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i - The theoretical capabilities of two-conductor, open-wire transmission lines (OWLs)
z 2s probes to measure the macroscopic electrical properties of a forest are examined
i

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 verformed to verify certain approximations in the analysis of 3
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 scatlerers,
The cquivalent circuit of a short scatterer (length small relative to the RF wave-
length) as a load on the transmission line is shuwn to be a lossy capacitor, The
values of capacitance and resistance for isolated trees were measured and observed to !
depond on (among other things) trec 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 tyransmission line, Tho complex dielectric
congtant of the synthetic forest was deoduced from the propagation constant of the
line as detormined irom impedance bridge readings, Tho results werc in reasonable
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13, Abstract (concluded)

agreement with values chbtained 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 (er - 1) was seen to~
increase linearly with the number of scatterors per wavelength, A brief

“investigation of the macroscopic electrical pruperties of a volume con~

o
?‘A

SRR BV - e

taining living vegetation in South Carolina produced results in general

agreement with those zlready obtained in California, Washington, and
Thailand,

It »5 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--ever: 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 singlc trees are used--along with
forest mensuration data (e.g., tree height, diameter and spacing distri-
butions, ete,)--in the random scatiterer computer program to estimate the
effective electrical properties 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~
migsion lines (OWLs) as prohwes 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 labovatory experiment with
a line inserted in a relatively homogenecous, isotropic slab of Scyrofoam
was performed to verify certain approximations in the analysis of such
a line when a void (hole) exists in the slab near the line, The sffec-
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 composed
of lossy scatterers. The equivalent circuit of a short scatterer (length
small relative to the RF wavelength) as & load on the transmission line

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

tance for iso’ated irees were measured and observed to depend on (among
other things) tree height, diameter, conductivity, and distance from the
line. A forect was simulated in the laboratory with wooden bars and alsc
with metal rods positioned at random along a transmissicu line, The com-
plex dielectric constant of the synthetic forest was doduced from the
propagation constant of the line as detoermined from impadance bridge read-
ings. The yesults were in roasonablo agrcoment with valuecs obtained from
8 computor program for a transmiseion line loadod randomly with lossy
shunt capacitors of a size and distribution similar to that of the sinu-
lated forest., The computer model was used to investigate the effect of
the numboer of gcatterors per wavelength olong the line, and the elcctr}c

susceptibility (er = 1) va¢ scon to inervase linearly with the numbor of
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scatterers per wavelength, A hrief investigation o:i the macrescopic
e¢lectrical properties of a volume containing liviig vegetation in South
Carolina produced results in general aygreement with those already obtained

in California, 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 (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 mensura-

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

in the randowm scatterer computer program to estimate the effective elec-
trical properties of an equivalentvforest slab, If the results of th...
suggested experiments are positive, then a significant step will have
been taken toward relating the type of forest descriptions currently being
made by environmental scilentists to the needs of rescarchers in the field

of radio propagation and communications,
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SYMBOLS
¢  Dielectric Con-tant '
er Complex Relative Dielectric Comnstant : | ?
e; Real Part of €. |
er"' Inaginary Part of e
€, Relative Dielectric Constant of Air
C Complex HRelative DPermeability
p.; Real Part of b
b’ Imagimary Part of u i
R Ralative Pormeability of Air
zc Characteristic Impedance of a Tronsmission Live
Rc Real Port of Zc
s c Inaginory Part of zc
ca Charactoristic Impedonce of a Tronsmission Line in Alr
3§e Input Impedouce of » Tronsmission Liug Torminated in o Short Civeuit *_
Zee | loput lspedoance of & Trongaission Line Terminated iv an Open Circuit 1
Zﬁ jatrinsic lmpedance oi Fyco Spsee 7
v Propoy. tior fonstaat of @ Transaission Line
¢  Attenuation Coustont--Real Part of v H
8 Phose Constant-=tasg inory Pert of v %
¢ Attcuuaticn Constant Sue té Coaducter Losses
$ Loss Targaat
p Frection of Powsy Flowiug i Vold Fagios
o vaesletpih
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¢ Impedance of the Medium o i

co Impedance of Free Space (120 1)

