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Abstract:

Theoretical analysis and measured performance of an intrusive microwave probe for sensing the
distribution of soil moisture from near surface to root zone depths (1-2 m) are presented. The probe
consists of a linear array of slot antennas mounted along the axis of a metal cylinder and is intended for
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ABSTRACT

Theoretical analysis and measured performance of an
intrusive microwave probe for sensing the distribution
of soil moisture from near surface to root zone depths
(1-2 m) are presented. The probe consists of a linear
array of slot antennas mounted along the axis of a
metal cylinder and is intended for borehole installa-
tion. Measurements of self and mutual slot antenna
admittances are used to derive a discrete depth profile
of the soil's complex permittivity. The moisture ‘
distribution is then deduced from this permittivity
profile by .empirical relations.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Knowledge of soil moisture conditions at root zone
depth is important for a variety of reasons. In some
instances the particular strain of crop fo be planted is
chosen based on soil moisture estimates. For example,
winter wheat is normally planted if moisture appears
plentiful in the fall. Otherwise winter snows are
allowed to replenish soil water and then spring wheat
is planted. Soil moisture conditions are also an
important factor in the design and efficient‘ufilization
of irrigation systems.

Although soil moisture is an important parameter in
crop management decisions, it is not an easy quantity
to measure. The distribution of soil moisture varies
as a function of time and position due to such factors
as percolation, evaporation, irrigation, rainfall, and
plant use. Due to the nonhomogeneous natﬁfe of soil,
there may be great differences in the distribution of

soil moisture in adjacent ‘areas. Traditional field




measurements of soil water have depénded upon sampling
given locations at specified times and depths té
determine profiles of the moisture distribution. More
recently, remote sensing satellites have made it possible
to monitor large‘tracts of land but the attainable
profile depth has been limited to a few centimeters [1].

There are two Basic approaches to measuriﬁg soil
moisture conditions: ‘

1) those which determiné the potential energy of
the moisture;

2) those which measure moisture content ﬁer unit
mass or per unit volume of soil.

The potential energy measurement determines the
ease with which a plant may remove a given quantity of
water from the soil. This is a fundamental factor
governing a plant{s response to moisture and.pay be
measured by-tensiometers, vapor preésufe determination,
freezing point depression, etc. ﬁowever, the potential
energy of soil water is, in principle, relafed to the
soil's gravimetric (weight basis) and volumetric (volume
basis) moisture content. Thus an indirect estimate of

crop performance can be made from measurements of soil
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" moisture content. Since moisture content 'is more easily
determined than potential energy, the latter approach

is commonly taken.

Some Techniques for Measuring Soil Moisture Content

Moisture content can be measured in a variety of
ways. A standard laboratory technique is the oven dry-
ing of soil samples. The moisture content is expresséd

as the difference in the sample's wet and dry weights

normalized to either the sample volume or the dry weight.

In equation form,

. Wet Weight - Dry Weight

5 ane . :

W Dry Weight x 100% (1-1) .
or

o, - Wet Weight - Dry Weight . ’

*Wy ® “Volume of Soil Sampie  * 100% (1-2)

where %Wg is the.gravimetric percéntage and %Wv is the
volumetric percentage.

Oven drying is probably the most accurate way to
measure %W, but this method has several disad&antages:

1) it is difficult to automate;

2) it is very slow (sample drying often takes

48 hours):




3) continuous real time measurements are impossible.
A newer method which overcomes these limitations is the
neutron probe [2]. This instrument consists primarily
of a fast neutron source and a detector/counter unit.
When inserted in a bore hole, fast neutrons collide with
hydrogen atoms in the soil, lose energy, and are scat-
tered back to the detector as slow neutrons. The partiQ
cle count per second as observed by the detector is thus
proportional to the number of hydrogen atoms in the
surrounding soil. Since there is more hydrogen associ-
ated with soil water than with clay, ofganic métter, or
other soil particleé, the slow neutron flux is also
proportional to the amount of water in a bulk volume
of soil, The relationship between particle count and
%W is empirical and the operator must rely on calibra-
tion -curves. Althoﬁgh less accurate.than oven drying, .
the neutron probe is especially useful when repeated
sampling must be performed in a limited area where
numerous samﬁling holes are undesirable, One disad-
vantage of the neutron probe’is that the sensing volume
is essentially.é sphere 18 inches across. This makes

it difficult to fesolve fine layers in the vertical




soil profile. Also, deployment of the probe is strictly |
regulated since radicactive materials are involved.

As an alternative to the neutron probe, the possi-
bility of a microwave_based measurement system arises.
Considerable attention, both theoretical and experimental,
has been given to electromagnetic sensing of soil
properties. It is convenient to organize the existing
literature into two major categories:

1) efforts to relate a soil's electromagnetic
properties (e.g. complex permittivity) to its other
physical properties (e.g. soillmoisture);

2) efforts to find practical field techniques for

measuring soil electromagnetic properties.

Literature Review of Electromagnetic Properties of Soil

The electromagnetiq behavior of soil may be générally
described in terms of complex permittivity énd permea-
bility tensors. 1In practice? however, permittivify and
permeability -are geﬁerally treated as scalars. This
assumption implies that soil is esseﬁtially isotropic.
Furthermore, soil permeability is usually'assigned.a

free space value of u_ = Um x 1077 H/m. This




apﬁroximation is reasonéble provided the soil has a
negligible iron content, Thus, most electromagnetic
sensing of soil consists of measuring-its complex
permittivity €.

The permittivity of soiis is influenced by many
factors such as soil type, moisture coﬁtent, temperature,
and density. Many authors have attempted to derive
dielectric mixing formulas for predicting ém’ the
permittivity of a‘mixture, in terms of the permittivity
of its constituents and the nature of their dispersion.
Bruggeman [3] derived expressions which set upper and
lower bounds on ém for a pdrphyritic two phase mixture..
His expressions were experimentally verified by Pierée
“[4]. De Loor [5] presents a mixing formula for solutions
having ellipsoidal, spherical, or disc shaped inclusions.
He also discusses various dielectric losé mechanisms
and the frequencies at which they become important.

Tinga and Voss [6] review a host of dieléctric mixture
formulas from the literature and then pfoceed to treat
| multiphase'inclusibns of confocal ellipsoids in a uniform

host mediﬁm.. These theoretical results are then used




“to prédict the compiex permittivity of Douglas Fir
versus moisture content.

One problem in applying dielectric mixiﬁg formulas
is that the permittivities &f some constituents are
‘highly variable, Thus it is not clear which values
to-use in the mixing formulas. In particular, thé
variable properties of water are weli known. Windle
and Shaw [7] studied the dielecfriclpfopertiés of wool/
water systems and found that thg permittivity of |
localized or "bopnd" water was substantially less than
that of bulk water. The so-called bound water consists
of a thin layer of water molecules intimately bonded
to polar sites in the host medium. This bondiné reduces
the rotational polari;ability‘of the wafer molecules
and thus iowers their relaxation frequency. This effegt'
has also been reported by Schwan [8] on measurements of
water/hemoglobin mixtures from 01 to 1 Ghz. -De Loor
[9] states that the reléxation frequency of bound water
is typically between .3 and 1 Ghz, compared to about 22
Ghz for bulk water. The.contribution of bound water to
the dielectric propérties of a mixture is significant

at the lower microwave frequencies and can lead to




errors when applying dielectric mixture formulas. This
fact was noted by Tinga and Voss [61].

It is not necessary to rely on dielectric mixtufe
formulas to relate soil permittivity fo moisture ébntenf.
Instead one may choose to generate a data base from
experimental measurements on actual soils and then use
curve fitting techniques to esfablish empirical rela-
tions. This approach has been used successfully with
the neutron probe [2]. Hoekstra and Delaney [10]
measured the permittivity of several clay, silt and
sandy soils as a function of moisture content and
temperature at frequencies ranging from 0.1 Ghz to
26 Ghz. They found that soil type had a strong effect
on dielectric propefties below about 100 Mhz and that
the relaxation frequency of bound soil water was lqwep
than that of-Bulk water. At frequencies above 3 Ghz
they observed that the relation between volumetric water
content and complex permittivity is felatively independent ..
of soil type. Unfortunately penetration of more than
a few centimeters at these frequencies is difficult

because of the high attenuation offered by moist soil,
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Literature Review of Field Techniques for Measuring

Soil Permittivity

Most field measurement techniques may be classified
as either intrusive or nonintrusive. Intrusive probes
include buried transmission lines.tll] and antennas
[12]. Nénintrusive probes include various radar [13-161]

and radiometry [17-20] techniques. The Journal of

Microwave Power [21] contains a bibliography of 186

publications regarding nonintrusive microwave sensing. -
Lytle [22] gives an excellent survey of intrusive
techniques.

It would be convenient to use noninfrusive (remote
sensing) techniques for soil moisture profiling. .Large
surface areas could be cdnveniently scanned and no
disturbance of the soil would be‘necessary;‘ Unfortunately
such methods appear incapéble of sensing to root zéne
depth. To show this, conéider the penetration of plane'
waves into a lossy medium. Assuming normal incidence
and an eijC time dependence, the magnitude of the

electric field as a function of depth (z) can be

written [23]

|E | = IEOIe_jaZ volts/m (1-3)
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where

magnitude of electric field at surface (z=0)

]
o}
n

Im{k} = Im{w ‘uoeo ’ ér} = attenuation factor

(nepers/m) .

The attenuation in the lossy medium may be expressed'

in decibels as

oz

A = 2Olog10e— decibels, (1-14)

’Typical ér for a dry soil (5% gHZO/cmS) at 4 Ghz is
2.6 - j0.3 [10]. This is equivalent to an attenuation
of 68 dB/m, or a round"trip attenuation of 136 dB/m.
Even with efficient coupling of the ﬁlane wave into
the soil, this excessive attenuation precludes remotely
sensing moisture at significant depths.

This penetration problem is acknowledged in the
literature. Ulaby and Batalivala [13] using fre-
quencies between 2 Ghz and 8 Ghz in a radar sensing
system obtained useful correlation against measured
moisture profiles to a depth of only 15 cm. Deeper
penetration may be achieved by uéing lower frequencies
at the cost of reduced resolution and increased

dependence on soil type [101].
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Another difficulty encountered with surface based
measurements is uniquely resolving the nonuniform verti-
cal moisture profile of soils. This problem has been
treated theoretically for the casé of sensing natural
microwave emissions (i,e. radiometry) by Stogryn [201].

If depth of penetration is é prime consideration,
some form of intrusive probe is necessary, Many of thé
intrusive systems described by Lytle [22] involve two
or more boreholes, These would be adequate for low
frequency applications where attenuation between bore-
holes is small, but are hot very useful at microwave‘
frequencies,

Examples of single hole probes iﬁclude buried
transmission lines and monopole antennas. A transmis- -
sion line system described by Chudobiak et al [24]
empldyed'time'domain reflectometry (TDR) techniques,

A balanced open wire transmission line was inserted
yertically'into the soil to a depth of several meters.
A fast rise fime pulse was then propagated down. the
line and all reflections were monitored at the surface,
The amplitudes of the reflections are proportionai to

the changé in permittivity between soil layers,. and the
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arrival times are pfoportional to the depth of the-
layers. To calibrate the system in terms of depth,
marker reflections were established by designing step
impedance changes into the transmission line at preset
intervals., Unfoftunately the lossiness'bf the soil
(discussed above) causes reflections to die out as
rapidly as for a nonintrusive probe. Scott and King
[25] used a buried monopole to measure the complex
permittivity of lake Qater at VHY frequencies. This
procedure worked well for homogeneous media. However,
resolution in a layered medium such as soil would be poor
because the permittivity is averaged over thé length

of the monopole,

The Slotted Cylinder Geometry for Soil Moisture Sensing

As was pointed out in the literature review, effects
of soil type on permittivity can be minimized by increas-
ing the operating ffequency of the sensor, However,
increasing the operating frequency seriously restricts
attainable depth of penetration due to propaéation losses
in the soil. One solution to these combined problems is

to employ a slotted cylinder geometry of the form shown
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in Figure 1-~1. This probe consists of a gonducting
cylinder with an array of slot antennas (also called
aperture radiators) situated along its axis, The afray
is installed-intrusivély so that each slot antenna
senses a different soil depfh; The antennas are indi-
vidually fed from the surface by coaxial transmission
lines running throﬁgh the center of the cylinder.
Measurements of slot antenna properties (e.g. VSWR and
mutual coupling) provide a discrete (histogram) profile
of the soil's electromagnetic characteristics along the
length of the:cylinder, Experimentally derived curves
relating soil moisture and compigx permittivity, such .
as those of Hoekstra and Delaney [iO], could then be
used to convert the permittivity profile to a moistupre
profile, |

Root zone ﬁoisture measurement at -arbitrarily
high frequencies are possible with this geometry because
the sensing antenna is loﬁated at fhe desired depth, In
factvtﬂe total depth of the profile is governed by‘the
length of the array, and the resolution of the profile

is determined by the spacing and beam pattern of the
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Coaxial Feed Lines
(One Per Slot)

Air Gl
«v“ e B r
Soil
e
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Figure 1-1. A Slotted Cylinder Array for Soil Moisture

Sensing.
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‘individual radiators. These two very important para-
meters are thus under designef control.

