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Abstract:
A non-destructive method of determining moisture in living foliage is discussed. The use of an
unbalanced transmission line set in foliage is proposed.

The theory of the open-wire transmission line with matched and mismatched terminations is discussed.
Graphs showing power distribution along the transmission lines are presented.

Results are presented of the line-in-foliage measurements. A center conductor over a mesh ground
plane through which the foliage grows is used. The input impedance and frequency are measured.
Resonant and non-resonant lines are utilized. Concurrently, xylene tests are conducted on the foliage to
measure moisture content. Graphs of impedance, permittivity, conductivity, attenuation, loss tangent
and chapge in frequency versus percent moisture are presented.

A model of the foliage medium is discussed. The individual plants are considered as dielectric
cylinders. Graphs of change in resonant frequency of the transmission line versus relative dielectric
constant are presented. Theoretical and experimental values are compared.

It is concluded that it is possible to determine moisture percentage in living foliage by measuring input
impedance and/or frequency. The method of measuring the resonant frequency of the transmission line
is proposed as the best method.
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ABSTRACT-

A non-destructive method of determining moisture in living foliage
is discussed. The use of an unbalanced transmission line set in foliage
is proposed.’ : ' '

The theory of the open-wire transmission line with matched and mis-
matched terminations is discussed. Graphs showing power distribution

along the transmission lines are preésented.

' Results are presented of the line-in-foliage measurements. A cen-
ter conductor over a mesh ground plane through which the foliage grows
is used. The input impedance and frequency are measured. Resonant and
non-resonant lines are utilized. -Concurrently, Xylene tests are con-
ducted on the foliage to measure moisture content. Graphs of impedance,
permittivity, conductivity, attenuation, loss tangent and chapge in fre-
quency versus percent moisture are presented,

A model of the foliage medium is discussed. The individual plants
are considered as dielectric cylinders. Graphs of change in resonant
frequency of the transmission line versus relative dielectric constant
are presented., Theoretical and experimental values are compared.

It is concluded that it is possible to determine moisture percentage
in living foliage by measuring input impedance and/or frequency. The
method of measuring the resonant frequency of the transmission line is_. -
proposed as the best method.
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GLOSSARY OF TERMS

vector potential

line spacing, center conductor to ground plane
magnetic flux :
capacitance, farads per meter

velocity of light

electric displacement

electric field vector, volts per meter
frequency, Hertz

change in frequency

conductance (shunt), mhos per meter
magnetic field vector, amps per meter
current, amps ’

current vector, amps

unit vector in x- direction

current density vector, amps per square meter
unit vector in y- direction

unit vector in z- direction

inductance (series), henries per meter
length of transmission line, meter
elemental length

Poynting's vector, watts per meter squared
resistance (series), ohms per meter
distance from conductor to field point
complex Poynting vector

voltage B

volume, cubic meters

admittance, mhos per meter

impedance, ohms

characteristic impedance, ohms

attenuation, nepers per meter

phase, radians per meter

propagation constant

loss tangent

dielectric constant

impedance of medium, ohms

wave length, meters

permeability

integer

distance from origin to fleld point, meters
conductivity, mhos per meter

velocity of wave in medium, meters per ‘'second
radian frequency ‘




. CHAPTER I
INTRODUCTION

A. Purpose

There is interest in determining the amount of moisture in
living foliage._ Fof example, the Forest Serviée uses the amount
of moisture to determine thé Forest Fire Index. Other uses
include radio propagation studies to determine attenuation and
conductivity of jﬁngles and heavily-wooded areas. The éurreﬁt
method, boiling in xylene or baking, then\ﬁeasuring the amount
of moisture, is a destructive method which destroys the foliage.
Iﬁ addition, the process is relatively lengthy in termé of hours.
Thus, for at least the above two reasons, a better method of

measuring percent moisture in foliage is desirable.

B. Literature Survey

Some'of‘Ghe electromagnetic methods tried in the paét have
been éesonant cavities, parallel;plate capacitors, and transmi;sion
lines. The measurements made were then related to other quantities
such as relative dielectric constant, conductiviéy, and so forth.

Various geometries have been tried. Frequency has been varied.
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In 1960, Kirkscether gsed two methods ﬁo calculate character=
istic impedanée.1 The first method consisted of short- and open-
.circuitéd measurements (ZSc and Z;cj on earfh samples that could
be reﬁoveai The lengths of the samples were between 15 and 30 cm.
From these, thé line constants R, L, G and C were calculated; then -
conductivity; 0{ dielectric constant, €.» and perﬁeability, Hos of

the earth are found from

=1
= '
c GEO(C )

'and
y—l
= c(Cc")

]
|

and
L(L')’1

Il

VA .
where the primed quantities indicate air values,
His second method used in terrain was open—circﬁited transmis-—
sion lines introduced perpendicularly into the earth. Lines of

lengths £ and 2% were: used with the relationship

z =AJ/ 2 (22 -2 )
) ocy 5 ?cl '

Z = Q/ Z 2
) sc oc

The samples were tested in the frequency range 0.6 to 400 MHz.

instead of

Some of the parameters of interest and their variations were as

follows. The earth's conductivity increased exponentially'with
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frequency; ‘the dielectric constanf decfeased exponentially with
frequency; thé diésipation f;ctor decreased e#ponentially with
frequency; and the attenuation rose.linearly with frequéncy first
to aBout.lO MHz and then ekponentially to- 400. Kirkscethe; shéws
that by using either method of simple input impedance measurements,
he could find theAelectfical characteristics of the earth.

More.recently, Parker aﬁd Hagn did a study on the use of open-
wire transmission‘lines, capacitofs and cavities/to measure elec-
trical properties of vegetation.2 A rigid open-wire line with
variable length was inser;ea into the foliage. At 4 to 30 MHz a
4hinch diame;er, 40 inch-spaéing line was useq and at 30 to 75 MHz
a,5/8 inch diameter, 3 inch—spaEing.- A 4 to 1 balun matched ;he
balanced line to the unbalanced inﬁut of the impedaﬁcé meter
(Boonton RX—meterj. The testing was acdomplisﬁed at‘twé sites,
‘California and Washington. | ‘

.In‘CaliforniaJ values of a‘and er.Were obtained.for two living
foliage saﬁples, poison oak énd fern, and for two cut samples, oak
boughs and mixed boughs. Daily tests were conducted at first on
the oaak boughs. Later, hourly»tests were ﬁade to find whether
humidity effects were évident. No relationship between relative
humidity and effective attenuation was evident. A similar cut-
foliage test was undertaken later at 50 to\?S MHz. Both o and €.

decreased with drying time as expected at both frequencies.
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.The Hoh rain forest inﬁOlympic National Park was tﬁe site of
the second series of tests. Here an aluminum HF line wés constructed,
4 inch diameter, 40'inch spacing, in addition to the VHF line used
in California. Also, the VHF line was encased in fiberglas for
ease of handl&ng. Sitka spruce, vine maple and red alder were the
three live specimens tested. Comparison of Fhe spruce results wifh
the foliage results obtained from California indicated that the
attenuation of the spruce'was somewhat less, even though the spruce
was considerably more dense. The aPthors felt that this méy have
been due to thé varying species, differen% climates, or aifferent
peripds of gfowing season. Beyond this it'p;inted out the great
amount of cafaloguing needed in studying electrical properties of
foliage. _ -

The VHF line in fiberglas.was utilized in éhe Hoh tests. It

was also used in the tests in vine maple which were divided into

- two sites 1.5 miles apart.. Although the growth at one sitg4was

" more dense and the measurements were taken during a rain, the

attenuation of the vine maple was less than the second site which
had experienced a recent three-day rain. Both transmission lines,
HF and VHF, were used in the dense red alder and botﬁ within 10

feet of each other. The height of the VHF line was varied from 6
to 12 feet without significant change in attenuation. The values

of attenuation were lower than those found in California. It was
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felt that the alder may have entered its dormant season. (Measure-
ments were taken in October.) It was alsé felt ‘that this aluminum
HF line was too lossy at frequencies above 30 MHz.

From iﬁe data, effective cénductivity of the three specimens was
plotted against frequency from 4 to 75 MHz. Some low values 6f,‘
conductivity were obﬁained for spiuce but these meaSurements‘were_
taken before thé autumnirain. In all the other cases, the earth

was moist when impedances were measured. The loss tangent was also

plotted against frequency. The loss tangent curve is hyperboliec,

decreasing as frequency increases. The effective permittivity did

- ]
not vary appreciably - the mean was 1.04, The VHF line was raised,

lowered, tilted and rotated witﬁépt ﬁofe Fhan a 102 change in
results. A

Further work on baianced wiée fransmission.lines was done by
H. Parker and Makavééhiromya when ,they measured eleétric coﬁstgnts
in vegetation and in earth at five sites in foailand.3 Included in
the types éf earth probes were: 1) bfaSs rods spaced 2.5 cm apaft
for VHF, 2) 5 cm apart for HF (both 10 and 20 cm 1éng), and 3) 1.6
cm diameter brass rods one meter long with variable spacing. The
vegetation probes'were; 1) 1.6 cm diameter silver-plated brass ‘

tubing with variable spacing and length, 2) 10 cm diameter aluminum

pipes, 1 meter spacing with variable lengths, and'3) number 12

~
~
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copper wire spaced two meters apart with variable length. With
the great quantity of data taken and with the use of the computer,

some interesting results were obtained.

The values of relative permittivity and permeability of the
vegetation varied from 0.9 to 1.2 for €. and 0.8 to 1.1 for M at

frequencies between about 2 and 100 MHz. There is a question as

to . being not equal to 1 and €, being less than 1. Possibly the

open-circuit measurements were not adequate at times. An open~
circuit whose impedance is not high when compared with short-circuit
is obviously not an open circuit. All the calculations in their
work are dependent on the open—ciréuit measdrements using lines of
lengths'ziand 2%, ] ‘ |
The conclusions made by Parker.and Makavabhiromya were that

using values of unity for sr'and u Qould be sufficien£ for.modeling
forests for predicting path loss measurements. The me?ian effective
coﬁductivity of the earth did not vary significantly between sites
but showed.an exponential increase wiéh frequéncy. Also, since
;onductivity and loss tangent are directly related, as will be shown
later, the same comments apply to loss fangent. At this point, a
quote from the report By the above authors is in order: '"The mos£

important parameters influencing vegetation constants were stem

spacing (related to stem number density) and intrinsic stem conduc-

~
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tivity estimated to bé betweén 0.05 and 0.5 mho/m."4 Stem number
density i; the number of stems per unit cross-sectional area.

