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IS ABSTRACT

The theoretical capabilities of two-conductor) open-wire transmission lines (OWLs)

2s probes to measure the macroscopic electrical properties of a forest are examined
under the premise that a forest can be represented as a lossy dielectric slab. A
laboratory experiment with a line inserted in a relatively homogeneous, isotropic

slab of Styrofoam was performed to verify certain approximations in the analysis ol
such a line when a void (hole) exists in the slab near the line. The effective sens-
ing radius for a 300-ohm line is shown to be about one and one-half line spacings.

The limitations of a transmission-line probe for inhomogeneous and anisotropic di-

electrics are discussed.

The forest also is considered as a synthetic dielectric composed of lossy scat Lerers.
The equivalent circuit of a short scatterer (length small relative to the RF wave-
length) as a load on the transmission line is shLwn to be a lossy capacitor. The
values of capacitance and resistance for isolated trees wore measured and observed to

depend on (among other things) tree height, diameter, conductivity, and distance from
the line. A forest was simulated in the laboratory with wooden bars and also with

metal rods positionod at random along a transmission line. The complex dielectric
constant of the sytthetic forest was deduced from the propagation constant of the
line as determined from impedance bridge readings. The results wore in reasonable

IDD NoRvs1473 (PAGE 1) Unclssif od
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13. Abstract (concluded)

agreement with values obtained from a computer program for a transmission
line loaded randomly with lossy shunt capacitors of a size and distribu-
tion similar to that of the simulated forest. The computer model was used
to investigate the effect of the number of scatterers per wavelength

along the line, and the electric susceptibility (e - 1) was seen to
increase linearly with the number of scatterers per wavelength. A brief
investigation cf the macroscopic electrical properties of a volume con-
taining living vegetation in South Carolina produced results in general
agreement with those already obtained in California, Washington, and
Thailand.

It is concluded that a forest can be considered to act as a lossv di-
electric slab whose electrical properties can be inferred from measure-
ments with OWL probes--eves: when significant scatterers (e.g., tree
trunks) are present; however, the results of such measurements (and
particularly in other cases where anisotropy may be significant) must
be interpreted with care. A future experiment is recommended where the
measured OWL equivalent circuits of single trees are used---along with
forest mensuration data (e.g., tree height, diameter and spacing distri-
butions, etc.)--in the random scatterer computer program to estimate the
effective electrical pr'operties of an equivalent forest slab. If the
results of these suggested experiments are positive, then a significant

step will have been taken toward relating the type of forest descriptions
currently being made by environmental scientists to the needs of researchers
in the field of radio propagation and communications.
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ABSTRACT

The theoretical capabilities of two-conductor, open-wire trans-

"mission lines (OWLs) as probes to measure the macroscopic electrical

!•!;properties of a forest are examined under the promise that a forest can

be represented as a lossy dielectric slab. A labo',-.atory experiment with

a line inserted in a relatively homogeneous, isotropic slab of Styrofoam

was performed to verify certain approximations in the analysis of such

a line when a vold (hole) exists in the slab near the line. The affec-

tive sensing radius for a 300-ohm line is shown to be about one and one-

"half line spacings. The limitations of a transmission-line probe for

inhomogeneous and anisotropic dielectrics are discussed.

The forest also is considered as a synthetic dielectric cOMpo3ed

of lossy scatterers. The equivalent circuit of a short scatterer (length

small relative to the RF wavelength) as a load on the transmission line

is shown to be a lossy capacitor. The values of capacitance and resis-

tance for iso'ated trees were measured and observed to depend on (among

other things) tree height, diameter, conductivity, and distance from the

line. A forezt was simulated in the laboratory with wooden bars and alSo

with metal rods positioned at random along a tranbmissicu line. The com-

plex dielectric constant of the synthetic forest was deduced from the

-, propagation constant of the line as determined from impfidanco bridge road-

ings. The results wore in reasonable agreement with values obtained from

a- computer program for a transmission line loaded randomly with lossy

shunt capacitors of a size and distributioa similar to that of the aimu-

lated forest. The computer model was usud to invoStigate the offect of

the number of scatteores per wavelength along the lino, and the electric

susceptibility (C - 1) ow soon to Incroame linearly with the number of
r
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scatterers per wavelength. A brief investigation oi the macroscopic

electrical properties of a volume containing livizg vegetation in South

Carolina produced results in general agreement wih those already obtained

in Californi.a., Washington, and Thailand.

It is concluded that a forest can be considered to act as a lossy

dielectric slab whose electrical properties can be inferred from measure-

ments with OWL probes--even when significant scatterers (eg., tree trunks)

are present; however, the results of such measurements (and particularly

in other cases where anisotropy may be significant) must be interpreted

with care. A future experiment is recommended where the measured OWL

equivalent circuits of single trees are used--along with forest mensura-

tion data (e.g., tree height, diameter and spacing distributions, etc.)--

in the random scatterer computer program to estimate the effective elec-

trical properties of an equivalent forest slab. If the results of thLJ

suggested experiments are positive, then a significant step will have

been taken toward relating the type of forest descriptions currently being

made by environmental scientists to the needs of researchers in the field

of radio propagation and communications,

IV
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I INTRODUCTION

In the study of the propagation of radio waves through a forest,

a model haobeen suggested and demonstrated as feasible in which the

forest is presented by one or more layers of dielectric above e flat

earth.3'a* •The purpose of the investigation at the University of South

Carolina (the results of which are reported hee)r\as to develop the I
theory pertaining to the use of open-wire transmission-line (OWL) probes

for measuring and calculating the equivalent dielectric constant and

loss tangent (or conductivity) of the forest region0 for use in this

propagation model. Preliminary results fzom this study were reported

in Ref. 7.

Mary different techniques for the measurement of the dielectric

constant and the loss tangent of a continuous med ¶um have been developed.

These techniques generally fall into two categories; those which use

transmission through a souple and those which use the reflection from

the .ample. The open-wire transmission-liao method d4icussed in this

report belongs to the first category; it has baeo used to moeiuro the

i oftictive wmcroscopie electrieml properties of forest rfgtWos in the

*United States'#9'ý0 and iW mhalarao. L1-0004 Howaver, whea the upeu-

wire line :a usu for thih purpose, several questions orieo which must

bo unuvnrod beforv the validity of the tw'esuring tachotquo coo be ostob-

lishwd. (Oce such qunutian econen how "it, a group of roudoewl spmcoi,

discret• eatteravo coon be reprnentod ti the nodC by a sivga pa.nmer

(thte eoapiox dielectric constain) ouO Ahethr or tot thits por"oster has

th" *u~t!.0 Wiueiflfic" for oswtv ti ti it dwoe 141 a l
I+

wove~~~~~~~~~@r~t Qus'flwve-feiausno ue rord to Uth

twsuoswotnat o this pnsa~ter with ao tnauaittks too l, Ortk ottr
* ~ ~ uiwstiaot *rt.4. Yor mnpstw don ml teuppor Itfretnzt"t tor ltt

fine s4-ict tk4 tecencv of Thd 40sfu~ gd *tot to lthV ,vlwtitv
oflac4t *1 scoAgnhw at dittevnat dialects irots *Ve 1144p

* Oftrfltrte"e nfl listwat thd edd of to repart.

4tt
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One support structure considered for use on this project consisted

of a two-wire line covered with a fiberglass cylinder. 9  This type of

line could be inserted conveniently into dense vegetation while still

maintaining the tolerance on conductor spacing. Unfortunately, since

the protective fiberglass cylinder excluded vegetation from the immediate

vicinity of the lineY tho following questions arose: How must the com-

putational formulas be modified to take into account the absence of the

forest mdium in the imedt.q vicinity of the line? How is the accuracy

of the measurement affected? ,ihase questions have been considered and

are answered in some detail In this report.

The effect of scatterers near a two-wire transmission line was in-

vostigated experimentally in the laboratory and in the field. Dry and

wet wooden bars and aluminum. raos wore used tidividually and in groups

to simulate in the laboratory the effects of tree trunks 4od/or branches.

The measurements on individual scatterers yielded equivalent circuits of

tho #satterers (as seen ty the tnausmtsslon line) as luziM-constant

lo~do ,! the location of the scatterer along the line. These equivalent

circuits titn were used to compute the effects of * rsudta distr,4ution

of •u,,, scatt•o ros and to inter the QffectiVe macroscopic elteftricol

t t

properties of a volun coatoiutn4 these scette v . leasurcmntw wore,

c~ad op raudoat distributiaon of Woues scettorvru for campo'isun twith ttsN

computed vole.,. udegunaout o0 freshily cut "rettit (troa brooches)

cod I ivItu vogcotioattoro wat ndo to chi hok ike resobluctoss of tus

"This repot itw o4asiatod *a- thot tkwd 40volonat-itat of t of tho

Vari1tas tor*4ulw oud OQUotf unt used fav petootud So tihv tappoudtees,

Somatefti oftI§QO rottier wtoudrdo ood *tore N wurcd d for thm~v cnec

of tNo rvnder, Others werv oot fe0Aae I thO low 10ratunf at l00Atos Mnth

tog*~ ha Whilth thoy afte uw" hoft, U1o 90t, t! ftcv 1M*-ry Of etutbn

the dlflttrkc tofirtoot OWd 1044 1404gest fretrqp*.snIt4*du

"sets, to ftvIe1WedOn 006 014rmeTIft ftr Ok'tt*aiWOu OtV VýtgpiaoeC
5eCtio4$ !I! IV CofteryVd Vthttl d Ib Vpfe-deusif distrltir oIOwv

artuwtd a no-wire ta en& gd thO qWtht~vs iuwft of 1 osalihsat



different positions as consequence of the distribution. The uafect

of the fiberglass support structure is considered in this context. In

Sec. IV we consider the power densities in two orthogonal polarizations

and the limitattons of the measuring line for resolving anisotropic

properties of the medium as a resu?•t of these distributions. Section V

presents measured data which show that individual ucatterers of the type

we are considering can be represented as lossy capacitors on the trans-

mission line. In Sec. V we also consider the representation of the

macroscopic effect of distributions of these scatterers (including small

trees) by a single parameter. the complex dielectric constant. Section

VI presents the conclusions from this study and the recommendation of an

experiment to test the hypothesis: that one can determine the OWL

equivalent circuit of a single tree as a function of tree type and
goometry (tree diameter, height, branch configuration, distance from

liva, etc.) by measurement; and, knowing the statistics of a given

foiest (true type, height and spacing distributious, etc.), one caO

mcotputo the effective mucrscopic electrip constants for that forest

considored as v lossy dielectric slob.

i
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II THEORY OF THE USE OF TRANSMISSION LINES FOR MEASUR•NiG tI
MACROSCOPIC ELECTRICAL PROPERTIES OF

HOMOGENEOUS, ISOTROPIC DIELECTRICS

A. General Comments

The macroscopic electrical properties ot homofa.'- "s, kitro;rc

dielectrics cao be adequately described for otW- parposes by two

parameters, the complex relative dielectric constent, er and the com-

plox relative permeability, jr' The two paraveters can be computed

from the characteristic impedance, Zc2 and the propagation constant, Y,

of a transmission line in which the space between the conductors is

filled with the material in question. We will write:

r. I

r r r r

jat I eII
LLC C * XV

For on ognn twocwwlr§ IWOuW 0u 01adilctrie"

*it ho9 iout Woot CgtoItjat 0notttsttp I to nt ,iý4;tI~sibdv@Pt7It

asepin* t-@rlsu14 takitd robl et~d wt44ttary odri*. luM ftttitty wfljt
which eo~z$ox ntiAWuts, #n4 IuecftbiO~ tWo be hebcfld b)' gtidetg edo~pI1dIs
0640 J04 Vortr~ii Iv) ooabfl Iwoa to.01sm ICr-t 4i the 04wlIttp- *§tgr cr1,

v"a let for cndoutltfol pqarpoaf the aft 'ha two Cep"oeat 04ustot i

ftca~azpaeUi



whore a is the radius of the conductors and b is half the distance 'o-

twoon the conductors. For the same transmission lnio in air, Z becoms

IC

and y becomes

JkO J• 0 •

Thorofore,
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From the foregoing we see that the dielectric ca~stunt can be

easily computel from the measured characteristic impedanco and propaga-

tion constant of a two-vire line which has ben inserted into the

material under considetation. There are many met'ods for dotormining

theie parameters, but since impedance bridgcs 3we much more convenient

to usA in the frequency rongo of interest thon are slotted lines, we

will restrict our attention to britdgo othcna. Two coamnly used

mothods are considered in the following sction.