It should be pointed out that a circular cylinder
geometry was chosen for the probe so that it could be
- easily installed in a borehole., There is nothing
especially convenlent about the electrical properties
of a slotted circular cylinder., A square cylinder
would suffice just as well, _Aperturé radiators were
chosen for array elemehts so that the array could be‘
flush with the cylinder's surface, The array elements
are fed separately from the surface to maximize the
. possible array configurations, This allows.the user to
design redundancy into his measurément strategy since
the array can be reconfigured at will from tﬁe-surfécef

In effect the slotted cylinder array comﬁrises a
.mﬁltiport microwave network ﬁhicﬁ can be charaéterized
by a scattering matrix. As will be shown in Chapter 2,
it is possible to relate the scattering matrix éf'the
array elements to the soil's effe&tive complex per-
mittivity., These parameter calculations prove coétly
for a slotted cylinder'geﬁmetry buf it is shown that

less costly slotted plane results may often be
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substituted with little error. Also since accurate

phase measurements are difficult to obtain in the field

and require rélatively expensive instrumentation, the
usefulness of s-parameter magnitudes onl? is discussed,
Chapter 3 presents comparisqns between theory'ahd
experiment for both slotted cylinder and slotted plane
arrays. Chapter 4'summarizés thelpotential usefulness

' of the slotted cylinder as a moisture probe.




CHAPTER 2
ANALYSIS OF THE SLOTTED CYLINDER AND

SLOTTED GROUND PLANE ARRAYS

Introduction

The primary pﬁrpose of this chapter is to develop
theoretical ‘expressions for the self admittance, mutual
admittance, and ééattering parameters of a slotted
cylinder array in terms of the complex permittivity
of the medium in which it is immersed. These,expres—
sions are useful for two reasons:-

1) if the exﬁected variation of permittivity with
soil moisture is known, then: the sensitivity of the
~array to small cHanges in moisture.may be ppedicted;

2) unknown soil ﬁermittivity may be measured.by
‘ solving'the inverse expression, i,e, a valué of per-

mittivity is selected which fits the meésured admit-

tance data over a.range of freqﬁencies.

The admittance versus permittivity expressions
are also presented for a slotted ground plane geomefry
because they are considerably easier to evaluate‘and,
under certain conditions, may be substituted for the

slotted cylinder equations with negligible error. A.
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numerical comparison between the self admittance and
mutual coupling of a slotted plane and a 6 inch (15,2

cm) diameter slotted cylinder is included.

Previous Work

The‘analysis of a slotted cylinder array radiat-
ing into a lossy env1ronment has been treated prevlously
[26-32], Much of this work concenned the study of
spacecraft aperture antennas subjected to thin lossy
plasmas during reentry, |

Silver énd.Saundehs.{30] gave a_genéral.methdd of
analysis for the fields due to a single slot with an
arbitrary two dimensional aperture distribution, fhen
expressions for the far field of a uniformly exéited
circuﬁfgrential slot and an infinite axiélislot were
derived, Knop [29J.presents integral ekpréssiohs.for
the admittance of a finite‘hxial:slﬁt on a_diélécfric
clad cylinder, He assumes a TElO aperturé sourég
distributién.' Golden and Stewart [27,281 compute the
self and mutual admlttance of TElO excited ax1al slots
radiating into lossy plasmas, Tetenbaum [32] caompares
thé'propeﬁtieé of slotted éylindefs with those'df,f

slotted ground plaﬁes.
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Assumptions

The theoretical analysis of the slotted cylinder
array as a moisture brobe is ‘based on the folloWing
major assumptions:

1) soil can be represented for moisture éensing
purposes as a homoéeneous isotropic linear medium;

2) the slot antennas are excited by a.dominaﬁt
mode TE,, aperture distribution.

The basis for tﬁe first assumption is that éoil
should appear locally homogeneous to the side—lﬁoking
slot antennas because of thé shallow outward penetration
of the microwaves (i.e. small skin depth) and the natural
hofizontal layering of the soil. Also the 'soil should
be isotropic if ferrbus compounds are not abundant and
'should behave linearly for small field intensities. A
TE,, aperture distribution is assumed bécause it is the
dominant mode of the waveguide feed which excites the
aperture. Although some distortion of this diStfibution
is likely, Compton [33] has shown that a first order error
in assumed aperture distribution results in only a second

order error in ﬁhe calculated slot admittance.
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External Self Admittance of Rectangular Slots on an

Infinitely Long Conducting Cylinder -

The steps required to formulate the external self

admittance of a slot antenna may be summarized as follbws:

1) determine the Fourier expansibn for the téngen—
tial éomponents of electric field over tﬁe cylinder's
surface;

é) invoke Poynting's theorem and Parseval's theorem
to calculate the complex power flow through the aﬁerture;

3) express the self admittance as the ratio of the
.complex power leaving the aperture to the square of the

effective aperture voltage.

Fourier Exbansions for the External Fields of the

Slotted Cylinder

Consider the single slot géometry shown in Figure
2-1. Let the tangential components of electric field

at the cylinder's surface (r = ro) be

B

>
E¢(¢,z,ro) a¢>

and

iy
H

EZ(¢,z,ro) 32




]
|
W

Figure 2-1. Rectangular Aperture in an Infinitely
Long Conducting Cylinder.
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or simply

i3 = E (¢,2,ro) a

$,2 $,2 $,2

-5
where a¢ and a, are unit vectors in the ¢ and z dlrectlons.

Because of the cyllndrlcal geometry, the flelds must

be periodic in ¢ and aperiodic in z. Thus E may be

¢,z

written as a Fourier series in terms of ¢ and a Fourier
integral in terms of z, i.e.
co ] —jk Z

‘ - 7 -ind, :
E¢’Z(¢>Z,ro) m_i nE_mE¢ (n,k, e dk, (2-1)

where E¢ Z(n,kz) is the two dimensional Fouriér'tranéform
R )
of E¢,Z(¢,z,rd) found from .
b/2 ¢a/2' SR jk z
- - L ' ind,
(n;k_ ) = — [ S . (b,z,r de dodz.
9,27 7720 a2 pyo0 ~%a/2 50,2 ° ' |
- A (2-2)

- Equation (2-2) may be expressed more compactly as

E¢,Z(n,kz) = I[E¢;z(¢,z,ro}]

where the operator I[ 1 is defined as




Il 1 = _l7 IS L ]é' e dédz. - (2-4)

4" -aperture

The integration‘specified by‘(2-2)'is only evaluated
over the aperture because the.éonducting cylinder geo-
metry forces the tangential electric fiélds to be zero
elsewhere.

Following Wait's notation [35], let the operator T

be defined as

e

k.2
Z

L1 = 5 S0 le”3™e ™ 2T g, = - (2-5)

1= =00 w00

Using this notation, (2-1) may be written more succintly
as . . '
E ,Z(¢,z,ro) = T'[E ,z(n’kz)]' : | (2-6)

¢ ¢

As shown by Stratton [36] solutions to fields from

slotted cylinders may be expressed as a superposition

of cylindrical wavefunctions. Assuming an eIVt

time
dependence, the possible components of electric and

magnetic fields are [30]

- 2 (2) _ '
_Ez = F[kc a, H_ (kcr)], - ~ _ | (2-7)




2Y

(2) .y
oH ““(k_r)  nk,

- . (2)
E¢ = T[jwu b 57 - 5 a, HZ

(e rdd; (2-8)

(2) '
BHn _(kcr)

_ -nw | (2) . .
E, = T[=2E b H2 7 (k r) - 3k, a — 15 (2-9)
R (2) L L "
Hz = T[kc bn Hn (kcr)], . (2—10)
: , (2)
~nk : oy 2 oH (k _r)
= z (2) jk n c )
H¢ = I‘[ T bn Hn (kcr) - VT}I—- an ST ],(2—11)
(2)
dH (k_r) 2
_ . R ¢! c nk - . (2)
H_ = I[-jk, b_ - me ay B (o] (2-12)
where
e = permittivity of free space, 8.85L x 10712 fa/m

H = permeability of medium (assumed equal to free
space permeability u, = bm x'II.'O"7 h/m;

€, ='e£ - e} is the complex relative permittivity
of the medium;

ko= w g eo.ér is the plane wave propagation con-~

stant of the medium;
-t 2 _ 2,
k, = ~‘k k2,

Hg2>(z) = Jn(z) - an(z),is the nth order Hankel

function of the second kind;
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a, = coefficients of TM cylindrical waves;
bn =. coefficients of TE cylindrical waves.
The expression for-kc_contains a sign ambiguity.. It is

‘resolved by applying the physical constraint that the
.desired solution represents outward traveling waves
which are bounded at infinity. To show this, consider
the large argument asymptotic’ approximation for

(2) ;
H " (k r) [371]

A -jk.r .
(2) . 2 I j(2n+l)w/u
Hn (kcr) T e n € - e .
c
'—jkcr
The e - term requires
Re{k_} > 0

to represent outward traveling waves and

Im{kc}§ 0

for the fields to be zero at infinite radius. In other

words,‘kC is restricted to the fourth quadrant.
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Evaluation of the Coefficients a, and bn

Equations (2-7) to (2-12) show that all six field
components can'be expressed in terms of just twé sets
of Fourier coefficients, a, and bn' Alternately,.an
and bn'may be evaluated if any two of the six field
componénts are known. The sdlution for a, and bn is
performed most simply in terms of the tangential electric
fields at the cylinder's surface for these fields vanish

everywhere except on the slot. From (2-2) and (2-6)

1 b/2 ¢_/2 . ‘né jkzz
E(¢,z,ro) = F[——7 i) ar E¢ Z(¢,z,ro)e] e d¢odz].
6,z wnt -b/2 ~¢ /2 P27
(2-13)

Since (2-7) is a general expression for E, > it must
satisfy the r = r, boundary condition prescribed by
(2-13). Equating (2-7) and (2-13) gives

1 b/2 ¢ /2 ‘ jn¢ejkzz

NE S ar E, (¢,z,r )e

2 .(2)
d¢dz = kZa_H (k r )
un? -b/2 ~¢_/2 em’n Tcro

or

I[EZ(¢,Z,PO)]
a_ = (2-14)
n . 2q(2) e p

cn Cc O
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where I[ 1 is the Fourier operafor defined by (2-u4).
The coefficient b, is similérly_determined. Eqﬁat-

ing (2-13) with (2-8) gives

' , : . jk_z
) E¢(¢,z,ro)e3n¢e 2 a¢dz =
Y ' ' '.
(2) i
JdH (k nk
. n ¢ , z (2),4
JW“bn _ or _ el (kc?o)
I’—-‘I‘o (o] .
o
. - —jnkZI[EZ(¢,z,ro)] )
n - 3..,(2)
wurOkCHﬂ (kcro)
I[E, (¢psz2,r )]
3 '¢’(2) O. - (2-15)
WukcHnJ (kr.)
wherg
L (2),, . :
. 9H (k_r). S
120k p ) é%—— | (2-16)
n . e el ot e ' :

O

" Once a, and b are evaluated, (2-7) through.(2—12) may

be used to-find any of the six field compbnents.
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Self Admittance of a Slot Antenna

The external self admittance of a slot in a per-

fectly conduéting cylinder may be expressed as [29]

Y = (2-17)

where P is the complex power flowing through the slot
and VO is some reference voltage, e;g. the dominant mode’
excitation voltage. The power flow through the slot
may be determined by integratiﬁg.the Poynting vector

over the surface of the slot, i.e.
1 - ds : (2-18)

where ET and H represent the tangential electric and

T
magnetic aperture fields.
It is also possible to evaluate P in terms of the

Fourier components of ET and ﬁT' This may be shown by

applying Parseval's theorem to (2-18) [36]. The result-

ing expression is
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P=—ur’ I JE; B dk, , o (2-19)

where 1 is the radius of the cylinder. This latter

form is more convenient to apply when £ and H. are

T T
expressed in Fourier transform space as in (2-7)
through (2-12).

Substituting (2-19) into (2-17) gives the following

relation between slot self admittance and the-Fourier

transforms of the fangential aperture fields:

Y- r 0 0 5 . :
_ O - - Y .
Yll i — _Z fET HT dkz. C (2-20)
VoI nese - |
o
Before Yll-can be evaluated it is necessary to
determine ET and ﬁT for a particular slot excitation.

Several possibilities are considered in the following

sections.