" The authors also compared median electric earth constants from
eight typés of soil. The results were as expected. The driest
soil had the loweét dielectric constant and EonductiVity. Again, )
dielectric constant changed only slightly with frequency while
conductivity showed great change.

Of major importance in the use of the transmission line as a
moisture detection probe is the question of volume of foliage that

is 'sensed by the probe when inserted in some medium. In order

to find this volume, we first investigate Poynting's Theorem.

C. Physics

1. Poynting's Theorem

Poynting's Theorem states that the vector product P=ExHat
any point is a measure of the rate of energy flow per unit area

at that point. The energy is in the direction of E x ﬁ} If we

integrate Poynting's vector over-a closed surface, we obtain
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At

The;first term, E x ﬁ; has the units of wéﬁts per squafe‘meter
and, when integrated over a closed surface, represents the rate
of flow of energy outward through the surface enclosing the volume.
The second term represents the power\"lésses" in the system. Ex-
amples of these losses are conductor dissipation, losses in thé
medium, and radiation. Finally.the third. term represents the time

rate of changevéf the total stored energy in the volume.

2. Transmission Lines
A't;ansmission line may be made up of any two conductors separ-

ated by a dielectric material. Conventionally, we say the current
. " -'_.‘ .
at any point along one line is equal and opposite to the current

" at the same point in the other line. We also note that thé érans~
mission line is éonsiderea a ?low" frequéncy device, below 200 or
300 MHz, that suéports a TﬁM wave. This line is representéd as a
distributéd—constant network havi#g'a series impedanée Z =R+ juL
and a shunt admittance Y = G + ij.: This is u;ually'represented

A

by the equivalent circuit shown in the accompanying figure, Figure 1.

R, L, and C can exist in series and 1. < Az &

parallel. However, they do not appear .g.

. . -V | G dz C dz
in Figure 1 because series C would not g

permit current flow and parallel L
R dz L dz

would indicate an inductive medium

(pr # 1. 5 _ '~ ° Figure 1
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If R, L, G and C are the total quantities per unit length, the

transmission line equations may be expressed as -

T @+ g 1
and

dT

az = - (G + juwC) V

Differentiating and cémbining, we get

dZV = ‘Y2V
dz2
da2r _ .9 ~
azZz = 71
where . : ST
N .
Y% = (R + jwL) (G + juC)
and ’
7 = R + juwL
o G + juC

It is usual to make the location of a terminating impedance, ZL,'df a

line at z=Q with the line to the left of z=0. See Figure 2.

in

N
R CER T G CHED
=

"_.- AN CEED ey S——
N

N
]
1

=

N
o

Figure 2
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Selutions to the above equations may be written
V = A cosh yz + B sinh yz

I =C cosh yz + D sinh yz

where
- v=y
and
1= IL at z ='0

¢

~

- 2, we write

Now, at the input to the line at z

Vin - Vg, cosh yg + Z I; sinh v4
‘Lyn  Ip, cosh y& + Vi sinh y2

0

z, 2L cosh Y& + Z_ sinh v

* Z, cosh y& + Z; siph Y2

We can also write X N

° ZSC oc
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a. Resonance and Non-resonance

For a shorted transmission line, we have

Z
sc

Zo tanh v

sinh af cos BL + j cosh af sin B2
o cosh af cos BL + j sinh of sin BL

where a is-the attenuation and B is the phase and vy = o + jB. For
line lengths that are an odd multiple of a quarter wavelength, sin
Be= 1 1 and cos B% = 0 and the input impedance becomes

Z = Z coth of
sc o :

The shorted quarter-wave section has properties of the parallel
resonant circuit. Consider a voltage induced on the line near one

end. As the voltage wave travels down the line and back, it traversés

one’ full wave in order.to ?rrive at the "séarting point'" in phase
with the next voltage w;ve.' ihus the voltagé ﬁuilds. These volt-
ages and currénts incregse until the power is equal to the 12R losses.
In general, the iﬁput impedanpe and resonant properties of an open-
or_shorf—circuited line are dependent on loss. Losses come mainly
from conductor resistance and dielgctric loss with some due to radia-
tion, though the latter i1s not always considered a loss.

We summarize this by saying a short~circuited quarter wavelength

line and a parallel-resonant circuit are similar in the sense that

they both.present high input impedance to one particular frequency;

~
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the impedance drops rapidly if frequency varies slightly from
resonance. - They are inductive at frequencies below and capacitive
at frequencies above resonance. The transmission line behaves so
at odd multiples.of its lowest resonant frequency.

For an open limne |

Zoc = Z° cotﬁ YL

It is similar-tQ a series resonant circuit. It has 1pw impedance
at its resonant frequency. A lossless line is resistive at resoﬁ—
ance, inductive at frequencies above and capacitive'Eelow resonance.
Itg characteristics repeat at odd multiples of the lowest resonant
frequency. Thué the change in'Zoc is the invers; of the short-
circuited liﬁe and the product of_;he_twq impeaances gives the
square of the characteriéiip impedance. |

We can AQW discuss £hé Eehavior of the transmission line at
nonresonance. Let us consider first the shorted line. From above,

we noted that

sinh az cos Bz + j cosh oz sin Bz
o cosh az cos Rz + j sinh oz sin Bz

Rewriting and rationalizing we obtain-

7 =7 sinh oz cosh az + j sin Bz cos Bz

° éosﬁ2 otz‘cos2 Bz + sinh2 oz sin2 Bz




13

At non-resonance, the "sin Bz ces Bz" in the imaginary part will
determine if the line is inductive or capacitive. For example, between

quarter-wave (8z = 7/2) and half-wave (Bz = 7)
sin Bz cos Bz < 0

and we see that the reactance 'is negative and, hence, the line is capa-
citive as stated above. Similarly, between half-wave (8z = w) and

three-quarter wave (Bz = 3m/2)

sin Bz cos Bz > 0

:

and the line is inductive.

For the open-circuited line

cosh az cos B8z + j sinh oz sin Bz
° sinh az cos B8z + j cosh oz sin Bz

sinh oz cosh oz + j sin Bz cos Bz
o sinh?0z cos® Bz + cosh® az sin? Rz

Thus where the shorted line is capacitive the open-circuited line ié in-
ductive and vi;e versa.

In conclusion, we note that if we can measure short-circuited.and
open—-circuited impedance of our transmission line, or short-circuit
solely, we Will'Be able to find all the parameters of the transmission

line which are related to moisture content: If some of these relation-

ships are linear we will have a suitable handle for determining moisture
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content. That is, a single~valued function Will be sufficient.

Next let us examine the theoretical basis of our system.




CHAPTER II

THEORY OF EXPERIMENTAL SYSTEM

A. Balanced Wire Transmission Line With Matching Load

Consider a lossless transmission line with the lines spaced a
distance 2a apart as shown below in Figure 3. The characteristic
impedance of the line is Zo and it is terminated in Zo' We want to
find the electric and magnetic fields at some point P; then find the

percentage power traveling '"'down" the line within a circle of radius

P
P Iy
|
|
|
|
|
: l b ol
Figure 3
From Maxwell's equations, we have
T
VxH=J+ 5t
and
= 3B
E & & ot
vV x 3t

We assume sinusoidal time wvariation so that
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. . VxH= 3-}- jwaf
and . |
VxE=« ju;'ﬁ
By definition |

§=VXA‘

From the first of Maxwell's equations above

Vx ¥V x X.=;u3+ jmauf

or

V (VoK) = V2 X = 3T + jupeE

From the second of Maxwell's eciua_t;ions above
VX (E+j‘mX) =0

By definition

E =« juA - V9
so that

- 2 - _ = 2= L,

V (VeA) =« V" A =1uJ + 0 1eA - Jupevs
If we choose

VeA = « jueps
then -

V (V+A)

~ Juenvé

and we finally obtain




where
k2=m%m

The solution to the above differential equation is
A (x,5,2) %v%;- e e“jkr dv

r
v

If we assume free space and if the source is small compared to
wave length then

kr 2y

is very small and

Since J is in the z-direction so is A and we can write

e
Bo 5

A = «7— n—
z 27. r2

assuming the cross-sectional area of the conductors goes to zero.

This can be rewritten
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We can now find H and E

s -ﬁ = 1/11 vV x X
__I £ y 1 _ 1
\21T ' (x-—a)2 + v (x-l-a)2 + y2
_5 X-a _ x+a
(x-a)? +y° - (x+a)? + yz,
Since we have a fraveling wave
H=H (x,y,2,t)
= I ~j(Bz~ut 2 1 1
H='ﬁe3( "4y 2 2 .2
(x-a)” +y (%Ha)” + vy
" X-a x+a

(x-a)2 + yz (x-l-a)2 + y

where B = 27/ X is the propagation constant
. .= 8 _ , =
VxH= Y JuwD

assuming sinusoidal variation -

2)
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= 1/jwe V.x H

E
or
H=H1+5Hy ]
T3y, 3 dEx
VxH i e + v
Therefore
F= 18 e~3(Bz-ut) 3 [ _%X-a __ __ x+a ]
27we (x-2)24y2 | (xta)2+y?
4 1 i
v [ - ]
(x~a)2+y2 ~ (xt+a)2+y? (3)

Now, the Poynting vector is defined as P = E x H and for TEM waves

the power per unit area is directed in the z-direction. If we integrate

over a cross-sectional area in the xy-plane, we come up with the power

éid_a_= E x Heda
A A

Using the divergence theorem, we obtain

¢ E x ﬁ-d;= [V-fxﬁdv
A v .

tﬁrough that area

From

we have

7 [(ﬁ-VxE-E»Vxﬁ) iy
V - ‘<<

[ (-5 o2

S5~
|
X
: |
&
[}
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)
= - = (1/2 uH? + 1/2 €E? dv-] oE? dv
v v

The first two terms on the right hand side of the above equation are
zero. These are energy-stored quantities and for our particular case
all the energy is dissipated in the load. That is, no energy is re-

flected by the load. Our equation becomes

E x Heda
).

