 40 meters
into a mine shaft at San Xavier, the measured ©SYS4.10 WAS 1360 »
yielding a phase difference of 3.5° between the measured and
calculated phase. With the cables lowered about 25 meters into the
mine shaft, the measured 0SYS4.1O WAS 133.9° resulting in a phase
difference of 1.5° between measured and calculated phase, which
shows the phase shift in the cable is not a constant. It is dependent
on the physical stresses that may be applied to the cable such as
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tension, bending, temperature, etc. Bending (i.e., coiled cable on a
spool) is found to have the most effect on the cable properties, with
tension and temperature thought have little effect (at 15 MHZ).
However, a quantitative study has yet to be performed detailing the
effects of physical stresses on the cable.
Based on the difference between the measured and calculated
values of 0SYS4.1O . a safe estimate for the combined phase error of
6a , 0b . ec . anc*
is ± 4° when the transmitting and receiving
antennas are between 25 and 40 meters in the borehole. The phase
error may be improved by using the average measured 0SYS4.1O of
135° as the reference, thereby improving the combined phase error
of Ga . 0b » ec . ancJ eG t0 easily within ± 2° .If measurements are to be
made at depths which require more than 40 meters or less than 25
meters of coaxial cable spooled off the reels, then further
measurements of 0SYS4.IO would be desirable corresponding to the
appropriate interval.
The Allen 50DA127 attenuator is used in the phase shift
measurement in order to keep the amplifier input voltage small
enough to avoid distortion in the amplifier output voltage while
maintaining the reference voltage at CH2 large enough for detection.
The Allen 50DA127 attenuator is particularly nice, because it has a
constant phase shift (@ 15 MHZ) no matter what level of attenuation
is being used. That means, the phase delay due to the amplifier is
simply the difference in the measured phase shift between CH1 and
CH2 with and without the amplifier in the circuit irregardless of the
dB attenuation. The phase delay of the filter was also measured by
simply finding the difference in the phase shift between CH1 and
CH2 with and without the filter in the circuit. The phase shift due to
the amplifier and filter were measured to be 11° and 64°,
respectively, with an aprroximate phase error of ± 10 for each
measurement.
Now that the phase error from all the elements in the system
have been quantified, which are summarized in Table 5.5, the

optimum system phase error may be written as ±8°. Actually ,
because of the potential error in the data acquisition (± 1°), due to
uncertainty in locating the exact position of the voltage peaks, a
more realistic value of phase error in the system is ± 9 ° .

TABLE 5.5. Summary of Phase Errors in the System
Element
A+B+C+G

Phase Uncertainty
± 2°
0

D

±2

E

±2°

G

±1°

H

±1°

* The phase uncertainty of elements A,B.C. and G is ± 2° only
when these elements are connected together as in Figure 5.10
and the measured phase shift of this subystem is used in
place of the calculated phase shift from elements A,B.C. and G.

5.2 ERROR IN THE CALCULATION OF TRANSMITTED AND
RECEIVED POWER.
There are three sources for error in calculating the transmitted
power and four in the calculation of the received power. The
transmitted power is calculated with equation 4.2.2, which is based
on the transmitting antenna impedance, the attenuation of the
voltage in the coaxial line extending from CH1 of the oscilloscope to
the feed-point of the antenna and the coupling factor of the
directional coupler. The received power calculated with equation
4.2.13 is based on the receiving antenna impedance, the attenuation
in the coaxial line extending from the antenna to CH2 of the
oscilloscope, the attenuation in the bandpass filter and the gain of
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the amplifiers. All of the factors leading to the calculation of the
transmitted and received power contribute some degree of error.
The error in the transmitted power (Pj) is estimated as ± 0.4 dB,
where ± 0.1 dB is due to the error of the RG-8/U coaxial cable
attenuation constant (Table 5.1, a = 0.9 dB/100') and ± 0.3 dB is due
to error in the calculation of the transmitting antenna impedance.
The error in the coupling factor of the directional coupler is
neglected, because it is only a couple of hundreths of a dB and
negligible relative to the error in the other components. The ± 0.1 dB
error is derived from Table 5.1 which indicates there is still some
error in the attenuation constant of 0.9 dB/100', as the impedance
values in the far right column are not all equal to 97 ohms || 54 pf .
The ± 0.3 dB is based on the difference between the values of Py
that are calculated from equation (4.2.2) with an antenna impedance
of 100 ohms || 50 pf versus an impedance of 97 ohms || 55 pf. The
value of VL+ is the same in both calculations. The impedance of 100
ohms || 50 pf represents the true antenna impedance and 97 ohms ||
55 pf is an estimate of the antenna impedance that would be
calculated corresponding to maximum error.
The error in the received power is estimated as ± 0.6 dB, where
±0.1 dB is due to the RG-213 coaxial cable attenuation constant
(Table 5.3, a = 0.76 dB/100') used for calculating the attenuation in
the coaxial cable, ± 0.3 dB is due to the receiving antenna impedance
and ± 0.2 dB is due to the combined error of the 15 MHZ bandpass
filter and amplifier. The ± 0.1 dB error is derived from Table 5.3,
which indicates there is still some error in the attenuation constant
(a = 0.76 dB/100') as the impedance values in the far right column
are not all equal to 97 ohms || 54 pf . The ± 0.3 dB error is derived in
the same manner as the ± 0.3 dB error that was derived for the
transmitting antenna. The ± 0.2 dB was estimated from attenuation
and gain measurements with the filter and amplifier, respectively.
The equipment set-up in Figure 5.2 was used to make the
measurements.
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TABLE 5.6. Summary of Measurement Error in Calculations
of Transmitted and Received Power
Attenuation or Gain Uncertainty (dB)

<

.03

Received Power
-

B

A

A

Transmitted Power
o
tn

ELEMENT

C

± .1

-

D

± .3

_

E

G
H
TOTAL

± .3

-

F

-

-

±•1

-

± .1

-

± .1

±.4 dB

± .6 dB

The attenuation between the transmitting and receiving
antennas is the difference between the power transmitted and power
received. The error in the attenuation is comprised of the error in
both Pj and Prec. Therefore, the error in the calculated attenuation
between the transmitting and receiving antennas is ± 1.0 dB which
serves as a figure of merit for the system. The measurement error
for both the transmitted and received power is summarized in Table
5.6.
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6
FRIlS TRANSMISSION FORMULA IN A LOSSY MEDIUM

6.1 REVISION OF TERMS IN THE FRIlS TRANMISSION FORMULA.

The Friis transmission formula shown below for convenience

Prec = (PT/47rr2) GT (Pn)4 Aer e-2otr

2.3.7

applies to antennas both in free space and in a lossy medium.
However, in a lossy medium it is considerably more difficult to
identify the terms Prec , Pj , Gj , Pn. and Aerthan in free space
because of the interaction between the current on the antenna and
the induced conduction currents in the lossy medium.
From King's work, the expression for the electric far-field
(equation 2.5.1) of an insulated antenna in a low-loss or lossless
medium were developed, which allow approximations for Gj and Pn
even though the medium may be significantly conductive.
The effective aperture, Aer , of an antenna in a lossy medium is
calculated with equation (2.3.12). The wavelength used in equation
(2.3.12) corresponds to twice the antenna length at the approximate
resonant length of the antenna. The calculation of the Poynting
vector is based on the effective conductivity and permittivity of the
medium, which are calculated with equations (6.1.4) and (6.1.5). An
example calculation of the effective aperture is shown in the
appendix.
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I Lossy Medium I

[Region of lossy medium which acts as outer conduch

ISIeeve Antenna acting as inner conductor of theoretical coaxial line

a)

d

IDRTL
ZQ= 50 ohms
33-

CL
b)

FIGURE 6.1. (a) Diagram Of Insulated Antenna As The Center

Conductor Of A Theoretical Coaxial Line With The Outer Conductor
Corresponding To One Skin Depth Into The Medium, (b) Circuit
Representation Of Transmitting Antenna Including Both Radiation
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(ZT) And Heat Loss lmpedance(RxL).
In order for equation (2.3.7) to be valid, the terms Py and Prec
must represent the true radiated power and the true received power.
In lossy mediums, however, the power that is dissipated in the
transmitting antenna impedance, as defined by equation (4.2.2), does
not represent radiated energy entirely, but also includes the energy
that is lost as heat near the antenna. Most of the heat loss will
occur within a skin depth in the medium, l/a4 , as shown in Figure
6.1(a). Therefore, Pj, calculated in equation (4.2.2) for an insulated
antenna in a lossy medium cannot be substituted directly into the
Friis transmission formula in order to calculate a4 . Nor can the
received power of an antenna in a lossy medium calculated with
equation (4.2.13) be substituted directly in the Friis transmission
formula.

a

2>
R RL
Z0= 50 ohms

a

JB-

FIGURE 6.2 Circuit Representation Of Receiving Antenna Including
Both Radiation (ZR) And Heat Loss Impedance (RRL)

The circuit representation of the transmitting antenna is shown
in Figure 6.1(b), which uses the resistor RTL to represent the lost
power in the near field of the antenna. The corresponding schematic
of the receiving antenna with resistor Rrl representing the heat
loss, is shown in Figure 6.2. When the receiving and transmitting
antennas are constructed in an identical fashion and the medium is
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homogeneous, the percentage of power dissipated in the near field of
the receiving antenna is the same as the percentage of power
dissipated in the near field of the transmitting
antenna. Thus,

and

Prad = k Pj

6.1.1

Prrad - Prec ^ k

6.1.2

where
Prad = true radiated power (Watts)

Pj = power lost in transmitting antenna calculated
with equation 4.2.2 (Watts)
prrad

-

true

received power (Watts)

Prec = received power calculated with equation
(4.2.13) (Watts)

k = efficiency factor between 0 and 1
(dimensionless)

Substituting Prad and Prracj from equations (6.1.1) and (6.1.2) into
equation (2.3.7) as PT and Prec , respectively, yields
Prec = k2 (PT/47tr2) GT(Pn)4 Aer e-2cer