Self Admittance of an Axial Rectangular Slot in a

Cohducting Cyliﬁdef of Infinite Length

The geometry of_the'axially slotted cylinder is -
shown in Figﬁre.Z—l. By‘definition, the long dimension

of the slot parallels the axis of the cylinder. If a
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TElO excitation is assumed then the tangential electric

fields at the cylinder's surface may be written as

w 2. m,. 2b <, <D
VO ab cos Bz, 5 = z S 5

- - -¢ ¢
Ep(r=r,,6,2) Qa:f o < ;% ' (2-21)
0 ; elsewhere

it
o

Ez(r=ro,¢,z):

where

is the width of the slot and Vo is the peak dominant
mode voltage. The constanti—g;-arises from the require-
ment that mode fuﬁctions must bé normalized [33]. . Tﬁe
slot excitation of (2-21) is then substituted into (2-14)
and (2-15) to solve for the én and b cogfficients.
Inspectioﬁ of (2-14) shows that én = 0 for'this case
because E, = 0 (there.is no E  field component). The

expression for bn reduces to.
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. ‘l 2

b_ = I 2 cos Lz d¢dz
n (2 b
k Mﬂ wh H (kcro) -b/2 —¢a/2
(2-22)
(2)
‘ oH (k )
(2) Al n c
where Hn ' (kcro) = 5T i
c rEr

or

. 9 V§b¢a sin(n ¢_/2) cos(k, b/2) ‘
bh = "INz NED o7 (2728)
2kcﬂwuo(n ¢a/2)Hn (kcro)(ﬁ - b7k, )

The power flowing through the slot is given by (2-19)

where Et = E  and ﬁz = ﬁ; for the geometry being con-

¢
sidered. Substituting (2-8) and (2-10) into (2-20) and

noting that a, = 0 gives the slot admittance as
T Hﬂz © o . g
o) Co 2.7(2) *(2) *2
Y, = BRRRELLE |b | “H (k r )k H "7 (kr Ok “dk,
V12 n=me -2 | T
(2-214)
or
%3 (2)% '
: 2b¢a o © k051n (n )cos (k 2)H (kcro)dkZ
R T %a 2, 2 22,2 1(2)F
O N=—=0 =~ a ! £
(n—=)"(n" - b7k )"H_ (kr,)

(2-25)
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Since the integral of (2-25) is an even function of n
and kZ, the expression for axial slot admittance may
also be written in the following more computatiocnally

efficient form:

. 2 95 2, by.(2)%
k051n (n—f)cos (sz)Hn (kcro)dkZ

8b,
Y = +] T S
11 Wy _ ¢ . 1 '
0 n=0 0 (1,67 (0 2)2 (2 522y 2" (D 1y
o 2° - z n c o
(2-26)
where
' ly n =20
§8 =
o

0; otherwise.

A FORTRAN computer program (AXIAL) was written to
evaluate (2-26) for various freguencies, cylinder dia-
meters, slot dimensions, and complex permittivities.

A listing of this program is contained in Appendix A.

Self Admittance of a Transverse Rectangular Slot in a

Cénducting Cylindér of Infinite Length

The geomefry of the transversely slotted cylinder .
is shown in Figure 2-1. In this configuration, the long

dimension of the slot is perpendicular to the cylinder's
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axis. The aperture excitation, assumed to be the dom-

inant TElO mode, is written

' 2005 To: _o < g < -b
_ _ Vo~ ab OS¢ s ¢a = ¢ ¢a’ 2 $z¢<
E (I‘-—I’ 7¢5Z) a .
Z o)
0

Nl

;3 elsewhere.

E¢(r=ro,¢,z) = 0.

Given that the aperture electric field is aligned with
the z axis, the complex power leaving the slot (and,

hence, the slot's complex admittance) can be expressed
in terms of the H¢ magnetic field component. This fol-

lows from Poynting vector considerations, i.e.

os
w

l P -y
P, = -5 I E_ x H, dzd¢

slot 2 ¢
where Pr repreéents radial power flow.
The Fourier transforms of EZ and H¢ evaluated at

r = r_ are given by (2-7) and (2-11):

2 ()
kZa H %) (k_ v ) (2-28)

E, = c“n’'n
.2 (2) ,
-nk jk®a_ 8H (k_r)
o z (2) n n c _
¢ r b By (k) wi or - » (2-29)
o r=r .
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" Inspection of (2-14) and (2-15) show that both a, -and Bn

are nonzero for the transverse slot, Specificélly,

: 'I[E'] ( .
a = - £2<30)
noxl H(Z)(k r.) DR
and ‘ .
-jnk I[E, ] e :
b_ = ' (2~31)
n (2) ‘ o
wuorokcHn (k r ) -
where
b %a
‘ 1 2 2 ¢ ]k z o '
g, = = S (¢ z)ej dédz, (2-32)
- 4mT -b -¢ '
2 —7— .

- The slot self admittance 1s obtalned by substltutlng

(2-30) and (2-31) into (2-20):

Pé ] ? 1112 .[ 2 2 IH(2)(k r )|2
=] z —1
11 lV'ol'2 n= o ;wlsﬂuwouokc 2H(2} (kcro)Hn(z?(kérd)
X H(Z) rl Py e
- ldk_. (2-33)
. |2 z _ ' ;

(2)
C|HL {kcro)

I L A—
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In the above expression, I is determined by applying the

aperture excitation of (2-27) to equation (2-32). This
gives
b _a
2. 2 jk Z
I V 2 S Jc os(——¢)e]n¢ de¢dz
ab ¢
-b -¢
5 &
2

or

b '
} 4V0¢a Ja%-cos(n—%)sin(kzg)
T = . (2-34)
k_[n? - n’¢2]
Z. a

Substituting (2-34) into (2-33) and noting that the inte-
grand is an even function of k, and n results in the

desired expression for transverse slot admittance:

j8rgb © @ cos(n-2 )51n (k —)'
Y = r f .
11 3 n ™ 2
. 2uoa n=0 O ‘(1+<SO)(_kZ§ [('d;—) -n ] _

a

kH(Z)(kr ) 2H'(Z)(kr )
n c o
rOkCHn | (k ry ) Hn (kcro) -




36

A Fortran computer program (TRANS) was written to eyalu-
ate (2-35) for various slot dimensions, cylinder dia-
meters, permittivities, and frequencies. A listing

of this program is contained in Appendix B.

Mutual Admittance of Slotted Cylinder Array

The analysis which leads to an.expression for the
gself admittance of a single slof on a éylinder can be
extended to determine the mutual admittance of aﬁ array
of_two or mofe slots [28,29]. .For the cadse of two slots,
-the method depends on evaluating the change in one
slot's self admittance as bofh élots_are excited in
phase and then 180° out of phase. Assuming the two

slot array is a reciprocal network, e.g. le = Yél’

this procedure may be justified from considgrétion of ~

the pi equivalent circuit for a two port network.

Referring to Figure 2-2,

17 Y11Ey * Yp0E,

!
i

(2-36)

- I Y.,E; + Y (2-37)

2 1281 22F

i

9"
For in phase (even) excitation, E; = E, and the driving

. point admittance measured at port one is
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Ilf A
Ye = -EI . = Yll + Y12 v (2-38)
E..=E '
PR
where Y_ denotes the "even" admittance. For out of
phase (odd) excitation, E, ='-E2 and
Il )
YO = E;L- :'Yll - le (2—39)
E . =-E
1 2
Iy I

o I

- T

| Figure 2;2. Equlvalent Circuit for a Re01procal Array
of Two Slot Antennas '
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Solving (2-38) and (2-39) for Y, gives
Y. = & - 0O | C(2-40)

Thus the mutuai admittance of a reciprocal two port
network can be calculated from its response to even
and odd excitations. A similar procedure can be derived
for a reciprocél n port network. |

Next it 1s necessary to determine Y, and YO for a
pair of slot antennas. It will be shown that only a_.
slight modification to the self admittanée expreésions
makes this calculation possible. The geometry of the
slotted cylinder array is shown in Figure 2-3. Axial.
slots are assumed for convenience (an = 0), however,
thislanalysis holds for all coﬁfigurations in which
the slots reﬁain parallel. Equation (2-24) shows that
the slot driviﬁg point admiftance is a linear function
12

of the parameter b b¥ = lbn , i.e.

y o ,
Y, = £f(b b¥) = £(|b_| ). (2-41)

[}
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Figure 2-3. Array of Two Parallel Rectangular
Slots on an Infinitely Long Conducting
Cylinder.
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Equation (2-15) in turn shows that‘bn is a linear func-

tion of the aperture excitation field, i.e.

bn‘='g(E¢,

where_E¢-is the transverse electric field.
For even excitation of tﬂenslots, the combined

aperture field is

E E (2,¢) + E

¢ ¢

Similarly for odd excitation

E, = Ey(z,0) - Ey(z = 20, ¢ - ¢,) | .,(2-44}

Applylng superp081tlon and the Fourler delay/llnear

phase shlft equlvalence property’ [MO] to (2-42), (2 43),

- and (2-44) glves.'

bne = g{E¢(z,¢) + E¢(z -z, ¢ - ¢} =
j(no  + kézb)

glE,(z,0)} + glE,

and

y o B (2-42)

(z -z, ¢ = ¢ ) | '”(2;”3),'

(z,0)}e | . (2-48)
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0, g{E¢(zg¢5 T‘E‘(z‘— Zgs

¢.

j(né

g{E (z,¢)} - g{E (z, ¢)}e

¢ A

'where the subscrlpts on b

tlon

Substifuting (ZQMS)‘andg(é-ué) into (2-41) gives ~

J(n¢
Y = .

o = F(b D¥) ) f{lg(E )I (2 4 e

e e

-ingg * k,z0)

O O

‘and .
- R L J<n¢
Y, = £(b, b¥ ) f{lg(E )| (2 +e

-jing_ + k z2 )
e ©. ?‘9 )}.-

b - 6 )Y =

'f~kZZQ)

+%k z )
Tz’

+.Ezzo)

(2-46)..

refér to‘evehfandVddd excita- .

1:'(2-47)

(2-48).

Slnce f is llnear in |b l?g'tﬁe supebpoéitién'pﬁopertyf

may be applled to (2 40)

Ll
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%) R
£(b_ bk ) - E£(b_ b¥ )

- or

Y'e Yo e ‘e - o "0 Ay
Yl-2 = 5 = " : 5 _ - (2"'49)
. : R -](n¢o + k.z ) - ' ,"'
Yyy = £{]|g(E,) | : } (2-50)-
By defiﬁitioﬁ, g(E¢) = B; so finaliy

: o =3tnd, + X,z )] -
Y, = f{lbnl e -} (2-51)

Thus an expression for the mutualtadmittance.of‘a pair
of axial slots is obtained by rep1a01ng Ib |2 with :

-j(n¢ + k Z ) : .
2
|“e . in the expre581on for self admlt-

tance, i.e.

=‘j2b¢a
12 Wl
. b oy “5(nd_+K_z )
® k351n (n )cos (k )H*(Z)(k‘f e . - © #° dKk,,
T S . .
o —e : .¢'- 9 '
n=-e - (n=% (%2 p%x2)° H“'(Z)(k )

2

CééSzS?;_'v o
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A similar derivation shows the mutual admittance of a

transverse slot pair is.

"j(ﬁ¢o+k230)f-

; ‘ bg

. j2r§b T o © COS (n )51n (k b)

Y o, = : y [ . : .

12 7 0 a® nEcw e T 27 :
wPoa n= i (kz7)“[‘§;)'ﬁ— n“] . ‘
ot - ¥ —py———1dK, . (2-53)

kcH ; (kcro? iy -(Ecﬁo? o '

The addition of the complex exponentlal llnear phase.'
shlft term to the self admlttance expre851on results 1nh
an 1ntegrand that is nelther odd nor even. For thls |
reason the two-sided 1ntegratlon limits (-« to +w) are
'.retalned ‘ | | |

- Frequently 1t .is more. meanlngful to work w1th the::
-mutual 1solatlon of array elements rather than thelr'1'
umutual admlttance " This mutual 1solatlon parameter is .
s1mply the magnltude of slj (the mutual scatterlng ;
"coefflclent) expressed in de01bels, i.e. ”

i'f”j.

Iy = -20 1dg10 lsijl;
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Isolation is a useful quantity primarily because it is

simple to measure in the field. One merely injects a

th

signal of known level at the i slot and measurés the

magnitude received at the jth slot. No phasé determina-

tion is required.
Isolation.may be expressed in terms of the self

and mutual admittance of the array elements f?éji,‘

2Y
| —g—t )
I = -20 log,, | _ .
YO 2 N2
7 v

g g

where Y 1is tﬁe chafacteristic admittance of the wave-
guide feed.

Values éf X-band isolation for a 6_inéh (15;2 cm)
diameter,_transvérsely slotted cylinder are giyeﬁ in
Figure 2-8. A soil permittivity of €, = 2.5 - j0.3 is
assumed. This value is typicql for a éoil volumetric
moisture_content of 5% grams HQO/cc. The distance
_between sléts was chosen to be 2.4 inchés (6.1 cm).
The isolation valugs were calculated by program TRANS,
a listing of which may be found' in Appendix B; These

values are so high that practicai measurements would be
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restricted to nearest neighbor isolation only. Even .
higher isolations would be obtained for an axially"
slotted cylinder [25], thus a transverse slot geometry

is preferred.