B. Tho Short-Circuit Tfinstion--on.e Yruit Tormination Method

It we denote the input impodsavo of a section of trasmaission line

to ernalted In a short circuit by Z and that of the sow section ter-

tSC

yztastod W *an open circmuirg by Z~ theu w get' write

I,.

cudc

~:coth~ jý

t04V Is uh@ ot 4 th e Of OWrWIb*0 I A w et thase two~ ""Iqt 16016

4* obtoin
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ITwo other forms of tho formul1a for compu~tut y, oliher of which

way ho more conveniont to uso, are:

1 tnnirh- 1

artS

I -z.~

L % 0
2 1LZ

in usic-a flaasc0thod o"a usually ftuds that a line approzimotoly
an eighth of a waeeit ogyields godresults since for this lotugtb

the magoltfado of both the hyporboltc twugcct andS hyperbolic cotaz-AsirsA.

are cpproz lately unity antS herti the cagattudes of ZC" cud Zz Oro o2
the oiter of [IZJ a rxvtol whilch tt acurc of Mt r4,sI hj

C. Vrtnbe-L~gth--4'x~d4t-iit2ton ikthod cit $ticourtig the

Chcr~ctrtMtc e~E4dvtea 4-M Provkc tor, Conqtnnt of 4

ueCoosiuts at fbtzr tva *, )f the it4J m %9Pomce for

ttooWy, "~Y tottiuotitO 4it avsy tiva '1zjttu VII sufflic box. of tavrse

%*10 *cu4tttt' will tw Wofldeo~w 00 t&a4 choic .4r boot Isvlbtm"2

tugrtiP-timn Winte tb%0 to#*0ltito tet-t.- thO CIdn terowiast op, eff~t

twt 40"t 41.~ec ath1 bfltitgofl*0014 'ewile V*II 143'Llb~trtto tue

Mlt&m whit 40 9a-ttui ri* inata two istP~ts -tich erit ii

ratio -.1t I to 2. ULSit 1. toawvodýOiti 04~nto sad he u cVC7

Sbofwid br. g600& *46e me aSwrltor l~ingc iS ubOwt treste ib fV
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Then$

Z(L =C Coth V4

Z(2L) = coth (2j).

Jslng the idouttity

Coth 2x :5 (coth X *to"i X)

we obt;ý 1n

Z(21) I EM ZC
z C z

which toudba to

S(Cý) ý.-Z-
zc4

t(T

4.o --
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.'1I .•NiWWGENEITY LIMITATIONS OF TRA4SMISSION-LINE METHQODh

A. Relative Pnwer Density around a Two-Wire Transmission Line

Itn the preceding sectioi we assumed that the transmission-line f
probe would be inserted into a homogeneous, isotropic dielectric. We

desire to use this probe, however, to measure the average value of the

dielectric constant in an inhomogeneous materil. One might ask, then,

over how large a volume are we averaging when we make one measurement.

or what is the effective volume of the sample measured by the transwissior-

line probe? To azswer these questions we must consider how the power

carried in the transmission-line wave is distributed obout the line.

A contour plot of the relative power density around the transmiss,.on

line in a plane normal to the line is shown in Fig. 1 (see Appendices A

and B for derivation). The point midway batween the conductors was

.- chosen as a reference (0 dB). The c, ordinateL are normalized so that

the bipolar centers are at the poi; .s x -1) y r 0. With these nor-

malizations the contours are independent of tho characteristic impedance

of the line. For a line with o pprticular characteristic impedance we

can drau circss %ith the appropripte centers and radii to Uiow-were

the conductors %ould be. Thbese circlos will enclose the bipolar centers.

All contours or parts of contours which fall within these circles should

be disregarded. We see, thon, that the effect of incroasing the charac-

teris~ic impedance for a line with fixed spacing is to add high power-

* density contours in the rogioa very noar the conductore and titus to in-
cr.•so the fraction of the power in this region, Thq high power-density

contours for a line with high charnctorsttic impudance are very nearly

circles concentric with the conductor surfoeos. For a line of any

chara'ttrlitic impe-dano the low power-donbity contours, -15 dB or least

are also almst circular; the" lattor are concentric 0At.ut theo mid-point

between the coniductors. Tis tioear circularity loads to the concept of

"rt•atus of offt,.:t" or "souiwian radius" discussed below.
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FIG. 1 RELATIVE POWER DENSITY AROUND AN OPEN-WIRE TRANSMISSION LINE

Figure 2 shows the fraction of the power flowing through a circle

centered midwoy botwoon +1'6'!v two conductors of a 300-ohm line versus the

rodius of tho- circlo, r, normalized by halt the distanoe batweon the

conductor centers, b, Figure 3 is a similar plot with the characteristic

impedaneo of the line as a p-rsmeoter, oexcpt that the radium Is normalized

1)y half the distance between the centers of tao bipolar coordinato system.

in oll cases the circle contoaning half the powor passes through the bi-

,iolar centors of the corn44etorw (in most practical cases the bipolar

citiors lie sliltbtly Anside but near the physical eenters of the con-

dueters). FLr hJrh values of the charaeterstic impodo•:-o this function

S'hangos rpidly when the radius is approximatoly half the conductor

spacing. 1•'• rapid change with distance is a1 consequene of the Itigh
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0. 2

RADIUS OF CIRCLEt n/Co.so

FIG. 3 RELATIVE POWER DISTRIBUTION IN THE VICINITY OF TWO-WIRE TRANSMISSION LINES
OF VARIOUS CHARACTERISTIC IMPEDANCES AS A FUNCTION Of DISTANCE FROM A LINE
MIDWAY BETWEEN lAE CONOIJCTO1MS

power density In tho region noor the eonouc~tore. For o 30%-w4% line 9:%
percout of the power posseds 0tMvugh a circla whose radius is k¶-1/2 timecs
the conductor spacing~. For a lOO0wohm- li te 95 tor-vow -i the power

pasusw through a cirvcl '4toso radius is ttve-viz*ths of the conductor
spwcihg. The powar (Wnsity oujtsida the 95'teorcunt circle its so Iti that
o scter-torr outside this circle would have nogligible effect ots the
nousurwobuts. Therefore, onoit ight say that the n~divo of this circle

is tho "*rod iu of QU@ev&' or "wr-0i-- rwdiuC" of theraatswiA
prob§. for a 3O-ehau% litw1 stwo the p§*or-dwvnuiy coutours are olso
uoarly circular at the fl-porcent circle(as'.n th-Ough -3 OAt rij.
I)$ thfe Idea ot a radius of etfeet isteugli Per 4 low3-ohm Iluu,
however1 the radius of the 95-percenit cir'clo is not 8te-tt @bO*4 h for T4he

power-density conwaurs 'to approsda~to circles. thie power desilty varies
ever a 94do range dn this circle (pan0ule through x .1IS ou fig. I#,- do



a 100)-ohm line, and the concept of radius of effect is not particularly

Meaningful.

Figure 4 shows the fraction of the power flowing thrtugh twr rirclos

of equil radius centered at thei conductor centers venus the radius of

the circles. To si•plify the -oaputations, circles comtcred at the bi-

polar centers were used (see Table 1), but for the range cf values of

cbsracteristic impedance shown, the approximation to circles centered

at the conductor centers Is excellent. For a characteristic ismpedance

of 300 ohms 50 percent of the power flows throub the two circles whose
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Tiblo I

POWER IN CIRaCLS 1 RAOF IUL NO ,. CENTERE)D AT BIPOLAR CETERS 01'

TWOtILOt TRANSMISSIONJ L1ItE

25 300 ;350 400 450 500 750 1000

0.05 0.000 0.00W0 0.0000 0,0O0 0,0165 0.1149 0.4099 0.5574

0.10 0.0000 0.000 0.000 0.1020 0.2017 0.2816 0.5210 0.6408

0,16 0.000 O.00OO 0.1134 0.2242 0,3104 0.3794 0.5862 0.6897

0,20 0.0000 0.088 0.2130 0.3113 0.3879 0.4491 0.6327 0.7245

0.25 0.0000 0.1724 0.2906 0.3793 0.4483 0.5034 0.6690 0.7517

t 0,30 0.0963 0.2469 0,3545 0.4352 0.4419 0.5481 0.6988 0.7741

0.35 0.1725 0.3104 0.4090 0.4828 0.5403 0.5863 0.7242 0.7931

0.40 0,2392 0.3660 0.4566 0.5245 0.5773 0.6196 0.7464 0.8098

0.45 0,2987 0.4156 '04991 0,5617 0.6104 0.6493 0.7662 0.8247

0.50 0.3525 0.4604 0.5375 0.5953 0.6403 0.6163 0.7842 0,8381

0.55 0.4019 0.5016 0.52I 0.6262 0.6677 0.7010 0.:006 0.8505

0.60 0.4477 0.5397 0.6055 0.0548 0.6932 0.71238 0.8159 0.8019

0.6o 0.4905 0.5785 0.6361 0."16 0.7110 0.7453 o.8,02 o0.8?26

0,70 061 0, 091066W0 0.7068 0 .4S94 :0.7655 0,ý8437 0.8827

0:7*) j0.59-4 046411 0.6924 0 .7308 0.7606 0,78,4 0.650-5 0.6923

o~w 0.60,6 7 .17 0.7118 0.7638 0Sý1;12 0.603 0,868? * 0.9015

O.85 0.4414 0.7012 0.7439 0,7Th9 0,800 0.82,4 0.6805 0.9104

0.90 61'S? 0.7397 13, M3 0 .7073 Q.Ulsu 0.33 0.6919 0.9169:W ~0.1W 0 7515 j0.7021 0 ,8181 0.6383 0,"46 049030 0,8312

Nt41QS i6 0'.216 of t"e tin# sotWifZ6 atd U6 firtdnt ot tho pwowr fiowss

%h -1 tirle MWoe triut ie uwc~w ot tiho kitw wip~tnN4

For ui W.10O-gt lIWO the, SO-tettt rid&"u Ito 0.1 of the line swupocn

ifwuw h 64-pertoot ndilue No US-7 of 11w twSo Wpeiug.
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S. iWo-Wire Line above a Lousy Hlfaf-Spaco

When we measure the dielectric constant of the forest regbin there

are two obvious inhomaoancitios, the offects of whi&ý we do vot want to

ncludo in our average. Those oars the regions above and bolow ths

forest--the air aod the ground. the interf ace at the fonct top would

usually be for from the measuring line, but oven if it were oly a dis-

tance of one line spacing away, one would expect it to have negligible

effect since the relative dielectric constant of the forest is poar that

of air. The interface at tho ground, however, could he expected to have

considerable effect aince the dielectric coustant and loss taneiPnt of

the ground are large. For this reason measurements were msde Ir. the

laboratory to determine how for above a lossy half-spec. the line must

be for the effect of the Xossy region to be negligible. irst, a 300-

ohm line (3-3/4-inch spacing) was erected above a wooden table top in a
plane parallel to the table, aPn tho open-carcuitf/short-ctrcuit method

%v" used to detersine the propagation constant ud the :haracteristlc

impodance as a fuuctio of height, of the line above t"'_ table. Thu
tonyu wero then repoeate over an *lutaitua plate 8 ft by 3 ft. The re-

slgof those testu ate Wtcown in Figjs. 5 GP 00d T. Nottve that the

Sharcetoris~tis of tho li *ar raeotively indep•evnd•t of hoight for

ho Lgbta crevator thao about one ine spac iog (io.e r/ýb W) Le~io ng

V.E41 OOO4 o
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FIG. 6 PROPAGATION CONSTANT w. HUOCNT ABOVE ALUMIUM PLATE
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C. Effect of Air Spice around Live Inserted in Otherwwa

Homogereous,__Isotropicq Dielectric,

Sevoral practicol considerstions load us to consider the os~foct of

excluding the dielectric of interest from the Immediste vicinity of the

fie tor . lcn h line In proximity toja twoeffodiumngion-aSeo

up fr masuemets.Ouc method sgetdfrprotecting the 1.edrv

fluld use was to eaoIt to a tbtn-wfllod dielectric tuba of o per-

wittvit~rl histochniquc has the disadvantage of excludiug vogotatiott

frcatteMg-tl rWioa near the, Liuo--prticulerly the region betwieen

the conductora.