6<1.3

The above equation has two unknowns: k and a. Equation (6.1.3) can
be reduced to one equation with with one unknown if the term a is
calculated by some other means.
One way to calculate a without use of equation (2.3.7) is with

the following equations:33

and

a = co 0IE6)1/2 [(1 + (oe/coee)2 )1/2 - 1 W ]1/2

6.1.4

(cye/coee)2 )1/2 + 1 )/2 ]i'2

6.1.5

p = co (nee)i/2 [(1

+

which give the attenuation and phase constant of the medium as a
function of the frequency, permittivity, and conductivity. In many
situations, the low frequency conductivity of the medium is known,
and the phase constant, p , is readily available. Therefore, equation
6.1.5 can be easily solved for the permittivity, ee , with good
accuracy, assuming the low frequency conductivity, oe , doesn't
change much at the frequency of interest.34 With ee and ae known,
they can be substituted in equation (6.1.4) to determine a .
Subsequently, substituting a in equation (6.1.3) will give an
approximate value of k. Once k is available, Pracj and Prra{j can be
calculated with equations 6.1.1 and 6.1.2, respectively.
It so happens, that the low-frequency conductivity in boreholes
#H4 and #H12 is available from resistivity logs that were made by
an independent logging company.35 In particular, the resistivity
@41 meters in borehole #H4 is 60 ohm-m or it's reciprocal, the
average conductivity is 0.0333 siemens/m. Also, from the crossborehole measurements taken between boreholes #H4 and #H12 @
56 m, the phase constant of the medium was estimated as 1.82
radians per meter at 15 MHZ. Thus, substituting ee = 0.033, p = 1.82,
co = 2n x 15 MHZ, JJ. = 4 n x 10*7 into equation (6.1.5) results in the
calculated value for ee of 1.914 x 10-9 F/m. Or dividing ee by e0= 8.85
x 10*12 gives the effective dielectric constant of the medium as (er)e
= 21.6. With ee and <je known, the attenuation constant of the
medium is calculated from equation (6.1.4) as 1.085 nepers/m (9.42
dB/m).
To calculate the value of k corresponding to a = 1.085, the

following parameters were substituted in equation (6.1.3): Prec =
7.6E-09 watts (Table 7.6), Pj = 28.9 watts (Table 7.6),
= 3.5m2
(Appendix), and Gj = 2.2 (Appendix). The resulting value of k is 3.32,
which indicates the value of a substituted in equation (6.1.3) is
incorrect, because k can only have values between 0 and 1. The
reason this approach fails to give a reasonable value for k, is that
the value of conductivity used to calculate the attenuation constant
is localized in the immediate vicinity of the borehole (from
commercial logs), which of course, may be different than the
average conductivity of the medium between the boreholes in a
heterogeneous environment. As it turns out, the most representative
values of the medium's conductivity and dielectric constant that
were calculated from differential measurements (derived from the
values a4 = 0.9348 nepers/m and p4 = 1.71 rad/m which are found in
section 7.4) were 0.027 siemens/m and 20.75, respectively.
Substituting 0.9348 nepers/m in equation (6.1.3), along with the
other parameters specified above, results in a value for k equal to
0.84, which means that 16% of the power absorbed in the antenna
impedance is lost as heat in the near-field of the antenna while the
other 84% is radiated power. In a medium that is virtually
homogeneous, either procedure should yield approximately the same
value of k, however, such is not the case at San Xavier Mine.
The purpose for going to this much trouble to find k and
subsequently Pracj and Prrad> is to provide the most accurate
estimate of radiated and received power to implement
geotomography reconstruction algorithms. The error in Pracj and
Prrad "s estimated to be between 1 and 2 dB. Even though the terms,
Prad ancl Prrad > have 2 to 3 times more error than the corresponding
terms, Pj and Prec , they provide a good estimate of the true
radiated and received power, respectively.
As a final matter of interest, the phase constant, p4 , for the
medium is calculated by first adjusting the lengths of the
transmitting and receiving antennas until they are both

approximately at their resonant length. Secondly, a phase
measurement, ©earth (see equation 4.3.20), with the receiving and
transmitting antenna at the same depth should be recorded.
Considering the total phase shift is (r\*2iz + 0earth). th©re is still the
value of the integer n left to determine. Therefore, the final step is
to move the receiving antenna up the borehole until a significant
change in the phase measurement, 0earth , has occurred. The
approximate phase constant of the medium may be calculated as

P4 = ^Jiearth
Ar

radians/meter

6.1.6

where A 0earth 's the change in the phase measurements
corresponding to a change in the radial distance between the
transmitting and receiving antennas , Ar . The value of n is then
derived from the equation
n = integer[ p4r/(27c) ]

6.1.7

where the remainder of the term on the right hand side of equation
(6.1.7) is truncated. With the value of n established, a more accurate
value of the phase constant of the medium is

p4 = n * 2n + Qearlh
r

6.1.8

where the value of 0earth should be measured with the transmitting
and receiving antenna at the same depth.

7
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RESULTS OF EXPERIMENTATION AT SAN XAVIER MINE

7.1 INTRODUCTION.

In making cross-borehole phase and attenuation measurements,
there are 4 potential sources of error that may lead to incorrect
measurements which are not representative of the medium. The most
obvious error source is from the system itself ( phase - ± 9°,
attenuation - ± 1.0dB). The other 3 sources of potential error may be
caused by the antenna: (1) when the sleeve antenna is constructed
with different diameter pieces of pipe (as in Figure 2.1), the
electromagnetic energy may be non- symmetrically radiated, (2)
eccentering the sleeve antenna in the borehole may significantly
affect the gain of the antenna36, and (3) a substantial amount of the
energy absorbed by the antenna may be lost as heat near the antenna
reducing the amount of actual radiated power (Pj) or the received
power (Prec) 's actually larger than what has been calculated. These
3 sources of error have been determined experimentally at San
Xavier at a frequency of 15 MHZ and are discussed in the subsequent
paragraphs.
7.2 COMPARISON OF ASYMMETRIC AND SYMMETRIC ANTENNAS.

In order to determine if there is any significant difference in
the phase and attenuation measurements that are made with
symmetrical versus asymmetrical antennas, cross-borehole
measurements were taken between boreholes #H4 and #H12 as
shown in Figure 7.1. One measurement was with an asymmetric
antenna and the other with a symmetric antenna, where both were
centered in borehole #H4 at a depth of 23.5m. The receiving antenna,
at a depth of 23.5m in borehole #H12, was unaltered during the
measurements which makes the transmitting antenna impedance and
transmitted power (PT) as the only variables in a comparison
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NOTE: All depths are referenced to surface of wellbore #H4 |
Yaesu
FT-747GX

18.78m (RG-8/U)

DC Power
Injection

Bird
Model 4266

2>5 ^HZ
Banc",ass Fil,er

Tektronix
2430A

'--rb—

///////g/A

7777777777777*
66.36m(RG-8/U)

77777777777777
88.53m(RG-213)

23.5rn
3" Dia. Ferrite

Bead

58.5dB Gain Amplifier
I - Stanard 1" Dia.

Ferrite Bead
#H1 2

( Transmitter borehole in
which symmetric & asymmetric
antennas where tested )

( Receiver borehole with
symmetrical antenna centered
& held constant for all measurements)

FIGURE 7.1. Equipment Set-up at San Xavier Mine for Comparing
Asymmetrical and Symmetrical Antennas as well as
Comparing the Effect of a Centered Versus Eccentered
Antenna in Cross-borehole Measurements
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of the two antennas. The antenna impedances are tabulated in Table
7.1 and the results of the cross-borehole measurements are
tabulated in Table 7.2.
TABLE 7.1. Impedance Measurements of Asymmetric & Symmetric

Antennas Centered in Boreholes <3> Depth of 23.5m
Cable
Raw Data
Type Transmitting
LenglhX^
(mineable
Antenna
CHIfnVfo) CH2(m\^p) Delay(ns; Jr Type
Asymmetric*

Symmetric"

144

138.4

82.4

70.4

22.4

17.4

61^i£

/

8/U

Z^ohms)

0D

0
92.7Z-26 - 9 . 3 °

61.79/
o
>*RG97.2^-7.1 - 2 . 5
X 8/U

* Antenna Centered in borehole & 22 feet In length
" Antenna Centered in borehole & 21 feet in length

In Table 7.1, it is interesting to observe that the antenna
impedance of the asymmetric antenna is capacitive (needs to be
increased in order to achieve resonance) when it's length is 22 feet
while the symmetric antenna is nearly resonant at 21 feet. This is in
agreement with the findings of RWP King37, who showed
experimentally that the smaller the diameter of the antenna, the
longer the antenna at resonance. In this case, half of the asymmetric
antenna is built with 2" pipe and the other half with 1/2" pipe, so
it's resonant length is, not surprisingly, longer than that of the
symmetric antenna (constructed only with 2" pipe). Also, in Table
7.1 it is important to notice that 6d is -9.3° for the asymmetric
antenna and -2.5° for the symmetric antenna. This is the only place a
phase change in the system can be induced, so the phase difference
observed in the cross-borehole phase delay measurements should be
the same. And in fact, the difference in the cross-borehole delay
times is 9.7° (see Table 7.2), which is only 3° more than the 6.8
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TABLE 7.2. Cross-Borehole Measurements with Asymmetric &
Symmetric Antennas Centered in Boreholes @ Depth of 23.5m
Raw Data
PT
Type Transmitting
Antenna
CH1 fn\fcp) CH2(mVf3p) Delay(ns) ( W a t t s )
Asymmetric*

Symmetric**

(Watts)

AP
(dB)

3160

35.2

57.6

15.4

• 11
116.57
3.39x10

3120

35.4

59.4

15.7

-1 1
3.43x10

116.6

* Antenna Centered in borehole & 22 feet in length
** Antenna Centered in borehole & 21 feet in length

degrees that would be expected (based on the difference in the
values of Gp). With the phase uncertainty of ±2° for 8d, it is difficult
to say whether the 3° is due to error in the calculations or due to a
slightly different current distribution on the two antennas.
As far as the cross-borehole received voltage levels are
concerned, there is no distinguishable difference in the electric
field at the receiving antenna when a specified power is radiated
from either an asymmetric or symmetric antenna. In Table 7.2, the
difference between the power transmitted and received (AP) in
decibels is used to compare the two types of antennas. The
difference in the values AP for the asymmetric and symmetric
antennas is 0.03dB which is essentially negligible, because the
uncertainty in the calculation of transmitted power is ± 0.3dB.
Therefore, the only disadvantage of an asymmetrical antenna (at a
frequency of 15 MHZ) is that it may be several feet longer at
resonance than the symmetrical antenna, making it more awkward to
handle.
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7.3 THE EFFECT OF A CENTERED VERSUS ECCENTERED
ANTENNA ON CROSS-BOREHOLE MEASUREMENTS.