Sensing Radius of the Slotted Cylinder

One important property of a soil moisture probé
is its effective covérage or "sénsing volume," The
sensing volume is defined as the region of soil which
contributes substantially to a moisture measurement,
For example, a neutron probe typically has a sphérical
sensing volume with a radius of approximately 23 cm
(9 inches) [2]. The suitability of a iargelor small
.sensing-volume depends on the particular application.
A large sensing volume tends to provide consisfent
readings in the presence of inhomogeneities because the
measurement represents an average moisture content for
"a large region. However, when the spatial distribution
of soil moisture is of interest, a large sensing volume
may average oﬁt the very diffefences being sought,
Clearly the coveragetof a given’moiéturé_probe should

be consistent with the desired spatial resolution. .
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One approach to evaluating the effective coverage
of the slotted cylinder probe is to compﬁte the ratio
of time-average power flux through a hypothetical cylin-
drical surface of radius.rs > rg to the power ieaving

the slotted cylinder at radius r = rys i.e.

'n" oo
. 1 T
| p(r_) 7R6_£ fmft X ﬁt r déd_ v |
-2’(PS) = p(ro) = 1 T °°+ +" (2—5’4)
k]
2Re—£ {mEt x HE - r_ded r

where p(r) is the real.time-average power flux thrbugh

a cylindricél.surface of radius r, and %(r) is the power
attenuation ratio. Only the real part of 3 X g% is
considered here because this quantity is related to

the amount of power dissipated within the region boﬁnded
by ro<r<r_. -The-imaginéry component of  x B is re-
lated té energy stored within the region. This power
attenuation ratio .is analogous'to the ratio used to
define the skih-dépth for a plane wave impinging on a
lossy medium [23]. When & becomes small, most of the

power radiated by the slotted cylinder is being dis-

sipated within the region bounded by ro <r <rg
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Since soil outside_thié region can have but little
effect on the measured properties of the slot antenﬁas;
r, may be regarded as the efféctive-sensing radius of
the slotted cylinder probe. To be consistent with the
skin depth concept, rg will be defined as the rédius’for .
which the radiated poWer has decayed to e”? of its |
'initial value, i.e.
10 log,, zfrs) = 20 logl.o'e‘l = -8.686 dB. (2-55)
In order to solve for the value of r, whiéh satis-
fies (2-555 an expression for p(r) must be developed.
This is easily accomplished since (2-7) through (2-~12).
express all six field components for r 2 r g in terms-
of the Fourier coefficients ah and bn’ and these coef-.
fieients have previously been derived for slot admittance’
calculations. From Poyntihg'é.theorem, the real
time-ave?age power flow through a.cylindriéal surfacé.

of radius r is given by

T : _ '
Re_ﬁ (B HE-E HE)rdedz. (2-56)

DSIRE

pl(r) = 5
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Parseval's theorem may be applied to (2-56) giving
p(r) in terms of the Fourier transforms of the trans-

verse fields:

. 2r it oo__ —~ - .‘
= = . e - b3 -
p(r) (2m) 5 n:Em _i (E¢H% EZH¢)de. (2-57)
this latter form is convenient to use since (2-7)

through (2-12) give the transformed fields for all

values of r > T,

Power Attenuation Ratio for Axial‘Sldts

It was shown in the section on axial slot self
admittance that a, =0 for a TE,, excitation. Equation
(2-7) shows that EZ = 0 forr > r. Thus (2-57) réduces

to

o o o
P(r) = R {(2m7"5 I iE-H

or

[e2] o0

o 2 : 2. grrg! (2
p(r) = R {(2m) g ) fv~jkgwuolbn| kEHX F )(kcr)

(2) : . ‘ o
H “7 (k r)dk,}. <2—58)
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The expfession for b, for axial slots is given-by (2-23).

Substituting this into (2-58) gives

R fjnvgb§§.
P(I‘)_ = ‘[ Wuoa_ *

’ . ¢, - 1, ‘
© o sin2(n—%)cosz<kzg)kan“(2)(kcn)Hn(kCr)de

z J
2,2,2

¢4 2. 2 a
nE=e - (n~%>,;n - bk |H

(2)

' ’
n 4(kcro)l .

(2-58)
The power attenuatién{ratio may be computed by substitut-
ing the above expression for p(r) into (2-54). The sens-
ing radius ro is then determined numerically by finding

the value of r for which 10 logj&(r) = -8.686 dB.

Power Attenuation Ratio for Transverse Slots

The expression for p(r) for trénéverse slots has,
more terms than the axial slot configuration bécadse‘
both ay and bn are nonzero for transverse excitation.
Substituting (2-7), {2—8), (2-10), and (2—115 into

(2-57) gives

| oo @ o -2nk atp_ 82 (e ) | ZInacd)
p(r) = 2m)°z [ ' : = S +

Nn=—co -

Ll L r |
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2
k“}a_| (k_r)
C 2 n n c n c
+ ]kclkcl L T : -
wuolbh|2 1 2) (x r)Hn(z) (k or)1dk, B (2-80)

where a_ and b_.are given by (2-30), (2-31), and (2;34),

Ci.e.

I[EZ] uy ¢ \I cos(n )81n(k —)
N D e R, ’] @ e
cn cFo zC ﬂ - n ¢ Hy (kcro>
—jnk I[E ]
b = =
n §4T2)
Wi rpk H (k ro)

¢
. 2 a, s b
~Jj4V oé, 5 Pk, cos(n——)51n(k27)
3
c

k_[n? - n%$218(%) (kv )

wWu r k .

o O

Self and Mutual Admitfance of Slotted Plane Antennas

Introduction

In some circumstances the admittance of a slotted

cylinder antenna closely approximates that of a slotted.
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- ground plane E32' 28, 26]; . The agreement 1s qulte good.”
when the 01rcumference of the cyllnder is large com~
pared to a free spacevwavelength. This 1s_equ1valent -

to requiring that

where r_ is the;cylinder'sjradius and

_ko""X— —.wd/c
o . -

"'.1s the free space propagatlon constant Generally the

agreement 1mproves as korO 1ncreases (whlch is reasonable_ -
'since a plane:may be regarded ‘as a-oyllnder of 1nfln1te |
radlus),although Fante.[éGJ,hasVreported.less than:ZO%‘
deviation from slotted'planezadmlttanoe for koré values
'as-Small as 1.5. | | ‘ =

This similarity hetween.oyllnder-and plane admlté
_tanoes 1s a: useful property to exp101t 51nce the analy— f.
s1s, constructlon, and operatlon of a slotted plane array
‘are comparatlvely easy For example, 1t w1ll be shown' B

',that the admlttanoe express1on for’ a plane aperture can¢vf

be cast.as a flnlte 1ntegral_of 81nu801dal-functlons .
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. rather than the 1nf1n1te 1ntegral of Hankel functlons
,requlred for slotted cyllnder admlttance. The former is,
'by far, more amenable to numerlcal evaluatlon.',The con-

struction of a slotted plane antenna is relatively_sime

ple because standard waveguide flanges can mate directly .-

to a planar surface. In contrast the slotted _eylinder.
requlres spe01ally machlned tran51tlon elements between

flange and cyllnder. These tran51tlons must be care-

fully allgned w1th the wavegulde flange and the. aperture<

to,mlnlmlze spurlous responses. . The allgnment procedure
isltime consuming and must be.repeated several times
durlng S parameter callbratlon as various termlnatlons
are hung on the aperture. It should be stressed that a
slotted cyllnder geometry was chosen for the moisture
probe for convenient borehole installation .in the fleld

This advantage outweighs the problems described aboveu

Self Admittance of a Rectangular Slot in an'Infinite;-

‘Perfectly Conducting Plane
Compton f33] has derived'an expression'for the self
admlttance of a rectangular aperture radlatlng 1nto a -

.'seml—lnflnlte lossy ‘medium. The geometry he con81ders




Li_Jl

53

is shown in Figure 2-4. For a TElO aperture electric
field, i.e.

g% cosﬂ%: (x,y) e aperture

Ex(x;y,z=0) =
0 : (x,y) ¢ aperture

where\lg% is a normalizing constant, Compton shows that

the self admittance is given by

2.2 .2 2 Kya g K P
: w w(hn)(k‘-k)sin (2 )cos” (—L-)dk.dk
Y - 2b s y 2 2 Xy

11 2 -
(2m) awp _ -® - 12 Ik2_k2_k2 (ﬂ2_k2b2)2.
X X y y .
. (2-63)
where
k = w\u e &

. However, he goes on to cést-this infinite integral in the
wave nﬁmber dpmain as a finite integral in the spatial .
domain. The details of this transformation are repeated
here because they are useful in extending Cdmpton'é
analysis to cover mutual admittances. .The first étep is

to rewrite (2-63) as
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"

.-------‘

Figure 2-4. Rectangular Aperture in an Infinite
Conducting Ground Plane.
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o0} ©o

Y. = —* _ g F (k ey VFy ey ke )dk dk (2-64).

11~ 2 N

(27)° = =00 .-
where .
2 3 2, %2 2 '
_ -8b(kw-ky)sin (——)cos (—X—) - :

F.(k_,k ) = - ' (2-65)

1%’ y aw k2 (“2 - k2b2)2 S

o x : y

and
. - ur? .
Fz(kx,ky) = (2-66)

fd k2 - k% - k2
X y
It can be shown by. means of the convolution integral that

© oo

Y = S S F (k k )F (k k )dk dk._ =-
Mo om? e y o

;s fl(x,y)f (x,y)dxdy o (2-87)

where fl(xsy)‘and.fz(x,y) are the inverse transforms of .

F, and F e

1 20 1
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* (2n) -0 —c0

H
1

 Substituting-(2f65).into (2—68f gives‘

' . K &
© 8b(k k ) sin (—~—)cos (—X—)

B R .
2 2 2.2.2
(2ﬂ) —w.—w awgokx - kyb ).

f'(x,y) =
1 g (ﬂ

'—Jk x =ik y-
e- e y dk dky

' 2 kxa .
+ o gin®(—5—)  =jk_x
. . 2b . 27 X
= ) f 5 —2 . . dk
L awp.T - kST R

o (k k )cos (—X—) —jk?y o S L

- k b
_ y

This expression integrates to ' -

_ f‘2b

fl(x,y)
a awu ﬂ

g(x)h(y) R ' . zkfrTQ}

= [ JF; (k x>y e X Vi dk s i=1,2 0 (2-88).
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‘where -

200 =3 o . S R ¢ I D

IA
o

Co ' il :  : Iyl
Dl(b - IYI)COS%. + DQ,SlljllL%l_-; lyl

H
= A

- hy) 4(,2-7-2.)' n

I N A

D, = Ly - SRR ¢ N E R

B SRR S T L (2=

Next f (x,y) is found by substltutlng (2 66) 1nto

,(2 68) and 1ntegrat1ng

' e ® o ;fikxg‘fjkyy: o o . i
Eplxey) =S S S —=Eedledk S L T (2-78)

Rt S :w.kz;kz- 2

or
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: -3k xTo oyt T
£,(x,y) = 2m) S —_ B S (2-78)

. An expre881on for the self admlttance 1s then obtalned by

substltutlng (2 76) and (2- 70) 1nto (2 67)

(24
i
[

N S a- xDID b - |y])ecsTE +

WU _am
H AT =

D sihi%] e_f=‘l : dkdy.-ﬂ.'.- R A(2_77) .

Becausé of'itsffiﬁite integration limits, this last

l expréésion is much easier to-évaluate-than-(Z—Eé);

Mutual-Admittance'bf RedtangularzsiofS'in an Infinitéég_"

Perfectly Conductlng Ground Plane

Compton s dlssertatlon [33] did not con81der the: .

mutual admittance of slotted plane’ antennas | However; '

" his approach to deriving a finitefintegra;‘éxpréésiéh:'
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for self admittance can also be applied to the mutual.
admittance problem. The geometry to be considerea is
two identical rectangular apeftures in an infinite;
perfectly conducting éround plane. The apeftures may
-be offset'in both x and y dimensions but are'parallel
to each other. This édnfiguration is illustrated in
Figure 2-5. _

Equation (2-51) showed that the mutual admittance
of.twd paféllel slots on a cdnducting‘cylinder could be
derived from the self admittance expreséion by including
a linear phase shift term whose slope is proportional to
the.épatial separation of the apertures. This result .
also applies to ground plane apertures, i.e.

oo

. 2b ®
Y., = —nx— [ [
12 2
(2m) awp -o =®

kb -jk.x_ ~jk_.y
(—5—-)e ®Og " YO

K2\ k2-k2-k2  (n?-x2p%)?

k a

(Hﬁ)z(kz—ké)sin2(—§-—)cos2

-jkxxo --jkyyO ) ]
whére e and e are the linear phase shifts.

