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A Feasibility Study to Monitor Soil Moisture
Content Using Microwave Signals

EZEKIEL BAHAR, SENIOR MEMBER, IEEE, AND JOHN D. SAYLOR, MEMBER, IEEE

Abstract — A buried leaky coaxial cable is used as a sensor to continu-
ously monitor the average moisture content of irrigated soil at a desired
depth. The two-phase feasibility study consists of an analytical and an
experimental investigation. The modal equation in the cable is expressed in
terms of the surface impedance at the inner conductor boundary and
an effective surface impedance at the outer leaky conductor boundary.
The effective surface impedance is related to the soil moisture content
through its measured attenuation. The results of the experimental work
conducted in the field are in good agreement with the analytical results. It
is shown that the recorded phase difference between the test signal from
the buried cable and the reference signal can be used to monitor the soil
moisture content.

I. INTRODUCTION

HE MEASUREMENT OF soil moisture content is of

considerable interest to the agricultural community.
Unfortunately, soil moisture content is not an easy variable
to measure in field conditions. The commonly used meth-
ods have significant shortcomings. For example, gravi-
meiric methods are slow, tedious, and necessitate the
disturbance of the soil [1]. Soil conduction methods are
inherently inaccurate and unreliable [1]. Radiation meth-
ods such as neutron thermalization and gamma-ray at-
tenuation are not simple to operate and are also limited by
safety considerations [1]. Moreover, these measurements
have a common disadvantage in that they are all based
upon measurements at one specific location.

Improved soil moisture measurement techniques which
are suited to field conditions are required. The radio-wave
method described in this paper has several important ad-
vantages. The soil moisture sensor covers a large portion of
an irrigated field; thus an average measurement is de-
termined. Once the sensing system is installed it is not
necessary to disturb the soil in the measurement process.
The system can be operated on a continuous basis; thus, an
automated irrigation system could control the distribution
of water to the field as prescribed by the user.

Before introducing the radio-wave method, it is useful to
briefly review some basic concepts in soil engineering
[2]-15}. The soil is regarded as a matrix which supports the
plants and provides water and minerals. It consists of
water, mineral particles, organic matter, and living organ-
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isms. A given volume of soil V consists of a volume of
water ¥V, a volume of solids V,, and a volume of air V,, of
mass M,,, M, and M, respectively. Soil moisture content
0,, defined on the basis of weight is given by

0, =M, /M. (1)

The soil moisture content is not a very reliable measure of
the availability of the water to the plants. A more useful
concept has been defined and is referred to as the soil
water potential ¥. The soil water potential is the amount of
work required to move a given amount of water from one
point to another, compared to the amount of work re-
quired to move the same amount of pure, unbound water
the same distance. The soil water potential ¢ is defined as a
negative quantity, and is usually expressed in units of
energy per unit mass. The soil water potential ¥ is com-
posed of three components: the matric potential ¢, the
osmotic potential y,, and the pressure potential y,. The
three components of soil water potential are additive, thus

¢=‘p0+\bm+¢p‘ (2)

Normally, the water characteristics of a given soil are
defined by the curve relating the matric potential ¢, to the
soil moisture content 8,. A typical relationship is il-
lustrated in Fig. 1. There is a small amount of hysterisis
between the wetting and drying curves. In Fig. 2, ¢, is
plotted as a function of 8, for different soil textures [5].

The wilting point is defined by the soil moisture content
at which the plants experience permanent wilting, This
usually corresponds to a matric potential of — 1500 J/Kg.
Field capacity is defined by the moisture content of soil
which is thoroughly saturated with water, allowing for all
the water that can drain off by gravitational force to do so.
This corresponds to a matric potential of —10 J/Kg.
Available water is the water contained by the soil between
the wilting point and field capacity. The available water
provides an estimate of the moisture that is normally
available to the plants.