The same equipment set-up used for comparing asymmetrical
antennas with symmetrical antennas was also used to determine
how much cross-borehole measurements are affected by the
position of the antenna in the borehole. The transmitting antenna in
borehole #H4, was oriented in 3 different positions at a depth of
23.5m (the same depth as the receiving antenna) where impedance
measurements and cross-borehole measurements were made and
tabulated in Tables 7.3 and 7.4. The receiving antenna was centered
in borehole #H12 at 23.5m for all measurements.
In Table 7.3, the transmitting antenna impedance is shown to be
a function of the antenna position in the borehole, with a range of
98.8 to133 ohms in magnitude and -1.2 to 17 degrees in phase. The 1.2° indicates that the antenna is very close to it's resonant length
while the 17° phase indicates the antenna is longer than a halfwavelength and needs to be shortened in order to achieve resonance.
This is in agreement with the earlier statements in section 2, which
stated that by reducing the ratio b/a (b=borehole radius, a=antenna
radius) the phase constant, pL . would increase and therefore the
antenna resonant length would decrease. The effect of eccentering
the antenna is to reduce the ratio of b/a.
In Table 7.4, the antenna position also has a definite influence
on the amplitude of the electric field at the receiving antenna. The
largest effect is seen between the two antenna positions which have
two values of AP that differ by 2dB (117.1 -115.1), which represents
about a 20% variation. Notice, also that the variation may be larger
than 20%, since a measurement was not made with the transmitting
antenna positioned furthest away from the receiving antenna.
Therefore, the most accurate data in cross-borehole measurements,
which are repeatable, will be obtained when the antennas are
centered in the borehole.
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TABLE 7.3. Impedance Measurements of Symmetric Antennas

Centered & Eccentered in Boreholes @ Depth of 23.5m
Relative Antenna
Positions in
Boreholes

RX

TX

© ©
O

©

;TX)

138.4

70.4

17.4

( R X ) 133.6

80

5.3

(TX)

80.8

14.8

80

5.3

143.2

I R X ) 133.6

( R X ) 133.6

8/U
86.59 TLX''
J^RG- 78.1Z-31£
213
ei.7ft

^r

J^RG- 104^3.3° 2.2°
/ 8/U
86.597X^
RG- 78.1^-31°
213

125.6

13.2

61.79
^X^RG- 1 3 3 ^ 1 7 °
/ 8/U

80

5.3

86.597x^
Jx^RG- 7 8 . 1 Z - 3 1

OC

160

0
97.2Z-7.1 - 4 . 6

o

(TX)

eD

r*•

© ©

Cabla /
LengthX^
(mineable Zj(ohms)
CH1(Ti\fr) CH2(m^p) Delay(ns] y Type

Raw Data

TABLE 7.4. Cross-Borehole Measurements of Symmetric Antennas

Centered & Eccentered in Boreholes <§> Depth of 23.5m
Relative Antenna
Positions in
Boreholes

TX

Raw Data

PT

CHIfnVfrj) CH2(m\fo) Delay(ns)

(Watts)

P
r rec

AP

(Watts)

(dB)

RX
. -11

35.4

59.4

15.7

3.4 x10

116.6

O

©

3200

33.8

61.8

15.9

3.1 x1011

117.1

3280

40.8

60.4

14.9

4.6 x1011

115.1

©

©

o

©

3120
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A centered antenna has a radiation pattern which is
symmetrical both horizontally and vertically. An eccentered antenna
loses the horizontal symmetry which effectively increases the
antenna gain38. The trouble is that the gain changes with each new
position of the antenna in the borehole making it difficult to
generate repeatable data in cross-borehole measurements. RWP
King39 has shown that the degree to which the horizontal symmetry
is affected by eccentering the antenna is a function of the ratio of
the borehole radius (b) to the wavelength (*.4) in the medium. The
larger the radius, b, relative to XA , the larger the gain of the
antenna.Therefore, as
decreases due to an increase in
conductivity, permittivity, or frequency relative to the radius, b, the
gain will increase correspondingly for an antenna that is eccentered
in the borehole.
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7.4 DETERMINATION OF NEAR-FIELD LOSSES FOR AN
INSULATED ANTENNA IN A LOSSY MEDIUM.

When an insulated antenna is placed in a lossy medium all of the
power dissipated in the antenna impedance is not necessarily
radiated out into the medium, as would be the case in free space.
Some of the power will be lost as heat near the antenna, which
reduces the antenna

NOTE: All depths are referenced to surface of wellbore #H4
and all antennas are symmetric and centered in boreholes

18.78m (RG-8/U)

Bird
Model 4266

CH1

Tektronix
2430A

15 MHZ
Bandpass Filter

Yaesu
FT-747GX

DC Power
Injection

CH2

7777777777777

//////////A i
63.87m(RG-8/U)

53m

56m

58.5dB Gain Amplifier

83.5m(RG-213)

B- Standard 1" Dia.

Ferrite Bead

#H4

#1-112

9m

#H13

- 3" Dia. Ferrite
Bead

5m

FIGURE 7.2.Equipment Arrangement and Boreholes Used to

Determine the Medium's Phase & Attenuation Constants
and the Insulated Antenna Near-Field Losses
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efficiency (k < 1). In order to quantify the efficiency of the
symmetric sleeve antennas at San Xavier Mine, differential
measurements as well as cross-borehole measurements were made
between the 3 boreholes shown in Figure 7.2. The data from the
differential measurements are used to calculate an accurate value
for the attenuation constant, a4 , of the medium (see equation
2.3.18). This value of a4 is then substituted into equation (6.1.3),
along with the data from a cross-borehole measurement, resulting in
one equation with one unknown, k. Solving equation (6.1.3) for k
results in the antenna efficiency and therefore, the actual radiated
power can be derived as discussed in section 6.
The first step is to accurately determine the attenuation
constant in the medium from differential cross-borehole
measurements. With the receiving antenna placed in borehole #H4 at
a depth of 53m, the transmitting antenna was lowered to 56m (depth
which induced maximum voltage at receiving antenna) in borehole
#H13 and the Yaesu transceiver was adjusted to approximately 50
watts of output power which produced a detectable voltage at the
receiver. The transmitting antenna was then removed from borehole
#H13 and lowered to a depth of 56m (depth which induced maximum
voltage at receiving antenna) in borehole #H12 where the Yaesu
transceiver was again adjusted to approximately 50 watts of output
power. Even though the Yaesu output power is the same for both
antenna positions (see Table 7.6, CH1), the actual power dissipated
in the medium from the two antennas is slightly different. This is
due to the fact that the impedances of the antennas in boreholes
#H12 and #H13 are not the same (see Table 7.5). The impedance of
the antenna in borehole #H13 is such that it has the largest
reflection coefficient (rL) which results in less power transmitted
from it than from the antenna in borehole #H12. Specifically, 28.9
watts was dissipated outward from the antenna in borehole #H12
and 26 watts was dissipated outward from the antenna in borehole
#H13 , which is a difference of 0.46dB. This 0.46dB difference is
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important to know in differential measurements; it is used to
correct the appropriate received voltage so that both measurements
of received voltage can be said to have been generated by antennas
radiating at the same power level.
TABLE 7.5. Impedance Measurements of Symmetric Antennas
Centered in Boreholes Used in Differential Calculations
Cable ^
Length^
(mi^Cable Zj{ohms) ®D
Delay(ns)
Depth* CHIfTiNfo) CH2(m\£p)
< Type

#H 1 2

#H13

131.2

45.6

56m

124.8

41.6

3.2

56m

133.6

64

19.4

16.4

\*"J

53m

coxp

#H 4

V

Borehole

Flaw Data

o>

Antenna Position

86.59?^
/ 213

/

8/U

eE

C

79.1^3.6

2.2

c
66.3^-1 2 - 5 . 5
0
34.5^14° 5 . 0

* Alt depths are referenced to the surface of borehole #H4.

In Table 7.6, the received voltage (CH2) of 2.96 mVp_p
corresponds to 26 watts dissipated outward from the antenna in
borehole #H13. The received voltage (CH2) of 520 mVp.p corresponds
to 28.9 watts dissipated outward from the antenna in borehole #H12.
Adding 0.46dB to 2.96 mVp.p (-50.574 dB) results in an estimated
received voltage of 3.12 mVp.p had the antenna in borehole #H13
dissipated 28.9 watts of power into the medium. Therefore,
substituting V^S.12, Vo=520, r-j=14, and r0=9 into equation (2.3.18)
yields, a4 = .9348 nepers/m.

147
TABLE 7.6. Cross-Borehole Measurements with Symmetric Antennas
Centered in Boreholes Used in Differential Calculations
Raw Data
Relative Locations
of RX &TX Antennas CH1(n\fr,) CH2(m\^p) Delay(ns]
TX

PT

(Watts)

(Watts)

AP
(dB)

RX*

#H1 2

#H4

4080

520

29.0

28.9

7.6 X10 9

95.8

#H 1 3

#H4

4080

2.96

51.2

26.0

-13
2.4 x10

140.1

* The depths of the antennas correspond to the depths at which impedance measurements
were made in table 7.5.

Substituting this value of a4 in equation (6.1.3) along with
Prec=7.6x10-9 watts (Table 7.6), PT=28.9 watts (Table 7.6), Aer=3.5
m2 (derived in the appendix), GT=2.2 ( derived in the appendix), r=9m
(see Figure 7.2), and Pn= 1 (since,the antennas are positioned for
maximum power transfer) results in k = 0.84 . Also, when the values
of Prec and PT in Table 7.6, corresponding to transmission between
boreholes #H13 and #H4 (r=14m), are substituted in equation (6.1.3),
the calculated value for k is 0.83. Therefore, it appears that between
16 and 17 percent (approximately 1.5-2.0dB) of the power dissipated
outward into the medium by the antenna is lost as heat in the near
field of the antenna, the other 84 (or 83) percent is radiated power.
The accuracy of this approach is good when the medium is relatively
homogeneous. However, in a highly heterogeneous medium, it is
difficult to determine if the attenuation is from scattering or
conduction, and whether the losses are consistent over different
intervals in the medium. In this case though, the medium appears to
be relatively homogeneous, thereby resulting in calculations of k
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which are nearly the same whether the antennas are spaced 9m or
14m. A summary of the the attenuation constants calculated at San
Xavier is shown in Table 7.7.
Now that the attenuation constant of the medium is known to
within a small degree of error, the phase constant of the medium
may also be calculated from the differential phase measurements
found in Table 7.6 and values of eD found in Table 7.5. The value of
a*} is .93 nepers/m, so the value of p4 has to be larger than .93
rad/m. From Table 7.6, the difference between the two delay terms
is 22.2ns (120° or 2.09 radians) and from Table 7.5 the difference in
the phase delays due to the different antenna impedances in
boreholes #H12 and #1-113 is 10.5° (0.183 radians). The 10.5° is
additive to the measured phase shift of 120°, so the total phase
delay between boreholes #H12 and #H13 is 130.5° or 2.273 radians.
Therefore, dividing 2.273 radians by 5m (the differential distance),
results in p4 = .455 rad/m, which is well below the minimum value
of .93 rad/m. By adding an additional 2jz radians (one cycle) to 2.273
radians and dividing by 5m, results in p4 = 1.71 rad/m. It turns out
this very close to the value of p4( which was derived with equation
(6.1.8) from the geotomography data acquired on 4/1/89. Also,
applying the technique discussed in section 4.3 to the crossborehole data in Table 7.6 (boreholes #H4 and #H12), resulted in a
value of 1.835 rad/m for p4 (calculated in the appendix). The crossborehole data between boreholes #H4 and #H13 resulted in a value of
p4 equal to 1.76 rad/m. These results indicate that there appears to
be more phase shift per unit length in the medium between boreholes
#H4 and #H12 than between boreholes #H12 and #H13. Additional
boreholes will have to be drilled in order to determine precisely the
heterogeneity of the medium.
Another indication of the heterogeneous nature of the medium at
San Xavier Mine is seen from the different values of antenna
impedance that were measured in boreholes #H4 and #H12 at a
depth of 23.5m (Table 7.3). The transmitting antenna centered in
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97.2Z-7.10 ohms,

borehole #H4 has an impedance of
while the
receiving antenna centered in borehole #H12 at the same depth has
an impedance of 78.1Z-310 ohms. If the medium were homogeneous,
the measured impedances would have been approximately the same.