If the slots completely overlap (Xé = Vo = 0), then

_dkxdky (2-78)




Figure 2-5. Array of Two Parallel Rectangular Slots
in an Tnfinite Conducting Ground Plane.
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(2-78) béduées to the self admittance expression. Fol-
-~ lowing Comptdn's procedure, (2-78) is rewritten in terms

of the functions F2,3(kx’ky) and f2,3(x,y):

oo oo’
. _ 1 . .
le = 5 S F3(kx,ky)F2(kX,ky)dedky
(27) —® 00
o0 [e] . . . :
= [ 'ffs(x,y)fz(x,y)dxdy" : (2-79)
where
~kLx. + koy)
_ x70 y’o
FB(kx’ky) = Fl(kx,ky)e | (2-80)
© -j(k.x  + k.y )
I ¢ ‘ x70 VAo
£,(x,y) = = J —i F)(ky ok e dkc k.
(2-81)

From Fourier transform theory it is known that the
introduction of a linear phase térm in one domain corres-
ponds. to an offset.of the function in the fransfofm
domain [4017. 'For example, if the functions h(t) and H (vi)

comprise a Fourier transform pair, i.e.
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h(t><:>_H(w) ' _ - (2-82)

then it is readily shown that

ijwty

nt o )<= >Hwe > | (2-83)

and
ijtwo : + : L
h(t)e <=>H(w = w) . (2-84)

are also Fourier transform pairs. This result applied

to (2-81) gives an expression for fs(x,y) in térms of

fl(x,y):
f.(x ) = __Z_b_ (x - x )h( _ ) (2-85)
3 ¥o¥ 7 8 By =y, - |
awpy _m
o
where
o IZT—(a - IX—Xol); |x—xol < a | :
glx = %) = ‘ (2-86)
. 0 _ : : |X"Xol|v > a .
' wly-y | wly=y,l
Dl<b - I:y,—yoi)COS(—T—)+DQSln(_T_);

0 - s ly-y I > D
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Substituting these results into (2-79) gives a finite
integral expreséioﬁ for the mutual admittance of two

rectangular apertures:

+b x +a
Yo o

I Ioa - xex D)o
y=yo—b 3=xo-§

_ . ub
Y19 = ]2uoaﬂ

[Dy (b - |y-y |)eos(gly-y 1) +

-jk 'x2+y2

. T ' e ¥ - :
D281n<5|y—yol)] = dxdy. _ (2f88)-

Numerical Comparison of Slotted Plane ahdlSlottéd_\

Cylinder Properties

As stated earlier in this,chaptef, FORTRAN computer -

programs were written to numerically evaluate the expres-

sions derived for aperture self and mutual admitfancé.

These programs are summarized in Table 2-1. The slotted -

cylinder programs must evaluate ar infinite summation




o

Summary of FORTRAN Computer

Table 2-1. Programs for
Slotted Cylinder and Slotted Plane
Computations. ,

Program Array Equations

Name Geometry Evaluated

AXTAL Axial Rectangular (2-26):Self Admittance

Slots on a Conducting (2-52):
Cylinder

Mutual Admittance

TRANS

Transverse Rectangular (2-35):
Slots on a Conducting (2-52):
Cylinder

Self Admittance
Mutual Admittance

" PLANE

Rectangular Slots in (2-77):
a Ground Plane (2-88):

Self Admittance

Mutual Admittancé_
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over an infinite integral of Hahkei functions; while the
‘s;otted plane calcﬁlations involve a fihite double
integral of sinusoidal functions. |

A graphical display capability'was written. for the
slotted cylinder programs to help establish the'points
at which the infinite series and integraihcould be
truncated without unduly effecting accuracy. In this
diagnostic mode, coﬁtours of the integrai’s maénitﬁde 
are plotted as a function of summation.index n and infe-
gration variable K, - An example_is'shown in Figure 2-6.
The characteré fO" through "9" are proportional to tﬁe
nuﬁber of decibels down from the peak value of the
integrand magnitude. In this example, "0" denote 0 -dB
down, "1" denotes 3,dB down, "2" denotes 6 dB down, etc.
in other words, the decibel values are obtaineduby
multiplying the characfers in the plot by 3 dB. Blanks
denote values below —30 dB. Figure 2-6 shoﬁs that the
integrand exhibits a two dimenéional.sinzx/xz'variation
as would be expected from examination of ‘the integrand. '
The spacing,of the lobes is largely determined by the
"dimensions of the aperture and the Ez increment must be

‘chosen small enough. for the numerical integrétion,routine
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Increasing n ——>

.00 0000000000000011111222233445679 8765554
25.00 1000000000000011111222233445679 8766555
50,00 1000000000000011111222333445679 8766555
75.00 1000000000000111111222333445679 8766555

100.00 1000000000001111112222334455679 8766555
125.00 1000000000111111122223334455679 9776655
150.00 1000001111111112222233344556789 9876665
X15,0002 3032101 31110222222333%uU55678 9877666
200,00 '211111111122222223333444556678 887766
225.00 322222222222223333344445566789 987776
250.00 322222222233333334444555667789 998877
275.00 43333333333334u4u44445556667789 99888
300,00 4334444 uuuuuuuyu5555566677889 9998
325,00 5u4u4445555555555666667778899 9
350.00 76666666666667777778883999

375,00 87778888888888899999

400.00

425.00

450.00 9989999999999

475,00 9888888888888999999

500.00 87777777888888889999

525.00 8777777778888888399999

550,00 87777788888888899999

575,00 988888888888899999

600,00 988889999999999

625.00 99999

650.00

675.00

700,00

dB Increment is 3.000
Max Value 1is 2.6404781E 03

Example of Contour Map of Admittance
Expression Integrand Generated by Program
TRANS. The Geometry is a Transverse
2,286 by 1.016 cm Aperture on a 5.057 em
Radius Cylinder. A Permittivity of Er =
10.0 - j75. is assumed,

Figure 2-6.
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to follow the peaks and valleys of the function. The rate

at which the integrand decreases with increasing n and
ki is largely determined by the effective circumference

of the cylinder, i.e. by koré' As koro increases, the

summation order must be extended before truncation occurs.

The contour plots are‘vefy helbful in establishing effi-
cient kZ.incrementé and suitable truncation limits. |
: Thevslotted plane program does ndt producé diagnostic
‘plots since its'célculationé involve finite integration -
liﬁits only. . |

As discuséed earlier, slotted plané properties
closely approximate.slottéd éylinder ppoperties for
koro greater than 1.5. This is showﬁ by Figpres:2—7 and
2-8 which present com?arisons fér the case where koro'i
13.6, i.e. a 6 inch (15.:2 cm),cylinder at 8.5 Ghz. A
permittivity of € = 2.5 -’j:O.s'is used for this |
example. This value is typical of a dfy.soil (3% grams
HZO/cc). The aperture dimensions are 2;286 by 1.016 6
cm (standard X-band waveguide dimensions). Spacing
between apertufes isA6.1 cm. Excellent agreemént’between
slotted cylinder and slotted plane admittance and isola-

tion was obtained, however, the computational effort

was much greater for the cylindrical geémetry (6375
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2.5 e

S GN (Cylinder)
250 ﬁn

GN (Plane)

1.5 adem
05 e

BN (Cylinder) Y —
0.0 2 [l [

L) | | | ) i

85 9.5 10d0] il b

Figure 2-7.

Frequency (GHZ)

Comparison of Slotted Plane and Slotted
Cylinder Self Admittance. Cylinder
Diameter is 6.0 inches (15 cm), €, =
229V 30 3% LBlot a8 . 2.2860cm by

B0l 6. ~ams
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Isolation, -10 logq, |s2ll
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S0 et
45 e
40 =g=
35#
Slotted Plane, Theory
————=— Slotted Cylinder, Theory
30
N
855 85 L0 5 13,8
Frequency (GHz)
Figure 2-8. Comparison of Slotted Plane and Slotted
Cylinder Isolation. Cylinder Diameter
ig8 6 inches (15vcml)s 'Byn ® 2.6 = 30:3.

Slot is 2.286 cm.by 1.016 cm.
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integraﬁd evaluations for the cylinder versus 253 evalu-
ations for the plane). Thus it is highly advantageous
to approximate the slottéd.cylindér results by slotted
plane results whenever possible. A comparison of '

experimental measurements usiﬁg both slotted cylinder

and slotted plane arrays is contained in Chapter's.

Estimation of Cbmplex Permittivity from Scattering

Parameter Magnitudes

In préyious sections it.was.implied that both reai
and imaginary admittance compdnenté could be used to
determine soil pgrmittivity.  HoWévér, measurement of
- complex admittance under’ field operatiné'conditibns is
difficult since both phase and magnitude measurements.
must 5e made. . Magnitudeé are pather simple to measure
but phase ﬁeasurement requires cbnsiderably:more sophisti—l
" cation. For examplé, diurnal‘temperature variations'
cause sligﬁt extensions or confragtions of fransmiééipn
Ilines conneéting thé measurement a?pératus fo the slotted.
array. This irtroduces phase errors ﬁhiqh are hétAéasily
compensated for. Another consideration is that phdsé

determination requires greateb'equipment complexity
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(hence greater cost) than magnitude measurement. Both

VSWR and isolation can be measured with just a modulatéd 

Gunn oscillator, bidirectional coupler, diode detector"'

and microammeter.

Fortunately much information can be obtained from
magnitude observations alone. For example,'Table_é—Z
shows how smail changes in complex permittivity affect
the reflection coefficient and isolation of an X-band
aﬁertﬁre array; The.aperture_diménsions are 2.286 hy'
1.016 cm and.their.spacing is 6.1 cm. .Calculations
were performed by program PLANE, If is clear that a
small change in reél part permittivity eé significantly

alters |s but |s,,| remains essentially unchanged.

11
Similarly, a small change in imaginary part permittivity
lll' These

observations suggest that lslll and |521| measurements

e, primarily affects |s4;1 but not |s

may be used to estimate e and_eé', respectively. This
method was, in fact; used successfully and is further

discussed in:Chapter 3.
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Table 2-2. Effects of Small Permittivity .Changes on
Aperture Reflection Coefficient and Isola-
tion, Aperture Dimensions are 2,286 by
1.016 cm and are Spaced 6.10 cm. Frequency.

is 8.5 Ghz.
Permittivity Reflection Coefficient - . Isolation
~ .. ‘ : 12 :
P TR -
e, = e -J€] |sll|<xell 10 1og101321| ¥0,,
2.8-30.5 0.428%-169° 44.6%103°
3.0-30.5 0.448%-170° - 4. 8%68°

3.0-30.7 0.4425-172° , 50.0469°




CHAPTER 3

'EXPERIMENTAL RESULTS

Introduction
In prev1ous chapters express1ons for, the dr1v1ng
p01nt admlttance and mutual coupllng of” both slotted f

'cyllnder and planar arrays were: derlved Th1S‘chapter

'descrlbes the experlmental procedures followed to verlfy'

"the theoretlcal results.* Speclflcally, data were col=

lected to

l)- check accuracy of computer programs by ‘measur-

- 1ng array. propertles for a known perm1tt1v1ty (free

. space);

-ground plane arrays,.and

3) measure SOll perm1tt1v1ty as a functlon of m01s-

ture content'and compare w1th_publ1shed results, o

:Experimental Apparatus:

?) compare behaviorzof'slotted'cylinder,and_slotted'[._”

Flgure 3- l shows a block dlagram of the system used‘__:"’"'

to study array propertles.A A standard Hewlett Packard
HP8410A network analyzer was. used in conjunctlon with a-

HP8690B X band swept frequency generator to medasure two




X=-Y
Recorder

HP 8410A Network
Analyzer

Y Y

HP 8411A Harmonic
Converter

Test Channel { Reference Channel

312 ' / ; <
> PN Sll Line Stretcher =
Coax/W.G.
Adaptor Isolator
HP8690B
g < < <{ Sweep
10 dB 20 dB e 2120
Directional Freq. Directional Coax/W.G. gt
Coupler Meter Coupler Adapter
821 Test Sll Test
Port Port

Figure 3-1. Ne

twork Analyzer Configuration for Sll and 812 Measurements.
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port. scatterlng parameters. Graphical ontput'of phase
'and magnltude versus frequency was obtalned via an-
:HP7034A X-Y recorder. All data was taken-at X—band.“l
(8.0-12.4 Ghz) primarily because: l)'at these fre-
quencies effects of.soil type on'permittivity are“slight,
yet permittivity is still a strong fnnction of moisture
content [10]; 2) precision X-band terminations. are
‘available which allow admittance.meaSurements to be

. referred to the.p;ane of the slot antenna; and 3) a
relatively small volume of soil is needed tO"simulate.

. an infinite medium.

Construction of the Slotted Plane and Slotted éylinder.'h
Arrays l

"-Both planér and cylindrical arrays were constrﬁeted
so that their properties could be-comperedf The pianar
array consists of two E-plane ooupleo rectangﬁlar 0¢§00"
x'o'uoo"'(z 286 x 1. OlSlcm) slots spaced 2.40".(6.096 cm)
and milled from a 9" x 9" % 0. 25" (23.x 23'x 0.64 cm) .
alumlnum plate E- plane coupllng has the 1ong slot
dlmen81ons juxtaposed and was . chosen to max1mlze the

utual coupling between slots [27] A front view of

the array is shown in Figure 3—2-and a rear-v1ew is shown




Figure 3-2. Front View of X-Band Slotted Plane Array.