- o E2 dv

v

= k Potal

where k varies from O to 1, depending on the cross-sectional area size.
Expressing E} ﬁ; and da in cylindrical coordinates, x = p cos ¢

and y = p sin ¢, we get

- 18 e~ (Bz-wt) i:[ p cos $ —a o cos ¢ + a |
2Twe p2+a2—2ap cos ¢ p2+a2+2ap cos ¢
+3 [ P sin ¢ _ P sin ¢ i
’ pz+az—2ap cos ¢ 024+a24+2ap cos ¢4 %)
O e—J(Bz-wt) {{ o sin ¢ ___psin ¢
2m p2+a2—2ap cos ¢ p2+a2+2ap cos ¢

s pcos $ —a  pcos ¢+ a ]
J p2+a2-2ap cos ¢ p2+a2+2ap cos ¢ (5)

da = p dp d¢

and

Integrating Poynting's vector over the surface, we obtain

2P,
2
Ize—jZ(Bz—mt) / Pcos$-a  Pcostd+a
(2m)2ce k2+a2—2ap cos ¢ p2+a?+2ap cos ¢
0
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1 3 1

+ p2 sin? ¢
A p2+a2—2ap cos ¢ p2+a2+2ap cos ¢

p dp d¢

=k Piotal (6)

where p, is some radius other than 1/2 of the line spacing, 2a. Again,
this power is traveling in the z-direction.

The quantity within the brackets in equation (6) can be re-written

p cos -a P cos +a

p2+az—2ap cos ¢ 02+a2+2ap cos ¢

2
+ pzsin2 ¢ 1 — 1
pz+a2-2ap cos ¢ p2+a2+2ap cos ¢
- 1 & 1 -2 02 -32
p2+a2-2ap cos ¢ p2+a2+2ap cos ¢ (p2+a2)2-42a2p2 cos? ¢ (7

Now the first two integrals in equation (6) are

pd 2W
1 1 + 1 5 3% dp
p24a2 \1 - 2ap cos [ 1+ 2ap cos ¢
0 Vo

p2+a2 p2+a2

0
:{féﬂei-dp = 27 n|p2-a?|/a? P, * a
pt-a

The third integral in equation (6) becomes

o 2T

2_.2
(p2+a2)2 - Aazp2 cos? ¢
oo

= - 27 n(p2 +a?/a?)
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Combining these, we obtain

— _ 12y o—J2(Bz-ut)

= = 2_.2
E x Hed - lp3-22] (8)

A 2w p§+a2

We write the complex Poynting vector as

Using this, we obtain

T o
1/2PEx H +da = %_E.anp%—azll(p3+a2) 9)
n

A
where p_ # a.

Thus, we know that the aﬁerage power through some surface perpen-
dicular to the axis of the transmission line - under matched conditions
- is proportional to the logarithm as shown in equations (8) and (9).
Then we can graph percent power vs. radius as shown in Figure 4. This
shows us the total power contained within a cross-sectional circle of
radius pg. For example, 40 percent of the total power is contained
within a cross-sectional circle of radius p=a (p/a=1).

Now we will examine the cases where the load is not equal to the

characteristic impedance, specifically open- and short-circuited lines.

B. Transmission Line with Unmatched Load

Again, we consider a transmission line with the line spaced a dis-
tance of 2a apart as in Figure 3. Let us consider what happens when the
load on the line is no longer equal to the characteristic impedance of
the line. We have the greatest interest in open- and short-circuited

lines. Let us consider the short-circuit case since the open is very
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similar.

First we want to examine the transmission line with air dielectric.

Since the conduction current is zero in this region, we have'

— 3D
VxH=37
where
J=0

On the conductors, we again use the vector potential, K, and see that

32 32
X + ° A, = —qu

T

y 4
We know that the transmission line is not matched as in Section A

therefore, we have reflected energy. Let us write
'f(B ) + (Bztwt)
= - 2-wt j (Bztw
E—EiceJ Eof © , (10)

With a perfect short, at z=0 in Figure 2, we write - at z=0 -

PO jwt jwt
E‘_gf‘Eince t Eres ©
or
Eine = “Erer
Equation (10) can now be written
_ -j(Bz-wt) __j(Bztut)
_E - Finc (e €

—jZEinc sin Bz -e"'j“’t

From Section A, equation (4), we write the electric field in vector form
p cos ¢ —a - p cos ¢ +a

p2+a2—2ap cos ¢ p2+a2+2ap cos ¢

E = -1/7 jIn j sin Bz ejut I 3
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o~

+ j p sin ¢ _ p sin ¢
.p2+a2-23p cos ¢ p2+a2+2ap cos ¢

We have assumed plane waves therefore

where n is the impedance of the medium. For H, we can write using

equation (5), Section A

H = 1/ jI sin Bz edot] i p_sin ¢ ___psing
p2+a2—2ap cos ¢ p2+az+2ap cos ¢

=

_ 5 p cos ¢ -a p cos ¢ +a
M=z i3
p“+a“-2ap cos ¢ p<t+a“+2ap cos ¢

Let us consider again Poynting's Theorem

E X H d = ('_2" | . _2 T d V= OE d V (11)
A

Since we have assumed a perfect short and no losses, 0=0, the total

power on the left of equation (11) is stored in the electric and mag-

netic fields, That is

_— o 2 2
T o Hody = = 2y (E-;I—+%—)dv

A v

Except for the terms constant with respect to p and ¢, this integral
was evaluated in Section A. Using the logarithm term in Equation (8),

Section A, we can write
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E x Heda = l/n(’nI2 2 sinsz;)e J2ut n lp%—azl/(p3+az)
A

The complex Poynting vector becomes

v et e
lli‘E x Heda = —1/'tr(nI2 sin? Bz) 4n Ip%—azll(p§+a2)
where p, # a.

Thus, for the mismatched case the power varies as the logarithm of

the radius just as in the matched case. However, there is a factor of

4 sin? Bz difference in the two cases. Figure 5 shows the relationship
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betWeen-matched'ané miématched conditions; The vertical scale is nor-

malized; the horizontal scale plots Bz. We can see that, at Bz = 7,

3r/2,. ... the power_"éxtenﬁs" four times as mgch as the matched line.
For example, from Figure 4,. for p/a = 2 the curvesvin Figure 5

would represent .82% of. the total power.

We will make use of Figures 4 and 5 in a later part of the text.




CHAPTER III
TESTS_AND RESULTS

A. Introduction

A proposed method of measuring percent moi;ture in foliage
is to insert an open-wire line (OWL) into the foliagg-and‘measure
the input impedance and frequency with the line open- an@ short-
circuited. The transmission line itself can be balanced or unbal-
anced. A balanced line is:one in which the magnitude of the surface
current in one "leg" equals the magnitu&e in the other; the currents
are out of phase. In an un%alénceq iine,lthe magnitudévof phé N
surface current is not the same in eéch'lég at a given point.
Both balénceé_and unbalanced lines have advan;agest The bélanced
line is usually more pértable than the unﬁalanced, at least in this
work, since in thig work the ﬁnbélaﬁced 1ine_inéludes a wire—mesh
ground plane. So the balanced line hés an advan;age when measuring
foliage in its normal environmeﬁt and Qhen wanting to make a large
number of meaéurements to study the properties statistically.

- However, since most impedance meters and bridges have unbalanced
infuts, some sort of device — a balun - must be made to match the
balanced transmission‘line.. Since a balun is frequency dependént
(some baluns are wideband), a new balun must be made when changing

~

frequency. Therefore, using the unbalanced line has a number of
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advantages. Firét, it is not mnecessary to use a balun when using
tﬂe unbalapce&‘transmission ;ine. _Second, fhe ground plane used
with the unbalanced line elimiﬁates.tﬂe effect of ground conductivity
on measurements. Third, the electrical modél used with. an unbalanced
" line in Chapter IV is simpler than for a balanced line.
The configuration used in fhe experimental portion of this work

"unbalanced" transmission line. A balanced, two-wire trans-

was an
mission line can be "imaged" by an unbalanced, single-wire line
over a ground plane. This is explained as-follows. |

There are an infinite number of equipotential surfaces between
the two cénductors in the two-wire line.  (An equipotential surface
is one in which there is no tangential electrié field.) Let us
consider the flane midway between the fwo conductors. One conduc-
tor carrying alternating éurrents induces a éurrent in the (ground)
plane in one direction; the second conductor carrying alternating
current in the opposite direction induces a current in the ground
plane in tﬁe opposite direction. These two induced curreﬂfs cancel

each other, There is no total induced current in the ground plane;

there is no tangential electric field. Note that there are conduction

currents in the plane in the direction of wave propagation - the z-
direction in this work.

Thus we can replace the two-wire traﬁspission line with the unbal-
anced, single-wire line. ©Note that éhé equipétential surface chosen is

at zero or ground potential. The electrical characteristics of a trans-
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mission line aré influenced by the dielectric surrounding the line. If
the dielectric is foliage, then the characteristics of the line shouid
change as the foliage changes. As the trénsmission line is inserted in-
to the medium (foliagé); the dielectric that was once air becomes a mix-
ture of air and.foliage. It was shown inAChapter IT that this sensiti-
vity region is actually a sinusoid of revolution about the -center con-—
ductor. The maximum sensitivity region is in the area of the first vol-
tage maximum in the étanding wave pattern on the 1ine.- Ip other words,
the line senses foliage mostly in the regions about its voltage maxima.
In Chapter II, éome calcglations were made for matched and mismatched
lines. These showed that the transmission 1ine’was least sensitive t;
tﬂe dielectric iﬁ the vicinity of the voltage nodes. One must take
care that the medium is as homogeneous as éossible in brder that the re-
sults be représentative of the foliage.

That the‘medium is homogeneous is concluded from tﬁe follawing dis-
cuésion. The largest dimension between the plants used in this’experi—
ment was two'inches, the distance between rows of plants. 'Tpe highest
frequency used in the tests was 90 Megahertz which has a wavelength of
10.9 feet, or

A/4 = 31 inches
Thus, two inches‘is about 6% of a quarter wavelength. Therefore, the
largest dimension, between planté, is such a small part of a wavelength

that the assumption that the medium is homdgeneous is valid.

One natural question to ask is how large a volume of foliage does
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one need in order to measure impedance. How far above ground or how
much below the tops of the féliage must one be? These types of ques-
tidns will be answered later. One can see that with the use of an un-
balanced line the ground proximity is not a problem since the electric
field lines terminate on the ground plane. With the balanced line,
when the line is '"near" ground, the field lines unintentionally termin~
ate there., If the unbalanced line is a conductor over a ground plane,
the "closeness" of the earth is no longer a problem ~ another advantage
of the unbalanced sysfem.