...... .... ... .... .... ... ... ...

.... .... . ..... .. ....
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enough to enclose the conductors (r/b > 1) the curves becomo quite close

together, lndicsuting that a smell error tn measuring the phase velocity

or prop-agtlou constant would rerult in a mcnzc larger error In the

electric suacaptibihity (X ame -~ 1) . Wo therefore reeomneu that the

3-space botvr~n toad around the condactors be as unifox'cly filledW with a

reprosentastive sasple of 'the medium as is practical. But if one msutI
correct for a void region parallel to the axsi of the line,, the spprr'.
priatia forw4la Lis (s"e Appendx 8);

athe coaýLo" relative dildectric canstoatI: r
o nwrlitmO propaation constbat

P fraction ot pov~or flowing to the void. tegl-oo4

As a chock. op the oft",' of 3n air spcac In the ceut#or ru~1on of
* tv*-*iro tILA*$ thi' pb'Ww velocity and prOpc,.t ioa eoa"etsut wtsr' do-

turetlaod from mEasured Lpedwtce d's. on a one-4tghth "v&olougUh sticto

of I tti areo*4 vKt nolssvth*avaua ;0 4 Woo~ tenourd Artn' r

ý..Atty wow cut I'D the as to". ( I"0 yl' 1 ud W'** 4*ratud aftor eacb
oaiJ aett lasvnt o at tcwoivirw Ittr howevor, a sineWo bess

duttcw of 6/5-tn Ut*~ t- 4 Ovour 140 @iubktt Us4,o 0l444 to tetI1i1

ýto tho44 I!az espIv*viretu with um tnM4~wW bIZaig§ t(ecau) U-410,

ork W"). AO e1*ltjns Pluto I1412 ft by we-1 bolted to uw Lngc

*4werw 4A 4iu cOt t&'oed to We

qutnettr 04' Vie, W to we4tid 64-w Apm~tdi 0~.
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IV ANISOTROPY LIMITATIONS'

A. Relative Power Density for,`i.vo Orthogonal Polarizations

In the preceding section we considered a transmission-line probe as

a measuring instrument for determining t~he electrical properties of in-

homogeneous but isotropic dielectricsRnd pointed out some of its limita-

tions. In that discussinn we disregarded anisotropiQ effects. We will

Uý, now consider a transmiss~ior-line probe as an instrvrnent for measuring

A anisotropic dielectric properties and show that it. is not satisfactory

- ~ for this purpose.

One would vxpect to be able to resolve anisotropic cffects if the

ýfield about the' probe were predominantly linearly polarized and most of,

the power 'was contributed by the component which pointed in a. particular

d'.rection. The field about a two-wire linae is linearly polorized* every-

where but varies in, direction from point -ta point. The power densities

in two orthogonal polarizptions and the fraction of the total pov'..ir

carried in .Pach of them as a function of position &,,ronznd the line is not

imniedi.rely obvijuas, It is ohAnious from the symmetry of the field, how-

ever, that 1i! there is a polarization which carries more-of the power

than any other, then it must be either that in the plane of the conductors

or that perpendicular to this plane, since thie two orthogonal polariza-

tions at 450 to the plane of the conductors carry equal powe.,. With this

--{fact in mind we computed the power dens.itis and Uiie fraction of the power

carrled by the two orthogonul polar izations, one in the planv of the con-

T diucters and the other perpeudiculqr to it '.see Appendix D).

Figure~ 12 is a plot of contours of constant power density in the x-I and in the y-polarizatioPP3 where the- con&luctors are on the x axis. only
thp first quadract he% been plotted. -TbM contours in other quadrants can

~b ho ~btuined by tioting that the cur-vos are symmetric with respect to the

-X.&nd y axos.-fThin figure shows that in the-region botwo-on the two con-

--dotors Oiid in the viaoxntty of -the two axes, moreo of the power Is con-

tributed by-the ,t-polar..zod electric fiold; and away from -those regions

D&oro ý-! the powor is coatrib~ited by- the y-po,7srizod olcctriý; field.
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FIG. 12 RELATIVE POWER DENSITY iN X- AND Y.POLARIZATION AROUND AN

OPEN-WIRE TRANSMISSION LINE

B. Integrat~d Relative Power Density for Two Orthogonal Polarizations

The relative power-density expressions for the x (In the plane of

"•the line) and the y(normal to the plane of the line) components, as de-

picted in Fig. 12P have been integrated to determine the relative power

carrned i each of these poloriz.tions In addition, for each polarize-

tiou the power inside and outside a circle centered midway between the

conductors and pasing through the centors of the bipolar coordinate

system was computed. Table III summarizea the results of the integro-

tion'for lines of characteristic Impedance between 100 and 1000 ohms.

It is seen again that hulf the power to carried within the circle r/c = 1,

and thaft more of the power within that circle is stoir In a polarization

parallel to the plano contaiuing the centers of the conductors.
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Table III

POWER DISTRIBUTION AROUND TVO-WIRE TRANSMISSIONi LiNES

FOR ORTHOGONAL POLARIZ I1ONS--IN PERCENT

- Inside I Outside

Circle of Circle of
c rc I r/c 1 Total

(ohms) Px Py Px y P,

100 47.32 2.68 27.01 22.99 74.33 25-67

150 44.91 5.09 23.45 26.55 68.36 31.64

200 42.52 7.48 21.94 28.06 64.46 35.54

250 40.39 9.61 21.42 28.58 81.81 38.19I

300 38.58 11.42 21.35 28.85 59.93 40.07

* 500 33.84 16-.16 22.10 27.84 56.00 44.00

750 31.00 19.00 23.00 27.'00 54.00 46.00

1000 29.5 20.50 23.50 26.50 53.00 47.00

The data of Tabl1_ III indicate that-more of the power about a line

is flowing in a polarization parallel to tho plane containing the con-

*ductors, but that the distribution becomes uvre even for fixed conductor

size as the line spaci.ng is increased (i.e.) as the characteristic im-

--pedance is increased). Figure 13 shows the rati.o of thto power in the

'two ofthogoul3 polarizations to the toteo. power as a function of charac-

teristic impedance..

C. Conclusion

It should be clear from the foregoing diacusuion that lines of

large chborecteristic imipadance cannot be-used to resolve the degree of

anisotro!" of an auiuotropic dielectric by simply, rotating the configura-

tivin 90 degrees.. Indead, it As apporont that it balanced, two-wire trans-

mission line constructed of ioyltzindicol conductors Is not a sat ietactory

instrument for detorteining themacroamopic saisotropic properties of

dirnlectrics,
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D. Recommendations

The forest is an anisotropic medium at VHF and below. A rough est,-

mate of the anisotropy of conductivity can be obtained from measurements

of the type described in Ref. 15. Further study is required, however, to

develop probea useful for ground-based measurement of the macroscopic,

anisotropic properties of the forest. Such probes possibly could be

composed of many wires or rods (e.g., multiple-wire transmission lines

designed for this purpose). Still another approach is to invert a

propagation model * and do curve fitting on path-loss data versus separa-

tion between transmitter and receiver (at relatively short ranges) and

versus antenna heights (at relatively long ranges) and determine what

electrical constants for the forest slab are required to give a good fit

when horizontal amd vertical electric dipoles (or equivalent) are employed.

I2t.

The propagation model(O) oeployed would have to allow for antisotropy,
and additional model work beyond that given in Rot•e 3-4 would be

uire4U.d to geeraote the appr*pretate .Model(s) to Ne invonted, An Initial
attempt at such %ode3 work was sP-d* by Dr, John $pence (ourroutWy at

the IhFvruity of ihodo Islad) wile be was'with tho Jr•ky 64d Utley

"I
- . / -: . •..-J-- t-~

• iv~isin of Atlantic Research Corp in 1"67. '7'"" is o " " ""

n a apeadx o "avion~ta afctsCMsho R"il-C~-Uncutto
Aeor of-hia td ru, dtdýyCl ,WWpnr ou
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V 'DSCRETE SCATTERERS NEAR A TRANSMISSION LINE

I A. Introductory Remarks

1v this report we have been considering a model for a forest region

suitable for explaining and predicting haw radio waves propagate through

t1e forest and across the boundaries at the ground and at the tree tops.

In our model the forest is considered to be a layor of lossy dielectric--

not necessotily homogeneous or isotropic--which can be characterized by

a complex relative dielectric constant. 6r' If tho medium is not i•i,-

tropic or will, of course, be a tensor. The present section is concerned

with trees as discrete scatterers in 2n attempt to justify our representa-

tion of a large number of discrete scatterers by a continuous medium. In

this investigation we have chosen tv consider the effect of these scat-

terera on a wave guided by a two-wire transmission line rather than the

effect on a plane wave. We have done this for two reasons: First, be-

cause the guided-wave case is a one-dimensional problem which lends it-

self to analysis by distributed-circuit methods and is also quite easy to

study experimentally. Second, because the investigation reported here ia

concerned with measuring the olec~ricol properties of the medium, and the

two-wire line shows promise as a measuriag Instrument for this purpase.

Since we have considered only the guided wave, the question e.viaes as to

whether or not the guided wave is similar enough to the plano wave that

the results of our study apply to the plase.-wave case; and tndeed, whether

or not-the equivalent dielectric coustant wesured by tr~nalasiseon-lnti

techniquea is the proper value to use for planowave propegation, To

KOKe "tout wo wvll have-to leave this question uasuward, but the study

dues Give : • sight into the usefulness mud validity of our udel.

-~W will consider, t-r, the traossisa ion-livo wave is atfected
.-by scatteret i the cinUaity of tholiut, Siue we ae iat*l sted in

/.t MaoCopic propr tiel Ot tho r•i•oi coatatini the dcttteroro, We

will aussw that the line. asacing !*,wide enoo~gI that a tvavohtw- bid06ple

ot scsttoraro to to thw 4"Lon ~ tIhaedi lin whet'e " fthel toi istron

N"-..n-l
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and that there is appreciable probability that a few scatterers (trees)

are included in the region between the aoi4acturs. The upper frequency

limit on the measurement ef our macroscopic psrameters is then determined

by the condition that tbq line spacing must be very small compared to the

wavelength. Under these conditions let us look at.the effect of a single

one of the scattgrers and find its equivalont tcircuit as a load on the

transmission line. Then let us look at pairs of scatterers to see if the

equivalent circuit is still valid or it we need to modify it to account

for mutual coupling effects. Finally, w-A will ct'nsidor random distribu-

tione of scatterears loading the line a*, infev the effective macroscopic

electrical properties of the volume ecotainiizg tho scatterers as & func-

tion of the average number of scsttox:rs per' wve.ingth along the line.