Figure 3-3. Rear View of X-Band Slotted Plane Array.
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in Figure,3-3. The slots are fed fnom behind the ground
plane by either waveguide or coax (the letter'fequires
a coax to waveguide adaptor). Countersunk mounting
holes were used to keep bolts from protruding above the
ground plane and possibly-disturbing the fields. To
improve alignment of the slots with their waveguide
feeds, special sleeves were constructec'which fit over
"the mounting boits-thus taking up slack.
The theoretlcal calculatlons for a planar array:
| were based on an infinite ground plane In practlce,
however, induced surface currents diminish repidly with
distance from the radiating apertures so falrly small
ground planes may be used. For example, Croswell, et al
[34] found that the standard flange of an open eneed
waveguide is sufficiently large for self admittance
.measunements. -When mutual conplingubetween slots is
" of interest, however, the ground plane dimensicne should
,be'seVeral times the slot—to-slot.spacingu

The slotted cyllnder array was constructed from
a 38 cm (15 inch) length of 15 24 cm (6 1nch) dlameter'
by 0.318 cm (1/8 inch) thick alumlnum.lrr;gatlon plpe.

'The 15.24% cm (6 inch) diameter is probably too largé for
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-a practical moisture probe because of the large .bore-
hole required for field inétallation. This diameter
was a convenient size for laboratory measuremenfs, hdw—
ever, because there was ample room inside fhe.cylinder
for installing wéveguide feeds and flénge adaptors.

As for the planar array, rectangular_Ewplane coupléd
slots 2.286 x 1.016 cm (0.900" x 0.400") spaced 6.096

cm (2.40") were employed. Special flange adaptors

were machined to mate the curved surface of the cylinder

to standard planar waveguide flanges. Convex adaptors
were used for the wé?eguide feeds within the éylihder,
while concave’adaptors were used oufside to attach
standard'terminations'fbr sySfem calibration. A photo-
graph of the slotfed cylinder array is shown in Figure
3-4 and the wavéguide flange adgptors'are shown in

Figure 3-5.

System Calibration

Scattering parameter measurements of a diétributed

network such as the slotted array may be referred.to an

arbitrary plane. Since the driving.point admittance of

the slot antennas is of interest (this is what the

computer programs calculate),'it seems natural to
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Figure 3-4. Front View of 15.24 cm (6 inch)
Diameter X-Band Slotted Cylinder
Array.
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Figure 3-5, View of Waveguide Flange Adaptors.
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establish a‘reference'at the plane of-the slot. In
practlce thls may be done by measurlng the self scat-
tering from a slot termlnated succe551velv in three
known loads (for example a shortz,an offset short, anAf
'a matched load). It can be shown'Eﬁl].that these.
measurements are sufficient to characterize the distrieﬂ
buted network (consisting of transmission lines, direc-
tional couplers,7coax to waveguide adaptors, etc.)
between the. network analyzer and the desired reference
plane. When thls network is characterlzed, one can
compensate for 1mperfectlons 1n the measurement systen |
(such as variations .in magnitude and phase w1th fre-
quency) A‘computer program (SCAL) was written to
deriQe s parameter corrections basedlon‘measurements
with three known’terminationS¢ These corrections allow.
the self admittance to be referred to the plane of the
slot. A program'listing of SCAL is‘giQen'in Appendiij.
Although it is common to speak of reference planes
when descrlblng propertles of dlstrlbuted c1rcu1ts, thls
concept does not -directly apply to the slotted cyllnder

geometry.. To be rigorous, the dr1v1ng p01nt ‘admittance

should in-thls’case-be descrlbed 1n-terms of a reference:
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cylinder. In practice the distinction between reference
plane and réference cylinder becomes more important as
the radius of cufvature decreéses compared to a free
space wavelength.. Also the effect éf curvature is more
pronounced for transverse slots than for axial slots.

To determine the effects of curvature on reference
plane location, one of the slotfed cylinderlapertures
was terminated in a short circuit having the same radius
of curvature as the cylindér., A 'slotted wavéguide probe
'was.then used to measure the locations of voltage nodes
és a function of frequency. .Next the curved short was
replaced by an offset planar short mated to the cy1inder
with a concave flaﬁge adaptor. Again node locations
were noted as a function of frequency. It was found
that the node shift between the curved short and tﬁe
offset planar short was constant, indepéndeht of .fre-
quency. Thus a,definite reference plane can be estab-
lished for thé 15.24 cm (6 inch) diameter cylinder; :Fof
cylinders with small radius of curvature, however, the
apparent éhort circuit location‘may be frequency de-

pendent .
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Free Space Measurements

Measuring the admittance and isolation of slot an;
tennas radiating into a medium with known dielectric
constant provides a basic check oﬁ the experimental
procedures and theoretical results. Perhaps the most
convenient medigﬁ“wifh known properties is free spaée,

- for which €r is very nearly 1 - jO."Ideally, free

space aperture cﬁaracteristics_should be ﬁeasured’in a
microwave anechoic chamber to minimize spurious reflec-
tions. Although an anechoic chamber was unavailable,
good agreement with. theory was obtained when the slotted
arrays were directed into a 61 cm (2 foot) square shéét
of Emerson and Cummings' Echosorb<:)AN—73 material from
a distance of about 1 m (30 free spaée wavelengths).

A comparison betwéen the calcglated and measured values
of normalized admittance for the plapér arréy are ‘shown
in Figure 3-6. Slof admittances are>normaiized with
respect to the admittance of the wavegdide feeds.
Excellent agreement between theory and experiment was
obtained. These values also agree with results réported‘

by Croswell, et al [34].
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Figure 3—7‘sh6ws normalized admittances for the
15.24% cm (6 inch). diameter slotted cylindgr. Agaiﬁ
good agreemenf between measured and theoretical values
‘was obtained. It ié interesting to compére the measured
self admittances of the slotted cylindef and slotted'
plane arrays. The conductance values for the éylinder
are approximately é% to 10% gréater than fof'the planar
array. The closest agreement occurs at the highest
frequencies. -This behavior is expected since the éylinder
behaves more like a ground plane at fhe highef'frequen—
cies:where ité effeétive ciréuﬁference (koro) is greatest.

Figure 3-8 shows the theoretical and expefimental
free space isolation‘(isolation.= -20 logq, Lszll) for
the two arrays. The arrays had identical slot spacing
(6.096 cm or 2.40 in). The measured values fall wifhin:

* 1 dB of calculatgd free space.values} This is con-
~'sistent with the accuracy achieved By Fante [26] for
isolation'of-axially slotted cylinders.

The preceding admittance and isolation measurementé
confirmed that tﬁe slotted plane andfslotted cylinéérlb
arrays behaved'as ekpected in a ﬁedium of known.electré—
magnetic propérties; Next the arrays were used to measure

the properties of an unknown medium.
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Soil Measurements

The soils used in this'project were supplied by the’
Montana State University Department of Plant and Soil
Science. Initially "greenhouse" soil was used; Essen-
tially a mixture of sand and organic material, green—'
house soil is capable of ébsorbihg large.amOunts of
water. Unfortunately, its bulk density. (=0.8) is much
lower than that of normal crop soils (?1.3), This lowér'
density results in fewer dipole moments ﬁer unit volume.
Consequently, permittivities.méasured for'greenhousé soill
are small camparedfto those of denser soiis with the
same volUmetric moisture content. This relationship
between soil density and permittivity was not discgs;ed
in detail by Hoekstra and Delanéy [io1l, possibly because
their soil samplés.had nearly equal densities. ‘For the
57 soil samples they meaéuredﬁ the mean density was 1.49
and the standard deviation was 0.14%. The mean deﬁsity
of their soils was "about 85% highér than the density’
of greenhoﬁse'soil;, Although”soil type may.héve little
effecf on pépmittivity at X band, soil denéity’canhqt
be neglected. Fortunately, the density_of in situ crop

soil is fairly donstant from just below the surface to
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root zone-depth_[2]-so.a nominalﬁdensity value‘should
suffice for espabiishing experimenfal'felafionShips
betmeen permitfivity and moisture oonfent |
Because of 1ts atyplcal den81ty, measurements on
-greenhouse s01l were suspended and a denser 5011 was
obtained: The new soil had a dens1ty of approx1mately'
- 1.30 and was very homogeneous, hav1ng been thoroughly |
-3

ground and passed through a sieve" w1th 5 mm (2 X 10

inch) openings.

Sample Preparation

Aithough the new.soil mas quite homogeneous when
dry, care had to he taken when moistening it and'packing
it into'the sampie holder. To moisten the soil,a thin
layer (approx1mately 2 cm thlck) was . loosely packed
into the bottom of a large plast;c bueket. A mlst of
water was thenhdirected at fhe.center of the'sample as
~ the moisture'was thoroughlyﬁwomked inﬁo.fhe soillhy"
hand. When fhe desired amount of water had been absorbed, i
-another layer of dry soil was added and the process re-’
peated. Slnce s01l density and sample volume ‘were known,
the total amount of water nequlred forsa glven percent_

moisture could be calculated.. After fhis_amount of water
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had been thoroughlyfworked into the soil, the-plastic
container was covered and set aside for 12 to 24 hours.u
This allowed the mixture to reach equilibrium

Prior to the slotted array measurements the s01l
'nas transferred from the storage container to an
aoproprlate sample,holder. Flgure 3—9 shows a photo-
graph of the Slotted'cylinder and slotted plane sample
holders. To helplachieve a uniform packing densit§
the loose soil‘was added to the sample holder in layers,'

each successive layer being leveled and tamped with an’

aluminum plate. ‘The entire sample was then weighed to . -

determine its density. It was very important to'ensure
that the soil surface was level to eliminate air gaps
,between ground plane and soil. Such discontinuities

effect both self admlttance and isolation measurements

When the slotted cylinder was'belng used, 'soil was packed -

around it to follow the curvature as closely as possible.

In field measurements air gap. effects'can be minimized"
by driVing the cylinder into a snug fitting bore hole
After the microwave measurements were taken the

soil moisture was determined‘by oven drying. The oven

was operated at a temperature of 90°C. _Higheratempera—f"

.: tures ‘were avoided to prevent burning off any organic
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Figure 3-9. View of Soil Sample Holders for the
Slotted Cylinder and Slotted Plane
Arrays.
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material in the soil. A tray of deséiéaﬁt was also
placed in the oven to reduce vapor pressure, thus stim-
ulating eVaporatioﬁ. A total drying time of about 36
hours was found to be adequaté'fof moisfure contents up
to 25%gH20/cc. Due to limitations on ovén size; it
was not feasible to'dry the entire 32 cm x 23 Cm.x-iS
cm saﬁple. fnstead éoil from the éaﬁple hoider'waS"
packed into a sméil_metal cup &137vcc) which wouig
cOnveniéntiy fif.in the dryiﬁg ovén. When volumetric
water content (grams HZO/cc) is being’measured, the
cup must be packed to the same‘density as was the large
sample holder. Overpacking would increase the total"
amount of soil and water without affecting the Samplefs
volume. This would give an inflated volumetric moisture:
réading. Gravimetric water content (grams HZO/grams
soil) is less séﬁsitive to. packing density. |

Tﬁe procédure for proper packing of each cup ié
és follows. Tirst, the entife_soil‘séﬁple is weighed
to deferminé its average density. The weight of the

metal cup when packed to this same density is given by’

Wp = Wp + (Ppyg) (Vo) : | (5—1)
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where
Wp = total packed weight of cup
.WE = empty weight Qf'cuﬁ
PAVG = average soil density
VC = volume of cup.

' Thus soil from the sample holder ie_packed iﬁto-the cup:
until_the"desifed weight W is obtained. This packing
problem is a source of error for volumetric water con-
tents but not for grav1metr1c water contents. HoweVer,
volumetric measurements are preferred for electromagnetlc
based methods because this-quantity is more nearly pro-
portienal to the number of dipole moments/volume of

soil [10].