The primary parameters, measured directly, are~re1ated to moisture
content. ?hey are usuélly input i@pedance, Z,c and Zsc’ fréquency,.and
electrical line length. Secondary parameters - defined as those -
calculated from primary paramete;s - are characteristié impedance, Z,,
attenuation factor, é, dielectric constance, £, conductivity, o, and
loss tangent, §. These are obtained from short—and open—cifcuited line
or open lines of lengths % and 2% -~ or better from a shorted line sole-
ly. Since -an open=circuited line is questionable in lossy me@ia, one
measurement - a shorted line -~ is preferred for calculating secondary
parameters. It éppears that using open and shorted lines may give
values of primary pafameters - and thus secondary parameters - that
© are not dependable. This is shown; for e#ample, in the calculation of
cliaracteristic impedance. Any measurement errors are immediately felt.
For & - T

Zocl = Z, coth Y&
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Por 2%
2y = 2, coth 2yl
2
. Z

oc?2 _

7 = tanh y2 - 1/2(1 + tanh? v2)

ocy tanh‘2yl
Einally

Zse Zoe = Zo = Zpey tanmh Y& = - /Zocl (zzocz_zocl)

For example, Kirkscether usea a baianced two—wire tranémission line to
measure earth constanfs. In this case, the obviouéichoice is to use
open lines of 1engths E'and 2% sinée it was necessary to insert the
proﬁe (transmission line) into the ground.

T B."Exgeriméntal’Technidues

Through the coﬁrtesy of the U. S. Forest Service, we were given the
use of greenhoﬁse facilities to grow grain aﬁd to conduct tests on the
living foliage. The greenhouse ﬁas approximately 20 feet x 40 feet and
the plotl(planted area) within raﬁ north-south; fhere are several plots
within the greenhouse ~— one of which was used'for the experimental work. .
It had dimensi&ns of 5 feét x 13 1/2 feet with a depth of apprdximately
5 inches;' The Wife mesh that served as a ground plane was 5 feet x 12
feet; it was stapled on the edges and soldered where the mesh sections
were joined. (The mesh came in 4 foot sgctions.) The plot was divided
lengthwise into three equal sections. Two inches was allowed between
furrows and seeds were planted 15«20.seeds7foot; It was first wateréd

on January 19, 1970. Plants appeared on the 23rd of January. They
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were watered every second day until thé plants grew to about 1 foot.
We then changed to daily watefing;' Towards the end of May, we reverted
to watering every second day as thelpl;nts sﬁarted to yeiloﬁ. Finally
no water was givén after June-lB. Several holes weré drilled in the
box~bottoms to allow for drainage of excess water. The temperature was
controlled with radiators and aif conditioning. Temperature and humidity
were recorded continuocusly on a hygro—therﬁograph,

The "center" conductor of the transmission line Waé 5/8 inch
brass tubing 11 feet 4 inches in length. The.thrée heights at which
measurements - were ﬁade were l‘l/h iﬁches (ground plane to center of
tubing), 3 1/b4 inches, and 12 inches. Wheat was planted on the left
(east) and barley on the right'(west) of the line with oats in-the'cen_
ter: At firét, méasurements were made in the three Aifferent grasses;
later, it was determined that iittle aifference could be seen in the

three érésses. Also, at the hiéher heights (wider spacing for a two-wire
line), theﬂelectric fiela lines are distributed more widely and, there-—
fore, are not confined to'one grass plot. For these reasons, it was
decided to make measurements with the probe in the oéts' plot (center).
See Figures 6 through 11. ‘

Measurementé Weré‘made at various frequencies between 15 and 90
Megahertz;‘measurements were made at both fesonant and non—resoﬁant‘fre—
quencies. The upper limit of the frequency was determined by the equip-
ment; the lower limit was determined by "sampling." Since the line |

samples the foliage at voltage maxima mostly, the longer the electrical
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Figure ¢. The OWL in place 1.25 inches above ground
plane just after seed plantings in January 1970.

Figure 7. Closeup of OWL feed point showing the plastic
1. 25 inch height line support, the ground taper
for the Vector Impedance Meter probe, and
the wire mesh ground plane.
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Figure 8. The OWL at the 12 inch height and test plot
prepared for field intensity measurements.

Figure g, The test box on 6 March, 1970 showing the
stand of grass obtained, the OWL at the 12
inch height, and the shorting plane.




Figure 10. Closeup of the OWL feed point on 6 March
1970, showing the OWL plastic support and
the ground taper for the 12 inch line height,.

Figure 11. Closeup of the OWL feed point in April 1970
showing the stand of grass obtained and part
of the ground taper for the 3.25 inch line

height,
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1ength'the more sampling that is done. For e#ample, a full wave line
samples twice. The resonant frequencies, which changed as the foliage
changed, were those at which the transmission line "looked" like quar-
ter, half, three-quarters, and full wave. fhe non-resonant freduencies
were 15, 30, 50, 70, and 90 Megahertz. The type equipment used facili-
tated making large numbers of ﬁeasuremenfsﬂ

An HP-4815A VeCtor Impedance:meter was ﬁsed to measure impedance;
an HP-5450 Counter mbnitored the frequencies. In addition, a Rohde and
Schwarz'Polyskop SWOB I was used for a viéual display of impedance vs.
frequeécy. Field intensity measurements were méde with a Westinghouse

F. I. meter. An HP608D Signal'Generator was placed at the input of the

transmission line. Fiéld intensity measurements were taken eaéh six
inches with a vertical monoﬁole.

The raw data are divided inté two sections—-non-resonant and reson-—
ant; these sections are subdivided into primary and secondary parameters.

C. Presentation of Data

1. Non-Resonant Frequencies

For the non-resonant frequencies, we used 15, 30, 50, 70, and 90

ﬁegahertz. 15 and 70 are approximately £2E;i_ll.x in length, where n

8
is an integer. At this odd value of one-eighth wavelengths, the short-

and open-circuited impedances are approximately equal. They are exact-

ly equal when there is zero attenuation.
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Zgo = Z, tan 8%

- . Zg, = Z, cot 8
and }
Z = Z
sc oc
whén
=22t D,

S;nceldur interest is in determiﬁing moistﬁre conteﬁt, most of the
following graphs are plotted agaiﬁst moistﬁfe content. The abscissa
ranges from 0 to 1757 althougﬁ xylene measurements were made to 300 anq
400%.. It is more important for the Forest Service to know moisture éon—
tent when the plants are approaching'méturi;y (lower percénéage moisture)

than when green (higher moisture).

a. Primary Parameters

First, we look at two graphs of the magnitude of input impedance
versus peréent moisture at 3 1/4 inch height with the shoft—circuit
attached for the five non-resonant frequencies. Figure 12 is a plot
for 30 and 70 Megaherté and Figure 13 is for 15, 50, and 90 Megahertz.
Though no data were recorded between 35 and 115% moisture for 30 ﬁega—
hertz, it seems reasonablg from observing the remaining points that we
should draw a straight line with a small'nggﬁtive slope. The liné for
70 also has a small negative slope;

The curves in Figure 13 have a slightly positive slope; all three are
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'.conéistgnt and it appears that additional data points would add little
beyond 70%. These five curves in both Figures 12 and 13 are from the
short~circuited line; the open—circuited.lines would show similar trends
5ut the opposite sign for the slope.. Tﬁis seems reasonable when one con-
siders the‘electrical lengths of the lines. For the three frequencies
15, 50; and 90 are on the "1ow4 éide of A4, 3/4) , and 5/4 A. A short-
circuit has a maximum A/4 away (énd every odd multiple of A/4). As the
- moisture coﬁtent increases, the A/4 length becomes shorter or, saying it
another way, the impedance A/4 away decreases. At 30 and 70 Megahertz,
as moisture contént increases fﬁe impedance A/4 away increases towards
a maﬁimum.‘

-.Figure 14 shows the magnitude of input impedance for an open—circuited-
line versus percent moisture at 50 Megahertz and all three h;ights. The
sloée is indeed sligﬁtiy negative as we predicted ;bove. The three
curves show similar slopes and are consistent.

' Figure 15 is a t&ﬁical plot of the phase of the open-circuit impe-
dance at-50 Megahertz versus percent moisture. The three heights are
shown. ~As expected, with 1ittie moisture.the input impedance is élmost
completely reactive, near -90° phase. As the moisture increases, loss-
es.increase and the impedance is ;esistive as well as reactive, that is,
the phase angle is somewhat greater than -90°.

Fiéures 16 and 17 show open-circuit impedance and phase, respective-
1y, for all five non—resonant'frequencies: One height-3% inch-is shown.

The next graph, Figure 18, is é plot of the magnitude of the short-
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circuit impédance versus percent moisture for the five nonresonant
frequengies. The 50 and 90 Megaherfz plots cross the plots for
30 and 70 Megahértz; 15 Megahertz is separa;ed from the others. .As
before, the 15, 50, énd 90 imped;nce plot; are parallel as are the

30, and 70 Megahertz plots. These measurements were taken at 3",

SRR - PR Secondary Pgraﬁ;ters

‘The" first paraﬁeter calculated from the primary parameters
was éhe charécteristic_igpedance. Figure 19 shows a representative
graph of'the magﬁitude of the chara@teristic impedance versus percent
moistﬁrg fof thé three heights at 50 MH?.__The impedance does not
show ﬁﬁchcchange with percent moisture and the slﬁﬁe is genérally
zero. _Agé?ﬁ;‘the three curves are parailel. l o -

Figﬁ;; 20 shows the angle 6f the Eharacteristic impedance:vgrsus
percent goisture. There is very iittle.difference in the heights
up . to aBout 85% moisture. Béyond that, thérg is some divergence,
probably showing that the open—circuit.is not a good open. That
is, as the moisture increasgs, the reiative dielectric cbnstant
increases (capacitance increases) and the impédance (reactance)
decreases, | |

Figure 21 is a' plot-of thé_loss tangent versus percent moisture
at 70 MHz; As expected, loss tangent is small for liétle moisture
and increases as moisture increases.