B. . essurement Equipment

Two different lines were use•d for thbs mesuremento reported in this

sectlon. One was a balanced two-vwie liMe (Fig. 14) with 5/8-in-dismeter

brass tubing for conductors. Tihe line spacing could be varied in fixel

increme•os to give oharboterintic impedances with air as 3 dielectric, as

Ws" noe, Su ,00

Mt 4SLI"CDV"1 k
~~~ 72$5O



given In Taole IV. This line was suspended 15 to 22 inches above a

wooden table top, the greatltst height for the widest line separation.

It was for enough above the tuble that the table top had negligible

effect on the measurements (see See. IZ-B). Since one side of theI impedance bridge was at ground potential, it was necessery to use a

bslenced-to-unbalanced tranufortaer (balun) for measurements with this

line. A one-half wavelength section of RG-8/U coaxial transmission line

* I (see Pig. 14) was used for this purpose. The impidence-tronsformation

ratio through this balun transformer wee 4 to 1.

C ATable IV

SPACINGS AND CARACTEZISTIC IMPEDANCE FOR IWO-WIRE LINE

Center-to-Center Spacing Characteristic Impedance, .R"
(in) (ohms)

i I 2.90 270

3.75 300

9,20 400

L12.00 440

The other measuring line wee the •nge-pleue lite corresponding to

one-helf of the two-wire Ine (this live wae also uscG for the foam

mesaurosentesuae Pig. 10). Etch of those lanes wee one-eighth. of a
wavelength loug at the measuneont frequoency of 17 M.a The aosuurr-

meflewere wade with a Generol Rado 1W60 impedace bridge, The aic'is1

gaierotor woe a Uewlutt-Psckard Model 60M ad the dotcor ftceivtr was

a awlott-fckard Model 417A.

The bridtg accurocy wee barely i otfficio t to m•esure the effect of

a single scatterer or a pair of acotterars, s&W thi #pvAd of the data

pot•ut ti priaritly duo to our inability to fke peis•e m"eaaunetti

0i iict, it w"t ne isary to add * spctal ulcwýtitoe sear mechenis

to the dials of tie bridge to obta•i Onoub resolution aid repeatability

ter that taLti. i piteo tWis 1 l6iitatwI 0A the accuray of a tigle4

33
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omeasuremant, enough measurements wore made so that the ausceptance is

sufficiently maccunato to show the various effects we are considering.

Unfortunately, the scatter in the conductance points is so gneat that
awme of the trends are nasked.

C. Equivalent Admittance of a Single Scatterer near an Open-Wire

Tranuamiusson Line

The equivalent ahunt admittances of selected scatterers placed in

various coafigurat ions about a t`ca"iaz&vsion 1lins were messured.* The

&cateerscosisedofwet W.~ dr ode a$ aluminum cylinders,
cut vegetation and finally, growing trees. A'A ef the scatterers
measured which were not trees or freshly cut parts of trees were

cylinders o r bars which to some extent could be used to simulate tree

truiks or branches.

1. Effect of Longitudinal Position of Scatterer

The shunt wdmittarce Eshould be Independent of the loxgitudi!itl

position of the scatterer on the line except when the scatterer is in

the fringing field near the open end of the liue However, the soaul-

tivity, and hence the ticcuracy, of the measurement is much better when

the scatterer to near a high voltage point. For our ouo-eighth wave-I
length line the only high voltage region is near the open end. To

overcome this dilemma, we measured the admittauces of several types of

iwattiorews with each of the scattoenr- at several longituinaul positionsI near stw open end tf the lv. vrom these valueso of admittance u emth
scatteror was progressivetly moved along the line, It was determinedd haw

ter fraos te wop end a icatterer veed be so that she -adittance would

bo relatively independent of the longi'tudwelt position, For coovcuieuco

In U ahgttreassuanmnte aod for seeaurcsns ou*iuvoiwijg several seat-

toi'ers, snnry' positiovs with sousi sp~aciP4 (*-3/6- 1*) we-re naikad off

"poition 20 rorrespooding to the tormicatln eOd.

two types -of dry wiwds ber* *or;* used for these iflatst aO-ridrd bets
obd ovon-driod tars. The woter (s0outure) cootent of the wet WOoden
bars to 9Mpliofl -to vneao (by nihs-,) relti to she ovi4rtod
beas 1Ue voter 'tontni of tUe sw-dried bars wans esstiated it about
9 PflVe~t VolaUstp to the cve-dflsd bars.
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The results of those measurements of dry muWden bars, wet

wooden burs, and alulisu cylinders are shown in Vable V. The 150-ohm

image-plano line was used, and the axis of th•. bar was at right anglas

to the image plane (Fig. 15). The values of sdmittonces shown are the

I •averages of several measurements with the some configuration. The point

at 13-1/8 inches appears to be in error and a little bit high for both

the No*. 2 set of dry wood bars andi the set of motel rods. The difterewo

between Sets 1 and 2 in all cases con be attributed to slight cbmiges in

the measuring setup between the two sets of measurements. Weverthel~os,

the aessuremeuts indicate that consistent results are obtained it the

scatterer is at leaat one line spacing from the open end. fcr the rest

ot the measurements invt!'ýflrg ce or two sea ?tars t l? acatterera were

kept at least #=o Line s~tnivg from the end.

2, £ffett of Distance of Scatterer from Line

The .150-ohn image-plane line was used for these toat,. The

24-1/2-in dry and wet woodwz bars (1-1/2 ivi squara) and l/4-1n-dlieter

oluminum rods were placed 4-3/8 in (position 19-see Fig. 15) from the

open an of the line, and the eoulivalent sahut •Jmittance of the scat-

tor•r wa s•aeourod s the ditaence from the center line of the scatterer

to the ctrater ue of the cov•uctor was varied. Iwo odontatious of
w-cattonvr- wore used , aettorro perpnditculer to the iag6e plane (as"N I

-. idcaWte i n Fig. 18) and actonrera parallel to theo iage pleat ("ea

Fig. 16). Ahe results of thset wnauro'tsn taore uauo• _iaz in oTblea

Vi MW Vii for the two cases w•tw the scatt•nra were perpmadicuiar

to the Is"* plane and paratloli to the iage p i~mne spoetively,

3. Xlfot f .r;ho&attrI

The wtnt oo the effoet of sceottoor Pmlitida *r1o4±n th# 1ine

(dowibad oshove tl ,w4s. V-C- *ad Vt-C•2) wore all wado with scattorors

24-1*/12 ino lon, It i tho puor•p of t1i6 sOot•io to isvsnigato the

S effect of thol .tith of a.cttorer fr tahrdcr #cottor,•rt #ad to detor-

mite it the •cuivalunt thuit advittice n•s keletivoiy L 4iisinitint to

Acatttnvr lngttb for t"e !teeth Usd i" the previous s4CtlCm~fi for
thano tisteSi th• 3•-•i tw-w i60 o ued a ti scatterert wel

I., -- - ,
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placed 4-3/8 "• from the open end of the line and 1-3/4 in away from

and orthogonal to one conductor of the line, Again 1-1/2-in-square dry

and wet worden bars and aluminum rods were used. Seven different scat-

terer lengths, from 4-3/8 in to 24-1/2 in, were measureo,. and the results

are summarized -n Table VII1. Figure 17, shows the equivalenat shunt

Table VIII

EQUIVALENT SHUNT ADMITTANCE OF SCATTERER NEAR A 300-OHM TWO-WIRE

TRANSMISSION LINE VERSUS LENGTH OF SCATTERER
-- tt... .... . Equivalent

SShunt Equivalent Shunt
Length of Admittance on Capacitance Loss.Type of dcatterer Two-Wire Line of Scatterer Tangent

,Scatterer (ik) (iwihos) (pF) at 17 MHz
-Dry Wooden Bars 4-3/8 0.35 + J4.67 0,043 0.07
I with Square 5-1/2 0.36 + J5.34 0.048 0,06
Cross Section 8-7/8 0.75 + J5.15 0.048 0.14

I (9 percent WC) 11-1/4 0.75 + J5.60 0.052 0.13
1-1/2" X 1-1•2" 13-1/4 1.28 + J5.82 0.OE4 0.21

22-1/2 1.28 + J6.00 0.056 0.21
S24-1/2 '..28 + J6.60 0.060 0.21

Wet Wooden Bars 4-3/8 0.20 + J4.98 0.046 0.04ii with Squa-e 5-1/2 0.20 + J5.76 0.053 0.03
Cross Section 8-7/8 0,20 + J6.52 0.011 n.03

A (24 percent WC) 11-1/4 0.19 + J8.06 0.075 0.02
1-1/2" X 1-1/2" 13-1/4 0.19 + 10.37 0.097 0.01

1 22-1i2 0.19 + 110,37 0.(%C7 0,01
i 9,4-1?/' 0.19 + 310.45 0.097 0,01
SIuminum Rods 43 0,10 + $4.20 0.039 0.02ll/4" diameter, 6-1/2 0.0 + 3J,67 0.062 0.01

8-1/8 0,10 + J8.61 0,080 0.01
11-1/4 0.10 J 38.64 0.081 0.01
13-1/4 0.10 J 38.97 0,084 0,01

S22"1/% naO + J10,06 0.094 0.009
S24 ILL -1/ 0.0 + J10,06 0094 0.009

caacitttueo of -tMo etattow-ers 49 a luncti ju of ucat~oro1' langth. Evi-

dently the le•gth of vim U atteaora used !or tho tests of the affect of

1On~tuiiual1 P0Q1tio WAG 4W*6dee.
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NF16. 17 MEASURED EQUIVALENT SHUNT CAPACITANCE AS A UCINOF

SCATTERER LENGTH

4, Lffect cf.Eectrical Properties ofthe Scat1terer
Thre tpesof cateres hve eenused thus far: dru wood

brwtwood b ar,3dauiu os oeindiicaition of toefc

of cuuivtcabeotiebyeaiigteresults alreadyob

taind, ut t soul bepointed iuththealuminium ra%;.. --,e o
different shape iriid-size thou the woo~eii bars. Consequently. we wl

use wooden bars of the as-me size and shopo (but with varying water con-
tent) to study further tho etioit of the-intriulsic complex diolectric
consaou. of the scatterer upjon thu txluivalrnit @bun# admittance of tho

sctt-rs obsei'vod with our 1540%ahm iaaga-p~suolin to 17 $111tM.

Pir these tests,, IlfS-n-".uikro bars 24-1/2 in 1oiiW were

placad 4-3/6 in fr~m the opSan and of the litka. Tho bars wV.4 porve..

dieu)e to tfio lIWO at positiou 19j, and datt WVMr obtatt"~ with th'i U.

at two diffaroat dioteacuo trim the ).Uao. lowdinI@1)y *atte tiWo brf4.0

WA~oaariet tht *oter cantent won dateomaiod Ir ioafzt relative to tho
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dry weights obtained by oven drying at 60C until the change of weight

SIrwith time was negligible. The results of these tests are summarized in

<: Table IX. An increase in equivalent shunt capacitance with increasing

water content is observed. The equivalent shunt copacitance-is plotted

Table IX

-.QUIVALEXT ADMITTANCE OF WOODEN BARS NEAR A 150-OHM IMAGE-PLANE

TRANSMISSION LINE VERSUS MOISTURE CONTENT Or- BARS

Measu"ed Equivalent
Water Distance & Equivalent Admittance Shunt

Content of Scatterer Admittance Equivalent Capacitance
of Bars, to & of of Scatterer of Scatterer on 300-ohm

WC Conductor on 150-ohm Line on 300-ohm Line Line
(percent) (in) .. (mhos) (mhos) (g)

0.0 1-3/4 0.89 + J8.36 0.45 + J4.18 0.039
L 0.94 + 30.78 0,47 J0.39 0.003

8.5 1-3/4 2,54 + Ji2.94 1.27 J j6.47 0,060
6 0.48 + J1.54. 0.24 + 30.77 0.007
1-3/4 0.62 + J15.76 0.31 + 37.88 0.07312 .7
6 0.66 + J1.08 0,33 + JO.54 0.005
1 -3/4 1.90 + J24.92 0.95 + J12.46 0.116

25.0
6 0.66 + J0.236 0.30 + JO,138 0.012

S1-3/4 1.92 ,j'2"O.S4 |0.96- + J14.92 0.9
44.2 6 0.44 + J3.70 _|0,22 + Jl.85 0.017 •

as a func~lon of water con.tent to Fig. 16 for both scattoror spacings

from the li1n conductor. The variutioo of efectivo shuot capocitaoce
with vwtoer content to very ltiuar Ior the 6-1u specng (•ith the oecop-

