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ABSTRACT

Theory, design, and usefulness of experiments to measure effective
complex dielectric constants in foliage and vegetatieon by means of

rigid open~wire transmission lines are described. The frequency ranges
30 to 75 MHz (VIIF) and 4 to 30 MHz (HF) are covered by using a 5/8-inch-
diameter, 3-inch spacing line and a 4-inch-diameter, 40-inch spacing
iine, respectively. Use of these instruments allows one to place bounds

on the macroscopic electrical parameters of foliage.

Results are presented of measurements with these equipmeats in
October 1965 in the Hoh Rain Forest, Olympic National Park, Washington.
There, in the most dense growth avallable, representative velues of
effective relative permittivity (er) and effective conductivity (o) were
estimated to average about 1.2 and 8 X 1077 nhos/meter, respectively.
Similar measurements made in living California foliage in midsummer 1965
ylelded Gr ~%.1 and 0 2 X 10.4 mho~/meter. Such differences may be
seasonal: The need for a catalog of electricai properties of vegetation

is indicated.

An experiment relating the density of freshly cut willow boughs to
the properties of the sample measured by the VHF transrission line is
described in detail. From this, it is estimated that vegetation in-
trinsic conductivities are of the order 0.03 mhos/meter, or greater, in
living willows during uid-October. The ‘r is linearly rclated to
"biodensity” as indicated by the theory of the complex dielectric con-

stant of mixtures.

Other methods of measurement, such as the use of large capacitors

or resonant cavities, are discursed.
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1 INTRODUCTION

This study was undertaken tu develop end test new methods of
measuring the effective complex dielectric properties of a liviag
foliage medium, such as a forest or jur-.e¢, ir the hope of cstablishiug
meaningful values of conductivity and permittivity, which might be
used in modeling such a medium (theoretically, for estimating its effer:t
on redio propagation. The problem of separating the effects of the

forest medium from those of the underlying earth was first considered.

Some previous investigators have used transmission-line stubs to
measure radio-propagation constants of earth, {See. for instance,
Kirkscether. !*; Another technique for measuring the electrica! corctants
of earth 1s curve fitting of measured values of nath lcss to celculated
curves for various assumed ground constants.? Y¥hen the curve-fitting
msethod is used to d-2:>™ine the effective ground constants of forested
terrain, it is difficult to separate the effects of the earth from those
of vegetation. Thus, we decided to try using an open-wire transmission
lire in the foliage 1rselr.T A rigid opea-wire lire {OWL: with casily
variable length can be readily prepared, inserted into . age of almost
any density, and--by proper connection to an ispedance-measuring device--be
used to measure quantities related to the sverage dielectric constant

&nd conductivity of the material within th: erveiope of sensitivity about
the line.

The active sensing regions (quasi-TEM fields: cf a twso-wire open

line of small .order of 1074 . spacing are contained within, to a good

* References are given at the end cof the report.

t The idea for this application of open—wire transsission lines {ste
G. H. Hagn, 'Transmission Line MNessurements of Jungle Propagation
Constant,” 3tanfor. Research Institute Project 4.40 Meworandum
.9 Zeptember, i%64 . came from a discussion with Dr. John Taylor.

University cf South Carolira, Colustia, South Carolina in the summer
of 1964.
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approximticn, a sinusoia of revolution about the line axis; the
regions of least sensitivity being in the vicinity of the voltage nodes
in the acanding~wave pattern on the line. The maximum radius of effect
is Yound in the vicinity of the first voltage maximum of the line. The
radius of effect varies with the stznding-wave ratio on the line, the
ninisua possidle being about 1/2 it for the line of about 300 (U

characteristic impedance, which we conatructed for use at VHF (see Pig. 1).

The line had & spacing of several inches and an average racius of effect
of about 2 £ft, Thus, the OWL could be so positioned in 2 forest that it
would be relatively insensitive to the ground beiuw and the air abovse

the forest when they were it a distance greater than the maximum radius
of eftect. Actually, the region of concentracted energy about the OWL is
not large-~Fig. 2*® shows the percentage of electromagnetic power carried
through a circle of given radius normal to the conductors of the OWL

terrinated in its characteristic impedance.

The frequeacy range of primary interest was 25 to 100 Miz.
At 50 Mz, we fouw tuat ground effect could be eliminated entirely by
placing the transmission line =t a height greater than 3-4 ft. A line
length of 0.75 ) or more was used to provide a long sensing region. Since
gensitivity tc the medium was negligible at a rad:us greater than 3-4 ft
about the line, fringing effocts can be ignored (see Fig. 1), and we can
assume that the relative dielectric constant (er) and conductivity (o)
obtained with the transmission line are the effective values for the

air-foliage mixture near the transmissior iine.

