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SUMMARY

This report describes measurements of the electromagnetic parameters of soil
samples in the VHIF/UHF range made to accumulate basic data on the propertics that
limit subsurface target detection by clectromagnetic (EM) methods. A section of co-
axial waveguide filled with soil is treated as a length of lossy transmission line. Classi-
3 cal transmission-line theory is used in determining the complex propagation constant
3 of the soil sample from measurements on the electrical phase and the voltage standing.
wave ratio (VSWR). This data is fed into classical equations whicih were programmed
for computer solution.
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Also included in the report, for completeness and comparison. are the results of
two other techniques for measuring the real part of the complex propagation constant.
The first technique requires electrical phase and VSWR measurements, and the solu-
tion is obtained graphically. The second technique requires the measurement of a
power ratio under matched conditions of the line under test.
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1 ) ELECTROMAGNETIC SOIL PROPERTIES ;
: IN THE VHF/UHF RANGE (PHASE 1)
I. INTRODUCTION ‘
1.  Purpose of Program. The primary purpose of the initial phase of the pro-

i gram is to sclect measurement techniques and to measure and record the values of the

clectromagnetic properties of soils with a description of the methods used. The long-

3 range objective of these measurements is to gain a clearer understanding of what role

‘é‘ the soil environment plays in subsurface target detection.

2.  Known Measurement Problem. The electromagnetic properties of a soil
i play an important role in determining whether subsurfzce targets can be detected.
E The preferred way for determining these properties would be to bring the laboratory

3 to the sites and measure the soil in situ. This method is not the normal and practical

: way to measure soil properties, at least, not in the early stages of an investigative pro-

s

gram. This method would limit the types of soils to the immediate laboratory location.

RTTL 0, 41 2%

The second method. which is the most practical for the initial stages, is to
obtain small samples of soil from many parts of the world and to bring them to the
laboratory. It has the disadvantage that the soils are disturbed and properties thereby
are possibly altered. However, this method offers the advantage of testing a large num-
ber of soil samples rather eusily and the flexibility of a fully equipped laboratory in
sclecting the measuring techniques. The ultimate technique would incorporate the
best laboratory method into a mobile, rapid procedure to test soil in situ. :

.
7
A

II. INVESTIGATION

oA A P

P A

3. Review of Known Measurement Techniques. Various methods by which the
/ clectrical properties of soil can be measured can be grouped under two major headings:
those that employ a radio ground wave and those that do not. The two groups are as

¢ follows:
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A.  Methods using radio ground waves (in situ measurements):

ot s Y

Attenuation of Ground Wave j
Wave Tilt S
Magneto-Telluric

Reflection Coefficient
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B. Methods using signal generators, etc.:

®  Elcctrode Array (in situ)

®  Bridge Substitution

® Intrinsic (one-way) Loss of 4-Terminal Network:
®  Ginzton Techaigue
®  Power Ratio Technique
®  Kirthscether’s Transmission-Lince Mcthod

F
i

£

The methods which use a radio ground wave for the measurement of the
electrical properties of soil are all large scale, field in situ methods, whereas the second
group contains methods which can be carricd out in a much more limited area and,
with the exception of the electrode array, can be carried out in the laboratory.

RS T At S R O R A D

rym

LR

A summary of measurement techniques is given in Table 1. A brief review
of the known methods follows:

R

i

a.  Attenuation of Ground Wave. The zttenuation vs distance technique
requires a high-power transmitter and extensive field strength measurements over a
large area. Conductivity measurements of a specificd small arca are not possible with
this method.

ot St el

2
Al

AL by B

b. Wave Tilt. The wave tilt method is, peinaps, the most used method of
determining the effective soil-conductive and dielectric-constant values. A transmitter,
transmitting antcnna, receiver, and two receiving antennas are included in the system.
An electromagnetic field is produced by the transmitter. The amount of tilt of the
3 electromagnetic wave across the surface is a function of the effective ground constants
and frequency used.

3

R

ERHIL]

c.  Magneto-Telluric. This method measures the naturally occurring /M
ficld at the earth’s surface to determine the surface impedance and subsurface strata.
The subsurface has to be effectively homogencous in a horizontal direction for dis-
tances much greater than the wavelength employed.

AT RN b

Ry

d. Determination of Reflection Coefficient. This method computes the
conductivity and dielectric constant of a soil by propagating an electromagnetic wave
hetween two nonconducting towers and by comparing the phase change between the
¢ dircct and ground-reflected waves. Tower heights and separation have to be of the
order of a wavelength or greater to avoid near-field phenomena.

TR A v Sy

EASEER O g nd e

el

§
b3
8

1o

T




S /%7""/ A s e mn s

-

L

qogenuanyy ‘uonededoigy

3o £)100[2A ‘JURISUOT) JLIFOII(Y  AJAIONPUOY) eowreneeswsssseesssesess JUIT-UOISSIWSURL |, S JIYIIISHINY

A e B 2 e

e vpdsr
oo ph

£t A e e o P e S 0 A R S T B S e e R

uonenuaNy oney 19mog SAOHLIN
$507] JISULIRUY AHOLVHOdV1
uonenuaNy uojzuis)
-
SUIT-UOISSTISUE1 L 5, 30Y00S YAty SAOHLAN
b A40LVHOdV1
uonmusqng adpug ) HO/ANY aTd1d
on
fyaponpuo) = feary apo1odfg
jJue;sUOY) dLIAPIF/ANALIONpUOY “+* JUIIDYJIO)) UOLIIPY
souepaduiy aoeying juaseddy - ounpa-ojoudeyy § (SIUGWAINSEIY 55010)
1
JUEISUOT) JLIIIIC/ANATIONPUO?) [IOG IATIDRJJE +++reresseesseesesesseee ML 2ABAL LIS NI
JUBISUOT UL /ANARINPUOY) T1OG 2ARj| PUNOIS) J0 UOHENUINY J
pamseapy sanuadolg POYIal uoneao’]
sonbruyoa, Juswainseay yo Lrewuing °| ajqe],
PN RE S SRS TL IR C, GRS ’ - - - Porlas T s W ea i B e et