tiou of the voluo at 12.7 p~xvont woter conteout. wh1h sco low)$, and

a sioilar variation to apporeottafr the 1-'3/-ivs spseltW. A1~u, 'valuva

free- tht. othar toos fa volvigg vat bar* boaybo te plottc4d for tho 114V4-

10 spoems l**U lItuor hovo botm draom la to illustrato thavo trdaw.

Thvoa reoulIt arie ton #*root with tha•uo ebteliwd with trthly cut

WIMlW4 ia On alsito study (Woe -APPMIA of gotfi ), whorO the varlu-

-tiun 01. a fclvo rolativo diol"ctricz comtout e'~hibitod a litwoar voria-

tI4b wiU~th 1h#volht taudp by mt atoco, water ceaatont) or tuo willows~

as they dridd w~t.
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FIG. 18 E.QUIVALENT S14UNT CAPACITANCE OF WOODEN BARS AS A FUNCTION
OF WATER CONTENT

5. Equivalent- Shunt Admittance of a.Singlo Cut Pine Dloughi

The 440-ot two-wiro line vas used *a the laboratory to masuro

the wqutivaout shunt dmittauco of a single, frek-y out pine bough. The

pine bough was fasteued im sin upright position to tho %oodou tble used

for the teists discussed im 6We, IAL-%0 and dats were obtained for, three

diffoeret confoigurations; line i pline parallel to table top with

botugh mev Ao ito from neagrest caonductor, mu litw to piapo apoiub

to~ t&ulo top (t,ae., its pine- p~raIl@1 to bough i1cm) with bough sto* 12

ig trae ###root cceuctarý Tho bough ston wars alwayo 10 tofo tta
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Table X

EQUIVALENT SHUNT ADMITTANCE OF SINGLE PINE BOUGH

Equivalent -Equivalent
Height Shunt Shunt

Measurement of Bough Admittance Capacitance, C Loss
Configuration (in) (pmhos) (pF) Tangent

A
A27 0.23 + J6.32 0.059 0,03638 0.92 + J9.47 0.088 0.097

27 J.24 + J5.21 0.048 0.046
38 0.61 + J8.59 0.080 0.070

C 27 0,66 + J7.95 0.074 0.082

6. Equivalent Shunt Admittance of Living Oak Trees

Following the labor-.tory tests described In the precedlng sec-

tion, the 440-ohm two-conductor line was taken to the field to obtain

data on a living tree. Two small oak trees (see Fig. 20) about 15 and

25 ft high (breast-height diameters about 4 in and 5-1/2 in respectively)

which were conveniently located near the labor.tory were selected for

these tests, aild the line was set up in a manner similar to that do-

scribad for the tests on the cut pine boughs (see Fig, 21 for satup at
Sthe small-tree site), The results of "Ibeoe testis are summari" in

Table X1.

7. Su.ou' of R.sulto on Moasureoont2. 0%f101013 -t

Wo h.v.a obaervad th..t th. .quivalaot circu.t of u single 4cat-

tovgr which to "aort rolotiv to the o wve1ougit of t~w tutt 614twi is

al ay ~ losay pc* itor--a~v2ei o tandu42te. TUo vsi&O u iof h equivolout

cpaitlc'd~ dapoods opND the loue~b ith oOWsattaIrer its oetio

poeties (5ov Windatod by water contuat to th4 C6114 Of *WA"-~ Wct-

forgro I $o pdoitiwa rodiolly ftwo W~ Iioo, *ad its OrI00tI116

("Otietk the Itin io pt.1lill to Or' 1nrodicolak' to the piane o uenUoin

11w ~tetcV. trtvidod the w u bottwv to iS t boted I* thdta~rin igiog
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I
fields near the open end of the line, however, the equivalent shunt ad-

mittance is relatively Independent of its position longitudinally along

the line. This concludes our study of the effects of single sc&tterers.

Let us now turn our attention to the effects of more thou one scatterer.

D. Mutual Impedance and CouplingoEffects

In the one-dimensional model which we are using to find the equiva-

lent dielectric constant of a distribution of scatterers we expect to

neglect the mutual coupling between the scatterers and consider only

the coupling of the individual scatterers to the transmission line.

This coupling to the transmission line can be taken into account iu the

model by an equivalent shunt admittance for each scatterer. In the

preceding section we hove been considering this equivalent admittance

and finding how it changes with various parameters which affect it. We

now need to determine whether we are justified in neglecting mutual

Scoupling effects wlen more thou onn scatterer is present or If we need

to modify the equivalent circuits of the scatterers to account for

mutual coup1 log.

Measurements wore made with pairs of dry wooden bars, pairs of wet

wooden bars, and pairs of slumniiiwi rods to investigito mutual coupling

offects. Two aets of measuremonts were made, one with the two scattorors
in a plane porpowlicular to both the oinductors and the image piano, and

the other with the two acottorors in a plane porpeadcuiasr to thu Imago

plane but parallo, to the. coductors. In both casoe, the icetterers

were porpendicular to tho Imge plane (seo Fig. 15). Ilie results of

thasw moasorots aro •shn tI Tablus X11 and XIII, respectively. Ol1

the ousceptmave 13 given Vince thO accurwy with WhiOh it eon bo doetor-

min•d with our w4,4ufte-out w4ulpett is owh L-..ttor Iei thot with which

11w odcoe con to4 oooorW. bteroovor, the coetancu woosw

twollor thau tho uuo ptowd u ad may be ot~i~r. oagl~gibl for tb#

purposo a xoi tws toots a* *uttl couplitV,

Thu ogus•to of the tasl1 with both scotte•iro to a plane p•n.

dittulor to tho 1r" 5I~ooluo a It"o iv"t Tabtli US1. Olusn So

bhdad 940iv•i•dut shunt piace," to tho mieaure vaolue tfr
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each scatterer slons, and for the pair. The difference between the re-

suit for the pair and the sum of the individust ausceptsncn3 It shown in

Column 6. The differences are so small that tlzv Ito io the esperinentel

error range, except possibly tate result for the slmainus rod which showsj.~ " sall but measurable difference.

The results of the tests with the scatterers perpendicular :to the

line but in a plane parallel to ths line (sea Table XXII0 are, somewhat

more difficult to intor~ret. Here we cawot simply take the differeace,

of the measured results. for one Wn two scatreorrs to determine mnutual
coupling otfects because the oquivelut asuscoptanco of the isection of

the lize botweou thes scatterer.s (asseutially due to the capacitance per

unit long tJ for our relatively low-lass line) must be taken into sccokwt.
The measured equi'talent susco-ptaaces for the *JX1ViuSU. scattorars

(given in Column 5) ore te vsLWis appropriate for use as IU4ped-Constant

~ I ~f quivalents at the position of the scatterer dowx tho line. The measuread

equivalent suscoptencca tar tht pairs ot scatterers represent the luape&.

circuit cequivtleat of the lice~ plus sclbttewer *as soon at rho' Scattebre

cloaor to tho endn cSWU&d of Oth line looU-,W toWard tbe load o-0-4 Ot thQ
Il*etvwhicb was oui opu circuit for these tests). The value, of Oquive-

loot suscoptunco sotu at this point weo computed ter the c"-o of two

"acavovtrarj froo thtt wzeurc4 value* for tue ta v"Iduel scAzote'vvrs uo~rI ~thp #SV*aption#1 of Po Wtl~jtL COU'pfz ca 4d # PorWtnett ca04UCtttns sWW.
ThC~tIM4 dA ittorciuo Wtn*u0 this CQOplt~d Va140 40d Ohe 0*nr%*,-4

VOlu with bofth Seaittefr prouoot V-4 0 swawr at thd twtuo ivt fectt

Vt~nortu-atmAieV Itku lAAW #Useptenco io such tftfler Ibsat th#s s~tr

of soy snetivdo~l seattdrdr 404 Vd 646t MeY tipe t". jiffdrenc of too

locrle u4*aen tor our ustisatv ot. Thmtul effect,

for titi ofsoard hs il~t saes *pretc

rVpgiuadd thot avttwl eokvPliug Ito "41141bW § ritt This ten1 ,' I"4gc

uN~evedditfsi~~is areoQ~ ttis ft&~ of thacuracy Of "ur usnuVt- t
to"t Oro 10 6dJocaet peatitie 46 e&Pscted.4. but O tto efct 00"r



uw~liible whoa the bare arc "Pasrt" by ozly 0"e position Perhaps
the Uwrncra iu the magnituda of the uppercut mLutual COUyding Of the

wood tars over that of the ulualeuc rod* when the scarttenrsr are iu

adjacent positious may tba oxplaln4 to part by the larger sizo of the
bars which,, for a fixed spacitw (seo fig. 15), places the bars physically

cluser ti.ogether. The- separation of the wooden bars Iii adjmneat posit lons
(ftV24O at 17 M to oly atout tvice the width aisintgle bar, 'Whereas

the- sparatioo of Um, alttixLs r-ods to stdjsc'nt pctioos is sbout

sixtou tines 146 dtaseter oi a single rod.

The rosults of trnc,%s msss'trtmous -7'th pairs of scatterers appear

to justity the *nsuLpttoo that the ýouplit~ is utcligtblo io
a'st px-acticel case% (i oec'ip Scattoref irs . ~rc cloa"
together),, &w. that tho prulcpa)' oe the coupliua ct the iz-

dlnidu4l SCe~t@1oX? to tho rnoo~-

E, &ftany Seeterars RMtan Iy tivtributed cbontt a Lrn . irnle

Y Otir ob~octttv wv ak to 4toimin th* feasIbilityt at

C as * dtolectrWc ae64tu iaW of, eco.44-tr1 tkhe dtlowtri~c proganios

I ~~ of Onothis dtua by assof tnwv~iAtt rWotn. VQhmf Nc rt w 16y

tateffctof Ioiwttuel *cenuorer 4W hwtvo co"-,J~ he

esehcat toroet~ oi y 0,1th VW- pe 060 40 !&1404~o coapeed, U.. dio

W4TrVW0tf of the t~st *U0.I) 1#V*ti~tte44 eeukd Wo nte t 4 b

5&:* C~ic45~twith 4# as§4ci~tiol *hugt% Ot*.tp$#~ 4t#*6*
th t~n~isAluw 4,t ith pomition at thev tcotterer. Wt -4 n4*74 to

toI#gWr lkte V4e0t Ofw0l sttr*t0flni% dtrisut td 46b'aV it tb;

nvseWtt z r4-ev i V imh 'e~y -I~tfltt catew ~ if it wre. I V

wi th fott * ti~ifv 4'ediva Wkeotti4 of "lp k itttr109t W ccsiotv# 400t

tS4t tftvitt duniewletri ttotnl40 Of OWs eo"t by 60"t ig it



In carrying out this part of the investigatLon we approached

the problem in each of two ways. First, we plper1d scatterers raadomly

"about the transmission line, rciling dice to see whether or not a "tree"

should be at each poation of a two-diinensiornil grid. We then measured

the inpu'; impedance of the llvg with the termin-tion open circuited and

again with the termination short circaited, and (using the equations of

Sec. II) calculated the effective dielectric constant, permeability and

loss tarjent. This process was repeated five times (see Fig. 22 for the

actua! scatterer positions used) and the results were averaged, These

averaze values are 1.vr.:Qd measured values. Our second approach to the

SCAT. DISTRISUTION I DISTRIBUTION 2 019TRIBUTION 3 oISIRIBUTION 4 DISTRIBUTION 5
POS. (no"') __0#24) (n225) 08(n25) (n's21)

*- PLANE70 OF LINE
2.... .9-'- INPUT

22
9 VI

5 i-

I I o,2 4 -,--*f

LL ft.7- 1

LINE CONOUCYOR Y *,*t•NO. I I

FIG. 22 RANDOM DISTRIBUTIONS OF %,AT1EGRES USED F&, MEASIJEMENTS

.54



multiple-scatterer problem was based on previous taeasurementso but it

involved computation only. In the latter case, we constructed a dis-

tribution of sizes of lossy capacitors from the measured results for

single scatterers and used a random-number generator to decide what

size capacitor tj place at each of the uniformly spaced intervals along

a hypothetical transmission line. We then calculated the input impedance

of the hypothetical line when open and short circuited and kigain used

the equations of Sec. II to convert to the electrical parameters of the