If a portable generator is used to power the impedance meter, the
entire apraratus can be moved about within a forest to obtain sufiicient
measurementa to represent the avef&ge electrical character of the forest.
The senaing envelope can he shifted axially both by lengthening the
1ine (altering ths standing-wave pattern) and by moving the entire

apparatus, thus providing a statistical approach to the measurement,

* Calculated by Dr. John Taylor, University of Scuth Cerolina,
Columbia, South Carolina.
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Alternatively, one can use a longer iine and make fewer measurements for
an equivalent sample gize. The sample gize is the number of active
regions on the line per setup multiplied by the number of setups, although
the number of independent samples is probably somcwhat less than this
number. For example, a 1-\A line could yield two samples per setup and

the reading would give the average. Since the active region for a
short-circuited line is just the reverse of that for an open-circuited
line, care must be taken to select a sample that is fairly homogeneous

in the axial direction of the line.

It was thought that the capability for rapid measurement would be
improved if the line could be enclosed, for most of its length, within
a dielectric cyclinder of low permittivity, to allow ease of movement
in dense growth. We tested a 5-inch-diameter Fiberglas cylinder;
preliminary indications were that when the line was immersed in vegeta-
tion it geve similar readings with and without the case. However, a
more complete analysis of the results indicated that the value of s,
obtained with the Fiberglas iu place might be low by as much as a factor
of 2.% The same factor would apply to other parameters, such as con-

ductivity o or loss tangent §.

We do not envision operation with line lengths greater than 25 ft
(about 1.25 to 1.5 \ at 50 MHz), so that the apparatus can be hoisted

into the tree canopy to obtain vertical-orofile information.

Another possible method of measuring prnpagation constants in
foliage thar was not tried is to construct a large screen-wire cavity in
the growth and measure Xts resonant frequency and Q. The measurement
could be repeated (in its essentials) in air, to provide an effective
gset of parameters for the foliage alone. Likewise, a large capacitor
{one-sixth of a cavity) could be used. In addition to the construction
probiem, the cavity Q » asurement almost precludes a statistical

approach--and the selection of a "typical” volume of foliage presents

* The experiment in the appendix indicated that a factor of less than
1.6 wa3 involved.
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considerable difficulties. The value of such a measurement would
probably lie in its use as an independent method of "calibrating" the
transmission line and for testing the effects of clianges in air moisture
and temperature. Congequences of seasonal or artificial defoliation

at a fixed site might also be studied by such an experiment.

Besides measurements in foliage, tests in air must be made for
comparison. These should be almost identical to the folisge tests,
with respect to line length, frequency, positions of dielectric separators
on the line, and (probably) air humidity and temperature. Suck control

data might be taken in small clearings of a forest,




AT

I1 T. TORETICAL ASPECTI

A, GUIDED WAVES

The propagation of guided electromagnetic waves on opra-wire traas-
mission lines depends in part upon ths proprrties of the medi:m in which
the wires are immersed, The cqultions* describiag waves propagsating

along a transmission line can be written:?

.gi = gv +C g; ; §§ = ri + l.%% ’

where

i = current

<
u

vnltage
= susceptance per unit longth
distance down the line

QO 4 =m
i

= capacitance per unit length

s ]
i

resistance per unit length
L = inductance per unit length.

The two preceding equations can be combined to give the wave ¢ uation.

For the sinusoidai steady-state solution of the wave aquation, it

is convenient to define a propagation "constant,” T':

* In this development we assume that TEM waves propagate on the trans-
mission line, Actually, the presence of the lossy dielectric perzits
s small longitudinal E component to exist, so that the waves are M,
¥e consider the quasi-TEM spproach sn excellemt approximsation for
folisge dielectrics, since the longitudinal components should averszge
to zero in this csse., A similar approsch was used with success in
measuring dielectric properties of earth. !
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P = oy s a+ 38

such that
v’v = sz .

where

Y = v sin wt

a = attenuation constant

8 = phase constant

z2 = * + JWL = impedance per unit length

y =g + JuC = admittanco per unit length

@ = In? = radian wave frequency

{1 = frequency

3 =41

The quantity J;7;'(whero z and y are defined as above) is a sig-
nificant parameter and is termed the characteristic impedance, zo. This
quantity is most weaningful for a medium that is at least locally homo-
geneocus, The mode]l of the folisge assumed for the following discussion
is that of a lossy dielectric slab that is locally homogeneous on a
macroscopic scale. That is, the medium can be describod’ by an effective
O and ¢ that are functions of frequency and the environment, Clearly,

such s model will not apply for a1l forests, frequencies, etc,.

By holding x constart, the charscteristic impedance, zo, may be
obtained from two messurements of the open-wire line impedsnce: one

with shorted termination, Z.C, and one with open terminatior, zoc. Then,

3]
W

Z tanh I'x
sc o

o
)

Z coth I'x
o

* e permesbility of the mediux is assumed to be eusentially that of
s vacum; that s, 4 = o = 47 X 107 Henry/meter .

. ‘—N
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and

za(zz)l/2 .
o oc s8¢
In practice, we found that x for such measurements should be +0.08 to

10.19 A different from the resonant line length" to balance open- snd
short-circuit effects (kn denotes the wavelength in the medium).