The measurement of soil moisture using radio waves is
based on the strong dependence of the complex permittiv-
ity of soil €, = €] — je| on the moisture content. A small
portion of the power transmitted through a leaky coaxial
cable radiates into the soil surrounding it. For a monochro-
matic signal (assuming an exp (jwt) time dependence), the
complex propagation coefficient y = a + jB of the azimuth-
ally symmetric mode is influenced by the environment sur-
rounding the leaky cable. Thus, y is influenced by changes
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Fig. 1. Typical relationship between soil moisture content and matric
potential (from Milthorpe [3]).
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Fig. 2. Soil matric potential as a function of moisture content and
texture (from Newton [5]).

in the soil permittivity, which varies with its moisture
content. Changes in y can be measured by observing
changes in the transmission coefficient S,, for the buried
cable, or changes in its input reflection coefficient T,

II. ANALYSIS

A. Geometry of the Problem

Consider an infinitely long coaxial cable buried at a
depth d below the surface of the earth and parallel to the
z-axis, as illustrated in Fig. 3. The permittivity above the
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Fig. 3. Leaky coaxial cable buried at depth d below the air-earth
interface.

air—earth interface (x-0 plane) is ¢, (free-space permittiv-
ity), and below the interface it is ¢; = €] — je]. The mag-
netic permeability above and below the interface is p,
(free-space permeability) [6]. The skin-depth (reciprocal of
attenuation coefficient) in the earth is given by [7]

=] )

Wito0)

in which
0, = wey 4)

is the conductivity of the earth.

Propagation along a buried coaxial cable at very low
(VLF) and extremely low (ELF) radio-wave frequencies is
of considerable practical interest [8]. At these wavelengths,
the guiding structures are usually within one skin-depth of
the earth surface. Consequently, the air—earth interface
affects the value of the propagation coefficient y for the
azimuthally symmetric mode in the coaxial cable [9].

Buried waveguide structures operating at higher radio-
wave frequencies (around 100 MHz) have also been used in
groundwave radar detection systems. In many of these
systems the waveguide structure is a leaky coaxial cable,
either with a braided outer conductor or an outer conduc-
tor with periodic slots. These structures are also located
within a couple of skin-depths of the earth’s surface to
provide broad area coverage and to reduce the loss into the
surrounding soil [10].

For the application considered in this work, the leaky
coaxial cable is buried at a depth of 0.5 m below the earth
surface and is excited by a 0.9-GHz signal. Thus, the cable
is located many skin-depths &, (between 2 and 12, depend-
ing on 6,) below the earth surface. Since d > §,, the
air—earth interface may be ignored and the coaxial cable is
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Fig. 4. Concentric geometry of the leaky cable.

considered to be centered along the z-axis (see Fig. 4) in an
infinite medium (e, py). The structure has, in general,
n+1 concentric regions [(¢;, pg),i=1,2,---,n +1] which
are separated by n interfaces p=p,,i=1,2,---,n. In this
work, n=35, i =6 (the inner conductor), i =35 (dielectric
layer), i =4 (the slotted outer conductor), i =3 (flooding
compound), i =2 (protective outer jacket), and i =1 (the
earth). The inner conductor of the cable, region n+1, is
assumed to be a good conductor (o > we). Thus, it is
represented by a surface impedance Z, = E, /H, at p =p,.
For good conductors, the surface impedance is given by [7]

o] )

2= (14 )| 52
where o,, is the conductivity of the metal (in this work
0,.1=0,=58%x107 (2—m)~ '™ is the conductivity of
copper). The surface impedance at an interface p=p,, i< n
—1 is defined by the ratio — E, /H, evaluated at p=p,.
The surface impedance Z,(i <n —1) is defined such that
Re(Z,)= R, > 0 in a passive medium.

It is also assumed here that for the azimuthally symmet-
ric modes, the slotted or braided conductor, region » — 1,
may be represented by a homogeneous medium with an
effective complex permittivity €, ,. This assumption is
reasonable provided that the dimensions of the slots and
the distance separating them is very small compared to the
wavelength in the medium. In Section II-E, an “effective”
permittivity is calculated for the region p > p,_, from the
measured cable loss.

B. Field Solutions
All field quantities are assumed to vary as exp (jwt — yz),
where y = a+ jB is the complex propagation coefficient.
Assuming azimuthal symmetry (3/d¢ =0), we seek the

solution for the TM, ,, modes. Thus
H,=H,=E,=0.