.Figure 22 shows the conductivity versus percent moisﬁure. Since con-

ductivity is broportipnal to loss tangent, the graphs should be simi-
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lar to loss tangent in Figure 21, The freguency is 70 Megahertz. Both

symbols with and symbols without s;ashes appear on Figures 21 and 22,
The slashes refEr to values calculéted from short-ci?cuit measurements
qnly. The others, Without, are for values calculated from short- and
open—-circuit meééurements, It is cle;r tha£ there are discrepancies
between tﬁe two methods of measuring and it appears that the oéen—
circuit measurements are'inadequétg.'

. The attenﬁation of the ﬁedium (at 70 Megghertz) is shown in Figure
23. This is also simila; to loss tangent. It seems reasonable that
fhe.aftenuation,of.the medium Wouid increase as thé_percent mqisture
increases, Figure éh ié a plét of fﬁe real pért df the relativé permit—
tivity versu; percent moiéture athO.Megéheétz. This is a tyfical
curye of permiftivity %eréqs moisture. | |

2, Resonant Freqﬁencies

. We Wére able to measure the input iﬁpedance of the tfansmission
liﬁe at four resonant frequgnéieé open- éﬁd short-circuited. Thesé
frequencies represented qﬁarter—, half-, three-quarter-, and full—wave
lines. ' As £he médium grew and became gréeher, thesé frequencies

decreased; as it matured, the resonant frequencies increased.

8. Primary Parameters

The first eight figures in this section plot the magnitude of the
impedance of short- and open-circuited lines versus percent moisture.
A1l figures do not have the same number of points since more emphasis

was given to the higher frequencies. Hence, when time was limited dur-
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ing testing, only the higher frequencies were. tested AS'can be seen
in Figures' 27, 27a, 28, and 28a, there are‘more data- points for 3A/4

and. fullnwave resonance :curyes but these show the same trend-and distri-

u.:bution as ‘the other-two resonance curves. In Figures 28‘and 28a, there

_ seems to be no smooth curve that can, be drawn to join the data p01nts

. . ,.for.the.12 inch. height. This shows the difflculty in making these

measurements. at the higher heights and frequencies since the field lines
" are distributed over a much greater volume_than lower heightS'and/or
frequencies.~ In a11'8 figures, the greatest change in frequencp

with percent m01sture is shown by the 1% inch curves.

- Figures 25a, 26a, 27a, and 28a are graphs of open— or. short~c1rcu1t
impedance‘Versus percent m01sture.. These graphs show greater change in B
impedance for the same range of m01sture'than the corresponding graphs .
in Figures 25, 26, 27, and 28. .Figures 25a, 26a, 27a, and 28a would be
more valuable in deternining moisture content. .

'Eigures_59~32 are graphs of .the change in resonant frequency of a
shorted line'versus percent moisture. The Mair" frequencies (0% moisture)
are shown in Table I. The middle column (3% inches) shows the highest
resonant frequency at each resonant length except for the full wave
" normaliy we would expect a progressiﬁe change - from 1% to.i2 inches or
vice yersa. . There was some.difiiculty in making full wave, .12" measure-

ments due to capacitive effects to surrounding objects. The transmission

line particularly sensed objects (plus foliage) when thé moisture content
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of the dielectric was relatively low.’ Figures 29, 30, and 31 show at
the lower heights the best promise for use in predicting moisture con-
tent,

Table I

Air Frequencies (Megahertz)

of Shorted Line

e BT 3 1/4 12
QUARTER 20.89 21.18 20.66
HALF 40.22 41.60 | 41.11
T THREE
QUARTER 62.06 63.46 | 62.35
. FULL WAVE 83.21 83.47 1 85.06
k2 L

b. Secondary Parameters

Figures 33 through 56 are gréﬁhs of € the relative dielectric con-
stant, versus moisture content. The values were derived using only the
short-circuit impedance values. This method of calculating e, and loss
tangent are eiplained in. Appendix A.

Figures 37 through 40 are graphs of §, the loss tangent; versﬁs mois-

ture content. Again these were calculated from the short-circuit impe-

dance.

~

Figures 41.and 42 show the results of typical field intensity mea-
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surements made.June'29 and Julf 3 respectively. These figures show
that the electric field was contained in the grasses more for higher
moisture percentages. As the.moisture confent decreases, the field
lines spread outward. This is discussed more fully in Chapter IV.
Also, see Figure 8 for the measurement setué used. The values on the
"ordinate were normalized since these are relative measurements. Val-
ueé are shown for each foot of physical line length with the feed
-point ét "0". Measurement frequency was 100 Megahertz checked with a
counter. Note thgt as the grasses matured the field intengities at
each height increased,_

No effort was made té normalize.Fiéures 41 and 42 to one another.
For each figure all values fo£ the 3 heights méasured were divided by-
-thé maximum reading at 12 inchés for that figure.. For example, in
Figure 42 all values were normalized against the reading at 9 feet, 12

inch height. . -

"D. Data Analysis
We can' develop from the transmission line equations the equation

for input impedance of a line.

Z, Zj cosh Y2 + Z_ sinh YCQ

Zin
Z, cosh Yt t Zl sinh Yol

where Yo = ¢ + jB, is the propagation constant for the conductor.

For a line short—circuited

ZSc = Z, tanh Ycz
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and for open-circuited

and the product gives

From the first equation, we can solve for
Ye = 1/% tanh™l (z ./ 2.)
or attenuation is

g = L an) [+ R (7e/2)]2 + 2 (2g0/2,)
M- (Z5o/2)]2 + Im? (2, /2,)

and phase is

1 2 Im (ZSC/ZO)
1 - R22 (2g¢/2) - Im? (Zgc/2Z,)

1} -
¢ ” EE- nm + tan

® -
[}

where n is the nearest :integral number of:% wavelengths in:the.line.

Again, from the transmission line equations, we know that

and

e =&/<R + JUL) (6 + JuC)
or )

G + juC = v./2,

so that . NS
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we = Im (v./2,)

and T
R (v, /2,)

@
It

Normalizing (dividing by air quantities) we obtain

wC _Im (v./Z)
wC™ " Im (v2/Z20)

e =f2Im (vo/Z,)
r o fIm (vJ/z20)

(Throughout this discussion, we assume Uy = 1)

We define loss tangent as

) =.0/we _ _
\ = G/we
or -
_Re(v./2)
- Im (YC; Zo)
. and finally -

o= uwe, €, 8

Now in order to find o and B of the medium we return to Maxwell's equa-

tions from which we write the wave equation

V2 E = jou (o + jwe) E
where .
Yﬁ = jop (o + jwe)

.= 4 4 = q -—'O-__ .
Ym am JBm jw /ue /l j e
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Now, after some manipulation, we can write

/2 '1 + 92 ;s

T U{h/ll€ J w2e2 - (1a)
" T .

B, ME/Wl + —_wgsz‘ +1 (15)

" Note the o and B in equations (1a) and(lB) are functions of conductivity

(=3
L]

and

and permittivity. All of the above equations are those used in the cal-
culations of secondary parameters - using short- and open-circuit impe-
dance measurements.

From above we noted that, in the conductor,

Zse = Z, tanh 2 | _ -

For the magnitude

= lZ° tanh v4|

|2gel
= ,_}Z,,l 9\/sinh2 208 + sin? 28%
. cosh 208 + cos 2B% . (2)
Similarly R
IZOCI = IZ; coth yzl

lzol,J sinh® 208 + sin® 282
cosh 2af - cos 2B% (3

Thus, the denominatars in equations (2) and (3) determine. the difference
in behavior of .the magnitudes of the input impedances - short and open.

This is seen in Figures 12, 13 and 14. For low moisture o + o and
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R

Nzog] = |2, || tan g2

Zgel = 12,1 cot g2

Likewise we can write for the angles

sin BCZ

tan~1! (Xsc/Rsc) tan—1 (XOZR;)+ tan~—1
and . '

-sin B 2

—C

sinh 2 o Lf (3)

tan™l (Xyo/R,.) = tan~l (X /R,)+ tan”l

It is clear that the angles are similar except for the opposite sign in

the last terms of equations (4) and (5).. For low losses, lownpércent

moisture, the second term is dominant. As the line becomes very lossy

‘the angle of the characteristic impedance gets larger and the second
term decreases. This was verified in the measurements; Figure 17 shows
the angle "decreasing'" from * 90° as the percent moisture increases.

In other words, the attenuation, o, increases, sinh 20..% increases,

and
-1{ +* sin 28c2

—— +~0
sinh 2 acz

tan

E. Interpretation

Moisture content of foliage is predictable by many of the para-
meters discussed in Section C of this chapter. Which method shows the
most promise? Ideally, a straight line of slope=1 is the most accurate

"curve" for determining moisture -~ or any parameter - on a graph but,

sinh 2 ok (4)
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practically, a monotonically increasing curve will suffice. At times
the scales of the ordinate or abscissa can be changed to approach this
optimum slope. Let.us examine the data again.

1. Non-resonant Frequencies

0f the five frequencies shown in Figures-lZ anq 13, 70 Meg;hertz
appears to give the best accﬁracy for detefmining percent moisture.
Zero percent moisture is about 406ohms and then the magnitude de-
creases fo abou; 200ohms at nearly -45° at higher moisture contents.
This would be quite a suitable curve betweén 0 and 40%; ﬁowever, be-
yond 407% the curve becomes quite flat where slight change in impe—.
dance could mean a large change in percent moisture.

Figure 14 can be used to compare typical open-circuit impedances -
(magnitude) with short-circuit impedances in Figures 12 and 13.
Again, the slope betweeﬁ 0 and 407 gives good accuracy in reading
percent moisture from the abséissa; however, the slope increases to
a slightly negative value beyond 407%. Of the three heights in Fi-
gure T4, the 1 1/4 inches would give the best accuracy. This is-prob—
ably peculiar to their line; better fpredictqrs" will be discussed
later. The best parameter will be discussed in Chapter V. Figures
16 and 18 show all the non-resonant frequencies and the reciprocit&
between short and open. By reciprocity we mean that the slopes of
the graphs of short- and open-circuited lines have different signs

but have approximately the same magnitudes. Oﬁ the first figures,
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Figures 12 through 18, it appearé that Figure 14 is the best for pre-
dictiﬁg moisture. And, of thé three heights, 1 1/4 inches is the
best. Now consider the secondary parameters. |

As expected, the magnitude of the characteristic impedance showed
little overall change with moiséure. This can be seen in Figure 19
which shows a typical graph éf z, for the three heights at 50 Megahertz.
Whether one draws a straight 1ine‘of élope zero or a slightly curved
line through the points, none of the three curves would be of much val-
ue in determining moisture. In addition, the phase of the cha?acteris—
tic impedance, presented in Figure 20, shows only 10° change'in phase
from O to about 165% moisture. Thus, the phase associated with the
_ characferistic impedance would be of little value. From equatioﬁs 4) -
and (5) of Section D of this chapter, we see that the phase of the-
short~circuit-impedance is aﬁproximatély equal to the phase of the
opén—circuit impedance for low moisture content. As the moisture goes
to zero,.this becomes exact.