It is convenient to define a loss tangent by considering that the
medium through which the wave travels can be described by a complex
dielectric constant ¢’ = ¢ - Jc'. whers ¢ is the usual dielectric con-
stant, and the loss tangent, &, is thus 6¢”/¢ (that is, the tangent of
the angie between real auld imsginary purts of 'he couplex dielectric
constant). The meaning of this losa tangent and the relationships be-
tween o and 8 and ¢ and ¢ are best seen from the following development.

From one of Maxwell's equations,® the curl of maguetic field intensity is:

H = 1+ %%
D = ¢
1 = o ,

where

= magnetic field intensity vector
electric flux density vector

= electric field intensity vector

| ol ol ml
]

= current density vector,

it can be seen here that T and ¢, both real numbers, are properties of
the dielectric medium, For the casze of a fores: wedium that is locally

homogenecus on & macroscopic scale, they should be thought of as mean

effective values,

* More generally, the condition ie Bx = (2m + 1) (ve)
or x = k2n + 1)(Aa/8).

, =0 1, 2....
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Jw(; - %5)

E = R o ,
(]

where ¢ is velocity of light and q is refractive index, and asmuming

Jwt

time invariance (e constant), we get

%g’ ‘%’3' Cg(JW) '

and the curl is

~v

TXH = (0+JM)§ .

One can define a complex dielectric constant ¢’ such tuat

ch' = T+ Jue

’ 3
€ =z € - - .
I

Defining & complex relative dielectric congtant

4
e/ = = analogous to ¢ = = for real variables R
r [ r €

(] (]

where

-
¢, = 8.84x10 12 Farad/meter (rationalized MKS units)

ve geot

In these terms, the loss tangent, §, is G/u:rco = g/9¢., Obviously,
& smsll loss tangent impliss a good dielectiric and vice versa, Row, we
deaire to relate this to o and B, the ~es: znd imsginary parts of the

propagation coonstant,

10




—

For a wave propagating as ep (- 'x) in the +x dirmction, we gs*,
from the foregoing,

I .1 2 a8

a

1/2
Butq=(¢;)/
Thus,
1/2
W (o)
Js(‘r"iw) = a+ B
o]
or

2
(%’) (cr-_jui) = o -8%4 258 .

(]

By equating real and imaginary parts,

1/2
2
(e 282 w83 (2) e
\ © r ' B L c r
wo 1 qw
= 208 i B o= — .
02¢ 2a czc
o °

Or, for known o snd 8:

a
7]

Thus, by use of the above equations, determining o and 8 is equivalcnt

to determining 7 and ¢, The expressions separate =c that

PP
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Yo datermine ', however, a check is quite sdvisable, The following
spproximate approach can be used with confidence provided the medium
containing the OWL is not extremely lossy ( that is, AKG z < 10°). For
the TEX mode,

\ 27
=
redium B
TEM
One can thus tune the line (using a "tro-hcme"”) to short circuit resonance
and measure the length of N (odd) quarter-wavelengths to find kn and
hence 8. The ambiguity represented by H above may be resolved by placing

a hand in the vicinity of the line as described in Sec, VI, Similarly,
open-circuit resonance at N half-wavelengths may be used. The value of
8 thus found can he used to check the vaiue determined from the impedance

measurements,

The attenuation constent, o, can also be ‘ound simply from the
short-circuit-resonance data, when Zo is computed from othe: impedance

moasurements, since at resonance:

z ~ s:n 8x cosh ax - j cos 8x sinh ax

z = (Tx) J o8 ¥x cosh xx - j sin Bx sinh ox
sin 8x = #
cos 8x = O .

and
FA cosh ax Zc
= * S 3inh ox = coth ax . or tanh oax = 7
o

12




The low-108s approximation may be used if ZO/Z is less than 0.15,

since
tanh OX M 0%

then

<
e
wfo™

The foregoing equations aiso apply to open-circuit resonance at N half-

wavelengths.

The corresponding relstions Jor open-circuit resonsnce at ¥ (odd)

quarter~wvavelengths are: !

%& = tanh oax

C
(4 2
o = —— , 1f — {3 less than 0,15 .
xzo Zo

B. CAVITY RESONATORS

At high frequency, radiation can o¢ reduced by the use cf resonesnt
cavities in piace of conductors, and the develomment of wave behavior in
cavitieg ig similar to that discussed for tranimission lines. It hes

been shown that, for a rectangular cavity, the requirements for resonance

L}

are:
; 1/2
by 2y or ¢ -—l— ‘2"_*. .'..2.\
n 172 ' h 2w b / !
2 2.
L7+ W
wvhere
fr = resonsnt frequoncy
k- = wavelength in the medium filling the cavity iT‘lo mode)

L 2 length of cavity in the direction of wave propsgstion

w = width of cavi®*y scross the direction cf propagation,

12




The romiining dimensicn of the cavity, height, need not be spscified
for the Tllc mode, since its electric field musy torminate at the cavity
top snd cavity bottom, regerdless cf thoir separaticn (within reasou),
The 1'10 wurs is cut off at

lc = 3w

Yp

= 1 B essems 5§
R v~ Tl Ty S

wvhore vp is phase valocity.