Soil Measurements with the Slotted Cylinder and Slotted

Plane Arrays

Results of Chapter 2 predlct that the X-band admlt—
tance and 1solatlon of the 15 cm (6 1nch) dlameter
cylindrical array should closely match that of a planar.
array having idenfical slot dimenéiéns, spacing, and
efientation.' If true this resuit is quite useful for two
reasons. First, the fast and very efficient planar arfay

algorithm could be used to compute theoretical cylindrical
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array performanceL ' This would result. in substantial
savings in computer time compared to running the slotted
cyllnder program (6000 1ntegrand evaluatlons versus. 2007.
Second, laboratory s01l moisture measurements made with.
a planar array could be used to establlsh callbratlon |
curves for the slotted'cylinder array. This-would'save
time in the laboratory because'it is difficult to pach
soil 1n a contour whlch fits dround the cyllnder w1thout
'gaps whlle malntalnlng-unlform den81ty .This should not
" be a problem in actual field measurements, however, be~-
cause the s01l will be properly contoured from the bore
hole left by the core sampler. Anothér factor whlch
makes laboratory slotted cyllnder ‘measurements tlme con-
suming is the manner in whlch the convex and concave

' flange adaptors are attached to the cyllnder As Flgure.
3~ 10 shows, the wavegulde feed flange, adaptors, and |
‘termination are held together by four long bolts pass1ng
through the standard flange-mountlng holes, These bolts
must be removed each time the termination is-: ohanged
(three dlfferent termlnatlons must be used for system !
callbratlon) Even though spe01al sleeves were fltted
over the bolts to take up slack the pOSSlblllty of .

random misalignments between wavegulde and-apertures.
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Figure 3-10. View of Slotted Cylinder Waveguide
Feeds and Flange Adaptors.
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is much greater fpr the slotted cylinder_than for the.
slotted plane. This problem can be eliminated iﬁ future
designs by permanently‘bonding the convex flange adaptor
to the inside of the cylinder. Self-tapping screws |
cou;d be used on the . outside to attach terminations
and on the inside to attach the waveguidé‘feeds,

Figure 3-11 shows the conductance Gﬁ (normalized
to the admittance;of‘the waveguide feed) vefsus-frequency
for the slotted piéne'and cylindef'radiating into 11%
gHZO/dc soil. Susceptance valpes'are not plotfed because
they have_little significance (S‘ll angles are very near
-1800,,80 slight phase erraqrs léad to largé éusceptapce
errors but‘have little effect on condﬁctance)}< Figure
3-11 also shows theoretical'conductanqe curves cbrréspond—
ing fo different assumed soil permittivities. Two sets
of planar array data are shown which repreéeht different
orientations of the séil sample. 'The.conauctances for
these two runs agree ﬁithin 5%. -This correéponds to
_abouf 0.5 dB difference in measured returﬁ loss. This
range of repeatibility is typical for different anténna
placements on the same soil sample. The prinéipal source

‘'of disagreement is probably local density fluctuations
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which arise as the ground plane is'pressed_against a
soﬁéwhat unievél soil surface: |

The theoretical curve fits for the two sets of
planar conductances indicated real permittivities (e%)
of 3.4 and 3.1, respectively. Tﬁis is a 10% différence.
As Figure 3-11 shows, the theorétical curves based on
these‘values fit thé measured data over the entire -3
Ghz bandwidth. '

Conductancetméasurements were also taken witﬁ éhe
slotted cylinder. .These valueé fall between the two
sgts of ground plane data. Using the slotted cylinder
ﬁrogram (TRANS) to fit meaéured conductances, the real
part permittivity was found to be approximafely 3.2.
This agrees within 6% of the slofted plane values.

The experimental éonductance values shown in
Figure 3-11 are based on both phase and magnitude meas-
urements of tﬁe refiection coefficieht? Unfortunatély,
there:are_problems associated with measuring phaée under
field conditions. This was discussed in éhapter”Z._

Fortunately, much information can be obtained from

just scattering parameter magnitudes. Table 3-1 shows.
‘the relationship between GN’ VSWR, and slot reflection

coefficients (at a frequency of 8.5 Ghz) for several




Table 3-1.

‘Comparison of VSWR and G,, as a Function of Soil
Volumetric Water Content. -

VSWR - G

gHZO)cc-x 100%: & 0 Gy VSWR i N . 1003
5% 2.7 - j0.4  .422 /-167°  2.301 . 2;u59 6.9%
104 3.1 - 30.7 - .451 /-173° 2.579  2.6uu’ 2.5%
15% 3.5 - 351.0 .479/-176° 2.819  2.840 0.7%
20% 4.0 - j1.u .510/.-179° 3.081  3.082 0.03%
W4 - 31.7 .531/.+179°  3.267  3.269 0.06%

66
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typical soil permittivities. These values were cal-
culated with the slotted ground plane prﬁgram (PLANE) .
It can be seen that the magnitude of the reflection
coefficient is a much stronger function of permittivity
than is the angle. Also the reflection coefficient
angles are.approximately 180°. These observations
indicate'thét the reflection ééefficient p may be

approximated as
p=lp|l . 8= -|o]. (3-1)
The relationship between reflection coefficient and

normalized permittivity Y is

y = -0 (3-2)

Using the approximation of (3-1) in (3-2) gives

1 - |p|/Z.180°

Yn % O T¥ To[Z_180° (3-3)

Recalling that the righthand term of (3-3) is also the
equation for voltage standing wave ratio VSWR, it is

.clear that
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Gn = VSWR, (3-4)

The three right hand columns of Table 3-1 show that this
approximation holds very well for soil moisture contents
of 10% to 25% grams HZO/cc. Thus it is possible to use
VSWR to estimate slot conductance. This result is
iﬁportant because field measurement of VSWR requires
minimal equipment, e.g., a modulated Gunn oscillator
and directional ‘coupler. Since transmission line loss
may affect measured VSWR, an s parameter equivalent,
circuit of the slot antenna feed system should be'derived
before the array is installed. Then transmission line
effec{s may be compensated for.

Another quantity which may be measured rather
simply in the field is isolation. Isolation is defined
as the magnitude of the transmission scattering para-

meters_(sij's) expressed in decibels, i.e.

) c 2
I35 = -10 log10,|sij| (3-5)

™ S15t antenna

th

|2 is the power reaching the i
h

where ]Sij

due to excitation of the j-t slot antenna. The i

antenna is terminated in a matched load.
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Figure 3-12 shoﬁs:lsolation measurements made.on.

the same soil sample whose admittance.measurements are.ﬁ
shown in Figure 3-11 (11% gh,0/ce). The slotted plane
and slotted cylinder data agree to within approx1mately
2 dB. Curve flttlng of the slotted plane isolation
indicates an 1mag1nary permlttlvlty components of eé' = ..
~0.75 while the slotted cyllnder isolation gave s£'1=
-0.70. This is‘a difference of 7%. As Figure‘B—lZ
shows, the theoretical curves fit measured data quite
.well over the entire 3 GHz bandwidth; | |

| The preceding conductance and isolation measune;‘
ments 1ndlcate that~ slotted plane data typlcally agrees:iﬁﬁ
within about 10% with slotted ‘eylinder data (15 em - |
diameter).. Theory predlcts much,closer agreement,

Table 3=2 companes theoretical admittance and isolation

Ay

values for the.two arrays. A permittivity‘of 5 i;.' IR

r

3.2 - j0.7 is assumed.
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Table 3-2. Theoretical Comparison of Slotted Plane
' and Slotted Cylinder Properties for
ér = 3.2 - j0.7. '

Normalized Admittance isolation,,dB
Frequency' Plane , Cylinder’ Plane> Cylinder
8.5  2.64+j.38 2.68+3.33 50.0/ 35° 19.3/ 310
9.5 2.4243.24  2.44+3.19  53.5/ -88° 52.8/ -92°
10.5 2.29+3.13 2.30+3.09 57.u/_150° 56.9/ 1u5°
11.5 2:19+3.05 2.19+3.01 1.8/ 29° 61.1/ 280

Admitfances agree'within.l.S% and isolations agreé
within aboﬁt 0.7 dB. The fact fhat greater differéﬁceé
were observed experimentally is probably due to varia-
tions'in packing the sample hdlder and possibly from
slightAdrying'of the soil between observations. The
slotted cylinder data was taken l;‘days.after the slotted
plane data. Even though the soil was sealed-in a pléstié
bag slight drying méy have occurred. This could explaiﬁ-
why the.slotted gylinder isolation was less than fhe |

slotted plane isolation.
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Effective Sensing Radius of the. Slotted Cylinder
Sensing radius, like.bandwidth‘or‘rise time, may

"'be defined in manyAdifferent ways. A theoreticai

definition was given in Chapter 2. A convenieht‘

operational definjition for moisture measurement purposes

is “the minimum distance between a slot antenna and a
reflecting ground plane for which the ground plane
has no measurable effect on return loss. This defihi—
tion of sensing radius indioates the range at which
-signifioant soil inhomogeneities (such as cracks or
rocks) have negligible effect on moisture readlngs
Laboratory measurement of sen51ng radius 1nvolved
burylng a 14 cm (5.5 1nch) square aluminum plate-ln.
the soil sample holder The slot returh loss was
. measured as a functlon of the plate's depth Tabie
.*3-3 shows results obtained for 21% gHZO/oc soil.
Return losses for plate depths of 3.8 cm and 8.6 cm
~were found to agree within 0;3'dB of the vaiue'measured
with the plate abeent.: SinoeAthe.eoil had to be re-~
paoked eachztime plate depth was changed, differenoee

on the order of 0.3 dB may be attributed to packing -
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Table 3-3. Effect of Buried Metal Plate on
Slot Antenna Return Loss

. Return Loss (dB)
Plate Depth (cm) With Plate Without Plate - Difference

a.0 . 0.0 7.2 7.2

0.8 | U 7.2 3.1

2.3 8.3 7.2 1.1

3.8 6.9 7.2 0.3

8.6 7.5 7.2 0.3
variations. Thﬁs, within expefimental error, the effec-

tive sensing radius is roughly 3.8 cm.

If the soil's comblex perﬁittivity is known, the
_ sensing radius ﬁay be expressed iﬁ tefms of skin dépth
as follows. The complex plane wave propaéatioﬁ facﬁor‘

k is given by
k=8 - jo = wy|u_.e € ' (3-6)

where




107

B = real propagation constant (radians/meter)
o = attenuation constant (nepers/meter)
W =

frequency (radians/second).

" Skin depth is defined as

(3.7)

The measured permittivity of 21% gH,0/cc soil was €r"=
4.0- - jl.4. Thus the skin 'depth at.e frequency of 8.5

GHz is’

: 1 } = 1.63 cm. (3-8)
1.780qlh8 - jl.u S

g = -Im{

The sensing-radius in skin depths is thus
R % 3.8 cm/1.63 cm = 2.4 skin depths. - - (3-9)

The sen81ng radlus glven in (3-9) is approx1mate but 1s,,'
-a useful rule of thumb for estlmatlng the ‘volume of SOll '

- sensed by one of_the let antennasu
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. Soil Permittivity aé a Function of‘Volumetriq Moisture
Content |

Having previously established theoretically and
.experimentally that the slotted_cylihder and slottea plane
arrays have essentially similar properties, the remaining
soil measurements were made with the slotted plane.
Figure 3-13 shows measured permittivity as a function of
volumetric moisture content.l The solid lines are 1inéar
regressions of the experimehtal data. The average deﬁsity
of the soll samples used in these measurements was 1.35
and the standard deviation was 0.08. TFor comparison pur-
poses both slotted cylinder and slotted plane data are
shown for a moisture content of 11% gHQO/cc. '

The_linegf regression equations foPAE; aﬁd eg_ini-

terms of %gHZO/cc are

€ = 2.314 + (0.0845) (%gH,0/cc) . _ (3-10)

and

E"

" = 0.056 + (0.0657)(%gH,0/cc). (3-11)

To determine soil moisture from measured permittivity,

(3-10) and (3—11).may be rewritten as
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2.314+(0.0845) (%gH,0/cc)

B Slotted Plane Data

2 4+ ® ® ® silotted Cylinder Data

Linear Regression Curve

Soil Complex Relative Permittivity,

€
i
l p—
E; = 0.056+(O.0657)(%gH20/cc)
] | ] s
¢ % I I | =
0 5% 10% 15% 20%

Soil Volumetric Water Content, gHzo/cc x 100%

Figure 3-13. X Band Plot Antenna Measurements of Soil
Permittivity Versus Volumetric Watier
Content (gH90/cc). Mean Soil Density =
1.35 'glfce. . Standard Deviation = D.08.
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%gH,0/ce = -27.38 + (11.83)(el) . . - (3-12)

and

%gH,0/cc = -0.852 + (15.22)(el). o (3-13)

The above-équations afe.based on‘X—band measﬁrements of

soils with bulk'densifies-nearil.35 g/cc. Although |

‘ Hoekstra;and Delaney showed,soil t&pe”ha81ninimai effecf

'onlpermittivity at X-band ﬂlO],édditional work "is required

to determine the effeét of soii-density.-,FoftUnateiy

in situ'soil‘density does nof vary greatly. Typical‘

values range from 1.1 to 1.5 g/cc. | o
Equations (3-10) to (3-13) are useful in eétimatiﬂg

error sensitivity. For examp;e, €;== 3.16 corresponds

to 10% éHzO/ch -If €] was erroneousiy measured as 3.32

(Sé-high), the estimated moisture content giVen by;(3;12i

wéuid be 11.9%. This is an error of 2% gHZO/éc; §im-

. ilarly,la 5% low measutement of'éé fesults in a 2% low

moistufe estimate. A Y 5% errér'inzdetermining.gé is,nbt.

unreaébnéble-sg‘absolute accuracy of the:éiqttéd.cylinder';

moisture probe is on the brdeé_of'i 2%. This estimated

accuracy does not include effects of soil type or‘deﬁsity.
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It also éssumes negligible error in the oven drying
determination of true soil moisture.

.Frequéntly.relative changes in soil moisture are
more importanf thanlabsolute_values. This would be trué
_in studying dynamics of the downward percolation of rain
&ater or in combafing the relative moisture contents of
adjacent experimental plots. The sensitivity of the
'glofted c&linder to changes iﬁ soil moisture may be
estiﬁated as followé; The computer‘pfbgrams for éalcﬁlat—
"ing slot admittance show thata. change in s% from 3.15 to
3.?6 ﬁroducéé‘é 0.15 dB change in return loss. A'chahge
of this magnitude'is casily measﬁréd‘in thé field. 'From:
t3—12) this saﬁe change in permittivity correéponds'tb
soil moisture increasing from.i0.0% to 1112%_gH20/cé. |
Thus the slotted cylinder can resolve.l% éhanges in vol=- ..

umetric moisture content.