(6)

The transverse components H, and E, can be expressed in
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terms of E,[11]. Thus
.we JE,
Ho= =707
_ Y9 _ v
P p Jwe ™
The wavenumber k, for the ith region is given by
k= w(pee)”, Im(k)<0 (8)

and the characteristic values 4, are given by
h=(v*+k2)?,  Im(h)<0.
Thus, the scalar wave equation for E, in the ith region
V2E, + h’E,=0 (10)

©)

reduces to

JE,

10 p
;Ef;[pa—p]‘i-hiEz—O. (11)

The solution to (11) can be expressed in terms of the
Bessel and Neumann functions. Thus, in the ith region

Ez = Athlz[JO(pht)+BtN0(phz)]
and
H¢=in(O(,hi[Jl(ph,)'i'B,Nl(phl)] (12)

in which A4; and B, are arbitrary constants,

C. The Modal Equation

Since E, and H, are continuous at each interface, the
surface impedance is also continuous. The surface imped-
ances Z* and Z~ are

Z+ == — Ez(p’+) = —hl[JO(plht)+B1N0(pzhi)]
l H¢(pl+) jwez["l(pihz)-l-BiNl(pihi)]
and

7= E.(p ) __ hl+1[JO(plhl+l)+Bl+1N0(pihl+1)]

l H¢(P:) jw‘z+1[J1(chz+1)+Bi+1N1(ch;+1)]
(14)

where p;" approaches p; from medium i and p;” approaches

p, from medium i/ + 1. On equating Z,* with Z~ an expres-
sion for B, , is obtained in terms of Z*

hx+1JO(pzht+l)+ jw€l+lzl+‘,1(pthl+1)

(13)

== B iNo(ph o)+ jw‘z+1Zz+N1,(P;hz+1)
(15)
for i=1,2, - -,n — 1. Furthermore, since
zh = - Bii[Jo(Pihie )+ B No(opsihyi )]
' Jw€.+1[J1(P,+1hi+1)+ Bx+1N1(P1+1h,+1)]
| (16)
fori=1,2,---,n—1, (15) and (16) are recurrence formulas

that determine Z*, ; in terms of Z; (i=1,2,---,n—1).
From the radiation condition (the field components re-

main bounded at infinity), E, in the earth region is given

by the Hankel function of the second kind of order zero
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H?, and H, is given by the Hankel function of the second
kind of order one H{®. Thus, B, = — j and Z" is given by

+ — h HP (p,hy)
1T .
J‘*’lel(z)(Plhl)

(17)

Also, since the inner-most region n + 1 is a good conduc-
tor with conductivity o, ,, its surface impedance is given

by (5), thus
A _wpe 17
(”1)[20 ] .

n+1

A

g H¢(Pn— )
Thus, the modal equation is obtained by imposing the
resonance condition

(18)

Z; +Z5'=0 (19)

where Z' is given by (16) with i=n—1 and Z; is given
(18).

D. Approximate Form of the Modal Equation

In order to facilitate the computations, an approximate
analytical expression is derived in this section for the
propagation coefficient y. To this end, the modal equation
(19) is expressed in terms of the surface impedances Z,
and Z" .

On substituting (16) for Z (with i = n —1) and (18) for
Z_ into (19), the following exact expression is obtained for
the modal equation in terms of Z!_, and Z; at p=p,_,
and p = p,, respectively:

[thO(pnhn)_ jwenZ;‘]l(pnhn)]
’ [hn‘NO(pn— 1)+ joe, Z Ni(p,- lhn)]
= [B,No(puh,) = jeoe, Zy Ny (p, )]
A udo(py1By)+ o€, Z Ty (p,_1h,)].

For the ideal coaxial cable 4, = 0. Thus, assuming small
power loss at the boundaries p, and p,

Ipn—lhnl < 1

(20)

and

(21)

[o.h,| <1
and
(22)

1Z;1<<In,| and |Z\|<[n,]

where 7, is the intrinsic impedance for medium 7

1/2
nn= (AU’O/En) /’

On retaining first-order terms, (20) reduces to

hn[No(Pn—lhn)"No(Pnhn)] '

(23)

Req, > 0.