¥WC Water Contunt

X Electric Susceptibility

f Wave Frequency

w Angular (radian} Wave Frequency

G Real Part of Equivalent Shupt Admittance

B Imaginary Part of Equivalent Shunt Admittance
R Equivalent Shuut Resistunce of Scatterer

C Equivalent Shunt Capacitance of Scatterer

k Wave Number in Air

s st e

4 Center Line of Coaductor or Scatterver

R

a Radius of Tonductors

. b Half the Distence hotween Couductors

¢ Holf tne Disteuce botween Bipolar Centors of the Couductors
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¥ Radius of Circle from Center of Bipolar Cooniinste System (or
Conter of Copductor) )
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1 INTRODUCTION
In the study of the propagation of radio waves through a forest,

forest is

a model hag been suggested and demonstrated as feasible in which the
§§presented by one or more layers of dielectric above a flat

ey
"earth;L“&* The purpose of the investigation at the University of South

Carolina (the results of which are reported hergiswas to develop the
theory pertaining to the use of open-wire transmission-line (OWL) probes
for measuring and calculating the equivalent dielectric constant and
loss tungent (ur conductivity) of the forest regionofor use in this
propagation model. Preliminary results from this study were reported

iv Ref, 7.

Mary different techniques for the measurement of the dielectric
constant end the 1oss tangent of @ continuous medium have been developed.
These techniques generally fall into two caotogories: those which use
transmission through a sauple and those which use the refleoctiocn frenm
the sample. The opon~wire trensmissiob-lino method discussed in this
report belongs to the first category;: it hos boen uscd to neasure the
effactive wacroseopic electricel proporties of forest rogions in the
United States??:°° and 1o Yheilsns '*»*25*3  Rowover, when the opeu=
wive line 28 wsed for this purpose, several questions arise which must
bo snswered before the volidity of the weesuring technique csn bo estab-
lishad ., OQue such questiop concerns how well o group of randowly spaced,
discrete scatterors ¢an be represonted ib the mode! by o singie pavewdter
(the complox diclectric coustant) sud whother or BOt this pararsier hos
the ssme pignificonce for plaBo-weve propegotion thut it dods iov o TEM
wavE=-aF quasi-TIN wave=<o% o tronsmission line. o rogard WO he
scasUrueent of thiv pavemeter with a trousnissicon 1iwe, several other
Questions orise. For suanple, Now dows the Suppovt struetiure fov the
Yine s¥foct the gccurscy of the ueusuruednt cnd what is the relative
effect of scetlorels at difforvat distances irom ke 1iae?

* ) . .
Keferoncesd ere Listod ot the ond of e report,
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Oue support structure considered for use on this project consisted
of a two-wire line covered with a fiberglass cylinder.® This type of
lire 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 line, tho following questions arose: How must the com~
putational formulas be modified te take into account the absence of the
forost medium ip the immedis*e vicinity of the line? How is the accuracy
of the measurcment affected? iiuse questions have been considered and

are answered in some detail in this roport.

The effect of srmatterers near 2 two-wire transmission line was in-
vastigated oxperimentally in the laboratory and in the ficld. Dry and
wet wooden bars and eluminuz rods che used individually and in groups
to simulate in the laboratory the effccts of tree trumks sud/or branches.
The messurements op individual scottorers yielded cquivalent ciicuits of

KL g

; the scattorers (os seep by the tronswmissiop lime) os lumpsd-constont
b icads ot the lacstiopn of the scattorer along the line. These equivalent
circuits then weve used to compute the effects of 2 raudam distrluution

of such seatterers aud to infer the effective macroscopic elestrical
propeveies of 8 volune contsining theso scetteyers. MNessuresents were §

. -

o g e v S NI

nede on voudor distributions of these scattereis fov coapavison with the
computed velues. Massuresapts on fryeshly eut vegetation (tvee bronchos)
pnd living vegetoticdh were wade 10 choek the ressopableness of the
FaeuLation. '