TABLE 7.7. Calculated Attenuation and Phase Constants at San
Xavier Mine Between Boreholes #H4, #H12, and #H13
Attenuation Constant
*

Boreholes Depth
RX - #H4

|

Phase Constant

Friis Transmission Diff. Calc. Using
Equation(3.3.18)
Formula

Proc. Outlined Diff.
in Sect. 5.3
Calculation

0.9516 nepers/m

1.835 rad/m

0.9481 nepers/m

1.764 rad/m

1.220 nepers/m

2.51 rad/m

53m

TX -#H 1 2 56m
RX - #H4 53m
TX -#H 1 3 56m
RX - #H4 23.5m
TX -#H12 23.5m
#H4&H12 56m
#H4&H13 56m

0.9348 nepers/m

* The depths are with respect to the surface of borehole #H4

1.71 rad/m

conclusion
The system described in this paper is capable of a phase
measurement to within ± 9 degrees and an attenuation measurement
of within ± 1 decibel. These specifications of the system
performance refer to the absolute phase shift and attenuation
between two insulated dipole antennas that have been placed in a
lossy medium. They are valid, regardless of the position of the
antennas in the boreholes.
From the experimental results in section 7.3 (Table 7.4), the
phase and attenuation were shown to be variable, depending on the
relative position of the transmitting antenna inside the borehole.
Moreover, significantly different measurements of phase and
attenuation are possible at a specific depth in cross-borehole
measurements. With both the transmitting and receiving antennas on
the far side of their respective boreholes, it is conceiveable the
variation in the attenuation measurement (AP) may be as large as
6dB at San Xavier Mine at the operating frequency of 15 MHZ. Higher
frequencies will result in even larger variations in AP. In order to
avoid the potential for such large variations, all measurements
should be made with both antennas centered in the borehole, so that
all transmitted power (or received power) is symmetrically radiated
about the antennas resulting in consistent and easily interpreted
data.
Also, even when the antennas are centered in the boreholes, the
actual power that is radiated (Prad) and the actual received power
(Prrad) are not the same as the measured transmitted power (PT) and
the measured received power (Pr0c). respectively. The terms Pj and
Prec include the near-field losses (power that is lost as heat in the
near-field of the antenna), as well as the actual radiated and
received power, respectively. In section 7.4, the difference between
Pj and Prad at 15 MHZ was calculated between 1.5 and 2.0 dB. The
same is true for Prec and Prratj . Therefore, the most accurate
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estimate of the attenuation, due strictly to the difference between
Prad and Prrad (the true radiated and true received power), is ± 2 dB,
which includes the inherent error in the system attenuation (± 1 dB)
and the uncertainty in the calculation of the near-field losses for
both the transmitting and receiving antennas (± 0.5 dB each).
The way the antenna is constructed may also have some effect
on the phase and attenuation measurements. In general, crossborehole measurements made with an asymmetrical antenna (such as
the one shown in Figure 2.1) will result in phase and attenuation
data that is different from that generated with a symmetrical
antenna (an antenna constructed with pipe that is all the same
diameter). The reason for this, is that the insulated antenna
centered in a borehole acts like the center conductor of a radiating
coaxial transmission-line, which uses simple transmission formulas
to estimate the current distribution on the antenna. When an
insulated dipole antenna is constructed half with 2" dia. pipe and
half with 0.5" dia. pipe, the current distribution on each half of the
dipole will not be the same, resulting in a radiation pattern
different from that of a symmetrically constructed (2" dia. pipe)
dipole antenna (the current distribution is the same on both halves
of the antenna). The cross-borehole measurements are dependent on
the radiation pattern of the antennas, so the two styles of insulated
dipole antennas, will in general, result in cross-borehole
measurements that have different values of phase and attenuation.
In this project, however, the experimental results (section 7.2)
suggests the effect is minimal.
Successful phase shift and attenuation measurements depend
more than anything else on understanding the behavior of an
insulated antenna in a lossy medium. Sophisticated equipment such
as network analyzers,time domain reflectometers, spectrum
analyzers, high-directivity directional couplers,etc., can help reduce
the uncertainty of the measured phase and attenuation in the
system; but all of this "high tech" equipment will be of no benefit if

the insulated dipole antenna, in general, is not carefully constructed
as a symmetrical, approximately resonant, antenna that is centered
in the borehole.

APPENDIX A SOURCE CODES AND SAMPLE CALCULATIONS

A - 1 Software to Calculate Admittance of an Insulated
Antenna
10 REM
12 REM
14 REM

Program to generate the theoretical conductance &
susceptance of an insulated dipole antenna
in borehole #H4 at a depth of 20m with h as the
parameter from equation (3.4.22).
The ratio b/a is 371"=3;
Beta-L is 0.476 and Alpha-L is 0.125.
The frequency is 15 MHZ.

16 REM
20 REM
21 REM
30 h = 0
40 FOR i = 1 TO 40
50 M = .002383
60 h = h + .2
70 a = .476 * h
80 b = .125 * h
90 N1 = SIN(a)*(EXP(b)+EXP(-b))/2
100 N2 = COS(a) * (EXP(b) - EXP(-b))/2
110 D1 = COS(a) * (EXP(b) + EXP(-b))/2
120 D2 = SIN(a) * (EXP(b) - EXP(-b))/2
130 y = M * SQR(N1A2 + N2A2)/SQR( D1A2 + D2A2)
140 IF N2 > 0 AND N1 > 0 THEN A1 = -ATN(N2/N1)
150 IF N2 > 0 AND N1 < 0 THEN A1 = 3.1416 - ATN(N2/N1)
160 IF N2 < 0 AND N1 < 0 THEN A1 = 3.1416 - ATN{N2/N1)
170 IF N2 < 0 AND N1 > 0 THEN A1 = -ATN(N2/N1)
180 IF D2 > 0 AND D1 > 0 THEN A2 = ATN(D2/D1)
190 IF D2 > 0 AND D1 < 0 THEN A2 = 3.1416 + ATN(D2/D1)
200 IF D2 < 0 AND D1 < 0 THEN A2 = 3.1416 + ATN(D2/D1)
210 IF D2 < 0 AND D1 > 0 THEN A2 = ATN(D2/D1)
220 A3 = .256807
230 A4 = 1.5708
240 ang = A1 -A2 +A3 +A4
250 cond = y * COS(ang)/.4921
260 sus = y * SIN(ang)/.4921
270 LPRINT "BLH=";.476*h;"cond=";cond;"sus=";sus;ang;A1 ;A2

270 LPRINT "BLH=";.476*h;"cond=";cond;"sus=";sus;ang;A1 ;A2
280 NEXT i
290 END

A - 2 Calculation of Insulated Antenna Gain
In a lossless antenna, the gain* of antenna may be written as
Gain = $((?,<}>)max
S(6>(|>)av
For a dipoie antenna, there is no dependence on <[> , therefore the gain
of a dipole is defined as

Gain - 5X9.)max
S(0)av
where S{0)max and S(0)av are defined in equations (3.5.3) and (3.5.4).
Substituting ,
K4 = 1.7 - j0.94 (1/m)
Kl = 0.476 -j0.125 (1/m)
b = 0.07 (m)
h = 3.2 (m)
into equation (3.5.2) yields,
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Fq (6, K4h, KJ"l) = [cos(5.44cos0)cosh(3cos0) + Jsin(5.44cos9)slnh(3cos0) -.052- j0.41]
*

sin0/{(.2533Z14.2° -3.947^-14.2° cos20 ) * {1.08 - J0.0196)}

and the squared absolute value of the pattern factor is

|F0(0,K4h,KLh)|2={(cos(5.44cos0)cosh{3cos0).O52)2+{.4l+sin(5.44cose)sinh(3cos0))2}
* sin20 / [(.26637-4.11cos20)2 +(.06248+1.117cos20)2]

The gain of the antenna is written as

G = 4tc IFgfe. K^h. KLh)l2
27tf |F0 (0, K4h, KL h)|2 sine d0
o
Using MATHCAD to to solve the integral in the denominator, results
in a gain of 2,2 for the insulated antenna.

* The antenna gain and directivity are synonymous when the efficiency of the antenna is

100%.
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A - 3 Calculation of the Maximum Effective Aperture
The maximum effective aperture is defined analytically as

Aer =

(Yrl2_Br
S [ (R A +

Rj) 2 +

3.3.12
(X A + X T

)2

]

For the receiving antenna at a depth of 56m in borehole #H4, the
terms in equation (3.3.12) are defined as follows:

Vr* = Ek!% (volts)
RT = 50 (ohms)
Xj = 0
(ohms)
S = E2 * Re{ 1 /Z,}
(watts/m2)
= [jcop./(ae + jcoee)]1/2 = 61Z290

(ohms)

Re{l/Zj} = 0.014338 (mhos)
Ra = real part of rx. antenna impedance(Table 8.5) = 78.7 (ohms)
XA = imag. part of rx. antenna impedance(Table 8.5) = 6.3 (ohms)
Substituting, the above quantities in equation (3.3.12) yields,

Aer = X 2 * 0.0212807 = 12.82* 0.0212807 = 3.487 m2.

* Vr represents a sinusoidal voltage received by a resonant halfwave dipole antenna. The expression defining Vr will need to be
changed for dipole antennas that are not at their resonant lengths.
** At 15 MHZ, the effective conductivity and effective dielectric
constant are 0.027 mhos/m and 20.2, respectively. They were
derived with equations

(7.1.4) and (7.1.5) which used the values of a and p calculated from
the differential measurements taken between boreholes #H4 and
#H13.