Comparison of Permittivities Measured by Slot Antenna

and Shorted Wéveguide Methods °

Figﬁre 3—14 compares-séii pérﬁiffiVitiés-derivéd‘
from slot antenna meésuremenfé with:values giveh by
.Hoekstra and Delaney [lO]; Hoekstra and Delaney's dafé-

was based on soil measurements in-.a short circuited
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i ——— Shorted Waveguide Measurements
(after Hoekstra and Delaney [10]

— — — = Slot Antenna Measurements
PR Y 3 Shorted Waveguide Measuremgnts

on Same Soil as Slot
Antenna Measurements

Soil Complex Relative Permittivity, €r + E; - je;
F

0 |
0 5% 10% 15% 20%

Soil Volumetric Water Content, gHQO/cc x 100%
Figure 3-14. Comparison of Soil Permittivity as

Measured by Slot Antenna and Shorted
Waveguide Methods.
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waveguidglsémble.héldef. Poor agreemént was obtaineéd.
“The élot antenna measurements are consiétently low and
the disparity.incpeaseé'with mbistpfe.confent. .Wheﬁ the
same éoil samples used for siotted.array'méasﬁremeﬂté :
were tested in a waveguide sample holder, results:similar
~ to Hoekstra and Delaney's were obtained. These meaSﬁref
ments are also‘shown‘in Figure 3-14.

Croswell et al [34] observed similar behdvior for
a rectangular slot radiafing into a'diglectric slab
(sé = 3.76). Their measured adﬁitfances were also con-
sistently lower than theory predicted. Suspecting that .
higher order modes induced at the'aperture—dielectric
boundafy wefe the 'problen, the&laftémpted t6:measuré tﬂe
" aperture field distribution. Fér free space radiation
l(no.diélectric) the aperture distribution Waslapproéi—.
.mately TElo_aé expected. When thé @ielectric slab wés
introduced, a more peakedldistfibutioﬁ-resultéd." éroéweli
suggested that the presence of a TE30lmode would exp1ainT
the obsérved aperture field; |

| " The effect of multimoding at the soil—aperfufe:'

.boundary may be qualitatively treated as'followé. 'Fig—l

ure 3-15 shows a power conservation diagram for a-
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Figure 3-15. Power Conservation Diagram for a
Multimoding Aperture.
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multimoding aperture. Assuming power orthogonalify
(i.e. each possible mode carries energy independently of
the other modes)[39], the total incident power PIN is

the sum of the powers contained in the TEl

0 and.TE30

modes, i.e.

P... = P + P . . (3-15)

The power contained in P and P is in turn re-
TElO TE30

), stored (S , S. ), or transmitted
E10 -~ TEjp7 TEgg
(TTElO, TTEgo)-from the soil-aperture boundary. The TE30

mode has no reflected component because it is evanescent

flected (RT

in the waveguide which illuminates the aperture. Since
the ngtwork analyzer compares inciaent to reflected power
at a point many wavelengths from the aperture, e&aneécenf
modes are not detected. Thus the measured scattering
from the aperture is |

R ' Rop

TE ’
10 . 10 L | (3-16)

lslllz . Pin Pop. * Pop
' | 10 30

Tf multimoding does occur, PTE is nonzero and the
N 30 : .

0
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.apparent reflection coefficient magnitude-is reduced.

Since admittance magnitude is given by

1+ ]84

experimental aamittance values would aléo be low.

When the soil is contained in a waveguide sample
holder multimoding is;less 1ike1y;because the boundary
conditions at the intérface can then be satisfied by a
pure TEq, mode (assuming the interface plane is’normql to
the waveguide axis). Thus reflecfion coefficients measured
ith the shorted ﬁaveguide sample holder aré pf‘propér size
because the incident power is not diluted ampﬁg-severél
modes. |

Since distortion in the aperture field (and hence
multimodihg) can be expected to increasé with soil per-

. mittivity, the disparity befween fﬁeoretical and.expefid
mental édmittance‘should be greatér for wet soil than |
for dry. This éssumption would explain'the différenbe
between slotted'plane data and shorted waveguidé data

shown in Figure 3-1u.
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By followiné the procedure developed in Chapter 2,
the admittance of a slot antenna can be évaluéted for
any desired aﬁerture field aistfibution. Aﬁowévef, since
the correct distributioﬁ to assume for a given soil
permittivity is not known in advance, it doeé not seem
worthwhile to pursue such derivations.

Fortunately multimoding effects do not limit the

usefulness of the slotted cylinder as a moisture probe.

The only restriction is that moisture versus permittivity‘

data measured with coaxial or waveguide sample holders

may not be used to calibrate the slotted cylinder.

Recommendations for Field Trial.of Slotted Cylinder Array

Although initial laboratory tests of the slotted
cylinder array were performed at X-band (8.? - 1l2.4 GHz),
this frequency range‘may not be suitable fof field tests.
The high attenuation offered by moist soil at'X—bénd
not only restricts sensing radius but also severely re-
dgces mutual coupling‘of the slot antennas. These

conditions may be improved by using lower frequencies.

Table 3-4 compares isolation: (-20 logldISle) and sensing

radius (2.5 skin depths) for slot arrays operating at

X-band and S-band (2.60 - 3.95 GHz). .For the worst case .
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"Table 3-4. Comparison of Isolation and Sensing Radius
of Slotted Arrays Operating at 8.5 GHz and
3.0 GHz. Slot Separation = 10.0 cm.

gh,0/cc _ Isolation Sensing Radius

x 100 ©  °r 8.5 GHz 3.0 GHz 8.5 GHZ 3.0 GHz
5% 2.7-30.5 53.4 dB  33.4 dB  11.6 cm  32.8 cm
15% 3.6-31.0 77.3 dB 43.8 dB 5.4- cm 15_.2. cm
25% '4.4-}]1.7 100.2 dB 53.4 dB 3.5 cm 10.0 cm




119 -

shown (25° gH, O/cc), slot 1solatlon is lOO 2 dB at 8.5
'GHz and 53.4 dB at 3.0 GHz. A slot spa01ng of lO 0 cm
(4 inches) is assumed in.both cases A coupllng loss |
of 53 dB is well w1th1n the dynamlc ‘range. of a network
k analyzer but 100 dB is not ) Of course, coupllng could
be 1ncreased by decrea81ng slot separatlon but then many
more array elements are needed to cover & glven SOll
proflle. »The'worst case senslng radlus shown is 3.5 cm
for 8.5 GHz and 10.0 cm for 3.0 GHz. Although this
“parameter is not as important to effective'array oberation'
as 1solatlon, a 31gn1f1cant senslng radlus permlts the |
m01sture measurement to be averaged over a larger volume
. of. s01l Thus less emphas1s is placed on effects at.
the soil- cyllnder boundary It should be noted that the
same perm1tt1v1ty values were assumed for 3 O GHz- and 8.5
GHz. In: reallty the 3 0 GHz values.would be somewhat
:“hlgher (10]. | | | o

: Frequenc1es lower than S band are not recommended '
for field testlng because the apertures of the slot |
antennas become'excess1vely31arge In fact, a tranSverse
S~ band slot (7.21% cm x 3.404 cm) subtends an angle of .

©81° on a 10.16 cm (4.0 1nch) dlameter cyllnder. 'As the
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'angle'sobtended by'the'slot increases, tfinging effectsl
become significant'and the apertnfe~field may,deyiate' |
substantlally from the assumed TE10 distripution eyen‘l
 for free space radlatlon Another argument.against
.Hlower frequen01es is the 1noreas1ng dependent of penmat—,; ;
tivity on soil type noted by Hoekstra and Delaney [10]

S<iband is proposed as a reasonable compromlse between

_adverse hlgh frequency and 1ow frequency effects
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CONCLUSIONS AND'RECOMMENDATIONS

This.diésertation has demonstrated the feésibility
of measuring the distribution of soil moisture from near
"surface to root zone depths (1-2 m) by means of an intru-
sive slotted cylinder probe. The brobe consists of a |
linear array of slot‘anténnas mounted along the axis of
a conducting cylinder and is intended for borehole instai—
létibn.' It was shown that magnitude measurements of
self and mutual slot antenna scattering parameters are
syfficient to:derive a discrete depth profile of soil
permittivity. The moisture distriﬁution is then détermined
from this permittivity profile by empirical relétions.'
The total depth of the profile is determined by the over-
all length of the array, while the vertical resoiution
is largely dependent on the slot antenna spacing.

To.aid in.designing the Slotted cylinderAprobe,
theoretical expressions were derived which ﬁredict array
performance for arbitrary soil complex.permittivity. |
Computer progréms were written to evaluate these exprésw
-sions-for both axial and transverse slot geometries.

Similar expressions were also derived and evaluated for
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a slotted ground pléne array since they are much simpler
to evaluate and closely approximate the slotted cylinder
results in many cases.

The validity of the theoretical expressions was
confirmed from laboratory measurements at X-band (8.2-
12.4_GH2) of slotted plane and slétted cylinder arrays.
Excellent agreement was obtained between measureménf and

theory for a medium of known permittivity (free space,

A

€,=1 - j0).. Also, the slotted plane and slotted
cylinder results were quite close, as theory predicted.
A direct comparison between theory and experiment was
not possible with soil measurements because the true
soil permittivity was not known. Instead the_ﬁeasured
siot admittances wére compared to families of theoretical
curves generated for a‘number of assumed pérmittivities.
The permittivity providing the best fit to the experi-
mental data was chosen as the estimated soil permittivity.
- As béfore,.good agreement was obtained between slotted
cylinder and slotted plane data;

Using the curve fitting method described aone,

soil permittivity measurements were made for soill moisture

contents between 0.05 and 0.20 grams H20/cc (i.e. volu-
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metric'basis)’ ‘lt.was not~pOSSible.to measure slot-to~
“.slot coupling. at hlgher moisture contents w1th the
l antenna spac1ngs used 1n the laboratory arrays Howeyer‘
.by decrea81ng slot spa01ng or lowerlng the operatlng
- frequency, thls méasurement range. could be extended
| The" m01sture content of the SOll samples were
.determlned by_oven drylngf Based on a llnear regre831on
analysis of thefavailable data, the apparent accuracy
of the slotted cyllnder probe was - -on the order of i 0 02
grams H20/ccf However, thls estlmated accuracy does not

include errors 1nduced by|301l type.varlatlons because,

only one soil type was measured. The regression analysis’

was also used-to show that the slottedfcylinder should'
. be able to .resolve changes in SOll m01sture as. small as’
0 0L grams H 0/cc. ThlS sen51t1v1ty should prove very
: useful in studylng the dynamlcs of percolat:on. ,In fact
' the potentlal resolutlon and sen81t1v1ty of the slotted

cyllnder appear superlor to that of the neutron probe.f:

\Deployment of the slotted cyllnder would not be regulated,,

:‘as is the slotted probe, 81nce it uses ‘no radloactlve
. materlals.

It'is.reconmended that,the slotted cylinder probe
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be tested under.fiéld conditions. This‘would reveal any
. difficulties associated with borehole installatibn, such
as air gapé occurring between the soil énd the slot
antennas. Fortunately such‘air gaps can'be detected
froﬁ the surface by- the presence of periodic VSWR,yaria;
tions with frequency. The slotted ecylinder used for
field tests should be designed for S-band (2.Sb - 3.85
GHz) operation to iﬁpréve slot~to-slot coupling and to
extend the sensing radius over that of the X-band lab- .

oratory version.
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APPENDIX A

FORTRAN LISTING OF AXTAL, A COMPUTER PROGRAM’

'FOR CALCULATING SELF AND MUTUAL ADMITTANCES
' OF PARALLEL AXIAL RECTANGULAR SLOTS

IN AN INFINITE CONDUCTING CYLINDER
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APPENDIX B

FORTRAN LISTING OF TRANS, A COMPUTER PROGRAM
FOR CALCULATING SELF AND MUTUAL ADMITTANCES
OF PARALLEL TRANSVERSE RECTANGULAR SLOTS

ON AN INFINITE CONDUC'I;iNG' CYLINDER
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APPENDIX C

FORTRAN'LISTING_OF PLANAR, A COMPUTER PROGRAM
WHICH CALCULATES SELF AND MUTUAL ADMITTANCES
OF PARALLEL RECTANGULAR APERTURES IN

AN INFINITE CONDUCTING GROUND PLANE - °
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'FORTRAN LISTING OF SKIN, A COMPUTER. PROGRAM
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FORTRAN LISTINGS OF DERIVE AND SCAE, A PROGRAM' -

PACKAGE WHICH FACILITATES THE REDUCTION
OF LABORATORY SCATTERING PARAMETER
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Herrick, David L

D378
H435 An insrusive slotted
cop.2 cylinder antenna array...
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