. _ (24)
=_]w€n[N1(pnhn)Zn +N1(pn—1hn)z:71]'
Furthermore, since
2
[NO(pn~1hn)_NO(pnhn)] = ;r_ln(pn—l/pn)
=2 Z
Nl(pnhn)zn T Tr ok,
Ny( h,)Z; =;Z_Z_n+—_1_ (25)
1\ By—11, n—1 T pn—lhn

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-31, NO. 7, JULY 1983

it follows that

A zZt
hﬁ=yz+k3=j WwEe, [_."_+_’L:_1] (26)

In(o,-1/0,) | P Pu-1

and

1. (27)

¥ = jka[1-(h, /)’
Noting that k2 = w’pe,, hence |4, /k,| <1, and

[1=Ch /Y] = 1= 3 (R /K, )

it follows that

(28)

WE, [Zn_
anhl(pn—l/pn) Pr

zZr
y=a+ jB=jk,+ -—"—1]

Py
(29)

In the next section, the approximate form of the modal
equation (29) is used to calculate the “effective” surface
impedance Zy = Z,_, from measured values of a.

E. Effective Surface Impedance

The leaky coaxial cable used in this study is manufac-
tured by Andrew Corporation, and is referred to as
RADIAX slotted coaxial cable. The inner conductor is a
copper coated, solid aluminum wire. Because of the thick-
ness of the copper coating (0.1 mm) (45 skin-depths at 0.9
GHz), the inner conductor is considered to be solid copper.
The copper outer conductor is slightly corrugated to pro-
vide flexibility to the cable. The difference between the
maximum and minimum radii of the outer conductor (peaks
and valleys of the corrugations) is very small (0.762 mm)
compared to a wavelength in the cable A (A, =27/B = 23.6
cm at 0.9 GHz). Therefore, for the model, p,_;, was as-
sumed to be given by its average value p,_, = p, = 0.6223
cm and p; =0.21717 cm.

Electromagnetic power is coupled into the environment,
through slots punched through the outer conductor of the
cable (region n — 1). Since the dimensions of the slots (3 X6
mm) and the spacing between them (5 mm) are small
compared to A, the region p > p,_ is characterized by an
effective surface impedance Z ., =Z;_  atp=p,_ ;.

To calculate the “effective” permittivity €., for the re-
gion p > p,_,, the approximate form of the modal equation
(29) is used. The wavenumber for the dielectric region # is

k,=w(uge,)”?,  Re(k,)>0,¢,=e(1.6— j0.0008).

(30)

The impedance Z, is given by (18), and the surface imped-
ance Z | which characterizes the entire region p > p,_,

depends upon the soil moisture content
Z, =R, \*+]X,_\ (31)

Since the power per unit length coupled through the slots is
very small compared to the total power transmitted through
the cross section of the cable, the outer region p > p,_; is
characterized by a good conductor. Thus

=€pr — JEett =~ JE opp = — JOopr /@ (32)

€ett
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where o = wely is the effective conductivity of the outer

region. Therefore, the effective skin-depth is given by
1,2 \1/2
B = (2/who0ue) > = 2/ poels) /0.
It follows that
1,2 w12
Xn—l = Rn—l zRe(p‘O/ceff) / = (”0/2€eff) /

1
= (©po/204) 7.
Thus, (29) reduces to

(33)

(34)
] ) (1+ j)we [R R _1]

y=a+ jB=jk, +———ton | Zn_ Tacli
=TT ok (o, 1 /) | P P

| (35)

Take the real part of (35) and solve for R, _; to get

R = a—Re( jk,) _R,
L e[ (1+ j)we, ] 8
anln(pn—l/pn)

n \1/2
= (po/2e !
and the effective surface impedance Z,_, is given by

Zeff=Z:—1=Rn—1+an—l=(l+j)Rn—1' (37)

It should be pointed out that since Z'_, is the surface
impedance at p=p,_, (looking in the direction of in-
creasing p) €. accounts for the effects of the slotted outer
conductor (region # — 1), the flooding compound, (region
n —2), the dielectric outer jacket (region n — 3), and the soil
(region n —4 =1).

(36)

III. EXPERIMENTAL WORK

To determine if the radio-wave method for sensing soil
moisture could be practically implemented, a series of
preliminary laboratory experiments was conducted. The
results of these laboratory experiments were used to de-
termine the experimental setup in the field where a series
of measurements were made over an extended period.