BUSLE LA U2 338 3 23 et ey

e R R LT

R KRR T PR T N L T IR I SN S O YR RO R e [0 T0 Yerig e B AR AT 1 ity Tl

e. Electrode Array. Wenner deseribes a four-indine electrode method of
measuring carth resistivity.! The measuring technique is simple. The current source is
applied to two clectrodes, and a voltage is read on ar:other pair of clectrodes. The soil
conductivity can be computed from a formula.

f.  Bridge Substitution-Resistivity. The resistivity (low-audio-frequency)
bridge method is generally employed in the laboratory to obtain the electrical proper-
ties of soil samples. It can, however, be used in the ficld to obtain in situ measure-
ments. The relative diclectric constant and conductivity can be obtained with this
method. Some disadvantages are: the surface reactance hetween the electrodes and
soil; and the breaks, cracks, or discontinuities produced in the soil by the insertion of
the clectrodes. These can lead to errors in the value of the properties.

g Intrinsic (One-way) Loss of a 4-Terminal Network.

(1) Ginzton Technique, The intrinsic loss of a soil packed in a co-
axial line can be found by measuring the input impedance of the network for a
series of positions of a movable short circuit at the output terminals. This is a
laboratory method and reveals only tne attenuation at frequencies at and above
100 mHz. Details are given in paragraph 4a.

(2) Power Ratio Technique. This technique is based on the fact that
the one-way loss through a network containing a soil sample matched both at the
input and output is given by a simple equation. This method is faster and less
prone to human mistakes than the Ginzton Technique. It is a laboratory method
only. Details are given in paragraph 4b.

(3) Transmission-Line Method (Kirkscether). The soil sample is
packed in a suitable transmission line (coaxial line). Ar adequate length of the
soil is selected (15 to 30 centimeters). The input impedance of the line - ith the
soil is measured with the far end of the sample line short circuited, then open
circuited. The method can be used to determine the conductivity, dielectric con-
stant, attcnuation, and velocity of propagation. This method has very good possi-
bilitics for field in situ measurements. Details are given in paragraph 4c.

4. Methods Utilized in This Investigation.

a.  Ginzton Technique. The first in-house attempt to measure attenuation
(of soil) employed a technique described by Ginzton?  According to Ginzton, “The
2
lF. Wenner, “A Mecthod of Mcasuring Earth Resistivity,” Bulletin of the Bureau of Standards, Vol. 12 (1915).

25. L. Ginzton, Microwave Measurements, pp. 465, 473, 474, McGraw Hill Book Co., Inc., New York, 1957,

4
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intrinsic (one-way) loss, L, of an arbitrary four-terminal network (coaxial line) can be
found by measuring the input impedance of the network for a series of positions of a
movable short circuit at the output terminals...” 1t should be emphasized that the de-
termination of the intrinsic loss, L;, by this method does not require the network to be
matched at cither end. The necessary data can be tzken for a series of positions of the
movable short circuit. The position of the short circuit need not be measured. I input
impedance locus is plotted on a Smith Chart, the intrinsic loss of the network, L, is
given by:

GVURE P2 +) (1R -F*

Ya+R)? -P  —y(1-R)% - P2

where R is the radius of the impedance circle and p is the distance from the center of
the impedance circle to the center of the Smith Chart. R and P are normalized to unity
with respect to the eenter of the Smith Chart. In our case, the 4-terminal network is
the soil-filled section of coaxial line, and (X = L/sample length). The actual coaxial re-
ceptacle for the solid was fabricated from 3/4-inch 11) by 1/16-inch wall thickness brass
pipe with a 0.322-inch-diameter brass center conductor. Alford #11890 reducers were
used on both ends of the pipe. The rest of the system was made up of a signal genera-
tor, a low-pass filter, a pad. a slotted Jine, a VSWR meter, an adjustable line, and a short
circuit.

1,=10Lo (db)

b. Power Ratio Under Matched Condition Technique. Another technique
for measuring soil attenuation was the power ratio under matched condition technique.
A block diagram of the setup is shown in Fig. 1. The theory behind the technique is
based on the fact that the one-way loss through a network which is matched both on
its input and output ports is given by the simple equation,

L; =10 log i:"“' (db),

in

where P, is the input power to the network and P, is the power delivered to a
matched load, and again L, = L./sample length. These two power levels are measured
by using dircctional couplers on the input and output of the network (coaxial line
filled with soil). The network is matched on its input and output by using stub tuners
and adjusting them for maximum power transfer. The detectors are matched over a
frequency range which includes the range of interest. An Alford Network Analyzer
Model 7051 is used to take the ratio of the detected levels.

The Power Ratio Technique using the Vector Voltmeter HP 8405A is a
variation of the previously mentioned method. Essentially, the Alford Anatyzer and

5
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detectors are replaced by the Hewlett Packard Vector Voltmeter. The advantage of
using the V:ctor Voltmeter is that it provides not only the direct readou? of attenua-
tion on a meter but also yields the phase angle of the sample. This method for soils
measuremen's was originally conceived in the latter part of 1970.

The attenuation values obtained from this method correlate closely
with those values obtained by an independent contractor laboratory and by the Input
Impedance Technique.

¢.  Kirkscether's Transmission-Line Technique. The first attempt to mea-
sure the electromagnetic properties of dielectrics by inserting the material into a wave-
guide structure was reported by S. Roberts and A. von Hipple in 1946.3 The measure-
ments were made at the centimeter wavelengths in a rectangular waveguide. It was
pointed out in the paper by Roberts and von Hipple that **by limiting the clectromag-
netic field to the closure of a hollow pipc or coaxial line, all boundary and stray effects
disappear automatically and small amounts of any diclectric can be measured with pre-
cision.” The values of the properties obtained using such a technique must be the
actual free-space values in order for the technique to be useful. In a paper by T. W.
Dakin and C. N. Works, use is made of the standing-wave mcasurcment technique de-
veloped by Roberts and von Hipple and it is stated by Dakin and Works that, “In actual
practice, the wave and the dielectric sample are restricted to an enclosed hollow or co-
axial waveguide, although this is not in principle a necessary restriction. The same
equations are valid in principle for a measurement using lecher wires or free space with
a parallel beam of radiation, although it is more difficult in practice to do measure-
ments under those conditions.”® In the current report, classical theory, as stated in a
paper by E. J. Kirkscether,? is employed.