.Figures 21; 22, and 23 are of doubtful use as moisture indicators
since all curves are multivalued exceﬁt for the data oﬂ Figure 21
taken from "short'" measurements. These are shown by slashes.

Similafly, Figure 24 shows curves that are multiﬁalued taken from
-short- and open-circuited measurements and curves taken from short
measurements that are monotonic..

2. Resonant Frequencies BN

The resonant frequencies appear useful, in fact more useful than
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non-resonant. These can be used in a nﬁmber of Qays but the most int-
eresting is the change in reson;nt frequeﬁéy with moisture. First, let
us look at some other parameteré.

Figures 25 tﬂrough 28 are the magnitudes of the impedances. In
Figures 25, 26, and 27 the curves are éimilar again with the 1 1/4 inch
height giving the best accuracy. Of the eight graphs; Figures 25
through 28, Figure 25a shows the greatest change in iﬁpedance as mois-
- ture increases. Figure 25a shows greatér.than 100 to 1 change. Gen-
erally the higher impédance graphs, Figures'ZSa, 26a, 27a, and 28a show
greater changes. These woul& be more desirable for indicating moisture.

Figures 29 through 32 show the most potential for determining per-

‘cent moisture for at least two.reasoné.’ The first reéson is that the
slope is almost 45° in some cases.‘ The.second reason‘is tﬁat the
change in frequency--at resonance--may be a way of ciréumventing the
problem of variable density of foliage.l This is possible by comparing
the resonant frequency at any moisture content to the resénaﬁt.frequen—
cy of the~1ine_with air dielectric. This normalizing would permit us
to predict moiéture content independent of density assuming the physi—
cal system has not changed. Also, if the data are not available, one
calibration measurement is made on the foliage. This is discussed -
further in Chapters IV and V. In Figure 29 the best curve is the 1.1/4
inch height. It seems to cross the curve for 3 1/4 inches but overall

~

it is mearly 45° and has a-good range of about 4 Megahertz from 0 to

4




) . 87
175%. The curve for 1 1/4 inch height is again the best in Figure 30.

The point at 120% is questionable. The grasses were watered the pre-
vious night; thé‘measurements were made the following ﬁorning, The sun
had not appeared and thgre was noticeable moisture on the lower stemé.
Hence, the 1 1/4 inch height would show this more than the other two.
This point islhigh on each of the four figures. |
The least liﬁely height to use for éhort grasses would be 12 inches
since the.field lines distribute themselves over such a large volume.
As soon as the plants had feached an appreciable height (= 12 in-
ches) Xylene measurements were beguﬁ after each set of impedance mea-
surements. These consisted of cutting sémples——between 10 and 30 grams
each—-of wheat, oats, and bariey. Then xylene was added and the mixﬁ;;
ture was bqiléd, Both xflene and water boiled, evaporated, and con-

densed; they separated themselves after condensation. The percent mois--

ture was calculated from:

wt. of water
wt. of dry grasses

Percent moisture =

Note that the percent moisture can exceed 100%.

Originally the growth at the.far end of the plot was meant éolely
for xylene testing. See Figure 6. Since this section was not ade-
quate, samples were taken from throughout the plot. We were limited
to one sample per variety. Samples were collected and capped immedia-
tely to prevent evaporation. A£ times the samples were not "xylened"

the same day. It is important to note that, particularly near maturi-
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ty, when the plant is cut and withdrawn from the plot the driest por-

tions fall off when brushéd against anything. Thus the wetter parts
remain and this affects the accuracy.

It was found necessary to add fertilizer sincé the soil was
thought to be deficien; in nitrogen. Plants started to turn yellow
and some died. More.seeaing was done amféixapp;ications of Hyponex .
were given stérting on February 17th - two applications ﬁér week,
Then, on February 25th, amm&nium niﬁrate was appliéd. This helped the
growth and color considerably; ﬁowever, we were never.very sucdeséful
in growing wheat, or oats, at the end beyond the termination. Origin-
ally this section was intended for %yiene tests. This section is
shown in Figure 6. It is the bortioﬁ not covered by the ground plane.
.Directly bene;th was a ra&iatof which would giﬁé off heat all evening
and on any'cloudy day ﬁn;il May. This éecgion was almost always dry
'6n the surface: In additiog; it was the closest to the g;ass sidés of
the greénhouse and it.was next to where the éhort was placed. See Fi-
gures 6 and 9. in the first case the;e may have been refracted heat
waves from tﬁe glass and in the second case the 1argé short reflected
heat towards- this séction. Thus i£ seems that for theée three reasons
~ the radiator; the Veftical glass;'and the vérticallshort - the sec-
tion under discussion was subjected to extra heat which prevented
healthy growth. Of the three plants subjected to this hgafing the
wheat did the poorest (hardly any growth)'while the barley did the

best (stunted growth). Since wheat especially is a cool weather plant,
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of 12 inches. -

There is some quegtion as to the Validity of the open-circuit
measurements. The open-circﬁit—is in question especially when the
moisture content is relatively high. " The actual point at which this
happens is difficult to ascertain. Lﬁoking at Figufes 21 and 24, we
note that there is littlg agreement befond apﬁroximately510%. It is
felt the‘single;’shofﬁ—circuit readiﬁggAare more reliable tﬁan.the '
short and open readings. The equatioﬁs used are derived in-Appendix
A. (A 24 inch radius short was used. Seg Figgres 6 through 9.) 1In
any case, the cur&es.of Figures'21,_22, and 24 ﬁith the slasﬂ symbols
.are- single-valued and could be utilized to detefminé‘moistufe content.

A_Ihese will be compared in Chapter IV as weli° =
) . )




CHAPTER IV
MODEL

What -model could best fepresent our medium and how can this be
" applied to other media? |
A. Hypothesis .

In a homogeneous medium, the velocity of propagation of a plane

wave is written as

1
\) =
’.ue
where
) -
S W TR
and
y
€ =€_¢€

(ur = 1 throughout this discussion). In air these become

v ; c = —2XL =3 x 108 m/sec

In addition

where A is the wavelength in meters and f, . is frequency. Thus

RN

1
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and in general

1

A ,u e‘

Now let us’ consider a resonant transmission line of fixed length v A/4,

f =

where ¥ is any positive integer, or

= 1
fp= —m

Vr— (L
el
where fr is the resonant frequency.
For the same length of line in air, we write
2 _ _ £ =‘——-—-—-——_ ' . 3 2)-
whh e,
Dividing equation (2) by equation (1) and rearranging we obtain
£ 2 .
E = ——
T £, (3)

Thus knowing the resonant frequenciés in air and in the medium we can cal-
culate the relative dielectric constant in the medium. The plant moisture
measuring system to be recommended in the final chapter is one which will
measure resonant fréquencies. The resonant frequencies can be relgted to
the dielec£ric constant which is related to moisture content.

B. Important Parameters B

The important parameters to measure are f in air and f, in the di~
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electric mediuﬁ; both are defiﬁed as primar& ﬁarameters and.can bé mea-
sured in the field. The frquency in air is measured before growth and
after cutting; the.two should agree. The dielectric measurements are
made as often as desired starting from the time whgn'the plants have
reached maximum height. Now as the foliage matures the resonant fre-
quency increases from some minimum. .This minimum represents (corresponds
to) the maximum moisture in.the foliage. Aé the moisture content de~
creases, the resonant frequency increases. In case the measureménts are
started before the plants have reached maximum height or density or max-
imum moisture then subsequent measufgments will reveal this - the fre-
quencies will continue to decrease until maximum height, density, and
moisturé are realized. .If the measurements are started after maximum _
conditions, subsequent measﬁremenfs will réveal this also. That is, the
frequencies will continue to’increase from the aforementioned minimum.

| During the measurements, a special test was conducted as a check on
this theory (thjs is also mentioned in Chapter Ifi). Just before tests
were concluded, the grasses were watered heavily. Again, measurements
were made following this. As éxpected, the resonant frequency decreased.
As the grasses dried again, the frequency increased towafd that of air.
Thus we have a monotonic function.

If the plants should take in water through rain or some other fac-

tor, the change would show by é decrease in Tesonant frequéncy.

If data are not available which give the actual moisture content for

the corresponding resonant frequency, a calibration sample is taken -~ for
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example, the xylene test.

C. Calculations

Now let us compare calculated values of relative dielectric constant
:to values derived from measurements. We will calculate e, from equation
(3) and Plot the change in frequeqcy against this value of e,. Figures 43
and 44 show four straight lines - one for eagh resonant length of trans-
mission line which was measufed in the expe?imental portion. The lines
- in Figures 43 and44 represent fheofetiéél values of the change in frequen-
cy against ep.. For example, in Figure43, the A/4 curve is the change in
frequency, with respect to 21 Megahertz, Versus'sr. |

The'points‘represeﬁted by circies, squares,'and-triaﬁéhe& are de-
rived f?om measﬁ;ed Qalues (of short-circuit impedance) athlévinches, 37
1/4 inches, and 1 1/4 inches respectively. The agreement between theore-
tical and experiﬁéntal is quiéé good exceﬁt for full wave measurements and
most 12 inch measurements. This suggests that many of tﬂe electric field
lines are not coﬁtained within the_foliage at this height and that there
is fringing at the edges of the graund plane. Figures 4 and 5 of Chapter
IT make this clearer. As the spacing of the lines increases the energy is
distributed over a larger volume. In order for this system to be used in
the field, we would want to limit the line spacing to 2 or 3 inches (cen-
ter conductor to’ground plane) ; this will be discussed in thé.last chapter.