The scaled microwave model used in the laboratory
experiments consisted of a short length of leaky coaxial
cable buried in sand. Three different types of cables were
used to determine the most suitable choice for field appli-
cations. Furthermore, two methods of measurement were
employed to determine the most feasible for use in the
field. The first method considered was the transmission
method, in which changes in the transmission coefficient
S,, were measured. The second method, the reflection
method, based on the measurement of changes in the input
reflection coefficient

rin=S11+S12SZIFL/(1_SZZFL)' (38)

The locus of the transmission coefficient S,; as a func-
tion of §,, is a spiral centered at the origin of the complex
S,;-plane (Argand diagram). Changes in the phase of
S51, Adp = — ABI (where AB is the change in the propaga-
tion coefficient and [ is the length of the buried cable) can
be measured directly by a vector voltmeter.

AV
Test signal
Vector
voltmeter
L
Ze
4 Referance
signal

-3d8B

!
:
coupler :
1
I

Unit
oscillator

!

Unit
power
supply

Fig. 5. Block diagram of experimental arrangement in the field.

The locus of the reflection coefficient I';, is a spiral
displaced from the origin of the complex plane by the
quantity S,,. The complex quantities S, and S,, char-
acterize the reflecting properties of an impedance-matched
coaxial cable and I’ is the load reflection coefficient. For
an ideal coaxial cable S;, = S,, = 0; however, due to the
corrugations in the outer conductor of the cable (to provide
flexibility), S, is not negligible. The complex quantity S,
must be subtracted from the value of I, to measure the
phase change A¢p = —2AfI directly. In the laboratory this
can be accomplished through a translation of the origin of
the polar display unit of a network analyzer. However,
since a vector voltmeter was used as the detector in the
field, it was decided to conduct the field work only in the
transmission mode.

The field experiment was conducted with a slotted coaxial
cable 110 m in length buried at a depth of 0.5 m, and
excited by a 0.9-GHz signal. Based on the results of the
laboratory work [13], the type of slotted cable selected was
RADIAX RX4-1. A block diagram of the experimental
arrangement is shown in Fig. 5. With the use of a direc-
tional coupler, the 0.9-GHz signal is transmitted through
the buried cable to the vector voltmeter where it is com-
pared with the reference signal. The buried cable is
terminated by its characteristic impedance Z,.

The phase difference between the test and reference
signals was recorded automatically. All the electrical equip-
ment was housed inside an instrument trailer. The instru-
ment trailer was located at the edge of the experimental
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(f = 0.9 GHz).

site, minimizing the need for transmission lines between
the equipment and the two ports of the buried cable.

The field site was planted with corn. The plants ex-
tracted some of the available water from the soil as in any
practical situation. Gypsum resistance blocks were buried
at 12 different locations over the experimental site. The
gypsum blocks were placed at depths of 15, 45, and 75 cm.
Measurements obtained from the gypsum blocks provided
a measure of the average matric potential at the specified
depths. These measurements, together with the data in Fig.
2, are used to determine the soil moisture content 4,,.

The attenuation a appearing in (36) is the total attenua-
tion per unit length (due to absorption in the conducting
walls and the dielectric ¢, as well as the power radiated
through the slots). By measuring « for the range of perti-
nent soil moisture conditions, the corresponding effective
surface impedance Z' | may be calculated using (36) and
(37). Fig. 6 illustrates the measured attenuation of the
cable as a function of §,,. The corresponding variation of
Z,;_, as a function of ,, is illustrated in Fig. 7.

A computer program was developed to evaluate y = o +
JB (as a function of moisture content) for the dominant
azimuthally symmetric mode supported by the buried leaky
coaxial cable. The exact form of the modal equation (20)
was solved using a root-seeking algorithm based on Muller’s
method for complex functions [12] (see Fig. 8). Thus, the
modal equation (20) and its approximate form (29) are in
excellent agreement.

The experimental work conducted in the field demon-
strated that even sudden changes in the soil moisture
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content could be detected using the experimental arrange-
ment shown in Fig. 5. When the soil moisture content
increased (due to rainfall), a negative phase shift was
recorded, and the amplitude of the test signal decreased.
This corresponds to an increase in the phase factor 8 and
the attenuation «. In addition, changes in the phase factor
AB and the attenuation factor Aa were approximately
equal, as predicted by the analysis (see Fig. 8). After a
rainfall, the soil would begin to dry gradually. However,
due to the shortage in rainfall during the season these
measurements were conducted, the soil would dry up
rapidly. As the soil moisture content decreased, a positive
phase shift A¢, was recorded and the amplitude of the test
signal increased. A typical example of this is shown in
Fig. 9.