Therefore the cavity cutoff frequeincy is independent of height,
Other considerationg place bounds on height, howsver. Smal) height will
| incresse the possibility of voltage breakdown across the cavity, It

will a.s0 increase attenustion in the cavity waves because cof conductor

. loszes. On the other hand, larga height permits propagstion of higher-
crder modes, with consequuut energy lossss., The waveguids Leight/width
8 retic moat conaistent with good engineering practice is about 1:2,

To obtain the propagstion coastants, if the resonent freguency of
ths cavity is known,

1/2
f I = - (éf_:;zf\
‘ r 2% e ) '

Ps a8 wvo¢ had from the cavity dimension®, Then, if y = uo, and two measure-

. ments are made, one with air and one with foliage in the cavity, € _may
3

be obtained as

whiere

fo a resonsant frequency fnr sir

‘; t_ = resonant frequency for foliage,

14
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The quality ratio, Q, of & reszonant cavity is given epproximately
(at high Q values, nearly exactly) by:

C R

where Af represents the -3-dB amplitude bandwidth of the cavity.
The Q due to -n‘imperfoct dielectric filling the resonator is given by
- =2 6

1
L
Qe 7 we e,

the loss tangent for the dielectric (ritscussed earlier in connection with

the definitZon of complex dielectric constant). Thus,

8 = 2 o A
we_¢ 4 '
ro r

and

4
T r
f,
b4
r

The above development provides the mean effective values of ‘r' g,
and & for a homogensous lossy dieisctric enclosed by a resonant cavity

whose resonant frequenucy and Q are known.

Cavity Q (air dielectric) can ! computed readily as a check to see
whather ¢ cavity has high enough Q to be useful for the typs of measure-

men* described abova, For a square cavity (L - w):

Q = I!n_ Lz
a;d“i’ 2h + w

15
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surface resistivity
- JE;7;;'= 377Q = intrinsic impedance of free space
cavity height

cavity width, length.

| u'.-.-s-'

The calculation zould be repsated for other dielectrics than air by
replacing ¢ with the appropriste ¢ (which will usualiy be complex for
living vegetation).

C. PARALLREL-PLATE CAPACITORS

The dielectric characteristics of parsllel-plate capacitors may be

represented mathematically by

- A
¢ = €fr3
where
= area of one plate
8 = plate separation
¢, = relative dielectric ccanstant of the material between
the plates,
Since
= 23
C = X ,
c

and (assuming A and S constant) with €. =1 for air, we may find, for

the foliage:

C X
“ = foliagg - c air
r C X '

air c foliage
when two messturements of impedaunce are mads with the capscitor, one
using air and the other using a folisge :!islactric. Conduciivity values

are found ss follows:

1€

————
e

* A meta
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g = T Rr if a paralleled inpedance bridge is used ,
PP
or
o = uno-§- €. if a series impedance bridge such as the
c General Radio 1616-A is used

where Rp and Cp are the shunt values for an RC parallel combination

(such as one would measure with ths Boonton 250A RX meter) of impedance
components measured with foliage as a dielectric, To be precise, one
should acccunt for the fact that the capscitor does not have infinite Q
when filled with the air dielectric. KHowsver, when the Q of the capacitor
loaded with foliage 1s much less than in air (by s factor of 10 or more),
the error thus introduced is negligible for our purposes.

In practice, it may be necessary to form the condenser with a taper
in each plate to provide a symmetrical feed at high frequencies. In
such a case, all the plate area mey not be equally sctive in the measure-
menis, and the following equation should bo used for .r:

C, A A X

¢ = 1.8 ., & 8
4

r C“ AI Af Xt

where

f

H

a foliage-dielectric measurement

and a

[

an air dielectric measurement,

the value of €. thus obtained being used to find o

PR R




The area Af can be calculated from the dimensions of the portion of
the persallel-plate capacitor that encloses the foliage. But A. must be
mossurod, since it includes the tapered portion of the capacitor input
s well, Then A‘ becomes the effective area of one side of a parallel-
plate capacitor of the same thickness, 8, used in measuring the foliage,
and which has the same capacitance as that found for air (c.),

It may be possible, however, to trim the foliage so that the ratio of :
C's gives ‘r directly as for the case of truly parsllel plates.