A-4 Calculation of the Phase Constant Between Boreholes
#H4 and #H12 with Data in Tables 8.5 and 8.6
The phase shift in the system, 0sys , which has the transmitting
antenna in borehole #H12 and receiving antenna in borehole #H4 is

0sys

=

"®A ~®B "^"®C "^"®D "^"0E

e sys = -146° -357 .5° +86.60

0sys = -69.6°

+0q
.5.50

5.3.5

.2.20 +280° +11° +64°

or 290.4°

and the phase shift through the medium is

dearth

= 360°(Tm/T) - 360°

0earth

= 360°(29/66.6666) - (-69.6)

dearth

=

5.3.18

226.2°

From the geotomography data in the appendix and the use of equation
(7.1.6),
it is estimated that p4 is between 1.6 and 1.8 radians per meter. The
phase shift between boreholes that are separated 9 meters (#H4

&

#1-112) is therefore between 14.4 and 16.2 radians, which amounts to
approximately 2 wavelengths plus a fraction of a wavelength. The
fraction of a wavelength, 0earth > has been measured as 226.2°.
Therefore, the phase constant for the medium between boreholes
#H4 and #H12 at the depth of 56m is
p4 = ( 720° + 226.2° )/9 = 105.1° degrees/m
or
p4 = 1.835 radians/m
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Source Code for Acquisition Software

10 GOTO 700 'Go to the main part of the program.
20 ""This is the Yes/No subroutine/**
30 PRlNT:PRINT /Type y or n (upper or lower case).":PRINT
40 IN$=lNKEY$
50 IF IN$="n" OR IN$="N" THEN IN=0:RETURN
60 IF IN$="y" OR IN$="YM THEN IN=1 :RETURN
70 GOTO 40
80 '***This is the acquisition subroutine."*
90 MSGS = "path off"
100 B$ = SPACE$(8)
110 CALL IBWRT(DEV%,MSG$)
120 MSG$="measurement window:on"
130 CALL IBWRT(DEV%,MSG$)
140 MSGS = "data source:CH2"
150 CALL IBWRT(DEV%,MSG$)
160 MSG$ = "value?pk2"
170 CALL IBWRT{DEV%,MSG$)
180 CALL IBRD(DEV%,BS)
190 CH2 = VAL(B$)
200 MSGS = "data source:CH1"
210 CALL IBWRT(DEV%,MSG$)
220 MSGS = "value?pk2"
230 CALL IBWRT(DEV%,MSG$)
240 CALL IBRD(DEV%,B$)
250 CH1 = VAL{B$)
260 CALL IBRD(DEV%,B$)
270 MSGS = "data dsource:CH2"
280 CALL IBWRT(DEV%,MSG$)
290 MSGS = "value?delay"
300 CALL IBWRT(DEV%,MSG$)
310 CALL IBWRT(DEV%,MSG$)
320 CALL IBRD(DEV%,B$)
330 DELAY = VAL(B$)
340 PRINT "CH1= ";CH1;" Volts"
350 PRINT "CH2= ";CH2;" Volts"
360 PRINT "Delay= M;DELAY;" seconds"
370 PRINT "TD= ";TD;" meters"
380 PRINT "RD= ";RD;" meters"
390 PRINT "Comment is: ";COMMENT$
400 PRINTrPRINT "Do you want to change the following, or make a comment:":PRINT
410 PRINT " 1) CH1 ?"
420 PRINT " 2) CH2 ?"
430 PRINT " 3) Delay?"
440 PRINT " 4) TD (XMTR Depth) ?"
450 PRINT " 5) RD (RCVR Depth) ?"
460 PRINT " 6) Make comment?"

470 PRINT " 7) None of the above?"
480 PRINT:PRINT "To choose press 1, 2, 3, 4, 5, 6, or 7."
490 CHOICE=VAL(INKEY$)
500 IF CHOICEd OR CHOICE>7 THEN 490
510 CLS:ON CHOICE GOTO 530,550,570,590,610,630,650
520 PRINT "Here the the new values:":PRINT:GOTO 340
530 PRINT:PRINT:INPUT "Type in desired value of CH1 :",CH1
540 PRINT "Here the the new va!ues:":PRINT:GOTO 340
550 PRINT:INPUT "Type in the desired value of CH2:",CH2
560 PRINT "Here the the new values:":PRINT:GOTO 340
570 PRINT:INPUT "Type in the desired value of the delay:",DELAY
580 PRINT "Here the the new values:":PR!NT:GOTO 340
590 PRINT:INPUT "Type in the desired value of TD:",TD
600 PRINT "Here the the new values:":PRINT:GOTO 340
610 PRINT:INPUT "Type in the desired value of RD:",RD
620 PRINT "Here the the new values:":PRINT:GOTO 340
630 INPUT "Place your comment and press <Enier>.", COMMENTS
640 GOTO 340
650 OPEN "A",#1 ,OUTNAME$ 'Write into data file.
660 PRINT#1 ,CAT$,TD,CH1 ,CH2,DELAY,RD,COMMENTS
670 COMMENT$=""
680 CLOSE#1
690 RETURN 'This is the end of the acquisition subroutine.
700 """This is the main part of the program.***"
710 CLS:PRINT "The following program is written to calculate the peak current
amplitude"
720 PRINT "of the transmitting antenna, the peak voltage at the receiving antenna,"
730 PRINT "and the phase shift of the electromagnetic wave thru the Earth."
740 PRINT " There are three steps in the data aquisition:"
750 PRINT "
1) Determine the radation impedance of the transmitter and"
760 PRINT "
corresponding depth measured from center of dipole to "
770 PRINT "
surface."
780 PRINT "
2) Determine the radation impedance of the receiving"
790 PRINT "
antenna and corresponding depth measured from center"
800 PRINT "
of dipole to surface."
810 PRINT "
3) Measure the phase difference between Ch1 & Ch2 with Ch1 as"
820 PRINT "
the reference."
830 PRINT:PRINT "Starting with step 1:":PRINT:PRINT
840 PRINT:PRINT:PRINT "To continue press any key."
850 IF INKEY$="" THEN 850
860 CLEAR
,58900!
'IBM BASICA Declarations; -BYTES FREE -size(bib.m)
870 IBINIT1 o 58900I
'a smaller than calculated # is OK in lines 1 & 2
880 IBINIT2 = IBINIT1 +3
890 BLOAD "bib.m",IBINIT1
900 CALL
IBINITItlBFIND.IBTRG.IBCLR.IBPCT.IBSIC.IBLOC.IBPPC.IBBNAJBONL.IBRSC.IBSRE,!
BRSV.IBPAD.IBSAD.IBIST.IBDMA.IBEOS.IBTMO.IBEOT.IBRDF.IBWRTF.IBTRAP)
910 CALL
IBINIT2(IBGTS,IBCAC,IBWAIT,IBPOKE,IBWRT,IBWRTA,IBCMD,IBCMDA,IBRD,IBRDA,IB

162
STOP,IBRPP,IBRSP,IBDIAG1IBXTRCIIBRDI,IBWRTI1IBRDIAIIBWRTIA1IBSTA%,IBERR%Il
BCNT%)
920
REM Optionally include the following declarations in your program.
930
REM They provide appropriate mnemonics by which
REM to reference commonly used values. Some mnemonics {GET%, ERR%,
940
REM END%, ATN%) are preceded by "B" in order to distinguish them from
950
REM BASICA keywords.
960
REM GPIB Commands
970
980
UNL% « &H3F
' GPIB unlisten command
UNT% = &H5F
990
' GPIB untalk command
GTL% = &H1
' GPIB go to local
1000
SDC% = &H4
1010
• GPIB selected device clear
1020
PPC% = &H5
' GPIB parallel poll configure
BGET% = &H8
1030
' GPIB group execute trigger
TCT% = &H9
' GPIB take control
1040
LLO% = &H11
1050
' GPIB local lock out
1060
DCL% = &H14
' GPIB device clear
PPU% = &H15
' GPIB ppoll unconfigure
1070
SPE% = &H18
' GPIB serial poll enable
1080
SPD% = &H19
' GPIB serial poll disable
1090
PPE% « &H60
' GPIB parallel poll enable
1100
PPD% = &H70
1110
' GPIB parallel poll disable
REM GPIB status bit vector
1120
REM global variable IBSTA% and wait mask
1130
BERR% = &H8000 ' Error detected
1140
TlMO% - &H4000 ' Timeout
1150
BEND% = &H2000 ' EOI or EOS detected
1160
SRQI% = &H1000 ' SRQ detected by CIC
1170
RQS% = &H800
1180
* Device needs service
CMPL% = &H100 ' I/O completed
1190
1200
LOK% = &H80
' Local lockout state
1210
REM% « &H40
' Remote state
1220
CIC% = &H20
' Controller-ln-Charge
1230
BATN% = &H10
' Attention asserted
Talker aclive
TACS% = &H8
1240
Listener active
1250
LACS% = &H4
DTAS% = &H2
1260
Device trigger state
DCAS% = &H1
' Device clear state
1270
1280
REM Error messages returned in global variable IBERR%
1290
EDVR% o 0
' DOS error
1300
ECIC% = 1
' Function requires GPIB-PC to be CIC
1310
ENOL% = 2
' Write function detected no Listeners
EADR% = 3
' Interface board not addressed correctly
1320
EARG% = 4
' Invalid argument to function call
1330
ESAC% = 5
' Function requires GPIB-PC to be SAC
1340
1350
EABO% =6
* I/O operation aborted
ENEB% = 7
' Non-existent interface board
1360
EOIP%
=
10
'I/O
operation started before previous operation completed
1370
1380
ECAP% = 11
'No capability for operation