medium around the line. The process was repeated ten timos, and average

values, which we call calculated values, were obtained. The remainder

of this section wiUL deal with a comparison of swch measured ad calcu-

lited values for various example cases.

2. 17-MHzTstswith image-Plane Line

Tests were made with the AA image-plane line on the dry wood

(9 percent WC) and wet wood bars (5 percent VC) and aluminum rods

uned in the earlior 'sts For these tests tho scatterers were set up

I j perpendicuAlar to the imago plane. The details of the line spacing and

the scatterer spacings are pictured as inoots on the figures showing the

calculated and measured values.

For the first tests on the dry wood bars_ tho centor of

the tranomissiou-lino oandmtor was positioned 4.6 Ir abevo the oluminua

plate which forms~ the imago plano. The owasured volus *ro suumwrizod

in Table XIV ond the caleulatod voluou am gitvon ti TablQ X'. The

eoutalit Dud COOPle% parwaobility are rustoda a (Aiou a tho

numbor of Scotterer.§ (i.e., scttotrv PWr w klangth) ln Fig. 23.

Tecoud"1tor thoeb wou lovotd *a that tIs coutor waii

1 A52 i" abwov the attolous 1lot*.*W an nie. ts rv roeneated, 1V*blas

XVI end XVII sumasrizo tha o ,4 ulvg: tho ovorsle Voluds 01 th.e teal

parta of the cplox ralativa Otolvtr$1 xtt ctd partbIIIty W 0

plot tod io fig. 24 at a f~tutwu of tho aumber *t santto~

I5
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Table XIV

ELECTRICAL CONSTANTS WITH DRY WOOD BASS MEASURED

WMIT 200-05 IMAGE-PlANE LN

Relative
Randm Nmbe of Dielectric Relative

Disribtto Sctteer, Constant Permeability
aitibto Saterr uo Loss Tangent

Number n r L r L1 " r6
1 25 1.080 0.994 - J0.002 0.0082

2 24 1.090 0.990 - jO.000 0.0079

3 25 1.057 0.994 - Jo.ooa 0.0055
425 1.76 099? - JO.003 0.0062

5 21 1.063 0,994 - 40.004 0.0062

V verage 24 1.0W0 0.994 - 40001 0.0068

ELECTICAL CCNSTANTS WITH DKV VWOO BASS CALCULATfl)

Number of 200.OUtMMIKWPAEN

Sewl~rrs Contuat Mslattvo Pciriwabtlit

101.040 1.001 39.0wO 0,0023
1.060 jo~ooo 0 M431

25 .1O jOJJO 0.00w

01,§114 1 .003 Q04)*6
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Teble XVI

EL=CTRICAL CONSTANTH WITH DRY WOOD BARS ME&SURIW
WITH 135-01N IMAGE-PLA!E LINE

Rla•Itive
Dielectric Relative
Constant Prmasbility

Distribution Seat!C 0 jj# - o # Losp Ta•g•nt
Numbvr 0r r __ _ r

1 2,5 1.039 1.016 - JO.002 0.0011

2 24 1.059 1.016 - JO.oo1 0,0025

3 25 1,038 1.020 - JO.002 0.0014

4 25 1.030 1.026 - JO.W03 0.0015

5 21 1.034 1.016 - JO.001 6.0025

A~ese24 1.041 1.010 - jO .002 0.0018

Table XVH1

EU~CTRICAL CO~iTANTS VITU 1MtY W)00 BAR$ CAWtIATW

FOR 13-0ýW IMAG-PLUSE LINE

S"'-- I"] ! tivattl Ol).cltric
Nbrof: t~t~t ~ COO!N Satli. Rlatitvt ,'atudbtlity

r r . F LO

10 i,021 1i.000 -. 4lO.to 0.004

A0 I A0ws 1.00,2 - jioow 00i01

2-b iO I" M •i - 1,00 0.013

1 0..00

________ _____________ _______________-
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b. Wet Wood Bars

Wvt bae (moisture content 20 percent by weight) were

used as seattererk, with the center of the transmission-lane conductor

at 1.875 in above the aluminum plate. Data were obtained with both b0

and 160 scatterera per wavelength; the results ore aumariued in Table

XVII! (measured values) and in Table XIX (calculated values). The"

data are plotted in Fig. 25.

Table XVII?

ELECTRICAL CONSTANIS WITH WET WOOD BARS MEA4URW

WITH 150-0MO IMAGE-PLAN• LINE

Relative
Diolectric Relative

Random fuser of Constant Permaability
Distribution Scatterers i# a a Loss Tangent

1' 1 10 1.064 0,992 - 30.002 0.009

1 20 1.111 0.992 - 30.002 0 012

2 t0 1.077 0.99? - 40M02- 0.012
2 20 1.499 0,997 - 30.002 0.010

3 10 1.06 0,969 * 30.001 0.011

23 0 1.111 0.969 * 40.001 01009

, 10 1.047 0.9" * 40.000 0C010

4 20 ~1319 0.6 * 3.04 0,011

10 t.o_9 0.990 * _C0.00 0.016

S20 113 ftSw 0a 3*W000 0.012

Awrno 0 13006 0.#W0- 30,000 010I0

Vat mw firttt of thewul tt, IUa "Wntr of owC0W codutor

sea ~ ,6- hocSI *5i above tad aO iuala pifl*, the 19S-w-1S-diudtr

OlAtin raOdi Vd1V pftitenUao PerVadiC-uiar tO tte atainA pints. The

•0

I
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Table XIX

ELEC TRICAL CONSTANTS WITH WET WOOD BARS CALCULATED

FOR 150-OM IMAGE-PLANE LINE

jNj Number of Relative Dielectric
aConstant Relative PermabilitySScatto~ro I I I Loss Taingent

• ~ ~ ~ ~ e p r I• 1742 .... I77- tJAI •J 1I-I

1.0 1.075 1.000 - JO.000 0.010

20 1.136 1.000- 40.000 0,017

. - I I Ii , I,

'V AJILII

0C

'41

•,;1 1;10

0

,4oe tozzoo tAO O

P06,2-5-Cf IFFVCEV%1VCE(tEC ToRICAI coMSTA0s Ow. VOLQIE MTAW IkG- **-Y V'O
6AAS-'cA WakMw0lS LASuWo O w11W S W-a1AG9ML UAL

*1k

a - Wi



results are summarized in Table XX (measured values) and in Table XXI

(calculated values). Figure 26 shows thse results alog with a sketch

of the meassurement setup.

Table XX

UEUCRICAL CONSTANTS WITH METAL RODS PERPV0MICUMAR V~ ZERO-POTENTIAL

PLANE MZASUW) WITH 150-0 IM£OE-PZANE LINE

I Relative

R m Number of Dielectric Reltt rse Constant P er eabilit y
Distribution Scatteror. ** #A t Tangent

Number n Pr - U - 6 __

1 2-5 1.197 1.101 - j0.0034 0.00256

S2 24 1.165 1.100 - 40.00'S7 0.00283

3 25 1.171 1.104 - 40.6)22 0.00249

4 2.1, 1.148 1.10? -0.0024 O0,00:41

5 21 j1.160 1.100 j 0,0020 0400267IArve2.4 j1. 168 1.105 ,j 0O028 0302185

table U t

-h~tL~t 4 CWiSTfS WITH XMEL WAOS flptMIUCL&K TO W-W)4T7EVIL4
MANE CAx"1ULATEZ) FOR 1150-00~ IMAU0E4UNS Lin'

I]
t.t

to 1040 1 F7J701 -+ 3 ,00 1  a O

210b$ j l04• 0 ,+ ,004

I A] 1,4 -$p000 040010-

p+ ,|i1+•1 ,,•,+0.3

I= . . :. . . + o . . . . . . .. . . . . _ o . . -_+ . . . .. . - . - - . . . .
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Those tests wore repeated with the aluminum rods parallel

to the aluminum plate but still perpendicular to the transaission-line

conductor (which remained at 1.875 in above the aluminum plate),. Tables

XXII awd XXIII summarize the measured and calculated results respectively,

and Fig. 27 shows the average values of the real part of the complex

relative dielectric constant and permeability as a function of the

number of scatterers per waveleagth.

Table XXII

SLECRICAL CONSTANTS WITS MCTAL RODS PARALLFL I) IMAME PUWE

MUSUMt WITH 150-010 IMWE-PUNE LIME

Relative
SRandom Nubr of •Ditectric Retltive

Distribution Skcitterer# 4t N b i.•, Loan Tongent

Number r___ r ____

1 25 1.064 0.978 -0.001 0.0025

2 24 1.051 0.974 - jOGOl 0.0025

Ii
325 I..071 0O93 .-0.001 0(1025

4 2$• ... I- 0.9"f - 10.02 0..2 .

I; 21 1,076~ 1.008 w j0.00 0.00231

24 P.OW @9 0 . 0.0024

~LthIICALO.~tf V#w14 9L~t %OWi VIIIMUSL Tv WILMAUEfJ$

C~~t l1$VI IWi9flLK

1 i LIi7-to I
ruUb1-601

~t# ~ S~ -Lots 1,9

1,0500,0oJ jao sw ooS3
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3. 174W: Testo with 300-Ohlo Tta-Condtwtor Line

Tests also were mado with the V/8 two-conductor line on the

dry wood, wet woods end atluinum rod sostterers. For these tests the

scattezere were positioned perpendicular to the live as shown on the

inserts on the figures showbw the calculated and easurod results.

a. Ury Wood.Baro

Thi measurod and esclulsted vslues ura .su=erized in
Tabi-s XUIV sad XXV. The aveonge values of the ro•t pan. of @ coe-

plex relotive dielectric constant end permeabilty are shoa •n Fig. 28

as a functioa o4f the nha of scste*Krn per waveltr4th,

Table XXIV{ ii LEMMISCAL COINSTA$'F WITH ]DRY WOOD PARS, UML&UR

Relative e
Randomt &vwcte of Niblt

341 j WA-______Th4Ri<;' 
t ii 7

Nu.te ftetmber n att re r ~ - au. r

6 6z

)S
> . . •

S~ ,-t.---with -



CECYRICAL CONSTANTS WITH DRY WOCý -i CALC4XATW

FOR aoo-oiw 1%rWIR2 LINE

Number of ThistiveDlcectricala Vi'tblt?- -I

Seatterers l144# Los tna twaztr
it r v- r _ _ __ _ _

10 101-0 000T03

20__ _ i.0_ _ __ _ If I____________ 0a. -

sbcwc ou Fig. 29 for bars wi~th 6 vtceat, water contc %? ttw ca"e Of

160 scattorers per wavelecgt6.
c tetal Roos

XXVUZl ab4 WXXI Tho cveragn vctusu of tMe real uarcs of ttt eeelc

reatvedieloctric ~caastott za-4 pe*ueobtltit orv vh&%'e to Fig. 30 .v a

of Ir

tpcteace -vO t ttW*1titv 41,0tt@ a <& 11 taut -4od¾e t-actal

netrtu w~htoe Ci4Zew ia "14e L04Ar4t Me" s -t4tt 4v~t futhr*St

0., 1uvr4ý* ~ e eot- Iflhiit Itfl4 got slOt Ifltuw f* §eth

of~~~~o 0nt pttga Ittet are kOt *tt-t'tEhtdil4tftfdAt 1So#1t

Its 'eavrlekbcI g§t sivis4lcA tre (l'tAe scaftxter -mg~s

s,%Mld f~ww1i a iy to dotetuiet by meesgiv~WOt ttN I" quialvott lelretut ta
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Table XXVI

ELUECTRICAL CONSTANTS WITH WET (15 PERCENT WC) WOOD BARS

MEASURED WITH 300-OHM TWO-WZIRE LIN

Cohelrent Pe ~b£ it tY Los aaigent

! .•;Randmb Numbe . ...f...

v 1 25 1.105 1.000 - 10.011 0.025
" 2 24 1.090 0.998 - JO.Oll 0.O22

S325 .1 0.99-a - jO.O15 0.028

-4. 25 1.120 1.012 - JO .015 0,028
S5 21 1.099 1.009 - J0.014 0.025

SAverasge 24 1.107 1.000 jo.o13 0.025

I

AL Table XXV. I

SELECTRICAL CONSTANTS WITH WET (15 PERCENT WC) WOOD BARS

CALCUTATED FOR 300-OW;' TW1O-WIRE LINE

.eo ative Dielectric -

StirrConstant Relative Permeability

n r r r r

10 21.Q40 1.003 - JO.O00 0.006

* 20 1.079 0.999 - JO.000 0.012

25 1.13.0 1.005 30000.017

30 1.171 1.000 - JO.000 0.019
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FIG. 20 EFFECTIVE ELECTRICAL CONSTANTS OF VOLUME CONTAINING WET WOOD BARS--
CALCULATED AND MEASURED WITH 300-ohm TWO-WIRE LINE
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Table XXVIII

ELECTRICAL CONSTANTS WITH METAL RODS MEASURED

WITH 300-OHM TWO-VIRE LINE

S~ Relative

r Dielectric RelativeSRandom Number of I~ l
Constant Permeability

Distribution Scatterers CoIs - *n Loss Tangent
Number n er r r 8

1 25 1.064 0.999 - j L.O 4n 0 t015

2 24 1.063 0.992 - JO.012 0.015

3 25 1.081 0.997 - JO.013 0.015

4 25 1.061 1.004 - JO.013 0.015

5 21 1.098 0.992 - J0.012 0.016

Average 24 1.073 0.99Y - J0.O3 0.016

Table XXIX

r ELECTRICAL CONSTANTS WITH METAL RODS CALCULATED

SFOR 300-OHM TWO-WIRE LINE

Nue o Relative Dielectric
Coasteut Relative Permeability

Scatterers , =ity Loss Tangent
nCr r r r

10 1.027 1.002 - JO.O00 0.002

20 1.057 0.998 - JO.000 0.005

25 1.064 !,.001 - JO.000 0.006

30 1,082 1,004 - JO.000 0.006

the trees as a function of tree size, shapo, and distance t'ror the lino

of interest (such as was done for the oak truoe it See. V-C-G) in order

to gonorate the roquired sot of equivalent lousy cvpaciturs. Thoso

eOuiva•unt circuits could then be usud, along with the tochniqk.x 4,eo-

sonted above, to culculato ',:he offoctive olectrical proportios of the

foreat considered as a lousy dioeoctric slab.2 Thoso values could then

J", 71
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be compared with actual values of the slab constants as determined by

open-wire transmission-line measurement. 5 $ This technique is illus-