According to theory, the propagation constant of a length of transmis-
sion line can be determined by a knowledge of the input impedance of the line with the
output open circuited (Z,_), then short circuited (Z,.). The input impedance of the
transmission line is related to the VSWR and the position of the voltage minimum of
the standing-wave pattern setup on the input side of the transmission-line section under
consideration. The attenuation (a) of a line is solved using the equation:

o= b0 [(Zer Zo,) ).

3, Raberts, A von Hipple, “A New Methcd for Measuring Dielectric Constant and Lozs in the Range of Centimeter
Waves,” J. App. Phys., 17, 610(1946).

rw. Dakin, C. N. Works, “Microwave Dielectric Mcasurements,” J. App, Phys., 18, 789 (1947).

5[-2. J. Kirkscether, “Ground Constant Measurements Using a Section of Balanced Two-Wire Transmission Line,”
IRF Trans on Ant. and Prop., AP-8, 307 (1960).
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The phase constant () is solved by using the equation

TR P

B, = -‘.-’.]E % 't {g Lper L,.)) + mrt .
By use of the instrumentation shown in Figs. 1 and 2, measurements
4 can be made on a coaxial transmission line which is partially filled with a sample of
: soil whose EM properties are to be found.

The soil is prepared by packing it in a coaxial line (20 or 30 cm long)
with the device shown in Figs. 3.4, 5, and 6. The conneetors are replaced, and the
line containing the soil is connected to the slotted line as shown in Fig. 1. An adjust-
able, coaxial air line of exactly one-half wavelength is placcd behind the sample. A
calibrated short is placed on the end of the one-haif-wavelength line and the VSWR
reading, and the distance from the first null to the sample input is measured and re-
corded. The calibrated short is replaced with a calibrated open, and the procedure is

repeated.

The four measurements and the frequency at which they were taken
are programmed into a computer to obtain the following properties: attenuation,
phase constant, velocity of propagation, dielectric constant, and conductivity (sce

Appendix A).

A detailed procedure for this technique can be found in Appendix B.
The mathematical solutions to the transmission-line cquations can be found ir.
Appendices C and D).

5. Sources of Error (Kirkecether's Technique).

a. Presence of TE, TM Modes. The presence of higher modes (TE, TM)
will invalidate all equations used, since they are derived from Maxwell’s equations on
the assumption of TEM. It will he shown k' ,w that, for the frequency range used.
TE and TM modes cannot exist either in the air-filled or soil-filled coaxial line.

First, we shall show that even for the case of very 10ssy soil the wave-
length is given very aceurately by the simple relationship (for good diclectrics). ‘

where A, is the wavelength in the soil, A is the wavelength in air. and €, is the relative

8
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dielectric constant of the soil, Von Hipple, in 1954, reported ior a clay soil (20%
moisture content) at 300 mHz a value of loss tangent, 8, equal to 0.5 and dielectric :
constant, €, equal to 20.0. Using these values, we can compute beta (and, therefore, '

the wavelengtk) in the soil since this case represents an extremely lossy soil. Starting
with the basic relationship for beta,9

5=w[£-2-€-( tl+tan26’y’+l)]%

and inserting the value for the loss tangent we obtain,

,(3=w'£2-€—(;1+(0.5)2:”+1)]%

p=w -‘12-5 ( f1.25) % +1)]%
|

B ek G L #g;

. e

*s

r %
8= w 1‘2-6(2.12)]

3

E B=103w Vue e, :
3 1.03
B=-—.E— Er

which can be written approximately as,

13”%0- Ve

A e,

6Simon Ramo, John Whinnery, Fields and Waves in Modern Radio, p. 306, John Wiley and Sous, Inc., New York, 1960.
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From the above expression, we sce that the wavelength in the soil is given by A/ ﬁr
since heta is by definition equal to 2n/wavelength.

In order to insure that no bigher mode will be propagated, the wave-
length in the medium in question must obey the inequality .*

A> m(b+a)
where b is the radius of the outer conductor and a is the radius of the inner conductor.
For the coaxial line being used, b = .007 meter and a = .003 meter, Substituting these
vatues in the above equation,
A> 7 (0.007 +0.003)
> 3.14 (0.01)

> 0.03 meter

A, =0.03 ¥ e_r- - meter
and setting €, = 20 (probable upper limit for typical soils),
A, =003 Y20 = 0.0347)
=134« 10*
A, =0.134 meter.

This corresponds to a frequency of 2.24 ghlz. Under the assumption of €, = 20. the
measurcments would be valid up to a frequeney of 2.2 gilz. Our measurements went
no higher than 1.0 ghlz.

“Theadore Moreno, Vicraware Transmission Design Data, p. 69, Dover Publications dne,, New York, 1958,
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b. Inherent Errors Due to Equipment. When calibrated terminations con-
nected to the output end of the Slotted Line were used, the accuracy of the instrument
was checked over a VSWR ranging from 1.00:1 to 6.00:1. The maximum error found
was 5%. The actual components (Fig. 7) connected to the end of the Slotted Line have
1 maximnm collective VSWR of (1.91) (1.01) (1.03) = 1.05.8 The estimated effect that
this VSWR has on measurements is given in Table 11,

Table I1. Errors Due to Equipment

VSWR of Sample in Ideal Line VSWR Range of Sample trror
(No Inhetent VSWR) (Due to Inherent VSWR of Line)

1.5 1.44 - 1.56 + 4%

2.0 1.92 - 2.08 + 4%

4.0 3.84 - 4.16 + 4%

6.0 5.76 -6.25 4%

When the 5% crror of the slotted line itself is considered. the total esti-
mated maximum error turns out to be * 9%, Since calibrated mismatches were available
only up to 6.00:1, no calibration of the slotted line was made above this value. How-
ever, standard. accepted procedures for measuring high VSWRs (greater than 10.00:1)
were followed. The above technique (Kirkscether's) vields the value of a number of
clectromagnetic parameters, i.e.. diclectrie, propagation and phase constants as well as
attenuation and permeability. The techniques deseribed in paragraph 6 yield only the
value of attenuation.