This report is organizud sc thuat the dovelepsoipt of vost of the
various Formulos ond oquotlonsy wedd ore prusented in the oppsudices,
Some of these asre rathor stondord opd are reprodudsd for the coavemicnce
of the resder. Othors wore bet fouad in the litorature, &t least in the
fore in which they afe useo here., I8 Soo, B1 the tReary of dulerwitiing
the dicleciric couttant ppd 10ss tangent Froe CrapeRission=live owdasure~
aotiis is foviewed, ond the Yorweled ¥oF corputation 9iv explaiiged, A
Sectiog 111 iy cobCorted with (ke pgover-deasi?y Jistribuliiorn I8 e wuve
srousd 2 two-wire lise ond the relative offdct Of ibkowagste ities at
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different positions as . consequenve of the distribution, The wlfect

of the fiberglass support structure is considered in this context. In
Sec. IV we consider the powor densitiss in two orthogonal polarizations
and the limitations of the measuring line for resolving anisotropic
propertios of the medium as & result of these distributions, Section V
presents measured data which show that individual uscatterers of the type
we are considering can be represented as lossy capaciters on the trans~
mission line, 1In Sec, V we elso consider the representation of the
wacroscopic effect of distributions of these scatterers (including smsll
trees) by a single parameter, the complex dielectric constant, Section
V1 presents the conclusions from this study end the rocommendation of an
experiment to test the hypothesis: thot ome cen dotermine the QWL
equivalent circuit of a single tree us o function of tree type and
goometry (tree diameter, height, breach configuration, distence from
lipe, etc.) by wessurement; end, knowing the stotistics of @ given
forest (tree type, hoight and spaciug distributious, etc.), ono comn
compute the effective macriscopic electrin constants foy that forost
considered as 2 lossy dielectric sleb.
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I1 THEORY OF THE USE OF TRANSMISSION LINES FOR MEASURING 1af
MACROSCOPIC ELECTRICAL PROPERTIES OF
HOMOGENEOUS, ISOTROPIC DIELECTRICS

A. General Comments

Tho macyroscopic electricel properties of homoge:. s, {sotrepie
dielectrics con be adequately described Zoy our parposes by ive
parameters, the complex relative dielectric constunt, €, ond the com~
plox relative pormeability, My The two paramaters can be computed
from the characteristic impadeuce, zc, ord the propegetion constant, vy,

of a tronsmission line in which the space betwsen the conductors is
filled with tho material in question, %Weo will writo:

t L
¥ ‘r Jer

L2
5

= i;(l - je)

b m ol o= et
‘p PR L™

¥ =& =* Jg

e POV S Lot

For an epon two-wipe live fn o 6seieet?ie:'

: Q /5 cosn Y2
2 h.\gfzseaah ;(5)

¥
"
A

A

ane,

Y & jﬂjcﬁ?

I¢ hes no¢ bout conslideved noCezEsry 10 sAputaIte cQuations iNvolvite
cosplex vericbles (ate resl sod Imsginary ports. The Facility with
stiich complox numbees ond SURCIIOBY €an be hebdled by moders coRpilers
(duch o8 Fortren V) mekes ke conplex $OFE f the GRUILIOH w6Fe cops
vebiett for computatiotsl purposes thas e JBe tvo corposent cguat isbs.
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whore a is the radius of the conductors and H is half tho distance ho-
tween the conductors, For the same transiission line in aiy, zc becowes

1
cos;%(&(}ﬂh‘( )

and v becowas
Jko 2 J‘ﬁfa:é; .
Therefore,
e . fx
Rco ) S
sud,

S e
ko“J*rer .