During periods of gradual changes in soil moisture, the
phase measurement was seen to contain two forms of drift
unrelated to changes in the soil moisture content. A prin-
cipal source of phase drift was ambient temperature varia-
tions. The temperature variation of the soil (in the vicinity
of the cable) affects the complex permittivity of the soil.
This effect is negligible for temperatures between 15°C and
30°C [5]. However, variations in the ambient temperature
of the buried cable directly affect its electrical properties.
As the temperature of the cable changes, its physical length
changes due to expansion or contraction of the copper used
in its construction. In addition, the permittivity of the
dielectric in the cable changes. These two effects combine
to produce a change in the electrical length of the cable.
The change in the cable’s electrical length with temperature
is characterized by the manufacturer by a phase-tempera-
ture coefficient. The phase-temperature coefficient can be
reduced significantly by the manufacturer (see Conclusion).
Another source of phase drift was frequency fluctuations
of the signal of the unit oscillator. This effect could be
minimized by replacing the oscillator used in the experi-
ments by a frequency stabilized source.

IV. DiscussioN AND CONCLUSION

The experimental investigation conducted in the field
demonstrated that changes in the soil moisture content can
be detected using a buried leaky coaxial cable as a sensor.
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The RADIAX cables were chosen since they did not ab-
sorb water and were not damaged by rodents under field
conditions. Based on the laboratory work, the slotted cable
with the smallest nominal attenuation (smallest slots), was
found suitable for use in the field. The transmission method
was used in the field work to sense changes in y. For a
change in soil moisture content A@,, there is a correspond-
ing change in the complex propagation coefficient Ay = A«
+ jAB. An increase in 6, resulted in a corresponding
increase in « and B. Moreover, it was observed that the
changes in the attenuation and phase factors were ap-
proximately equal (Aa = AB).

The slotted cable was buried deep enough so that the
air—earth interface could be ignored in the analysis. Since
the measurements were only sensitive to changes in the soil
moisture in a region of several skin-depths around the
cable (10-20 cm) changes in soil moisture at the surface
were not sensed. This was evident when light sprinkles of
rain soaked only the top soil. In this case, the phase and
attenuation measurements were unaffected, as were the
independent measurements taken from the gypsum blocks.

The characteristic (modal) equation for the leaky coaxial
cable is expressed in terms of the surface impedances at the
inner conductor and an effective surface impedance that
characterizes the region of the slotted outer conductor, the
flooding compound, the outer protective jacket, and the
earth. A computer program was developed to evaluate
the principal root of the modal equation. The results of the
analysis were seen to be in agreement with the observed
behavior of the physical system.

There are four parameters which must be considered in
the design of the radio-wave soil moisture sensing system,
the length of the buried cable, its depth, frequency, and the
type of cable (sensor).

To provide an indication of the soil moisture content
averaged over a large portion of an irrigated field, a very
long cable is required (around 1200 m). As a rule, farmers
are primarily interested in the available water to the plant
roots. Woody crops such as corn or sorghum have primary
roots which extend to depths between 1-3 m [2]. Variations
in the soil moisture content of the top soil are of little
importance, except perhaps at the beginning of the growing
season. Thus, the cable should be buried at the approxi-
mate depth of the mature plant roots, or at least several
skin-depths deep so that effects of the air—earth interface
are insignificant. The signal frequencies have both an up-
per and a lower limit. The lower limit is determined by the
requirement that d > 8, (the skin-depth in the soil). The
maximum amount of attenuation in the cable that can be
tolerated determines the upper frequency limit. The rela-
tionship between frequency, length, and depth for the type
of slotted cable used in this work is shown in Table 1. The
length has been chosen to yield a maximum phase shift of
« radians over the range of available moisture. The maxi-
mum and minimum skin-depths (occurring at wilting point
and field capacity, respectively), are also listed. The depth
has been chosen to be 150 percent of the maximum skin-
depth. The RADIAX RX4-1 cable was selected in this
work (Section IIT).
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Fig. 10. Relative permittivity of clay loam as a function of soil moisture
content at 1.4 GHz (from Newton [12]).