1390
EFSO% =12
' File system operation error
EBUS% = 14
' Command error during device call
1400
ESTB% = 15
' Serial poll status byte lost
1410
ESRQ% = 16
' SRQ remains asserted
1420
REM EOS mode bits
1430
BIN% = &H1000 ' Eight bit compare
1440
XEOS% o &H800 ' Send EOI with EOS byte
1450
REOS% <= &H400 ' Terminate read on EOS
1460
REM Timeout values and meanings
1470
TNONE% .
Infinite timeout (disabled)
1480
T10US% « 1
' Timeout of 10 us (ideal)
1490
T30US% = 2
' Timeout of 30 us (ideal)
1500
T100US%
' Timeout of 100 us (ideal)
3
1510
1 Timeout of 300 us (ideal)
T300US%
4
1520
T1MS% =
' Timeout of 1 ms (ideal)
5
1530
T3MS% «=
6 ' Timeout of 3 ms (ideal)
1540
T10MS% « 7
' Timeout of 10 ms (ideal)
1550
1 Timeout of 30 ms (ideal)
T30MS% = 8
1560
T100MS% = 9
' Timeout of 100 ms (ideal)
1570
T300MS% = 10
' Timeout of 300 ms (ideal)
1580
T1S%
=
Timeout of 1 s (ideal)
1590
11
T3S% =
1600
12
Timeout of 3 s (ideal)
T10S% = 13
1610
' Timeout of 10 s (ideal)
T30S% = 14
1620
' Timeout of 30 s (ideal)
T100S% = 15
' Timeout of 100 s (ideal)
1630
T300S% = 16
' Timeout of 300 s (ideal)
1640
T1000S% = 17
' Timeout of 1000 s (maximum)
1650
1660
REM Miscellaneous
1670
S% = &H8
' Parallel Poll sense bit
1680
LF% = &HA
' Line feed character
1690
REM Application program variables passed to
1700
REM GPIB functions
1710
CMD$ = SPACE$(10)
command buffer
1720
RD$ = SPACE$(255)
read data buffer
WRT$ = SPACE$(255)
' write data buffer
1730
BNAME$
=
SPACE$(7)
'
board name buffer
1740
BDNAMES
' board or device name buffer
1750
SPACE$(7)
1760
FLNAME$ = SPACE$(50)
' file name buffer
1770 DEV$="DEV1"
1780 CALL IBFIND(DEV$,DEV%)
1790 IF DEV% < 0 THEN PRINT" 2430A NOT FOUND ":END
1800 CLS:PRINT:FILES:PRINT "What is the name of the output file?"
1810 PRINT:PRiNT "(Shown for your convenience are the files on the disk!)"
1820 INPUT"",OUTNAME$
1830 PRINT:INPUT "What is today's dateH;DAT$:PRINT
1840 INPUT "What are the names of the transmitter and receiving wells";WELL$
1850 PRINT "Any other misc?"
1860 PRINT:INPUT HM,MISC$
1870 OPEN "0",#1 ,OUTNAME$ 'Open output file and place header into it.

164
1880 PRINT #1, "Date is ";DAT$
1890 PRINT #1, "Transmitter and receiving wells are:"
1900 PRINT #1, WELLS
1910 PRINT #1, MISC$;CHR$(13)
1920 PRINT #1,"Catagory, XMTR Depth,
CH1 ,
CH2 ,
Delay,
RCVR
Depth,
Comment";CHR$(13)
1930 The catagories are: Transmitter, R=receiver, & G=geotomography
1940 PRINT #1,

1950 CLOSE #1
1960 CLS
1970 PRINT:PRINT "Ch1 should be forward voltage from ZFDC-20 Directional
Coupler."
1980 PRINT:PRINT "Ch2 should be reverse voltage from 2FDC-10 Directional Coupler."
1990 PRINT:PRlNT:PRINT "To continue press any key."
2000 IF INKEY$="" THEN 2000
2010 CAT$="T"
2020 CLS:PRINT:INPUT "What is the next transmitter depth (m)";TD
2030 GOSUB 80
2040 PRINT:PRINT "Press any key to continue or press 2 to go to step 2."
2050 IN$=INKEY$
2060 IF IN$="" THEN 2050
2070 IF NOT IN$="2" THEN 2020 'Go back to subroutine.
2080 CLS:PRINT:PRINT "Now begins step 2.":PRINT:PRINT
2090 PRINT:iNPUT "What automatic depth increment value do you wish (meters)";INC
2100 PRINT "What is the starting depth (max. depth from the surface) of the receiver
antenna?"
2110 INPUT "",RD
2120 PRINT:PRINT "When ready to make measurement press any key and <Enter>.M;
2130 LINE INPUT DISS
2140 CAT$="R"
2150 WHILE DIS$o"stop" AND DIS$o"STOP"
2160 GOSUB 80 'To aquire values for receiving antenna impedance.
2170 RD=RD-INC 'Decrement depth by increment value
2180 PRINT "Press any key and <Enter> to make next measurement or type 'stop'.";
2190 LINE INPUT DISS
2200 WEND
2210 CLS:PRINT:PRINT "Now finally to the third step, the cross-hole measurement data
acquisition."
2220 PRINT:PRINT:INPUT "What is the receiver antenna starting depth (m)";RD
2230 PRINT:PRINT:PRINT "CH1 will have the transmitted forward voltage (trigger)."
2240 PRINT:PRINT "CH2 will have the received voltage."
2250 CAT$="G"
2260 PRINT:PRINT:PRINT "When ready press any key and <Enter> to make
measurement.";
2270 LINE INPUT DISS
2280 WHILE DIS$o"stop" AND DIS$o"STOP"
2290 GOSUB 80

165
2300 RD=RD-INC 'Decrement depth by increment value
2310 'pRINTrPRINT "Do you need to change the transmitter depth?":PRINT
2320 PRINT:PRINT "Press any key and <Enter> to make measurement or type 'stop'.";
2330 LINE INPUT DISS
2340 WEND:END
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Source Code for Processing Software

10 DIM T(70,5):DIM R(70,5):DIM G(300,5) 'Dimension arrays.
20 CLS:PRINT:PRlNT "This program processes the geotomography data from the"
30 PRINT "antennas in the boreholes."
40 PRINT:PRlNT "What Is the file you want processed?"
50 PRINT:PRINT "This file must contain the following:
60 PRINT " a line of asterisks ("") between the header and the data rows"
70 PRINT " an indentification character for the first column, as a T, R, or G"
80 PRINT " then 5 columns representing the XMTR depth, CH1, CH2, delay, and
90 PRINT" the RCVR depth"
100 PRINT:FILES:PRINT "A list of the files is Included."
110 PRINT:INPUT B,,;l$
120 OPEN T,#1,l$
130 A$=INPUT$(1 ,#1)
140 IF NOT A$=H*" THEN 130 'Look for the first \
150 INPUT#1,A$ 'Read remainder of the asterisks.
160 M=1:N=1:P=1 'Initialize counters.
170 WHILE NOT EOF(1) 'Stop at end of file.
180
A$=INPUT$(1 ,#1)
190 IF NOT A$="T" THEN 250 'Read T(M,C) array.
200
FOR C=1 TO 5
210
INPUT#1,A
220
T(M,C)=A
230
NEXT C
240
M=M+1
250 IF NOT A$="R" THEN 310 'Read R(N,C) array.
260FOR C=1 TO 5
270
INPUT#1,A
280
R(N,C)=A
290
NEXT C
300N=N+1
310 IF NOT A$="G" THEN 370 'Read G(P,C) array.
320FOR C=1 TO 5
330
INPUT#1,A
340
G(P,C)=A
350
NEXT C
360
P=P+1
370 WEND
380 CLOSE #1
390 ' PRINT:PRINT "A list of the values from file ";l$;" is as fol!ows:":PRINT
400 FOR J=1 TO M-1
410 'LPRINT "TM
420 FOR 1=1 TO 5
430
'LPRINT T(J,I),
440 NEXT l,J
450 FOR J=1 TO N-1
460 'LPRINT "R"
470 FOR 1=1 TO 5

480 'LPRINT R(J.I),
490 NEXT l,J
500 FOR J=1 TO P-1
510 'LPRINT "G"
520 FOR 1=1 TO 5
530 ' LPRINT G(J,I),
540 NEXT I.J
550
560 '
570 REM
THE FOLLOWING PROGRAM IS WRITTEN TO PROCESS THE DATA THAT WAS
580 REM OBTAINED IN A CROSS-BOREHOLE GEOTOMOGAPHY SURVEY.THE PROGRAM IS
SET
590 REM UP TO LOOK FOR THE TRANSMITTER RADIATION IMPEDANCE MEASUREMENTS
600 REM THE RECEIVER RADIATION IMPEDANCE MEASUREMENTS, AND THE CROSS610 REM BOREHOLE MEASUREMENTS IN 2-DIMEMSIONAL ARRAYS T,R,AND G
620 REM RESPECTIVELY.
630 REM SEE THE PROGRAM USED TO DIMENSION THE FIELD DATA FOR MORE DETAILS.
640 '
650 CLS
660 INPUT "HOW MANY TRANSMITTER LOCATION WHERE THEREIN
670 INPUT'HOW MANY RECEIVER IMPEDANCES LOCATIONS WHERE THERE";W

680

'

...........

690 REM
700 LT-64.455 'LENGTH OF TRANSMITTER CABLE IN METERS
710 LR=88.68 'LENGTH OF RECEIVER CABLE FOR CROSS-HOLE MEASUREMENTS IN
METERS
720 RLC=86.82 'LENGTH OF RECEIVER CABLE FOR RADIATION IMPED. MEAS. IN METERS
730 KI=1
740 Pl= 3.141592653#
742 LPRINT
ALL DEPTHS REFERENCED TO SURFACE OF BOREHOLE #H4 *" "
744 LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:LPRINT:LPRINT
750 FOR 1=1 TO N
760
770 '
780' CALCULATION OF TRANSMITTER ANTENNA REFLECTION COEFFICIENT
790 '

800
810
8 2 0

BTR « 2*LT/{20\6685) 'PHASESHIFT IN CABLE DUE TO TWICE ITS LENGTH
,

830 '
840' ALGORITHM TO CORRECT EFFECT OF FINITE DIRECTIVITY IN ZFDC-10-1
845
850 '

860
870
X=20*LOG(T(I,2))/LOG(10) + 19.2
880
THA=(T(l,4)/.000000066666666#r2*PI - .05236
890
VC2=X - 10.4 - 33
900
DVC2=EXP(LOG{10)* VC2/20)
910
FE=ATN((T(l,3)*(.5*COS{THA)+.866*SIN{THA))DVC2*.5)/(.866*(T(l,3)*COS(THA)-DVC2))-.57735)

920
VC2R=ABS(T(l,3)*COS(THA)-DVC2)/COS(FE)
930
'**
........
940
TRV = EXP(LOG(10)*(20*LOG(VC2R)/LOG(10) + 10.4)/20) 'REFLECTED
VOLTAGE
950
TFV = EXP(LOG{10)*(20*LOG(T{I,2))/LOG{10) + 18.4)/20) ' FORWARD
VOLTAGE
960 RHO = TRV/TFV
970 IF FE> 0 THEN 1010
980
IF ABS(THA - (2*PI+FE)) < .157 THEN 1000
990 FE = FE + PI : GOTO 1030
1000 FE = FE + 2*PI : GOTO 1030
1010 IF ABS(THA-FE) < .157 THEN 1030
1020 FE = FE + PI
1030 AA = EXP(.0067989*LT)*TRV/TFV 'MAGNITUDE OF REFLECTION COEFFICIENT
1040 AB = BTR - FE/(2*PI) 'PHASESHIFT OF ANTENNA (MODULO 2*PI)
1050 BB = (AB - INT(AB)) * 2 * PI 'PHASESHIFT OF ANTENNA IN RAD.