D, PROPERTIES OF THE MODEL DIRLECTRIC-SLAB MEDIUM

8 I1f the foliage is considered to present a uniform dielectric medium®
of permeabiliity p = po(4ﬂ x 10”7 H/m), then only the meaa effective
values of the dielectric constant, ¢, a2nd the conductivity, ¢, remain

LIV to be specified. This may be done by noting that the dielectric-slab

medium is a model for a mixture of two media--air snd foliage--and by

x|

determining the constants for the equivalent medium,

Dielectric properties of aixtures are discussed in the Enczclogggia
of Physics® as tollows:?

let the elemoents of s mixture have dielectric constants

1" %20 +%n

with the corresponding elements occupying fractions of the total volume

£ . i
b L AR SN & |

* A more comprebensive model for a forest medium, having some properties P
of dielectric lenses, has been proposed by Pounds & Lc Grome.® §

o

! This discuseion was first brought to the sttenticm of the authors by
Dr, Bernard Lippmarn of Defense Resesrch Corporation, Santa Barbara,
California,

18
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Then the mean dielectric constant, c‘, is bounded by ;: > c- > c-,

where
_ n
€ = Ze¢,F, (dielectric slebs in parallel)
m =1 11
and
n F -1
¢ = L — (die:ectric slabs in series)
=2 1=1 %y,

With the replacement of ¢ by ¢ in the above relation, the equations
apply to conductivity. In the case of a mixture containing air, how-

ever, the lower limit of the uera conductivity is zero, so
T >ag >0
m .|

where

1f shapes and orientations of constituents can be specified, the
two limits discussed above may be abandoned in favor of a discrete solu-

»
tion of the mixture problem,

T{ the vegetation has s relative dielectric constant of 80, cor-
responding to that of water, and occupies & fracticn F of the tot.l
volume {F << 1), the limits on ¢ become

¢

{1 » 79F) >_‘!>1

[}

* Deve.opments of this spprosch may De found in Refs. 7 and 8.
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1t Sy is the conductivity of the folisge, the limits on o, are
OVP>0->0

Bemembering that the complex relative dielectric constant was given as

.;a?—J—c—

r uno
We can estimate that, for the mixture,
ovF
4
Or~(1+79r)-3-w—‘— .

<

the upper limits on o. and c. being taken as spproximate values, To gain
o and 8 for the mixture, recall that

Now let g Ff = O, and note that ¢ = (1 + 79F) m 1 when F << 1. Thus
the expression for B2 becones simplified at high frequencies when losses

are not too great { that is, when we >> ). For this case,

a (2 >>(__0_) ,
;- r we
. c
P..‘{'
: g and we may estimate that '
3
3
an 1/2
y f ™ (1 + 79F)
| %
P - - - y
S | a ~ % -.-‘—’Y (1 + 797) (1/2) ~ 6070 (1 + TOF) (173)
! ¢ o/
oo i

‘“’*M N

Y

s T

.
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Assuming 79F << 1, and using the first-order terms of the binomial
expansion, we further approximate:

g ~ ~2r:'(1 + 39,5F)

o ~ 60MO (1 - 39,5F)

E, SCATTERING

The bounds given on ¢ and ¢ in Sec, II-D are strictly correct only
in the case ¢f lc* frequencies (kr — O, where kr = 2Wr/1° and r is the
longest linear dimension of the vegstation). A more accurate detarminas-
tion requires a solution of the scattering problem that the actual vege-

tation presents.'

We note, without formal proof, after a development by Lippnann.*
that 1f f(s) is the forward-scettered amplitude, the complex propagation
constant defined in Sec. II-A is given by

I = a +38 = alfs)

where d is the density of scattering elements.

If the volume per scatter element is V, and the fractional volume
(with air in mixture) is F = dV, we have the same problem as that treated

under dielectric mixtures and can develop

¥ = -7 (Imeginary part of f(s)] , nepers/meter

F = {fractional volume, as before,

[P

-

* A realistic modei of 8 Iurest as s dielectric could not be readily
handied mathematicalliy., Empirical investigation in situ is
NeCesSAry.

Dr. Bernard Lippmann, "[he Jungle as a Commaication Network,"
working paper, Defense Resesrch Corporation, Santa Barbara
{September 30, 1964), Private Communicatioz.

-
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For a scatterer having dimensions wuch smaller than the operational
vavelength, we can celculata f(s) readily by using the spherical Born
spproximation to give a rough correction, The result is

WL OV

Imaginary part of £f(s) = — — V
o

- 7

which combines with the first expression to give

/3
v
A B

~ 60mg .

This is the sxme as the expression for o developed in Sec., II-D, if
¢ ~1 (that is, 12 (1 - 39,5F) & 1].

The above development assumes that the field within the scatterer
iz the same as that cutside it. A first-order correction to this
assumption is to adjust the smplitude of the internal field by a factior,
2/(14¢qﬁ;), corresponding to the transmission coefficient which governs
‘he transmission from vacuum into a dielectric sladb cof relative dielectric
constant (r. 1f the scatterers rre spheres of radius r, wve find that

the sbove resul: for o must be multiplied by the factors

2 3 sin h-,,/c_r

1 e e, (enfe)? | ke,

- Ccos eri:_ . k =

1Y

In the limit as kr = 0 {low-frequency approximation), only the “irst
factor is used, the remainder approaching unity.