trated in Sec. VI.

5. Results of Measurements with Transmission Lines in Living.

Vegetation in South Carolina

Data already have been taken under this contract with trans-

mission lines in forests in the western part of the U.S.68 ,P and in

Thailand." )1,,3 The purpose of this section is to present and discuss

some results obtained more recently in living vegetation in South Carolina.

The V8 two-conductor line was used in clumps of small pines

(see Figs. 31 and 32) and camellia bushes (see Fig. 33) to measure at

17 MHz the relative dielectric constant, loss tangent, and complex rela-

tive permeability of the volume containing the living vegetation. The

data (see Table XXX) were obtained with a 440-ohm line (5/8-in conductor

diameter and 12-in spacing) on a cool (48 0 F), cloudy spring day. The

relative humidity was 75 percent. Two line orientations were used:

plane o ln line perpendicular to
ground.

The values of complex dielectric constant obtained witih the

line parallel to the ground compare with typical values obtained in the

earlier forest measurements reported In Refs. 8 and 13. It may be noted

that the values of the real part of the complex dielectric constant ob-

totiod with the line perpendicular to the ground are somewhat higher

than the values obtained with the line parallel to the ground, indi-

eating that the vegetation is anisotropic as observed with the line.

This is in contrast to earlier results where the line orientation pro-

duced ovssontlally similar results, and also in conflict with the study

on anisotropy prosonted in See, IV of this report. Presumably this

apparent observed anisoti'opy ina 0 results from the small numboer of

samples averaged to givo the valuos shown in Table YXX, The observed

valuos fer' the loss tangent appear moro isotropic--as expected for a

liko with RI as high as 440 ohms (see Fig. 13)--whooras the actual values

of loss tangent in forests probaoly are anisotropic.'50'16
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FIG. 33 TEd-lt CA* 1ELLA TREES ANO APPROXI9MATE LINE PM- TION
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The obameved vsltn of r•l•tive permeability also agree ret-

soasbht-r well with previous ob•rvstionms. 1  The one observsd value ot

-; in Table XU less than on- way be considered unity to within the

accur•qy of the mwi•w.remss (•o also Appoodix Z for a discussion of

KinsureseuL errors rý.2UaeJ by l4cccplat@ osatial nsmplitz suctb as avoid-

lag the ~acomont of a tr~a trunk at the OWL input).

I*

JI



A. concluuions

tally that thet asiauxa eftectlv* £euaing .oluae tora 30

ohm line to a c~yltuder_ (of rAditus approzisatoly I-1f2

ttvois 0hA iit upaaa#t) placed sym-ttrically around the-

lino bad approximateLy thL length of the tiaei. 0$ c04rctJ9

the region of greatest san tiany 1$ Un~taft the cToa

- dactoxs In the VICinity of volItage waxias.

('2) Opao wire itues (QM's), except poASibLy wsrytomtaeAc

Is 4 functltu of the gaoshtry (i t.,co $&"Ao,

4haeen prcx~etmy to the ltw)., The "-- S~twOwtL5

at 0qUivolont ObuAt ew4uctmoc V*no ot at 4% *turaox

as t4#- C40pavttuc. tmnwuv~ooztuý but tow 1ott td wv-

4tuna obtained tt4te*tott laW U*s %""tA t clAw

scotttttr POWUtta T-hvs reslultv 04 The effetw Of

wotoftlý ar iisp&Wtiat rt~aiwtog the4 ttwo of Kr
tnu tunel~aws p~lvwtt4 wor Irvo* 0% AV;l as Nor

1kwweul u~Of wovo pr allatot we ftatit.

otf~c scesttogrefl dittributiv' stC* 11W trt*#tisubbwt

The cdt&*Z~t oT a itmatijg rtdiuv or V014-@ 44atct bt' vts
it is Of t009 ~ i~ i v sksasinrt th lu fest, lc
trical popeort list 0i e.Wgetatod regiodsf



ttirv. When the oqutvalenpt circuit &f a Sivalo sent-

tover (traQ) as a function of the geceotrY is kpo."

Gad who :W-- $ist-rtbuflo of trtee sizes Sa shapes

is kuovta tor a givea forest,, thatos -a dts can be

Used to coMpute tho ofloczive Macroscopic eloctric

coustants for a ~,etcooslded as c loauy dtelectrtc

(&) Therefore, OWL probas are- Useful forl estizatitu# the

macroscopic OIe-cttiCol propatttes of a valise con-

p tertvs to~~g., tre& iruoa) aro tso-*tu~ h

rstmutt off Ott, nssi4,rqwts M'~t b4 tttterprntc4 witt&

tateto hislate -**a a6w to Othot CaSes4 whore

4#ci 14%tW$ 04Y twt

R. oe Obuerbdot ions

s~41~t C1 .4ul tor ttgrse V. ,Pe tneL

t t4t'l this fwi~gt1 thwald be uO0flrgd a* 4

of pOr'044sty7 wo 40 CL. tor 4L tV)

tfl The ofloe-ttve ewcreewoplr etietirlr&tW t- for t00

V14b t"esilO feI4~w or we0y ctf0 %;,wag, the

Y4%t tin tnm tob pvs*-t. Vhffe Fm o 04o'

O*Vi4 i0. %40 r"MtsalI.

(~Thea. ctd'twl'X- aSosvd thee~t 60 itfid to 4 Tstv~tt'Izb

O&W 1 n0 lewit aQttnni ~.Vit~i~ petk-kose
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5)Then, an OWL probe should be uscd to measure the

effect Lye stab constsots Wo tho actual forest and a

coapwrison sade with the avenge values cosputed

u8112 the ratados program,

(6) 4,41 height-gain sod path-loss tusctlnas, sbAold bo

Ltztalu15t04 usiog electrical constants computed

from tho ectuel OWL aaasunaoots.

(1) The hegnianstO pettiv-ls tunet loos thens mzould

bb~ leenurcd Zvd comprod w~t4 ahos calculetod u.ltog

Wbe lafertcd coO measurad stab coasoutent

It the sug4,' ted cosp~r1504t prove eUccns!Atv'* ttwc a g sipl tci
o top will have bcou tvkan towfld "tast"th tygio of4ra

CUrot'V lty bta0 woo0 tv *~vLVOVSOOZRIx SqciebtIt to tihe 4eeds of re'

seacbrsto tofaWof ndW prop~ettou 4-*W~n~a~l a.
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Appendix A

DERIVATION OF RELATIVE POWER DENSITY

For a TEM wave, the power density S is given by

S = K(VOO)2

where K is a constant, cp is a scalar potential function satisfying

2•72p = 0

and

oin the surface 6 of the conrductors.

In order to find the power density around tho open twr-wire line,

w3 first consider the power density in the regior uetwnen tze conductors

.f a coaxial lino.

Using po1ir coordinates r and 9, we hove

.2
r 0

Bucatso o1 symmetry, , is independent of P. Tho above equation reduces

to

S1 d 0z
r:dz- r " dr/

CI,

SO Clnr 1 1)

whore C ard Ii uru voi stantS.

Preceding page blank
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Since the boundary of the conductors is defined by r = and r = b,

the condition

on the surface S of the conductors was satisfied automatically when we

choEe (p to be a function of r only.

2

r - -• r --
r r

SC
2

r2r

Tha power density S becomes

2S =K(VC)

KC
• "° 2

r

A
j. 2

r

• 2 2 2
whie 'e r. = u + v 2 and u, v are rectangular coordinattns.

The total power flowing down the line is

1

P 2" f P(u Yv)rdr

fr

1.0

S2vA1n .

Wvu normulizu S so thuat

S
P --. - F.

0
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where P is the normalized power density; then

1 1
P 

2
2ii in ( r

B

r

where

1
B

r 0-

But the characteristic impedance of the coaxial line is

and that of the open two-wire line is. known to be

R 2 R
cTw c cc,',

B is therefore given by

B 2

2•lcTw

Now under the transformation to the coaxial line givan by

Z -1W = i'%-"
z+

wh..rv W �i , iv, Z N + ly. tihe powQ" (dens.ity )(X,y) ill z-[1iatlo is

1'.d'ekI to p(uv) in w-plano by (see Appendix B)

P(X,y (';v) 2p(u .V)

87



From the transformation we defined, we have

2 2
x +y -1

2 2
(x + 1) + y

2 y
V --- 2 2

(x + ) + y

Substituting in the above expression for p(x~y), we have

4B
p(xjy)= (x2 + y2 - 1)2 + 4y 2

For a contour of constant power density, let

p(xy) =Pk

and
2 4B

P k

Then,

(x2 + y2 1 )2 + 4y 2  D 2

At x 0, y 0, wo have

Pk =4B

und

So, if wo take 1) 1 contour as O-dB contour, then tho power in dB basod

on D I contour as rofuroncu is givon by

1
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EQUIVALENCE OF POWER FLOW IN THE COMPLEX z AND w PLANES
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Appendix B

EQUIVALENCE OF POWER FLOW IN THE COMPLEX z AND w PLANES

It is known that for the TEM wave, the power density S is propor-
2

tional to (V(P) 2 that is,

S = K(V•0)2

where K is a constani, rp is h scalar potential function sotisfying

22 p=90

and
•00

on the surface S of the conductors. Let the mapping Z = F(w), where

z = x + iy, and w u + iv, be conformal; then Cauchy-Riemann equations

apply; that is,

and

The oquations for motric coofficients aro known• to be

uv vu

Pu au ov

Preceding pa~e blanj
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ax 2 + 2Hu(F (st)
2 2

= FY

= bvv

The gradient of p is therefore givon by

Ox B

FU KuF

* I)

a*u i

".0~ tw1utildo wtntv~iia Ihw areai ~I...t da iuo the rzýflu~ .~d CAsty

92



-- w 7p - V

=. 6- 2g + (by)

= pVV

The gradient of p is therefore given by

ax+ Y y

uu()1/2 Bu + 1/

uu~~)1/2 L Bu ý

and

CAP k7t) k 1C'i) [( )w 2 + o

So wo htov

• , 1 - . 2•

undur the ,Otformal m|piang.

The relation bWtwaon tho alra leOmurit dA 'in the z-pliano aild dA
uv

it t, o w-pianu is foune to bu

92



dA =dxdyxy

~ dudv

6uu dd

-dA
uu uv

and the power in each plane is

'U3  XY LK7xY dA

P =5 dA [K(17 vcp)] ]A
uv uv uv uu

where P S and P, S are the power and the power density in the
xy' xy' u uv

z-plane and the w-plane through the respective area elemaents.

Since

dA 1 (~~2~ d
[K ~ \uvj

weconwlu-du that

P ~P
xy uV

wvhich saysi thai . utidur the conformal maipping thu power Wn any urea of thlt-

z-lu Ni the sumu us the power in the uquiva1uaot area of tho %k-plusiv.
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Appendix C

DERIVATION OF EQUATION USED FOR COM1PUTING

PROPAGATION CONSTANT AND PHMSE VELOCITY

Preceding page blank
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Appendix C

DERIVATION OF EQUATION USED FOR COMPUTING

PROPAGATION CONSTANT AND PHASE VELOCITY

In this appendix we derive an expression for the propagation con-

stant of a T-M wave on a two-wire transmission line partly filled with

dielectric (see Figure C-1).

IS LESS TANGENT

i © b. . 0eb

FIG. C-1 TRANSMISSION LINE GEOMETRY

We wish to ,i•nd an approximation to the propugation constant for

the quasi TEM Yuav on a two-wire transmission line that has, along its

Iength, ".o dielectric muterials (, aure assuming ont! to be empty sp•ice,

but this Is not neess•lry). The boundury betw•en th"' two dtelvetrie

lmatul'ials. is everyh.erv parallel to the conductor swrfacVs--i.V. puarall-1l

to the Z-axis. In r intInI1 g the prliu-gti~ on Cz:lStlallt %hill cOnsiduler

thu caev whAhrv the line ii terminatel In its characturistic impodain-wv

5o thut -e have ot;ly a uavv pro.pagatitig in the pWsitiv, z direction,

ve uIll assumv (or delfnv) the power Allou thi-ough any surf ate,

closeci or open, to be givve* by

Preceding page blank
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P =Ref•n Sd0

where n^ is the unit normal to tte s•,rface and

2