1060'*

*******

1070 '
10801 CALCULATION OF NORMALIZED TRANSMITTER RADIATION IMPEDANCE
1090 '

1100
*
1110 RZN = 1 + AA * COS(BB) 'REAL PART OF NUMERATOR
1120 IZN = AA * SIN(BB) 'IMAGINARY PART OF NUMERATOR
1130 RZD = 1 - AA * COS(BB) 'REAL PART OF DENOMINATOR
1140 IZD = -AA*SIN(BB) 'IMAGINARY PART OF DENOMINATOR
1150 ZM=SQR(RZNA2 + IZNA2)/SQR(RZDA2 + IZDA2)'MAGNlTUDE OF IMPEDANCE
1160 ZA=ATN(IZN/RZN) - ATN(IZD/RZD) 'ANGLE IN RADIANS OF IMPEDANCE
1170
1180 LPRINT .."TRANSMITTER DEPTH IS :";T(lt1) + 6.5
1190 LPRINT:LPRINT:
1200

*

***

*

*****

1210 '
1220' CALCULATION OF NORMAUZED RECEIVER ANTENNA REFLECTION COEFFICIENT
1230 '
1240
1250
BRC = 2*RLC/(20*.669)
1260
FOR K=1 TO W
1270
IF G(KI,5) <> R(K,5) THEN 2510

1280
1290 '
1300' ALGORITHM TO CORRECT EFFECT OF FINITE DIRECTIVITY IN ZFDC-10-1
1310 '
1320
1330
THR=(R(K,4)/6.66666E-08)*2*Pl-.05236
1340
Y=20*LOG(R(K,2))/LOG(10) + 19.2
1350
RVC= Y-10.4-33
1360
DRVC=EXP(LOG(10)*RVC/20)
1370
PHE=ATN((R(K,3)*(.5*COS(THR)+.866*SIN(THR))DRVC*.5)/(.866*(R(K,3)*COS(THR)-DRVC)) -.57735)
1380
RVCT=ABS(R(K,3)*COS(THR)-DRVC)/COS(PHE)
1390

169
1400
VOLTAGE
1410
VOLTAGE
1420
1430
1440
1450
1460
1470
1480
1490
1500

1510

RL=EXP(LOG(10)*(20*LOG(RVCT)/LOG{10) + 10.4)/20)'REFLECTED
MR=EXP(LOG(10)*(20*LOG(R{K,2))/LOG(10) + 18.4)/20)'FORWARD
IF PHE > 0 THEN 1460
IF ABS(THR - (2*PI+PHE)) < .157 THEN 1450
PHE « PHE + PI: GOTO 1480
PHE = PHE + 2*PI: GOTO 1480
IF ABS(THR - PHE) < .157 THEN 1480
PHE = PHE + PI
AR=EXP(.0057413*RLC)*RLyMR 'MAGNITUDE REFLECTION COEFFICIENT
ABR=BRC-PHE/{2*PI)
BBR=(ABR -INT(ABR))*2*Pl 'PHASESHIFT OF ANTENNA IN RAD.
+

A***************************************

1520 '
1530' CALCULATION OF NORMALIZED RECEIVER RADIATION IMPEDANCE
1540 '
1550
1560
RZNB=1+AR*COS(BBR) 'REAL PART OF NUMERATOR
1570
ZNIB=AR*SIN(BBR)' IMAGINARY PART OF NUMERATOR
1580
RZDB=1-AR*COS(BBR) 'REAL PART OF DENOMINATOR
1590
ZDIB=-AR*SlN{BBR) 'IMAGINARY PART OF DENOMINATOR
1600
G=SQR(RZNBA2+ZNIBA2)/SQR(RZDBA2+ZDIBA2)'MAGNITUDE OF IMPEDANCE
1610
H=ATN(ZNIB/RZNB) - ATN{ZDIB/RZDB)'ANGLE IN RADIANS OF IMPEDANCE
1620

*

1630 '
16401 CALCULATION OF VOLTAGE AT THE INPUT OF AMPLIFIERS
1650 '

1660
1670 1
1680 '
1690'
1700 '

ATTENUATION DUE TO RCVR CABLE(88.68m)= 1.95dB
ATTENUATION DUE TO FILTER(@15MHZ) = 3.05dB
GAIN DUE TO AMPLIFIERS
= 58.5dB
FACTOR TO CONVERT PK-PK TO RMS
=2.828427

1710
1720
V=20*LOG(G(KI,3)/2.828427)/LOG(10)+1.95+3.05-58.5 'INPUT
VOLTAGE(dB)
1730
VLO=EXP(LOG(10)*V/20) 'RMS AMPLIFIER OUTPUT VOLTAGE
1740'***
.....................................
1750 '
1760' NEXT CALCULATE THE RECEIVED VOLTAGE AMPLITUDE AND PHASE,
1770 ' USING THE FOLLOWING FORMULA , VANT=VLO(50+Z)/50
1780' WHERE Z IS THE RCVG ANTENNA IMPEDANCE
1790 '

1800
1810
RGN=50*G*COS(H)+SO 'REAL PART OF NUMERATOR
1820
GNI=50*G*SIN(H) 'IMAGINARY PART OF NUMERATOR
1830
TGR=SQR(RGNA2+GNIA2)/50 'MAGNITUDE FACTOR OF VANT
1840
TGI=ATN(GNI/RGN) 'PHASE ANGLE OF VANT
1850
1860
VANT=VLO"TGR ' MAGNITUDE OF THE VOLTAGE AT RECEIVING ANTENNA
1870

1880

1

1890' CALCULATION OF RECEIVED POWER PREC WHERE
1900 '
PREC= ABS(VANT)A2 * RE{1/(Z + 50)}
1910 '
1920
...........................
.................
1930
REALIMP= COS(ATN{G*SIN(H)/(G*COS(H) +1)))*1/SQR((G*COS(H)*50
+ 50)A2+(G*50"SIN(H))A2)
1940
PREC=VANTA2*REALIMP
1950'
1960
*
*
1970 '
1980' CALCULATION OF TOTAL RADIATED POWER AND TRANSMITTING ANTENNA
CURRENT.
1990' NOTE THAT BLK1 IS FACTOR TO CONVERT PK-TO-PK TO RMS FOR 62.66'OF
RG8
2000' ALSO, BLK2 IS THE AMOUNT OF ATTENUATION OF THE DIRECTIONAL COUPLER
2010' AND CABLE
2020 *

2030
2040
2050

*
BLK1=2.67753
BLK2=19.76

2060
FV=EXP{LOG(10)*(20*LOG(G(KI,2)/BLK1 )/LOG(10)+BLK2)/20)'FORWARD
VOLTAGE
2070
FVL= FV*.80338*SQR{(1+AA*COS{BB)) A2 +(AA*SIN(BB))A2)TOTAL V.
DROP ACROSS TRANSMITTING ANTENNA
2080
PRAD=(1/52)*{1/ZM)*COS(ZA)*FVLA2 'RADIATED POWER
2090
CURR=SQR(PRAD/(52*ZM*COS(ZA)))*1.41421356# 'PEAK CURRENT ON

TX
2100

....•*•••

2110 '

2120'
2130'
2140'
2150 '
2160

CALCULATION OF PHASESHIFT DUE TO TRANSMITTING ANTENNA
WHERE THE PHASESHIFT IS BASED UPON THE DIFFERENCE IN THE PHASE OF
THE FORWARD VOLTAGE AT THE THE LOAD AND THE PHASE OF THE TOTAL
VOLTAGE AT THE LOAD(VL),i.e. ANGLE OF (1 + REFL. COEEF.)
'

2 1 7 0

2180
2190
2200

2210

VLRE= 1 + AA*COS{BB)
VLIM= AA*SIN(BB)
TPHA=ATN(VLIM/VLRE)' PHASE SHIFT DUE TO TRANSMITTING ANTENNA

*

*****

2220
2230 '
2240 • DOCUMENTATION OF PHASE SHIFT THROUGH THE EARTH.
2250 *

2260
2270' PHASESHIFT DUE TO TRIGGER CABLE (62.66') IS 154 DEGREES.
2280 • PHASESHIFT DUE TO TRANSMITTER CABLE IS 295 DEGREES.
2290' PHASESHIFT DUE TO DIRECTIONAL COUPLER IS 180.
2300' PHASESHIFT DUE RCVG ANTENNA IS TGI*180/PI
2310' PHASESHIFT DUE TO AMPLIFIERS IS 11 DEGREES.

2320 1
PHASESHIFT DUE TO RECEIVER CABLE{14.2,+245.7,+24.66,+78") IS 227
DBS
2330' PHASESHIFT DUE TO FILTER IS 64 DEGREES.
2340' PHASESHIFT DUE TO TRANSMITTING ANT. IS TPHA*180/PI DEGREES.
2350 '
2360
2370 '
2380' CALCULATION OF PHASE SHIFT THRU EARTH.
2390 '
2400
2410
PH=227+11 +64+295-180-154+180*{TGI+TPHA)/PI
2420 'PH=PHASESHIFT THRU SYSTEM EXCLUDING THE EARTH AND SCOPE
2430 EPHAS= -PH + G(KI,4)*360/6.666666E-08
2440 IF EPHAS > 0 THEN 2460
2450 PHASE=360+EPHAS:GOTO 2490
2460 IF EPHAS > 360 THEN 2480
2470 PHASE=EPHAS:GOTO 2490
2480 PHASE=EPHAS-360
2490 LPRINT
HDEPTH";G(KI,5),"PHASE";PHASE;SPC(3);"IMAX";CURR;SPC{3) ;"VRECmax";VANT*SQ
R(2)
2500 KI=KI +1
2510 NEXT K
2520 LPRINT:LPRINT:LPRINT:LPRINT
2530 NEXT I
2540 END

A-8

Example of Processed Data From Cross-Borehole
Measurements Made on April 1, 1989

THE FOLLOWING FILE CONTAINS THE PROCESSED DATA FROM THE
BOREHOLE SURVEY TAKEN ON 4/1/89.
THE DEPTHS OFTHE RECEIVER & TRANSMITTER ARE BOTH
REFERENCED TO THE SURFACE AT THE TRANSMITTER WELL
DEPTH(RCVR),PHASE(DEG),lmax(amps),Vrec(volts)