F. QUANTITATIVE ESTIRATES OF THE PROPERTIES OF THE DIELECTRIC-SLAB MODKL

¥e ure now in s positicn t» assign reasonable values to .he psram-

eters Geveloped above, in order to estimate the magnitudes of o and B
in the model:

i
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(1) For tue fractional volume of vagetation, let

{(2) For the permittivity of foliagn, we use that of water,

(3) For the conductivity of foliage, we estimste from tables
giving fresh lake water conductivities (the foliage nay
actually have greater conductivity’):

o, = 1072 mho/meter .

(4) TFor the radius of spherical scattering elements, using
the upper limit of the approximations and sssuming
r << \:

r = U.1l meter .

{5} The operating frequency is taken as 50 MHz {\o = 6 meters).
Then
- -5 .
g = FUV = 10 ° mho/meter .

The scattering correction factor is 0.964,% and the estimated value for

attenuation is found as
o = 607 3 {0,964)

. - ~ 1.82 X 1673 peper/meter

¥e subsequently found o, > 1074

in the Appendix,

aho ‘meter in the experiaent described

* The radius of such s scatterer required to cause s 10-percent correc-
tion ' that is, a scattering factor of 0.9) is sbout 0,101 meter at
50 MHz ‘0.01721]).
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For compariaon, we compute a by the approximation of Sec., 1I-D, which
neglects scattoring:

o ~ 8OTQ (1 +79r)’(1/2)

3

a 1.81 X 10 ° nepar/meter .

For an spproximate value of 8, we heve, frow Sec. 11-B,

m 1/2
8 (1 + T9F)
i
w 1.09 radian/moter . ‘

This last value corresponds to an efiective relative dielectris coustant : ;
|

of 1.08 for the foliage/air aixture.

b -
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111 EXPERIMENTAL EQ IPMENT

A. VHF OWL ANWD ACCESSORIES

The basic instrument required for the two~wire open-transmission-
line measurements i{s an impedance bL~idge with a wide dynamic range and

accuracy better than 1 percent. We have used a Boonton RX-meter

(Model 250-A), having a frequency range of 5 to 250 MHz and capable of

accurate measuremerts Irom about 20 () to 10 k{i. With the use of a

4:1 coax balun impedarce transformer to match the balanced transmissicn

line to the unbalanced RX-meter input, the Boonton instrument's range

nas been qulite sa*tisfactory above about 40 MHz. A General Radio im-

pedance bridge {Model 1606-A) has been used at the lower frequencies.

Several half-savelength [resorant; coax baiun transformers were
nmade for trial (25-, 50-, 75-, and 100 MHz) purposes, but only the
50- and 75-MHz baluns have heen used extensively in measurements to

date. A' resonance, the balung have a transfer ratio cof very nearly MOD

4.0, AR "%, All baluns vere cut from RG-8/AU cable and fasiened to the
b. dge througlh N-tvpe connectors. Severcl toroidal baluns have been

wound to ¢ive transfer ratios of 1:1. These car be u~~d with doth

bridges.
The coar baluns are attached by thumbscrews to an input adapter
made of two threaded 3-inc!: sections of 5/8-inch tubing. This short

adapter sect.on is treated electrically as part of the balun {and -as

included as suck when the baluns were trimmed to their resonant lengths'.

A spare adapter section, j{dentical with that just described, is used in

turing the impedance bridge to the resonant fregyuency of the balun hefore

cennection is made to the transmiszion-line assembly.

The balanced *-ansmission Iine was sade of 5/8-irch brasa tubing

cut in l-=m- ter sections with threaded joi.:ts. Termination is effected
by us .z a troabore section with 9716-inch brass tubing sliding in the

1a31 ssction of 5/8B-inch tuding, variuble {m length by about 374 mpeter.

25
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The change in conductor radius at the sliding joinc is 0.028 inch. The
exd of the tromubone section can be lelt copen or be skorted by a 15-iach
aluminum disc atisched by thumbscrews., (See figs. 3 through 7 for
details, )

The twu conductora of the transmission-line sssembly are held et
2 3-inch spaciag by styrofoam ciscs (2-by-5-inch diameter) bored to
accept _he tubiug. This spacing was sclectsd as & ccapromise between
4 lossier (radiation) wide spacing aud the undesirahie pruximity effects
arising from close spscing. The imput adzpier and terminai trombons
tubes were force-fitted Into Micarta (¢ = 4.6) spacers of 2/é-inch
thickness for rigidity. The styro.aam ;pacers (er = 1,03) =1ip over
the tubing c¢~d fit snugly inside a cylindrical Fiberglas casing (1/16-
inch trick and 5 inches in diameter) which protecis the tubing, improves
eass of handling, and can be removed after insertion oi the OWL into

the sample.