6. Discussion of Techniques and Results. The advantages and disadvantages of
the three techniques and the results of tests deseribed in this report are given in the fol-
lowing paragraphs.

a. The Ginzton Technique. The Ginzton Technigue was the first attempt
at MERDC to measure the one-way attenuation through soil. This technique required
approximately nine VSWR readings on one sample at one frequency. The readings
were plotted on a Smith Chart. and impedance values from the chart were tediously
hand caleulated to arrive at the attenuation.

The Ginzton Technique is a laborious method to obtain the attenuation
value of a sample. The hand caleulations can casily lead to mistakes in the final answer,
Soil attenuation s frequeney for this method appears in Fig, 8.

8‘lirmu'aw Engineer’s Technical and Buyers Cuide, p. 11, Horizon House, Mass,, 1967,
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b. The Power Ratio Technique. The Power Ratio Technique using the
Alford Network Analyzer was the second method employed in the quest for attenua-
tion data from soils. This technique requires that the soil sample input and output i
ports be tuned for maximum power transfer as indicated on a network znalyzer oscillo- :
scope (Fig. 9). Onee this is done, the measurement of the attenuation is obtained by
directly reading, in decibels, the control knob on the analyzer.

b anRic-d SR

vy 3T Pt
i

Pl

This method is the least laborious and has the minimum calculations, !
necessary to arrive at an attenuation value. It has the disadvantage of not being able to
go below approximately 190 mlz because of the short length of the tuners which are .
used to match the impedance of the line to the soil sample. i

P

c.  The input Impedance Technique. The Input Impedance Technique was

emploved as a method to obtain not only attenuation but also velocity of propagation,
- conductivity, and diclectric constant. This technique, therefore, had greater potential
in viclding more properties and their values from one initial set of readings. However,
except for the attenuation, the other propertics proved to be more elusive than at first -
thought. The equation finally used to obtain these properties proved to be multi-valued:
and, unless the experimenters had previous knowledge of the approximate dielectric
value of the soil under test, there was no way to identify the properties except by using
two different lengths of the same soil.

VLl e D S S Al I

PRI RS TNV JE ST

d. Results. In weighing the results and potential (vielding other propertics
besides attenuation) of cach technigue against the effort, a conclusion can be reached
as to which is the most effective technique and which is the least effective.

R Ry T I R T S R

Assuming that the shortcomings of the Input Impedance Technique are :
i
solved (Phase Constant. p) Table HI ranks the techniques in effort vs results, :

Table 1H. Ffforf vs Results :

Technique Rank Etfort Re~ults i l_“"" for Other Remarks i
Soil Measurements
Ginzton Fair Tedious AMlenation None - ;
Power Ratio Good Low \Mtenuation None -
Power Ratio Very Good  Average Attenuation Dieleetrie
with Vector w/Phase A Constant
Volt
Input Vers Good  Tedions Altenuation Phise B Vel of Not good
Impedanee to Bewt Prop.. Diclectrie for high
Constant los wils
19
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There is good correlation between the Power Ratio and the lnput Im-
pedance Techniques as indicated by Figs. 10 and 11, Table IV shows the results of a
recent comparison between the Power Ratio (Veetor Voltmeter) Method versus the
Input Impedance Technique on the same samnple of soil at two different frequencies
(i.e., density and moisture content were identical in the samples for both techniques).

Table IV, Comparison of Power Ratio/Input lmpedanee Technigues

Feequeney  Moisture % Wet Density  Input Impedance Technique  Power Ratio (Vector

(mHz) of Dry Wt (gm/ee) (db/meter) Volumeter) (db/meter)
600 12 1.33 19.1 17.3
1000 128 1.38 237 249

Note: Laguana Joyuda, P.R. (Tunnel site) sample from 50 level,

Before turning to the conclusions, the reader is directed to Figs. 12 and
13 which show the attenuation versus frequency of a Vietnam soil (silt clay). Note a
decrease in attenuation across several hundred megahertz. The rate of deercase in atten-
uation appears to be a function of moisture. This soil is the only one of several dozen
soils observed that behaves in this fashion. No clear explanation can be given at this
time for this odd behavior.
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lil. CONCLUSIONS

7.  Conclusions. It is concluded that:

§ a.  An increase in moisture content of soils will generally increase attenua-

; tion. (However, there are exceptions as noted in Figs. 12 and 13 in that windows occur
in the attenuation curve above 500 miz. The transmission windows are accentuated by
the percentage of moisture occurring in the soil.)