Solving those two equations for o and by, we obtain

X gce
G‘-.r:"j;’—ﬁ:ﬂ’-
o “¢
NPT RS
¥ K, B
For the speciol cuse whore
. = §
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or Irom

; N . From the foregoing wo see that the dielectric¢ canstant con be
B ] oasily computed from the measured characteristic impedanco apd propaga<
tion constent of a two-wire line which hes boen inserted iunto the

material undor considegsstion. There are many methods for detormining
. ; thede parameters, but since impedance bridges are much more convenient ;
= : toe use in the frequeucy rerge of interest then are slotted liues, we
will rastrict oupr attention to bridge methuds. Iwo commonly used
wathods are considered in the following section.

B. The Short-Circuit Tersinetion--Quon-Circuit Terminstion Method

g W ey A N T ST TR0 Y et

; it we decote the input impedasce of 3 section of transmissios lipe

terpivated 1o o short circuit by 2 end thet of the same secticn ter-
% winated ip on opon ¢irceis by Zoc then we o3 write

T % 5 tenk yi
§§ 8¢ €
L ,;
i and
; £
£ g
x 2
L; 6’@@ *® 5@ cotl wil {g
H whore 4 35 the lepgilh of the seckiod of 1ine., Frob thise twy Qustions b
} we obtaia !
i N f
i 4
atd
| .
: ) i f %ee
Y o= 'i’ fiﬂb (f;:'j; ) -
; ’ |
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Two other forms of tho formule for computing vy, oither of which
may be moro couvenient to use, ure:

.
v s & tan”l{ 2C
FA Ze

z &
RS T LT A
\" = ZL (z ')i .

aud

o usipgz this wethod cue usually fivds that o line spproximatoly
ou cighth af s wavelengeh long yiclds good results since for this lenpgth
the maganitude of both the hypﬁrqu ic trpgent sud hyperbolic cotarginet,
are approx baztely upity asud hepce the asgnitudes of zoc sud zse ara of

the order of Ezeﬂ , @ rotge in which the accuracy of most byidges is high.

C. Varisble<Length--Fized=~Tarmination Method @f_,&tgaﬁuri;igc the

Characteristic Iepedance gnd Bropsgstion Constant of g

Transmiggion Line

Apgther nathod, Lesed ob impedencs oridge nessurcasnts, of fiading
the charecteristico impadence 04 propagetion coustent of & tranghiission
ling cousists of makizg o wsevupeasnts O the gyt sapadauce, fer

but txe lougth of the se0tion is chefgsd batweed the mossurdeents, Is
EESary, SuY termingtion &4 suy VW %mt'&;éwut suifice, Ut 9f course
the securety will Be vory dependent oo 4he choice IT LOLh longtn o
fcrminak 167 BiBCe e cheson lotgihs uod tRe chosed isrminsition affeck
e gLt Ingedsnle 3t the BFULGS ferminals. ¥e will illvstrste the
ocihod with 20 oped-o Vrenil tctruinsiicd ikl tvo lofgihs which gre e
yatio 4% 1 o 2. 7This Is 9 convemien: compiastive s6d The ECVEBCY
sbonld be gOod wied the shorter ledgth Is Fboul Khivessistecuits o7 ¢
wevelength long  in Khis cuse wrile 2{4) for o inpus ludcdencs of ibo
shofled soction snd () for the fdput Impedoide of the lebger sectios.
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Then,
(L) = Z, ecth y¢
and
2(28) = 2, coth (2vi). .
Jsing the idontity

coth 2X o = {coth X +« taph X)

1] e

we obtain

which lesds to

ang
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III  INHORJGENEITY LIMSTATIONS OF TRANSMISSION-LINE METHODS

it}

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

U AATASS T SR 100 S5

In the preceding section we assumed that tha transmission=line

AR Ry o

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 en inhomogeneous matsrirl. One might ask, then,

g e

over how large a volume are we averaging when we make one measuroment,

T

i e » ff‘rie:'h‘.f.-'.r"i"w'nf R

or what is the effective volume of the sample measured by the traenswission=-
line probe? To axswer these ques*ions we must consider how the power

carried in the transmission«line wave is d;stributed ebout the line,

A contour plot of the relative power density around the transmission
line in a plane normal to the line is shown in Fig. 1 (see Appendices A
and B for derivation). The point midway bhatween the cohductors was

choson as a referenqe (0 dd). The crordinates are normalized so that

the bipolar centers are at the pol .3 ¥ = 21, y - 0, With these nor-
nalizations the contours are independent c¢f the characteristic impedance )

of the line. For a line with a perticular charactoristic impedance we

.can draw circ’es with the appropriste centers end radii to show where

the conductors would be. These circlos will enclose the bipolar centers.