For the 3-inch spacing, the characteristic impedance may be calcu-

lated from geometcical considerations, as follows:

S
- =~ = 270
Zo 276 10g10(a) 2 .

where a 13 the conductor radius and S is the conductor spacing. The
measuraed values were somewiat higher than this, probably because of tae
finite conductivity of brass and the effect of the spacers and insulation

coating. They fell in the range of 295 to 32300Q.

The spacers are placed at about l-meter intervals along the trans-
migsion line, and each is supported by telescoping phenolic tubing,
which car be forced intc the ground. The terminal spacer is left un-

supported, The supports may be adjusted in height from 4.5 to 6 ft.

Ten standard l-meter tubular-conductor sections and two C.5-meter
conductos sections were ‘abricated to allow 50-MHz measuremsnts to be

made with a 1,%A (6-uuter) line, if desiiible. Except for the inner

26
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FIG. 4 ASSEMBLY OF VHF OWL WITH FIBERGLAS CASE
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FIG.7 TOROID BALUN INPUT TO VHF OWL
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trombone sections, all conductor tubing was sprayed with xrylon' to
resist corrosion (the line has since been silver-plated).

In Several instances (Sec. IV-C, Appendix) we have used the trans-
mission line enclosed in the thin-walled Fiberglas cylinder to allow
insertion into extremely dense vegetation. The cylinder has often been
supported by vegetatica. We have actually used two Fiberglas cylinders,
one 4 meters long, with an additioral cylinder 2 meters long that can
be sleeve-fitted as an extension to cover the trombone termination.

This case allows for rapid experimental setup, but we advocate its re-
moval if accurate estimation of foliage effects is desired,

B. HF OWL

Several lengths of standard 4-inch aluminum irrigation pipe have
been fitted with sleeve connectors and are being used as a transmission
liae probe at frequencies below 30 MHz. Connecting surfaces were silver-
plated to prevent gailing and corrosion. The apparatus is shown in
Pigs. 8 and 9.

Twelve 20-fi sections of the pipe provide a two-conductor trans-
mission line 120 ft long (25.6 metors) and measurement capability down
to about 1 MHz, The aluninum-pipe line is not tunable; it i3 terminated
by a shorting bar of the same pipe stock, or by two 24-inch open-end
extensions which compensate for the electrical length of the shorting
bar. A large aluminuu plate has also been used as a shorting device,

7ith no change in performance,

Although spacers can be used with this transmission line, if
desired, generelly - ey will not bhe needed, because the spacing is main-
tained at approximately 40 inches hy placement of the support posts.
(with this line spacing, the characteristic impedance of the line should
be 3521 in air.) These posts are made of 8-ft oak poles--with metal

* The «.fect on conductor capacitance of a thin lay. »>f insulation is
negligibl=, as may be seen from the developaent ot _.f, 9.
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HF OWL SHOWING TOROID BALUN WITH SPREADEx EXTENSIONS
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points that can be driven 2 ft into the earth--over which fit plywood
box sleeves with clampe for height adjustment. The sleeves, 8 ft long, .
support styrofoam yokes upon which rest the aluminum pipes All pcrous
materials were treated with moisture-resistant sealer paint. The maximum
adjustment height of the support posts is about 15 ft. For measurements
at greater heights, the pipes can be spread with styrcfoam spacers and

hoisted by ropes on tree-held pulleys.

For connection between the balanced aluminum line and the impedance

bridge, several toroidal bsluns were wound. The toroids held a fairly

constant impedance transformation ratio of about 0.95/=18° over the
? range 1 to 30 MHz. The upper limit of the operating frequency range of

H
’ ) the large aluminum transmission line has been estimated at 30 MHz,

Use of this large aluminum-pipe line with support posts pre-
supposes that a volume of fairly homogeneous foliage about 10 by 50 by

10 meters can be found, over nearlv level earth, If the transmission

e ot ety Spomire - s1v

line is suspended by ropes, only a group of tall trees is required.

C. PARALLEL-PLATE CAPACITOR

,“.-._._._A...<
¥
e

A large capacitor having parailel plates 4 by 7.5 ft and a "tapered-
feed" input funnel, as showa in Fig. 1u was fabricated, with parallel
plates 1 ft apart and inptt via coax from a General Radio bridge
(Model 160¢-A or 1601). This capacitor can be used to "sandwich"
(standing on its edge) a volume of living foliage trimmed in a hedge
shape. Bridge measurements of this foliage dielectric, taken together

with measurements of air dielectric under similar conditions of gecmetry

Sp—

and relative humidity provide tre electricel properties of the foliage

T ———

as developed in Sec, °-C. Cut foliage packed between the capacitor
plates has been measured in the same way. In efther case, the result
1s a value for the effective compler dielectric constant o the

foliage/air mixture filling the capacitor.
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; FIG. '0 PARALLEL-PLATE CAPACITOR, SHOWING TARERED INPUT
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This capacitor is not easily handled: 1Its weight (up to 100 1b)
and tulk are impediments to field use. But since a capacitor hz- -
very broad frequency range (VLF to  1F), we have considered it as a
means for provid.ag continuity v:th other (narrow-range) fol.age

sensors.
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iV ELECTRICAL PROPERTIES OF FOLIAGE

A. GENERAL

Measurements havs be3n made at 30, 50, and 75 MHz with the brass

VHF 1line.
and below this range as the equipment will allow,

We plan to extend the frequency range ot the dai.a as far above

20 to 100 MHz for the VHF OWL, because it becomes ton lossy at higher

frequencies and cannot be easily tuned at lower frequencies,

%8 been used to cover the 1-to-25 MHz range.