In particular, the power flow d&, fa open wire liae is

P= lef / .S r dr dC

o o

Now consider, briefly, the TEM wave on the air-filled line with

the same conductor configuration. For tho lossles; case, E and H are

in phase and S is real.

2 1Hi 12
2Co 2

o o)

• -2jI, z~

V•h~t'e theW 1'oi4Cr1)(! phatsUe is tiiken at tL~ie point z 0 .

98
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If we partly fill the line with a dielectric whose dielectric con-

stant is of the order of magnitude of unity the H field will not change

very much. We will, therefore, compute the propagation constant for the

partly filled line from the TEM H field in the air-filled line,

In either region of the partly filled lin'ý the transverse component

of E is perpendicular to H, and His related to Eby

where

Y + iý

is the propagation constant we wish to find.

Thus

Now let

z, E x H r dr dO

which, upon substitution of the foregeting rcsult, becomes

-218Z 1*

V I-IP 1 2r dr 30JJ
0 0

Note also that v P 0 where P is the power flowing on the partlyt t
filled line. -Since both E and 11 vary'as e

*-2yz
V 0

and

dz

99



I ner' forc,
dv

17dz

2v

To find dv/dz start, with th6 identity

E •x Hdv f "Ex da ,
<V.

where v is the volume outside of the conductors in a section of. trans-.

mission line of length, h, and may extend radially to infinity. The

integral over the cylindrical surface bounding the transmission line,

approaches zero as r " m, hence

z+h .z

f • ddv [ f x r,

I Xconductor surface

When we divide by h and take the limit as h - o we obtain

dv .

0 0 'C

The integral on the contour around thc surface of the conductors

I lE x THAS if ýIX ids

and on the conductor surface

11 O .t

tJ~ia100





and use the relationship

J111" x E
Y

we obtain

V X -{j,-2j~z jv2 !H 12

If we now let Zbe the cross section surf ace over the a ir-filled region,

and Ebe that over the dielectric-filled region, we find
2

dv 12E2l
dz - i ~ ~ -w 2 J 2  2]

o~d

ad(I + J) R J 12dse~ .2-

2 f :~ IId

~JIH1da + JW, 2 JH

11

t.

If we dcfine the attenuation constant due to the power dissipated in the

conductors in the usual way, then the last term on the right is (1 4. J)*,

~ j 6I2ds

t
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where Pt is the power carried in the wave traveling in the positive z
t :

direction on the partly filled line.

Since we are assuming the H field on the partly dielectric filled

line to be the same as that on a line with air as a dielectric, we can

think of the integrals in the expression as the fractions of the power

flowing in the corresponding regions of the air-filled line; thus,

8 C11
P fjm2 dc
1 2o

2 .

}-If we now divide both the numerator• and the denominator of the first term

Si•:on the right by P and w-.ite :
0 1

and

ppP

2

o 1 2

P
0

we obtUta

2 0
2 l + j P +1 Y: . + -- (l P)

2r

103i X



In this expression S may be complex:
2r '4

=c' (lJ6) ,
2r 2r

where 6 is the loss tangent of the dielectric material in region 2,

If the power loss due to the conductors is negligibly small, so that

0
c

then the above equation reduces to

2 0

p + -(1- 1)
2r

We can solve ttis equation for C to yield
2r

-2r ~2 2
.0.

As a check on the validity of the above expression for y we can com-

pare the result obtained from it with the propagation constant for the

transve-:;e uagnetic mode in a special case that is relatively easy to

solve. The coaAial transmission line with a coaxial dielectric sheath

ar'ound the citnter conductor and an air space between that and. the outer

conductor is such a caiP, When we make the small argument appyoxinations

in the 18ssel functions obtained in this solution, tile two results are

identical, We ntoe also that this simple case can "e approximated. by

assuming that the capacitance per unit length is equivalent to that

104
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obtained by connecting those of the two regions in series and that the

conductance per unit length is that for the air-filled line, This ap-

proximation also yield-o the identical result for y.
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Appendix D

DERIVATION OF RELATIVE POWER [ENSITY IN BOTH x AND y POLARIZATIONS
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Appendix D

DERIVATION OF RMLATIVE POWER DENSITY IN BOTH x AND y POLARIZATIONS

For a TEM wave the electric field intensity E is given by

E=-cV F= uv

where wz is a function only of z, and F is a function of U v .satisfying

V2F=O( ~uv

and

-=0

on the surface S of the conductors.

Let U, v be the bipolar coordinates' Then we find

F Au

£ (cosh u COS 4.
1- cosh u cos V s.i' U sin v
cosh u cos Cosh u Cos v

sA,,

)~-.1CoashuCos V) - (S ilh usillV)~

C C•
Tile rutlio of tile y component of to tile X eompoluastp k I~ /JE 1, is

y x

V 8I snh% u Hil1 v

T cosh u Co8.1- V.

Preceding page blank



Nowý

c s inh uX= cosh u - cos v

c sin v
Y cosh U - cos v

Using the additional identities

2 2
sin V cos V = 1

2 2
cosh u - sinh u =1

we can solve for sin vV Cos V. sinh u, and cosh u in terms of x, y.

This results in,

sinv= 22cy

4 X + - C + (2cy) 2

X 2 2 c 2)COS V -T (2r ",2 "•.

, -I ' I + (2cy)
2

2ex
sinh u = .....

S+ y -c +12cy)

2 2 2) :

x + y2 + C !

Substituting the abovo expressions in the exprossion for IEy1/IE I ,

we fai' I 2

110gý E +2 2 21
I x -y-"

4=•I



1-onlvaiziV4 the coordinatst. with a., we hsvo

y

Up04twtveyot are Gtvotu by

pyV

p p~l,

it I khý tha

_ Ott*



Normalizing the coordinates with c3 we have

= 2xy -

E2 2 22

y 4x y

tEl ( x2 _ - )2

Si,;ce the power density P and P in x- and y-polar.ization, re-
x y

spectively, 
are given by

E x2 22

IE2

y y P 4y(D)

y2

we have,

ThM wave is found to be
Y y 4 y

It is Iknown that

P (x2 2 1 )2 1 .2

x t -x + 4 y

TE wae isfud ob

113
P P +P
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so,

4B
x + (x2+y2 1) 2 + (D-2)

Solving (D-1) and (D-2) simultaneously, we get

2 2
p 16Bx y

y [( + y2  
-2 )2 + y

2 2

4B(x + y -1)

K [(~~x + y2  ) + 4x2Y2] 2

1. The Plot of Px

For a contour of constant P, let

P = P = constant

X Ak

and

2 4B
x P

xk

+ - 2
(2 y2  2x

Tho poror iLn dB is givai, by

p•: 10 1o0j;10 •.:-

112



2. The Plot of Py

For a contour of constant Py, let 14

P= P = constant
y yk

and

2 4B
Y P yk

then

L D
4hxoeri (~ 2y22 Y 4 2I2

The power in dB is given by

1
p =10 10,Py = 0 .O D-

y

i13
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Appendix E

ANALYSIS OF ADDED CAPACITANCE ON A TRANSMISSION LINE
TO APPROACH A GIVEN EFFECTIVE DIELECTRIC CONSTANT

pI
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Appendix E

ANAT 7SIS OF ADDED CAPACITANCE ON A TRANSMISSION LINE
TO APPROACH A GIVEN EFFECTIVE DIELECTRIC CONSTANT

The following computations were made as a check on the validity of

representing a transmission line with discrete capacitive scatterers

(shunt capacitors) a6 a line with a higher dielectric constant and no

shunt capacitors.

For the TEM wave on a two-conductor transmission line:

/ condu~ctor 2
-the voltage, V E- ,.dr

conductor i

the total current, I = H'ds

conductor I or 2

and the charge r~r

unit length q n'Dds

conductor " or 2 -

S ince

at the conductor surface, and since

where•
•, ha moduluis )f the impedance of

thle moduium.

-and

1) conductor 1
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-= -lE-ds

conductor 1

Therefore, the characteristic impedance

V V
R r-r

c I f E ds
Jconductor I

and thv capacitance per unit length is

•q- - r e / itld
C v V J E lds

conductor 1

The added capacitance per unit length due to increasing the dielectric

constant from 1 to • is
r

C =- E lds
V

conductor 1

Now suppose we place n capacitors per wavelength (W) on an air

dielectric line, each capacitor having a capacitance

• .: •~~c' •• .-
C:.

S n

Then, as n incre.ases, the equivalent dielectric constant should approikc.h

e a.'id the relative permeability should approach unity.

On the air line, each shutit capacitor ibs a normalized aduit-ance.

Y "J --f C It:

S S c(air)

-roqueny, in 5bi

S c(air)

I18

.. ,. ,......

wai



2

's = 0J 01 o

where
V 0 phase velocity in air0

'TT:i ~~y L- 2= (e-)

s n r

In our computation we let C have a small loss factor, 8, such that
s

=e' (l- J)
r r

For co.ýPutations with equally spaced.-uniform-size capacitors two

circuits were used (see Figure. E-l).

"CIRCUIT I

'I Ii . . ." i :
I ± ""OPEN

-- - - -jj~~ SHORT

CIRCUIT 2 ___ ___ s

SHOR

---T T-T.T.T.LI°OP ..

1:1G. E~-4 EOUIVALENT CIRCUITS FOR CAPACITIVELY -LOADED -TRANSMISSION
LINE

!ýamaqx, compu'tations of e' and L, were made using equally-s' acd
r

n a24 a=.Ito20

The rottltn are plotted in.Eigure Lý-2. Netice thit when the number of

capacitors (scatterers) per waviele~th is large that both citcuits yield

S..... i i i



>i wCY
<.-

NyW Z x

>- -

U U

w L)
U UU
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the same (and correct/ Answer. On the other hand, when the number of

scatterers is small, both circuits exhibit a bias, Circuit 2, more

nearly the case in actual field measurements describea in Ref. 13, where

the vegetation was cleareC from around the bridge input to the line,
,

yields results slightly high for er anC. t'tght%* low for pl. Notice
r r

that, for a given nomber of scatterers, the value of either Ce or ar ob-
r r

tained by averaging the results from Circuits 1 and 2 is the correct

value to use in the slab model. This implies that, because of incomplete

spatial sampling (i.e., never having a tree trunk right at the bridge in-

put), the average of the observed values of tr given in Ref. 13 should be
r

somewaat less than unity--and indeed such was the case. Nevertheless-

contrary to the discussion in Ref. 13, the true value of a' in the forest

being measured probably was unity, and the assumption •'rl 1 should be

used in forest-slab-model computations. In addition, the true value of

C probably always was greater than (or eqval to) unity. Finally,
ri

future measurements should include complete spatial sampling relative to

the geometry of the scatterers.

Computations also were made for the case of randoia scatterer size

and location. For the random-size scatterers, the average value, of Y

was set equal to Y above. Except for increased spread of the computed

data points, essentially the same conclusion was reached: Namely, that

a transmission line with discrete scatterers placed along it can be

represented as a line immersed in a scatterer-free region of higher

dielectric constant--provided thero is a sufficient number of scattercrs

present (per wavelength) down the line.

Private communication, II. W. Parker.
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