et R R e G N Ot e S T L AR A

K
v’

b.  Correlation is obtained between the Input Impedance Technique and
the Power Ratio M~thod ( 9%) if the density and moisture content are the same in
both methods.
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APPENDIX A
COMPUTER PROGRAM AND PRINTGUT
(FORTRAN IV)
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CASE LAGUNA JeYuDA
VSHR(OD)Z  6.50
VSHR(SC)= 2.80
L(0C) = «1600
t{sC) = «18590
LAMBDA= «1667
LENGTH= «6730
F= 1839 MCS
Z0C= 8+18654005 12.51443551
ZsC= 27.66337154 -33.,29933998
ZCH= 25,37679253 1.48736€54
ALPHA= 3.94R393271 ALPHA F=
OMCGA= 1.13007337E+10
Z = 38451272437 ~e 44596331
N CETA LC3STAN
0 6.6157 1.852¢
1 23.1335 +28962
2 4346513 »1¢00
3 71.1699 «1113
b 92.6863 «01353
5 114.2345 «J€92
6 125.7223 « 3582
7 157.2401 «0502
8 178.7578 L LY
9 20042756 «9394
10 221.7933 «0356
11 24343111 «0325
12 26448233 3273
13 285434€E0 « 0275
1h 367.8604 « 2256
28
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34.28349130
20 = 5040
SIGHAX/ 5! CPSILON
3.€7L5E-04 0198
1.5625E-03 5459
2.7573€-03 1.7236
3.€5306-03 7.5529
5,1481E-03 640337
642433533 9.1¢61
7.53856-03 12,9501
8.7337€-03 17,3856
9.9288E-03 22,0727
11126602 23,2114
1,23196-02 34,6017
1.2514E-02 41,6435
1.4710E-02 49,3269
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1407169892 66,6784
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CASE LAGUNA JCYUDA
vsuR0GI=  L.70
VSHR(SC)=  3.20
L(oc) = .2330
L(SC) = +1699
LAMEDA= «1667
LENGTH= «17390
F= 1800 MCS
zoc= 38,38609755 20445308475
2sc= 15.73457789 -3.97596541
ZCH= 26.37420836 3.20765759
ALPHA= 3.43363526 ALPHA P= 29.82455686
OMEGA= 1,13)973376+10
Z = 3.L353%92237 -.84891835 2t = 50.0
N acTA LCSSTAN SIGMA EPSILOM
0 -1.,7691 1.4029 ~8,5483E~065 -. 0061
1 7.3106 1.2052 3,5325E-04 0293
2 16435004 .4382 7.9197E-04 «1807
3 25,4701 $2746 1.7307E~-03 4482
4 34,5499 «2007 1.6594E-03 «8316
5 43,6296 «1584 2.10826-03 1.3314
6 52,7094 .1208 2.54696-03 149466
7 €1.,7891 .1115 2.9356E-03 2.6780
8 717.88499 «0c714 3.42432-03 3.5265€
9 79,9436 . 0861 3.8631E-03 4e4851
10 89,0284 .0773 4,3919£-03 5.5686
11 98,1081 L0701 4o 2455603 6e7E42
12 167,1979 .« 2641 $,1793€-03 3.0758
13 1156,2676 0591 5.,6180E-03 9,5033
14 125,3474 0548 6.0567€-03 11.G469
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CASE LAGUNA JOYUDA

L e e

VSHR(QC) = Y 1

VSHR(SC)= 2430

LcoC)= «1700
L(SC)= <1610
LAMROA= «1667
LENGTH= «2730
F= 1800 MCS

Z0C= 3540093333 =3.24535€20
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Z8C= 22.56150637 8.71889857
ZCH= 28.88312784 4.01621628
ALPHA= 2.49092984 ALPHA p= 36.322216A3

OMEGA= 1,13097337E+10

Z = 2.826318 -.30208519 720 = 50,4

N PETA LGSSTAN SIGHA EPSILCN

0 1.6159 -1.1732 7493 18-85 “eulb?

B P ]

1 743697 1.2214 30054504 RN 1

; 2 1%.1236 5725 Gl ~U4 eli7€

3 13.8774 « 3825 GeCT3EE=Di sLuZ2

L 24406312 +2893 1.2800€-03 +L 243

5 32.385¢0 +2329 1.4327E-02 L]
6 3641389 «1S50 1.7753€~93 fHiUk
7 41.8927 «1678 ¢»0585F~03 Le222n}
8 47.6465 1473 23IHL7E-03 1.5288
9 53.4004 012313 c.Z33E-C3 1.5¢79
10 3941542 «1134 2.9653C~-03 244335
11 64.9080 1079 3413887¢~073 24553
12 70.6618 «0€90 SoL713E~C2 3.5347
13 75.4157 «0915 3.,7540E~33 4.1008

14 82.1695 « 0851 Le01300E-02 be?421
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%g VSHR(OG+ 4345000 20c = 1416714719 ~10.18518543

%& LEOC) = J2450 CH = 34.€8348262 81443966

%; VSHR(SC) = 39,6000 ¢ = 8.21616972  11/,07662124

%: L(SC) = «1360 ALPHA = 434306703 ALPHA F = 3.C02321033

§ DELTA L =  ,2710 OMEGA = 3.76991124E+09 -

i ——
] 35 LAHBOA = 45000 z = 2.07430608 -4 09745492
: %’ LENGTH = 40730 20 = 5040
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3 4
f 2 N BETA LOSSTAN STGHA EESILON
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: i LAMBDA =  .594¢ z = 1.93287074  -,08374163
% § LENGTH = L9730 200 = sg.0
1 : FREGUENCY = 600 MCS
é : N BETA LOSSTAN SI6HA EPSILON
f é 0 -3.7925 -.1831 ~5.5126¢-04 «0903
4 ‘ 1 17,7253 _ .038¢ 2.57658-03 1.9388
? i 2 39,2430 0175 6o 7642E-03 9.7515

; ; 3 6047608 e$113 8.4319E-43 23,3762

% ‘ 4 82.2785 NPT 1.1960,-u2 42,4662

: ; 5 163.7983 +0CEE 1.50878-02 63,2243

,2 6 125.3141 <1556 1.8215¢-02 99,4435

é : 7 146,8318 0047 2413436-02 138,526y

] ; 8 16843496 «2G41 244471600 179,474y

E g 9 189,8673 .002¢ 2.75580-52 22342360

3 § 10 211,3851 033 34072¢E-02 82,9614

{% : 11 232.9¢28 6035 $43354f-02 33,5017

f f 12 254,4206 o327 $46982E-92 499,935

f : 13 275.9284 aoze 4e010GE=52 48241743

3 : 14 297.4561 ‘3028 4eS2270-02 56,3063

] ' 15 318,9739 ALY 40CIERE 2 B, 3023

3 16 3404515 <029 449492¢-92 134,163y

L 17 362,094 cub1c S.2623¢-02 329,888y

3 18 333.5272 NWT 545743002 31,4770

i 19 495,044 S 5488761 =52 1322.9322

9 12

;