TRANSMITTER DEPTH IS: 41.5
DEPTH 55
DEPTH 54.5
DEPTH 54
DEPTH 53.5
DEPTH 53
DEPTH 52.5
DEPTH 52
DEPTH 51.5
DEPTH 51
DEPTH 50.5
DEPTH 50
DEPTH 49.5
DEPTH 49
DEPTH 48.5
DEPTH 48
DEPTH 47.5
DEPTH 47
DEPTH 46.5
DEPTH 46
DEPTH 45.5
DEPTH 45
DEPTH 44.5
DEPTH 44
DEPTH 43.5
DEPTH 43
DEPTH 42.5
DEPTH 42
DEPTH 41.5
DEPTH 41
DEPTH 40.5
DEPTH 40
DEPTH 39.5
DEPTH 39
DEPTH 38.5

PHASE 268.7011
PHASE 245.7061
PHASE 226.1183
PHASE 205.5366
PHASE 179.5191
PHASE 144.2079
PHASE 119.338
PHASE 96,96771
PHASE 69.61502
PHASE 41,28027
PHASE 12.38065
PHASE 349.5077
PHASE 327.3701
PHASE 293.4151
PHASE 286.446
PHASE 267.2482
PHASE 254.1655
PHASE 238.5091
PHASE 213.8405
PHASE 202.9345
PHASE 186.0147
PHASE 164.8226
PHASE 115.9847
PHASE 99,87278
PHASE 84.48511
PHASE 77,74955
PHASE 74.61832
PHASE 79,46838
PHASE 90.25934
PHASE 93.22141
PHASE 106.1136
PHASE 124.4815
PHASE 139.3566
PHASE 159.7868

I MAX
I MAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX

.1025066
.1025066
.1013147
.1013147
.1013147
.1013147
.1013147
.1013147
.1013147
.1013147
.1001227
.1001227
.1001227
.1013147
.1013147
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1013147
.1013147
.1013147
.1013147
.1001227
.1001227
.1001227
.1013147
.1013147
.1001227
.1001227
.1013147
.1013147

VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax

8.93403E-07
1.478044E-06
1.669752E-06
2.072501 E-06
2.354973E-06
2.5326E-06
3.074909E-06
3.79875E-06
2.528236E-06
5.492135E-06
6.288273E-06
7.380739E-06
8.04439E-06
1.269782E-05
7.903051E-06
9.278372E-06
1.896977E-05
1.927336E-05
1.218312E-05
2.05915E-05
1.942902E-05
1.85541E-05
2.17404E-05
2.62633E-05
3.143768E-05
3.559438E-05
4.001508E-05
3.9175E-05
3.619579E-05
3.19381E-05
2.716737E-05
2.461014E-05
1.868731E-05
1.914703E-05

DEPTH 38
DEPTH 37.5
DEPTH 37
DEPTH 36.5
DEPTH 36
DEPTH 35.5
DEPTH 35
DEPTH 34.5
DEPTH 34
DEPTH 33.5
DEPTH 33

PHASE 184.7038
PHASE 189.3948
PHASE 207.8116
PHASE 214.1676
PHASE 241.3824
PHASE 264.1085
PHASE 296.6716
PHASE 39.80365
PHASE 53.43372
PHASE 89.22058
PHASE 90.43936

VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax

IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX

.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227
.1001227

IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX

8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02

1.591658E-05
1.500709E-05
1.268441E-05
9.470674E-06
6.184943E-06
3.91867E-06
1.970354E-06
1.997356E-06
2.009468E-06
1.859059E-06
1.234978E-06

TRANSMITTER DEPTH IS : 44.0
DEPTH 55
DEPTH 54.5
DEPTH 54
DEPTH 53.5
DEPTH 53
DEPTH 52.5
DEPTH 52
DEPTH 51.5
DEPTH 51
DEPTH 50.5
DEPTH 50
DEPTH 49.5
DEPTH 49
DEPTH 48.5
DEPTH 48
DEPTH 47.5
DEPTH 47
DEPTH 46.5
DEPTH 46
DEPTH 45.5
DEPTH 45
DEPTH 44.5
DEPTH 44
DEPTH 43.5
DEPTH 43
DEPTH 42.5
DEPTH 42
DEPTH 41.5
DEPTH 41
DEPTH 40.5
DEPTH 40
DEPTH 39.5
DEPTH 39
DEPTH 38.5
DEPTH 38

PHASE 99.85889
PHASE 78.66388
PHASE 59.07614
PHASE 46.59442
PHASE 39.47702
PHASE 20.36581
PHASE 3.595917
PHASE 338.5256
PHASE 320.1729
PHASE 308.0381
PHASE 284.5385
PHASE 272.4655
PHASE 258.4279
PHASE 235.273
PHASE 209.4038
PHASE 187.5061
PHASE 177.1233
PHASE 161.4669
PHASE 158.3983
PHASE 160.9923
PHASE 160.2726
PHASE 160.6805
PHASE 157.7426
PHASE 155.1307
PHASE 162.2429
PHASE 160.9074
PHASE 163.1761
PHASE 165.3262
PHASE 168.0172
PHASE 162.8793
PHASE 174.8715
PHASE 185.1393
PHASE 194.6145
PHASE 204.2447
PHASE 231.8616

VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax

4.169216E-06
5.320962E-06
6.957289E-06
8.621591 E-06
9.973991 E-06
1.238159E-05
1.319416E-05
1.530751 E-05
1.051746E-05
1.988731 E-05
2.012247E-05
1.84519E-05
1.668468E-05
1.789789E-05
1.22578E-05
1.49485E-05
3.708832E-05
4.081417E-05
2.778018E-05
5.261016E-05
6.132281 E-05
6.325251 E-05
6.228997E-05
5.957891E-05
5.477784E-05
4.917651 E-05
4.413433E-05
3.514225E-05
2.76169E-05
2.272965E-05
1.75G514E-05
1.406295E-05
1.064469E-05
8.273403E-06
7.022021E-06

DEPTH 37.5
DEPTH 37
DEPTH 36.5
DEPTH 36

PHASE 247.3527
PHASE 260.3695
PHASE 288.3255
PHASE 302.0403

IMAX
IMAX
IMAX
IMAX

8.643109E-02
8.643109E-02
8.643109E-02
8.643109E-02

VRECmax
VRECmax
VRECmax
VRECmax

5.955187E-06
4.068591 E-06
2.841203E-06
2.140946E-06

IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX
IMAX

9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154 E-02
9.242154 E-02
9.242154 E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02
9.242154E-02

VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax
VRECmax

1.488527E-06
1.873392E-06
2.589209E-06
2.073974E-06
2.585412E-06
2.564369E-06
2.342021 E-06
4.101694E-06
3.311681 E-06
4.96405E-06
4.915425E-06
6.431607E-06
7.897836E-06
6.629476E-06
7.374351 E-06
1.929189E-05
8.487676E-06
1.007898E-05
1.1624E-05
1.33852E-05
1.432571 E-05
1.395705E-05
7.776322E-06
1.352787E-05
1.194084E-05
4.566865E-06
5.281848E-06

TRANSMITTER DEPTH IS : 34.0
DEPTH 43
DEPTH 42.5
DEPTH 42
DEPTH 41.5
DEPTH 41
DEPTH 40.5
DEPTH 40
DEPTH 39.5
DEPTH 39
DEPTH 38.5
DEPTH 38
DEPTH 37.5
DEPTH 37
DEPTH 36.5
DEPTH 36
DEPTH 35.5
DEPTH 35
DEPTH 34.5
DEPTH 34
DEPTH 33.5
DEPTH 33
DEPTH 32.5
DEPTH 32
DEPTH 31.5
DEPTH 31
DEPTH 30.5
DEPTH 30

PHASE 219.8924
PHASE 188.8568
PHASE 177.6256
PHASE 171.6757
PHASE 144.6666
PHASE 115.2287
PHASE 63.14098
PHASE 47.48882
PHASE 27.26398
PHASE 4.494141
PHASE 338.1111
PHASE 332.0021
PHASE 326.1189
PHASE 321.675
PHASE 305.6897
PHASE 293.3158
PHASE 261.0789
PHASE 242.711
PHASE 229.341
PHASE 221.9279
PHASE 223.1466
PHASE 217.0654
PHASE 218.7011
PHASE 221.6376
PHASE 215.7212
PHASE 224.0432
PHASE 222.1868
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APPENDIX B FOOTNOTES
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

The sleeve antenna was designed and constructed by Walter
Goedecke.
Kraus, Antennas, PP 218-227.
The radiation pattern was generated with commercial software
purchased from Artech House.lnc.
Ibid.
Ibid.
Kraus, Electromagnetics, pp 382-387.
Kraus, Antennas, p 221.
Balanis, Antenna Theory Analysis and Design, pp 64-65.
Here the antenna gain is the same as the antenna directivity; see
Kraus, Antennas, pp 26-27.
Kraus, Antennas, pp 28-35.
Kraus, Antennas, p 45.
Kraus, Antennas, P 420.
King et. al., Antennas in Matter, pp 3-66.
King et. al., Antennas in Matter, pp 507-509.
King et. al., Antennas in Matter, pp 25-33.
King et. al., Antennas in Matter, pp 10-11.
King et. al., Antennas in Matter, pp 21-22.
King et.: al., Antennas in Matter, pp 25-33 and p 45.
King et. al., Antennas in Matter, p 45.
King et. al., Antennas in Matter, pp 520-524.
King et. al., Antennas in Matter, p 42.
Commercial software by Mathsoft.lnc., MathCad Version 2.0.
pp151-153
Stern, "Proceedings of the IRE," March 1956, pp 335-337.
Ghausi, Principle and Design of Linear Active Circuits, pp 467473.
Gruchalla, "Ham Radio", September 1986, pp 32-33
The prototype PC board artwork was acquired from the
distributor in Phoenix of MINI-CIRCUITS products.
Ott, Noise Reduction Techniques in Electronic Systems, pp 215216
ibid.
Ott, Noise Reduction Techniques in Electronic Systems, pp 218219
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30 The acquisition software was written jointly by Walter
Goedecke and myself.
31
The software for conversion of field data into 2-dimensional
arrays was written by Walter Goedecke.
32 Kraus, Antennas, P 812.
33 Wait, Introduction to Antennas & Propagation, pp 42-43
34 King et.al., Antennas and Wars: A Modern Approach, pp 9-11
35 The commercial logging of boreholes #H2,#H4,#H5,#H6,#H12,
and #H13 at San Xavier Mine was performed on Aug.,8,1989 by
Elliot Yearsly of Colorado Well Logging Inc., Golden, Colorado.
36 King et. al., Antennas in Matter, pp 47-53.
37 King et.al., Antennas and Wars: A Modern Approach, pp 427-436
38 King et. al., Antennas in Matter, pp 54-55
39 King et. al., Antennas in Matter, pp 54.
40 Kraus, Electromagnetics, p 581.
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