TABLEI

Frequency Skin-depth m Length Depth

f GHz 61,max 61,min 2 m n
0.1 2.10 0.30 2100 3.15
0.2 1,05 0.15 1050 1.58
0.3 : 0.71 0.10 700 1.07
0.4 0.53 0.08 525 0.80
0.5 0.42 0.06 420 0.65
0.6 0.35 0.05 350 '0.55
0.7 ‘ 0.30 ~0.04 300 0.45
0.8 0.27 0.04 260 0.40
0.9 ‘ 0.25 0.04 230 0.38
1.0 0.21 0.03 210 0.32
1.1 0.19 0.03 190 0.29
1.2 0.18 0.02 175 0.26

Farmers are interested in the amount of available water
to plants, rather than the soil moisture content. In the
research conducted by Newton [5] and by Silva et al. [1], it
was demonstrated that most soils can be characterized by a
critical moisture content (near wilting point) at which the
slope of the complex permittivity changes significantly.
The transition point occurs at different soil moisture con-
tents for different soil types, and their data suggests that a
piecewise linear model for the soil permittivity is reasona-
ble. Some of the date obtained from Newton’s research at
1.4 GHz [5] is shown in Fig. 10. Note that the wilting point
occurs just below the transition point. Usually, the greatest
rate of change in the complex permittivity of soils occurs
within the range of available water to plants. Since the
radio-wave system senses the changes in soil permittivity, it
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provides an excellent method of monitoring the amount of
available water to plants.

It was seen that the oscillator of the radio-wave sensing
system must be frequency stable to minimize random phase
fluctuations. If it is désired to monitor the changes in the
attenuation coefficient, the power output must remain con-
stant with time. To minimize the diurnal phase drift due to
variations in soil temperature, a phase stabilized cable
should be used to perform the sensing. The manufacturer
of the slotted cable used in this work is presently capable

- of producing such cables.
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Waves Guided by Conductive Strips Above a
Periodically Perforated Ground Plane

BARRY J. RUBIN, MEMBER, IEEE, AND HENRY L. BERTONI, SENIOR MEMBER, IEEE

Abstract —This paper considers the propagation of waves along an array
of conductive strips situated above a periodically perforated conductive
plane. Each conductor has zero thickness and finite sheet resistance, and
the dielectric is homogeneous. The surface current density on the conduc-
fors is approximated by a finite number of current elements having rooftop
spatial dependence. The transverse electric field is expressed in terms of
the current, and the electric field boundary condition is satisfied in an
integral sense over the conductors. This generates a matrix equation whose
solution gives the dispersion curve relating the propagation constant to
frequency, as well as the current distribution.

The simulation results are used to obtain equivalent transmission-line
parameters applicable to printed circuit boards found in high-performance
computers. A characteristic impedance is defined and it is shown that, with
proper interpretation, the uniform transmission-line equations for propaga-
tion constant and characteristic impedance apply to such computer packages.
The coupling between adjacent strips is calculated, and the effect of finite
resistivity discussed.

1. INTRODUCTION

RANSMISSION: LINES in the form of conductive
strips (signal lines) embedded in a dielectric and
sandwiched between conductive planes are used in high-
performance computers to carry signals between in-
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tegrated-circuit chips. Often, many layers of conductor and
dielectric are integrated into a compact package or printed
circuit board [1], and may require interconnections be-
tween signal lines located on different layers. Arrays of
holes are therefore made in the conducting planes and
dielectric so that conductive elements can be inserted to
electrically connect signal lines situated on different layers.
The resulting transmission-line structure is, then, an array
of signal lines situated between and insulated from ground
planes which are perforated periodically with apertures.

One might assume that the structure can be approxi-
mated as a uniform transmission line. By calculating the
appropriate capacitance, inductance, and resistance,
through available means 2], [3], the propagation character-
istics could then be determined. However, the validity of
such an approximation must remain questionable until the
structure is accurately analyzed.

In this paper, we present a numerical analysis based on
rigorous electromagnetic theory for propagation along an
array of signal lines situated above a single perforated
ground plane in a homogeneous’ dielectric. We chose to
consider an array of signal lines because the composite
structure has two-dimensional periodicity and previous re-
sults can be applied. However, if adjacent signal lines are
sufficiently separated to reduce their interaction, the result-
ing current distribution approaches that for an isolated
signal line situated above the ground plane. Numerical
results are given for the propagation constant, characteris-
tic impedance, and the coupling between adjacent lines.
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