& 4




e i L N At ST o A et PN =00 3 O S b S S AR B AT Kl A3 A 2
L3 TR L Y ¥ A WY TR P AR T AT L AN A Ry A ST e A R A A A N U e e AN SRR T T R A R e AT T A ey CL X W PR

S A AR e e Gl N e e L S L S O S ) TeE
AT RO O 5 7

R I B s i Ny s 3 P s - sy
5 :
B
.k A T
: ,ﬁ VSWR(OC} = 40,0605 20C = 116.%13/643%  bt.70513901
. ;? Le) = 2120 ZCH = 32,22449591 4.9159¢104
; é% VSHR(SC) = 43.50¢0 2s¢ = 1.15155956  -1.85485340
] é% L(sC) = 3320 ALPHA = «15081760 ALPHA P = 1.3150016%
% %ﬁ DELTA L = 1719 OMEGA = 3.76991124E+09 '
3{; LAMEDA = 5000 2 z 2424573205 -+70151948
% LENGTH =  ,1730 20 = 5g.0 ZZEEEEEEE?
g FRECUENCY = 600 MCS Z "Val‘/ab/,,":'gpy.
H N BETA LOSSTAN SIGHA EPSILCN
% 0 ~¢3610 ~1.u123 ~2.2983E-L5 c0a07
? 1 8.7188 ¢ A34E 5e5513E=ub 4812
§ 2 17.7985 0166 101332E-03 200059
§ 3 26,6783 112 1.74340-03 4e5748
j 4 36.9620 eu84h 2ectyvli=ys Re 17?7
: 5 5 45,0378 <5067 2.867bL~03 12,8449
% 6 54,1175 cidbe 3.44L7E~03 18,5461
% 7 63,1673 eLl48 Yeu238E~03 25,2915
' 8 72,2770 <0042 406019L~03 33,9810
E ; 9 81,3568 <2037 54.1801E=03 h1.9147
‘} % 10 90.4365 <0032 5.75626~04 51,792»
: : 11 99,5163 G030 0o 33R3E~u3 6247144
12 108,5560 co028 beYlbbtmy3 7446805
§ 13 117.6758 <UU2€ 7.49251-03 57,6907
g 14 126.7555 NEFD 2o iTuki=Y0 101,745)
f 15 135.8352 c392z 3.Eu8RC-03 115,8435
% 16 144,9150 .co21 302269L=43 132,9862
é 1?7 153.9947 o2t S ALECE~yZ 15,,1729
§ 18 163.0745 Q3018 1e.3228-22 16444330
: 12 172.1542 LT Teute19- 42 13743729
A ¢
d :, 33

r

P |



eI C i Eolee s By YT T L L SRR T TR R O T L TR T ST T . . w
ERUSAEISN D EL A AR DO w2 TS AR O LA R R4 TG e 7R EEY 20 . G

-~

serewed to the center conductor of the air line. The line is now ready to receive the soil
sam ple.

. N [N . . .y e - B A IR ECRT "»'r‘;”7"”Fw?f“w”%a‘ut.;'ﬁ#%?m?
j
? : APPENDIX B
? LABORATORY PROCEDURE FOR KIRKSCETHER'S
¢ TRANSMISSION-LINE TECHNIQUE
-
; Procedure
] !
1 : The sample of soil is packed into a General Radio (GR) Type 87 Air Line with the
3 apparatus shown in Figs. 3 and 4. The center conductor exfension of the apparatus is
T

The soil sample is funneled into the air line a little at a time. The soil is tamped
between levels of soil until the entire air line is filled (Fig. 5). The center conductor ex-
tension of the apparatus is unscrewed from the center conductor of the GR Line. This
completes the filling (Fig. 6).

The air line containing the soil sample is conncected to the end of the Alford slotted
line with a suitable connector. The tunable probe should be inserted in the line and ad-
justed for maximum signal out.

The frequency to be used in the attenuation measurements is selected on the lew-
lett Packard 51054 Frequency Synthesizer.

The Alford slotted line utilized for these experiments was 5 feet long, thus limiting
the lowest frequency to 100 milz without the use of extensions. A GR Constant-
Impedance Adjustable Line (874-1.K) may be used to obtain an aceurate one-half-
wavelength line (Fig. 1) for cach frequency to be used. The one-half-wavelength lines
may be obtained in the following manner:

a.  The wavelength in meters can be determined by using the following formula:

= wvavelength in meters
(assuming (. = Co)

__300
A f mHz

b.  Before the one-half-wavelength line is attached to the slotted line, a calibrated

short circuit is connected and the first null on the slotted line is located as shown in
Fig. 14.
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-’ ¢.  Once the null point has been located, the detector probe is then at one-half
3 . wavelength from the short affixed to the end of the slotted line. The short is removed,
E and a Telonic calibrated VSWR standard is placed on the end of the slotted line (Fig. 15).
S The probe is moved along the line to seek the maximum voltage; and, when this is ob-

Pl tained, the gain of the VSWR meter is adjusted for 0 db. The probe is then moved
} along to find the voltage minimum. The VSWR is indicated by the meter. This reading
= compared to the standard on the end of the line is the error. The error does not exceed
g * 5% on a consistent basis.

3 . d. The standard is removed and the GR short is replaced on the end of the slotted
g line. The probe is again moved along the line away from the short and is stopped at the
. first voltage minimum as shown in Iig. 16A.

; \ e.  The short is removed from the slotted line and placed on the end of the one-
;o half-wavelength, adjustable line. The line is adjusted so that a minimum occurs at the

same place as it did with the short connected dirccetly to the slotted line as shown in

Fig. 16B.
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4 ~1  METER

< Fig. 15. System calibration.