. )

In any case, we can see that knowing our resonant "air" frequency we need .

take but one additional reading (resonant frequency), in the foliage, to

determine the slope of the graph in Figures 43 and 44 Note that these
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curves are linear for these values of €,. Consider equation (3)

|2

e =
r ff
or
e, o (ft0T)2
. fr ‘

where AT is the change in frequency due to the dielectric. For small

changes, we can write

~ er = (1 +45)2 - -
. fr . . . ‘ |
. AF o
=1+ 2 )
fr .
. . 4 - ” . —_— =
Thus we see a linear relationship between €. and resonance. For zero
change .
€y =.1

r

which represents an "air" reading. As wili be discussed later, these.are
related to moisture content.
D. Model

Now consider a typical plot of grasses such as was utilized in the
experimental portion of this work. We thinﬁ of the ﬁlants as parallel di-
electric cylindérs that are perpendicular to the ground plane. df course,
the remaining volumes are air and are also parallel. See Figuresib and

11. Let the air volume have conductivity o1 (=0 ) and permittivity
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g (=1). Let_thé plant have conductivit& o9 ana permittivity e,. ‘With
these, let us calculate‘the dielectrié constant and conductivity of our
medium. We will do this by. thinking of the me&ium as a combination of
parallel and series caﬁacitors. Then we will take into account the méis—
ture content. We will derive expreséions for € and o that'vary with per-
cent moisture. These will be plotted and compared to experimental values.

fwo,factors affect our calculations. ‘first, as height (spacing) in-
creases the_eiectric field lines spread more. This is shown in Figure 45,
(Nofe that the plaﬁts are shown enlarged,) The field lines are concen- |
trated in a smaller a?ea (of the ground plane) iﬁ FigureA&hwhére the
center conductor ié Eloger to the groﬁnd blane, th;n in Figure 4%, where
the heigﬁt is ihc?eésed. Figu;e 4_aléb shows this. As the spacing be- -
fWeen the lines. is increased, 1ess‘powei is Eontained within the linés;
hence more powerlié outside the lines. Thus the electric field lines
spread with incre;sing heigﬁt.

Second, as moisture content varies the path that the electric field
line takes between center conductor and ground changes. Figure 45 shows.
the effect of moisture change. The righf half of.FigureSASQ and b) shows
air dielectric; the left half represents an air—foliége mixture. The
sketching of electric field lines can be explained as follows: The eleé—
tric field lines are perpéndicular to equipotential surfaces (hence con-
ductor surfaces). Sketching équipotentiallsurfdcestwill hélp us in sketch-
ing field lines. There is no difficulty in drawing equiﬁofential surfaces

for air dielectric (right side of Figure45); they are to a first approxi-
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Plants uipotentials
(Magnified) '

&
g

2 § e
W/ 4
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Figure 45. Cross-sectional View of Transmission Line Showing
Electric Field Lines and Equipotentials in Air (right)
and in Foliage (left) for a) lower and b) higher heights.
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mation.circles of Larger and lafger radius starting at the center conduc-
tor. However, the equipotential surfaces will tend to '"follow" the "con-
_ductor" (plant) since the surféce of a perfect conductor is an equipoten~
tial surface, The planfs are shown out of proportidn for clarity. Tﬂus
the electric field lines are distorted on the left side of Figures453a and 45
b. .In additién, the higher tﬁe percent moiéture,lthé greater the diétor-'
tion; With these two factors in mind, we proceed to the calculations.

From Figure 45, we can divide.the electric field lines into parallel'
and perpendicular components. The ﬁarallel components are considered
parallel capacitors and conductancesg the.perpendicular components are
ﬁcansidered series capacitors and conduétaﬁces; (Parallel and perpendicu-
lar to plant—air:cylinders.) Assume the volume of the plant—air mediun
éonsisté of 50% parallel and 50% series.configuration.

5, we have for the parallel case

From the Encyclopedia of Physics

= Vl€1'+ V2€2. . . . (5)

L}
|

and .W:

Q
i

V191 + vzdz A ' , (6).

where v is the fractional volume, €  is the equivalent relative dielectric

P
constant and 9 is the equivalent conductivity. For the series elements,
the above reference gives
_1_'=.‘g-_+.v_2_. ) (7
€s . €1 €2
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and

1. V1 - V9

os ~o1 " o2 | - ®

where €g 1s the equivalent relative dielectric constant for the series

case and og is the equivalent conductivity. For air

61=0

[
[

€1
and for water
._3 . N
oy =.10 mhos/m'
€y = 80

We assume the cylinders have the same height; therefore, equations (5)
and (6) become

€, = Ajgq + Ajey - | (9)

Q
!

and equations (7) and (8) become

— =+ — (11)
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where the "A's" are the fractional areas.

Since the medium is considered half parallel and half series, we

write
€y = 5+ Sy (12)
and c = .5 gg + .5 cp

= .50, o (13)

Substituting the proper values for € and ¢ into equations (9), (10),
and (ll),'we obtain

Ay + 80 A2 : (14)

sﬁ =
— ) . - . -3 ) -
and
'es = 1/(Ai + Aé/SO) _ _(16)

Let P be the percent moisture defined by

A wt. of water in plants
"  total weight of plants

We can ﬁow write equations (14), (15), and (16) as

m
1l

Ay + B0 A P (17)

Q
Il

Aé x 1073 p (18)

~

and
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&g = 1/(A] + A5 P/80) (19)

Now let us calculate the fractional areas. ’

Recall that the density of the plants was two inches between rows
and approximately 18 seeds/foot or 3 séedé/é inches. Maximum stem dia-
meter was approximately 1/4 inch; a value of 3/16 inch was assumed aver-
age stem diameter. Figures4ba) and b) are top views of a section of the
transmission line setup—-parallel and series. The total area of each sec-
tion is 4 square inches. The fréctional area of the three plants shown
in Figure.:46a) is

Aé - area of plants

total area
= 3/4 (mr2)
= 0.0207
Since
Al + A2 =1
then
A1 = (0.9793

and equations (17) and (18) become

€p = 0.979 + 1.66P (20)

and

~

op = 0.0207 x 107 (21)
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Figure 46. Top View of Section of Transmission Line Showing
Fractional Areas (ratios) Used in Calculating Permittivity
and Conductivity for a) parallel and b) series

Configurations.
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We return to Figure4b) in order to célculate thé ffactional areas - for
the series case. The three plants are actually in series in the 3/16
inch x 2 inch section indicated by cfoss—haéching. This‘éross—hatched
section in Figure/sb) is, in'turn? in parallel with the "air" sectionm.

The fractional (series) area shown is

A2 = area of plants
"2 total area

3 (wr2)
2 x 3/16

0.2208

Since | A+ =1
then |

 Af = 0.7792
and equation (19) becomes

gy = 1/(0.779 + 0.2208 P/80) . (22)

Now to find the average "series" permittivity, és,

———

- which is actua-
1lly the parallel combination of the cross-hatched section in Figure 46b)
with the remaining section of air - we again take fractional areas. ' That
is |

ceg = 1 13/16 x 2 4 3/16 x 2 [ ]
—_— 4 ‘ 4 S

i) ~N e

29/32 + 3/32 [1/(0.779 + 0.2208P/80) ] (23)
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Substituting equations (20) and (23) into equation (12) we obtain

o}
[

= ' 0.0938
r = 0.5 [0.906 + 0779 F 0.0028P] + 0.5[0.979 + 1.66P]

-

1+ 0.83P ' I (24)

4

Substituting equatioﬁ (21) into equation (13), we obtain

c=0.1x 10-4 P mhos/m - 25)

Note that P is defined as, in this chapter,

f_ A wt. of water in plant
" total plant weight

In the remainder of this discussion.

P  A wt. of water in plant
1= dry wt. of plant

One can see from the definition of P that the range of P is
0<Ps1

while the range of P. used throughout the remainder of this paper - and by

1

the Forest.Service'— is
0-$-P1<°°

Figure 47 shows the experimental values of ¢ and €y and the theoreti-

cal values plotted against ﬁercent moisture, P;. Thus while equations (24)
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and (25) are 1inear.relationships, they beécome non—}inear when plotted
as shown (versus Pl). .Equations (24) and (25) are shown as solid lines
in Figure 47.

Figure &j shows good agreement between the experimental and theore-~
tical valués for pQrmitéivity. The agreement between experimental and
theoretical values of conductivity is not so good, but there is an ex—
planation for this. Equation (25) takes into account the conductivity
of the water only agd assumes the remaining.foliage has zero conduétivi—
ty. This is probably not so, thch would tend to increase the conducti-
vity or - looking at Figure 47 -~ we would note the entire curve for' the-
oretical values of condpctivity Wéuld be ;aised.. Reference 5 shows two
gfaphs of conductivity vs. time of cut willow boughs. ~'i‘he freshly cut~ ~
samples have conductivities of the order of 1072 mhos/meter. Thus it seems
reasonable to assume that the conductivitf is higher than shown oﬁ Figure
17. Further work in this area would be of interest taking into account the
effects of the conductance of dry foliage (no water).

Finally, it would seem'that we can represent the foliage-air mixture
as a capacitor-conductance combination. Figuré 47 appears to show that
this is a valid approximation. - Fu?ther work needs to be done with con-

trolled growth so that electrical properties of foliage can be measured

and categorized.
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CHAPTER V

CONCLUSIONS

A. Conclusions
- It is'poséibie to predicf moisfure éontent of living foliage
using an open-wire tranémission.line.. The best method for accom—
- plishing this is to measuré a.resonant frequenéy of an unbalanced
line with the terminal end short-circuited. As the plant matures
the moisture qontent decreases (the plant remains approximately
constant in éize and shape) , the_relativeldielectric constant
aéproaches one and the fesonapt frequency appyoaches that of the OWL
%ith no foliage. - One can predict‘moisture'coptent using the
resonantfiine da£a with greater aécuracy than with non-resonant-line
data. |

Let us'compare some check points ("+" signs) on our figures.'
In Figure 29 (resonént—line data) the E% corresponding to an open
wire iine height of 3% incheé indicates 15% moisture while Af for
the 1% inches height indiéates 20% moisture. Recall 16% moisture
was the value measurea using the xylene method."In Figure 30 bo£h
the 3% and 1% inch heights indicate 15% moisture. In Figure 3l‘the
‘3% inch height indicates 15% and the 1% inch height indicates:20%
and in Figure 32 the 3% inch height indicates 15% while the 1% inch
height indicates 25%. Of these eight percéhtages the last one shows

the greatest error - 25% instead of 16% - and five of the eight
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readings were 15%. Coméare this with Figure 14, for example, where
IZSCI for the 1% inch height indicates 30% moisture content and the
F inch height indicates approximately 13%. (non-resonant line data).
The resonant frequency should ghangeonly with a change in
plant moisture so long as the pﬁysical system is not éhanged
(dimensions, ete.). ' o '
Humidity d6es notsaffect-the médsurements apﬁreciably. It is
possible that'humidity will have a greafer effect in the event that
the foliage is'moré éparée - aliowing moré air spacel During these

tests humidity was varied from approximately 25 to 50% with no notice-

—_—

able change in data.
The lower heights (of center conductor) are preferable for measur-
ing moisture in low grasses.