Measurements have consisted of:

(1)

AN

(3)

Curves of a , - r i Y v 1 {
n Bn and €., Sepa ated into € and ¢ n L08® tangent

8 . conductivity ¢ .
n n

VHAF Transﬁission Line (3-inch spacing)

(a) Short-circuit resonance data at 3/4- and 5/4-wave.ength
positions, to provide Ah(sr) arnd impedance, and hence
o if Z° is known.

{b) Impedance mewsurements at a positiomn-sbout 0,06 .
to 0.19 A beyond the rcsonant lergch, where t.e open-
circuit and short-circuit impedances are well balanced
(that ig, the sensing volume of the line is similay
for both terminations). These messurements of 2
and Z provide date for the computation ... Z agﬁ
for an independent determination of o and B.

HF Transmission Line (40-inch spacing)

Keasurements similar to those described in (1lb) abuve have
been made. Since the line is not turable, its resonaant
iength is estimated by probing the standing-wave pattem,
snd tho test frequency is adjusted slightly to give ar opti-
mum number of partial wovelengths on the line,

lLarge Parallel-Plate Capacitor

Several measurements have beenr made cn loosely-packed cut
foiiage (a m‘xture of avocado, pine end appie). The boughs
had been cut for about iwe weeks when tested., Later a teast
was made on living maple, using a larger capacitor built in
the Hoh Forest, Olympic National Park, washingion,
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frequency when enough data have been taken over a bend of frequencies at
the same uite." The meaning of the various paraneters is developed in
Sec. 11 and VI, Vertical bars are used to indicate spread in their
values, while a symbol is pleced at the mean pos: tion, The maximum and

ninimum limits are probably most significart aspects for these data,

As discussed in detail iu Sec. VI, the upper and lower limits for
loss-related parameters (un, Ty én) arc obtained from two distinct,
though aimilar, methods of analysis. The larger values result when
normalizetion to air data is made in full. The lower values are some-
what "2orceﬁ" in an effort to minimlze the effect of axial inhomogeneity
of the aample medium about the OWL. This is done by neglecting the
argument of Zo (for the GWL in the sample) ths sevond time 1t appears
in the ncrmalization sequence. This dual snalysis was applied to all
data taken after August 1965. The limits shown for earlier data repre-
sent only the spread in series of measurements for which no normaliza-
tion was made. It shculd be noted that normalization of these early
results, if it were possible, would increuse xthelr magnitudes by about
¢ factor of two.

The values obtained from measurements in foliage are to be compared
with their ccunterparts obtained from control measurements irn air, A
normalization procedure for relating sample measurements to air measure-

ments is presented in Sec. VI. So far, conditions under control heve

been line length (1n vevelengths), frequency, dielectric spacer positions,

and height above earth. We have also stiempted to "control' wir humidity
and temperature by suitable scheduling of measurements, but preliminary
results indicate iL.at these laust variables have little nffe:t on

measvrements,

* The subscript n ia ussd to indicate values that have been normalized
to air data. ‘
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B. MEASUREMENTS OF ELECTRICAL PROPERTIES OF FOLIACE IN CALIFORNIA

1. Living Foliage
Values of @ and er have been obtained for two living fuliage

samples ard two cut samples in California. Table I shows valuez ob-
tained by using the VHF transmission line, for effective attenuation
rate @, cocaductivity 0, and relative dielectric constant ‘r' in denie
pcison oak with vines and in relatively less dense fern-like vegets.-
tion, Centrol values obtained at the same time are also shown, The
date were obtained in June and July, 1965. The Fiberglas case was not

used.,

Table 7T
&, 0 AND €. IN POISCK OAK AND FERNS AT 50 MHz

. o g
Living Vegetation (neper/meter) (mho/meter) sr
Poison oak and vines 40 ¥ 10-3 21 X 10-5 1.1

Control 3.5 x 107 1.8 x 107° 1.01 |
Fern" (19 - 28) «x 1073 (10 - 15) x 1070 1.1

Control 2 x 1070 1x 1077 101 |

* These were less -dense than the vegeiation containing the poison oak.

2. Time Va-iations of the Electrical Properties
of Fresh-Cuc Oak Foughs

Oak boughs cut at SRI on 21 July 1965 were used fox an experiment
with the VHF line opera