. f.  The adjustable line must now be shortened by 4.6 centimeters to move the

. plane of the short 4.6 centimeters toward the gencrator as shown in Fig. 16C. The

3 reason for this is to account for the spacing inhcrent in the General Radio connectors.
3 It ensures that when the adjustable line is connected to the output end of a section of
GR line filled with soil, the open or short circuit will be trausformed exactly to air-soil

interface (Fig. 16D).

g. It may be well at this point to recheck along the slotted line the distance be-
3 tween the nulls to make sure it corresponds to the right frequency. It can happen that,
: if the tuning knob on the probe is unintentionally turned, the distance between nulls
will not be related to the generator frequency.

h.  The carriage containing the probe/detector is moved along the slotted line to
1 find the voltage maximum.

/ i.  Once this voltage maximum is found on the VSWR meter, the gain of the in-
strument is increased so that the meter indicator reads a VSWR of 1.00:1 (0 db).
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E j-  The operator should now record the following:

i £

b ’ (1) The VSWR with the soil-filled line electrically short circuited at its
i ¥

E output,

E (2) The VSWR with the soililled line electrically open circuited at its
4 : output.

(3) The distance expressed in meters from a voltage minimum to the input
air-soil int:rface with the short circuit in place (Fig. 17).

T

(4) The distance expressed in meters from a voltage minimum to the input
air-soil interface with the open circuit in place (Fig. 17).

k. When data is obtained from a slotted-line system, one of the best aids for de-
termining the normalized input impedance of the open- and short-circuited, soil-filled,
coaxial linc is the Smith Chart, and one proceeds to calculate the complex propagatio:
constant by hand. However, this is tedious and not recommended. It is advisable to
use the computer program.

. The Smith Chart approach works well for soils which have average to high
attenuation. Normally, this produces VSWR's that are less thar 10.0:1.0; however.
low -loss materials such as sands produce VSWR ’s which are quite high.

m. Accurate, high VSWR readings for low-loss soils are best obtained by using
the “Ten-Times-Minimum Method.”® Measure the distance (d) between positions on
the standing wave pattern where the voltage is 10 db above the voltage at the minimum
or null point (Fig. 18). Substituting the value obtained from the slotted line at the
10-db points with the wavelength used in the following formula results in an accurate
VSWR reading:

3 ' VSWR = 3 ( e )

T \ Ax

BRSNS ot

Recording the position of the 10-db points and the null point (Alford Slotted Line has

] a centimeter scaie) in this method is important because it enables the operator to recheck
his work if the need arises. This method is the same for both the open and shorted
modes. The distance from the null point to the front face of the soil sample must be
recorded. An example of a record is given in Table V.

9Hewlett Packard Operating and Service Manual fos SWR meter 415E, Section 3, par. 3-29.
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Fig. 18. Ten-times minimum method for measuring high VSWR.

Table V. Data as Listed in Notebook

FREQ. SHORT X, X, X, Ax d
(mHz) (cm) orOPEN (em) (ecm) (cm) (ecm) VSWR (m)

100 300 SHORT 6105 6535 69.00 795 358:10 1116
169 300 OPEN 2395 2530 2665 2.70 105.0:1.0 1515

where:

X, = 10-db point

X, = null point

X; = 10-db point

d = distance from the probe to nearest soil face

The above values of VSWR (short and open) and their respective *‘d™ values are entered
into the computer.
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APPENDIX C
MODIFICATION OF TRANSMISSION-LINE EQUATION FOR INPUT IMPEDANCE

The Smith Chart greatly simplifies calculations of impedance from the measure-
ment of VSWR and electrical length. This length can be either toward or away from
the generator. Calculation f the impedance from the transmission-line equations de-
mands that this distance from the voltage minimum be measured in wavelengths toward
the generator, since this is the premise on which the equations were developed.

When a measurement of voltage minimum is made for a sample, it is ordinarily
taken in distance from the air-soil interface—the distance away from the generator,

that is, toward the load. The following manipulation serves to put the transmission-line
equation in the proper form for transformation of impedance away fron: ti+ gerurator.

From the literature:

Z.,c} [chosﬁd+jZ°sin[3d]
= Zo

=2 1)
z,, Z, cospd+jZ,sinfd
at a voltage minimum
Z
Z . =—2
Zd = Zmin (3)
o . .
z VSWRcosBd+JZosnan
2o = Z, - )
s i . 0 .t
I Z, cosfd+j VSWR sind
| ——l Bd+jsinfd
Z VSwg cereTIem
- = Z, 1 (5)
s . .
I cosfd+j VSWR sinfd
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where, now, Z__ or Z_, is calculated from a measurement of the VSWR (under open or

short circuit condition) and the corresponding electrical length from the voitage mini-
mum to the input air-soil interface

where:

Z = 50 ohms = characteristic linc impedance

(6)
and
e =—2>\l' ; A measured in meters. 7)
Using a diagram to illustrate:
— & — /2 —
! \\\\\\\
' SolL
v \ N \\\
oS L.w'_-’ SHRT o
oped

The calibrated open circuit is placed at the end of the line and the respective open
circuit parameters are measured. Next, the calibrated short circuit replaces the open

circuit ¢nd the short circuit parameters are measured. The clectrical length in both cases
is measurcd sway from the generator (toward the load).

Consider the sine wave below which would be a plot of the variation of voltage am-
plitude vs distance toward the load:

] )
v.mmT N :
’ []
* ]
' TOWMRYD, LOAD el
k() *- k)
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A voltage minimum is found to exist at point x,. If the load exists at point x4, then a
corresponding point is found at x, ; and the distance from x, to x; is one wavelength.
The distance measurea toward the load is d; thus, the corresponding distance toward
the generator, L, is

L =N2 - d in meters. 8)

Now, d in equation (5) must be replaced by L from equation (8). Thus, equation (5)
becomes, with this substitution,

. y
Zo TSWR €088 (M2-d) +jsin p (V2-d)

= Zo| s (M2-d)+] —L— sin B (A2-d) )
Z } Vswr

8C

where B = phase constant of the soil-filled line (radians/meter), and substituting for §
from equation (7):

L cos 2T (\/2-d) + j sin 2T (W2-
Z, _, VSWR < 3 (N2-d) +j sin 3 (N2-d) 0
Z,, °l cos %"-’()\/2-d) i g SIWR sin 3)\’-' (V2-d)
where:

Z,, = inputimpedance of a soilloaded line terminated in a short circuit
(okms)

Z,, = inputimpedance of a soil-loaded line terminated in an open circuit
(ohms)

d = distance from a voltage minimum to the input terminals of the soil-
loaded line (meters)

VSWR = voltage standing-wave ratio=V,_ . /V ..