B. Recommendations and Rationale

Other experimental systems should be established in the field
under natural conditions to further investigate the shofﬁed,,resonant
open-wire line concept of measuring. moisture.

It is recommended that further work be done in the following

~

areas.
(1.) The length of transmission line should be varied (under

separate tests) where physical conditions permit. The




-(2.)

(3.)

(4.

(5.)

C11000

(shorted) line can be lengthened if space is available and

"1f increased sampling is desired,

The frequency should be somewhere between 40 and 7O MHz,
limited by the approximations made. As frequency increases

the number of sampling anti-nodes increases (see Figure 5).

Increased sampling is likely to give more accurate results.

The height of the line above the ground plane should be

about 2 inches for low grasses. Naturally, greater heights

-

of center conductor are recommended for tall grasses or

- ‘bushes. However, as the height increases so does the

radiation resistance (see Eigure 48), and less energy is -
aﬁailable for moisture measurements.
The ground plane width and length will depend on Recom-

mendations (1.), (2.), and (3.) above. The length of the

~ground plane should be approximately the length of the

center conductor. The Wid£h will be determined by the
'height of center conductor and the power deﬁermined by
Figure k. As one determines the amount of power desired
within the circle of radius p, one can calculate the width
of ground plane. Ninety percent power was utilized at 12
inches in this'work° Neediess to say the lower heights

will give greater physical stability to the system.

The size of the wire mesh used as the ground plane will be




(6.)

(7.)

(8.)

5 A

determined by the frequency, the foliage sfem diameter,
and the desired physicél strength of the ground plane.
The "hole" size should be less than approximately A/40;
that is, the size should be less than an appreciable part
of a wave length. In gddition, the holes in the mesh
should be large emough to permit the foliage to grow
naturally and yet small enough to give édequate physical
strength to the system. The wire diameters (of the mesh)
could be increased to strengthen thé system as Weli.

Other grpund;plane metals such as coﬁper should be
investigated to note any effects unaccounted for. Tﬁé ~
question Ef Whéther.or not a ground plane made of magnetic

/ . oo
material influences the measurements should be resolved.

More than one OWL system should be tested and various

' types of grasses and brush could be evaluated. For the

larger foliage, which takes months or years to grow, the

~ground plane would be constructed on site.

The radius of the short should be approxiﬁately twice the
conductor ﬁq ground:bléne spacing. Two sizes of shorts
were tfied during tests. No noticeable difference was
seen in the measurements; thus the larger shoft was

selected. RN

The necessary electronic equipment could be installed on
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or at a centfal location with a coaxial switch and coaxial
cables to ﬁore than one probe. The equipment could
consist of a variable frequency oscilla£or and a local
oscillator as in superheterodyne systems. Aﬁ inexpeﬁsive
counter would "read" the frequency and-telemetéring equip-
ment could transmit the.desired data.

There is no Qﬁestion that moisture contenf can be
predictéd° The gquestions that must be answered are such

as how elegant a system is desired and what financial

limitations exist,




Appendix A

This section presents the derivation of the equation used to calcu-
late the real and imaginary parts of the dielectric constant using only

short-circuit measurements. Recall the input impedance for a shorted

transmission line is

Zsc = Z, tanh Y&

-J—Etanh(jmz HE
€ /

€,€, and €, is complex. If

]

where p = y p, and €

e =1
and
S e"
§ = o
S0 2
g — Jwk PR
Zgc e'—je" tanh( c € =Jf )

= ar tanh jtg_ﬁ/‘/::_.' ll—jG
4 /¢! / 1-3j8
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X 377 + 1
\J
A/E_ 1+ 82 +1 /J1+62—1
2 g 2

tanh tM,JE_' /41+62+1_j /./1+62-1
[ 2 2

W+ 62 41 1+ 6% -1
377 2 L 2

A/:" 41+62

2wl d1+5i—l " 2wl ~1+62+1
sinh('ﬁ—FJ 2 )'*‘ | sin(—z-/\ﬁr / > )

LCOSh(Z—?Ef/J 1+22 5 )+cos(g(2_2J€_'J 1+32+1)

where w = 27f, ¢ = 3 X 108m/sec, and 2 is the length in m. Equating real

and imaginary parts, we obtain
a+1 a - 1) a -1 a+1
N2 st (a4 /e tn (4/e"a/ 25
377 T T Y 2 2% TR 2

aF a-1 T a+ 1l
cosh (d /e /——2—)+ cos (d A/E_ 2 ) (A1)

Rge =




L o

377 Maglsmh(d /E—'N/a;l}*/Ja‘FlSin(dFN%l

Xse = 2

aﬁ" i (d J;J:—_E_l')+ cos (d e' a ; 1) AL

where
and
a =202
c

Equations (Al) and (A2) are two transcendental equations and cannot be
solved manually. The Sigma 7 plotted Rge and Xg. on two separate graphs
versus €'. Each graph plotted four different values of e". We allowed

e' to vary from .95 to about 3; " values varied from .001 to 1.0.




Aggen&ix B
Radiation

In order to consider éhe radiation characteristics of the probe
transmission line, let us comnsider sbme.assumptions we originally made.

First, in using the image techniqué we aséuﬁed the earth was plane
and second, that it was perfectly conducting. Now we consider the im-
age in the earth éﬁd come up with a balanced line again. The field
effects of the two wires Will essentially cancel each other but with a
short on the end.away from the generat&r we'will not experiencé this
cancelling effeqé. Hence, wé must have some sort of radiation. Con-
sider the véctor potential, ﬁf This is usually'défined as ’

,  §=.VXK

and satisfies the wave equation

It can be shown that a solution that satisfies this equation is

NP E(t—r/u)'dV
bt r

In our analysis, we consider the origin at the center of the short
and the "short" aligned with the z-axis. Assume the current uniform
over the length of the "antenna'" since it is electrically short. We

now can write N
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1dv=k i, d2

The vector potential is in the direction of current so we can write

- A - ePtiu(t-r/v)
A=kAy =kt T3———da

Since we observe the field away from the antenna

r 5 dg

and the current does not vary along d%, we can also write

o -jur/v
A = pIed / de
z brr :

where we suppress time..

In spherical .coordinates

A_ cos 6

'-ip

-A._ sin 0

b
<
]

In order to find B, and H, we find V x A.




1 1~ 1.
¢ sin 6 r sin 6 6 T ¢
VXxA-= a_ o 3_
or 30 ¢
Ar rAe r sin 0 A¢
0 0 [}
T
= 13 a3
or 36 3¢
Ar EAé 0
- g_ﬁrAe) - 3 Ar
vl or 06 )

Now
’ B=uH
and
H = 1/u Vv x A
‘therefore :

H =0, H, =0

_1de e 38T gin 0 + 48T a2 e7IBT sin o
bmr? ) 4nr

Hp

From Maxwell's equation

VvV x g J Nt
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However, there is no conduction current at our point of observation

(away from our antenna). So we write

V X H = =
ot
or
VxH= jue E
and _
E=_X vxd
jwe
In spherical coordinates
1 ~ o1 ~ ;1_$
r? sin 6 r sin 6 r
vxE=| 2 2 3
or 36 3¢
0 0 r sin 9 H¢
or
7.1 1 : 9 (rsin ® H¢) 1 - 5 %__(r sin 6 H¢)]
T r2 sin © 38 r sin
~jBr Br
=;[J1d2e35 cos 8 , BI df e”J cose] 1) -
2mwer3 2mwer?
v ofrar e sine 1as e3P sine ;21 au &7IPT sin ej
4nwer? TwerS 4rwer

We can write the average power flow density as
P=1/2Real (EXH )

~

* A *
= 1/2 Real ( -e E. H¢ + r Eg H¢ )
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It can be shown mathematically that the first term in equation
(1) above is zero. In addition, from physical reasoning we know there
can be no radiated power directed tangent to any sphere drawn around
our short. The radiated power must be perpendicular to the surface of
the sphere at any point on the sphere.

Now, taking the second term in equation (1), we obtain for the out-

ward power flow density

2 12 392 sin? 9
" Paye/m2 = =
/ 3212 ¢ 3 ¢

Notice that Eg has three terms - 1/r3, 1/r?, and 1/r. While the
H, has two terms - 1/r2 and 1/r. In the last equation, P « Eg Hz, the

$

radiated power varies as 1/r? showing that only the 1/r terms are re-
sponsible for radiation. Looking at this intuitively, we see that as r
becomes large the 1/r3 and 1/r2 terms go to zero (are negligible) much
faster than the 1/r term. Therefore, we would have been justified in
the first to have neglected these terms for large r.

In order to find the radiation resistance, we now integrate over

the entire surface of the sphere at any radius r. This gives

w2 12 d92 sin? 6
ave. 3272 ¢ v° r?

r?2 sin 6 d¢ dé

a)
]

_ 789 [de)? 12
2 \ 2

where I is a peak value.
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From this last we see that our radiation resistance for our shorted
transmission line is - S
- a2
R __q = 789 (T)

[l

Eigure 48 éhowsNa graph of the radiation resistance and totai re~-
sistances of a shorted.transmission 1ine; Notice that the resistance
increases rapidly és either‘the'frequency or length of short in-
creases. The solid -lines are plots of the radiation resistance calcu-
lated above; The dashed lines are plo£s of measured. values of total
resistance. Since the Vector Impedance Meter’measures impedance and
angle, at an angle of zero degrees we have a measure of the resistance
seen at the input fo the‘transmission line. Obviously this includes -
radiation resistance and losses. |

The "measureq" values were taken with aﬁ 11 foot length of 5/8
inch tubing over a ground plane consisting of 1/2 inch wire mesh. The
spacing of 2.5 inches ié equivalent fo 1 1/4 inches over the ground

plane; similarly, the 6.5 inch is 3 1/4 inches over the ground plane.
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