>
1]

frec space wavclength (meters)

characteristic impedance of the air-filled line = 50 ohms.
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APPENDIX D

SOLUTION OF LOSS TANGENT EQUATION:

tanh 78 = %

ocC

where v = propagation constant of the soil-filled line (complex quantity).

LetZ =c+jd
andZ =g+jh

Z c+jd
Z g+jh

R ationalizing yields

ctjd g-jh _cg+hd

o (g-ch)

g+jh "g-jh g2 +h?

_cg+hd
leta—g—z—m

_dg-ch
b= oTm

then L . a+jb
ZOC

From Fig. D-1, it can be seen that a vector, v, in the complex plane can be represented
by the notation a + jb

J g2+h2
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i Fig. D-1
: Thus a + jb can be equated to a product of an amplitude times the phase angle. If we

. let this phase angle be represented by ei¥, then:

. v=a+jb=la+jble )
1 From Fig. D-1, we have

: la+jb 1=V a?+}p? (10)
tan ¢ = b/a (11)

a
A andcosyp =

2 __ (12)
' V a2 +p2

‘ or +F=Vaz+p2 ¥ (13)

s a+jb =(a? + b2)* o 0f2 (14)

From Euler’s thecrem:

A 42

" B2 = cos /2 + j sin p/2 (15)
sothat V 3+75 = (a2 +b2)* [cos@/2+sing/2 | (16)
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i (A3
cosp/2 = \/ 172 (1 + cos ) (17)
:
: y
: 3 and sin /2 =\/ 1/2 (1 - cos ¢) (18)
3 thus: Yo+ = (@ + b2 (/T2 (T T oong) + iV -cosyp) | (19)
E '
3 : From equation (12):
-
Va+jb = (a? + b2 [1/2 (1 + _.@._)]y +j[l/2 (1 --ah) ]"‘ (20)
, t \/aZ ¥+ b2 V a + b2
B

- ’ %
. , Via+ib = [V—_“‘z;bz +% ] +j [ a® + b2

a ]V’
b .2 21)

3 : Va2 + 12 %
X +
: LetA=| Y2 *b 4 @2)
E 2 2 ]
dB !\/az * l—); a *
an = - = 3
;. E @)
. Va+jp =A+jB (24)
From equations (1) and (8):
- tanh +¢ = A +iB (25)
2, = tanh'l (A +jB) (26)
1+{A+jB) ]
= D § I
R, = 1/2 fn { TG 27

Rationalizing yields




TR TR R AT RIS I LTI R WL T L T

: R 1+A)(1-A)-B2 1+A)B+() -A)B
B o, =t |LENA-N-B - jaenBr -8 @)
Ff (1 -A)? +B? (1-A)* +B?
1-(A? +B?)
292 = fn __(__.i)-i-j 3 (29)
. o
. (1-AP +52 (1-A)2 +B?
3 -(A%2 +B? 2
- 2o o LA B o 2B (30)
S (L-AP+B2 " (1-AP+B
: b By definition, y = & + jB (31)
o 27 = (2(A+iB), = o208, (2% 32)
S
E Using Euler’s relation again yields:
§
2o = 2o (cos 258 +jsin268,) (33)
4 ; Equating real and imaginary components of equations (30) and (33} yields:
E (A2 + B2
: f‘. e22°a cos 2 Qo g= M (34)
3 (1-A) +B?
E 2B
. 2l%gin2g = —— (35)
b (1-A) +B?
3 Squaring equations (34) and (35) and adding the resultant yields:
: (A2 +r2y 12 2
2 Mol cog? 20 f+et%o®sin2 29 = 1-(A2+B?) |° 4B 36)
; : (1-A) +B? [(1-A)? + B?)?
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Since sin® 6 + cos® 6 =1

oaloa o [1- (A% +B%)]? +4p2

(37)
[(1 - AP +B?}?
Finally, has the solution,
T [1-(A%2+B2%)]2 +4B? (38)
4%, [(1 - A)?2% B2]2

where a = attenuation constant of soil-filled line (db/meter) and

A and B are functions of a and b which, in turn, are functions of Z, and Z,.

=L
a 49 n [f(Z

L]

Z,.) ] which is the result shown. (39)

sc?

In order to solve for B, we again make use of equations (34) and (35).

If we divide equation (34) into (35). we have,

2B
2% : S
e o“sanQOﬁ—(l_A)2+B2 0
(A2 1 R2
ezﬁoacos2QoB=L$A +B)
(1- A2 +B?
tan 2 2 {3=———2B (41)
° 1-(A2+B?)
=L tan? __ 28 (42)
220 l._(A2+B2)

i " At AR la
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However, since the tangent is a multivalned function, equation (42) presents only
the first-order solution and not necessarily the correct solution. Thus, the solution for

%
4
o
~
v
2o,

4 B is not unique, and the correct value must be determined by other measurements.

i Values obtained from the equation,

4 ¥

T X

S

Y B, =L tan? [ — 2B . n1r] (43)

; §:~ 220 1 _(A2 +B2)

2

&

% or B, = 51- i tan? [g(Z,.,Z,) ] +nw t (44)
r are tabulated for several values of n as an outr‘ut of the computer program. Where

g(Z,.,2,,) are known functions, B is the nth solution of a multivalued function and
£, is the physical length of the sonl-flllcd section of coaxial line.
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