it

All contours or parts of cénﬁours which fall within those circles shouid ;
be disrogarded. We see, then, that the effect of increasing the charec-

terig.ic impodancoe for a line with fixed spacing is to udd high powor- ;

T T R N S T T

density contours in the rogioa very near the conductors and thug to in-

-eyapse the fraction of tho power in this region. The high power-donsity

countours for o line with high charnctovistic impudance are vory hnoarly

cireles conceontric with the conductor surfeces., Fer a line of any

charactoristie impodsnco thoe low power«ioasity contours, -15 dB or less,

——

are also almost eirculap; tho lattaor are concentric shout tho wid~point
between the eonductors, This neay circularity louds to tho concopt of
“racius of effe-t" or “sonsing rvadius" discusscd bolow,

Preceding page blank
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g FIG. 1 RELATIVE POWER DENSITY AROUND AN OPEN-WIRE TRANSMISSION LINE
i i
* Figure 2 shows tho fraction of the powor flowing through a circle .
5 coentered midwoy betweom the: two conductors of o 300-ohm line versus the
] 1 rodius of th\é:'cu'clo, r, normalized by haelf the distonco boetween the
? conductor centers, b, Figuro 3 18 o similar plot with the cherscteristic
i i
: i impedence of the lino as o p.rsmeter, oxcapt that the radius is nosmulizod
! 3 by heolf the distance betwoon the contora of tac bipolar coordinote systom,
z In o1l casos the circle containing helf tho power passes through the bie
i 9olar centors of the conductors (in most practical caeses the bipolav
F c-aters lie slightly inside but neer the physicol eenters of the cone-
g duetors) . Puor high values of the choracteristic impadaute this fuanetiop
1 E changes vapidly whon the rediue is opproximutoly hnlf the couductor
- 5 spacing. 1Ny rapid chenge with distanco 18 o congoguonce of tho high
i i .
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‘ FIG.3 RELATIVE POWER DISTRIBUTION IN THE VICINITY OF TWO-VIRE TRANSMISSION LINES i
§ OF VARIOUS CHARACTERISTIC IMPEDANCES AS A FUNCTION GF DISTANCE FROM A LINE ]
i MIOWAY BETWEEN TAE CONDUCTGRS
% power density in the vegich neer the covductors. For o 290-odm live 08 §
{ percent of the powey passes through a cirvle whose radius s \=1/2 timos i

the conductor spaeiug, ‘For o 1000-ohm live 95 porcent. uf the power
possos through a eircle whose redius is five-sixths of the counductor
spacing. Tho power donsity outsida the 95-percent cirele 15 so low that
8 seatterer outside this ¢ircle wobld have negligible effect o the
weasvruments. Therefore, one might say thet the ratdius of this cirele
is the “redius of offest™ or "semstog redius™ of the Sransoission-1ine
probe, For a 300=ciw line, sirce the pover-density eontours are else
aearly circular at the 93-porcent eircle (pasring through % « 3 o8 Fig,
1), the 1dea of a redius of effect is wwsningfui., For o 1000-cha line,
however, the redius of the SS-purvent cirele i not leves vnowgh for the
. power-dessity contours to approximate eireles. he poser deusity vories
over & 9 OB range on this cigele (passiig %hroégh % = 1.67 on ¥ig. 1} ou
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‘ a 1007~ohm line, and the copncept of radius of effeet i3 not porticulariy
3 nooningful,
: Figure 4 shows the fraction of the power flowing thyrough iws circles
; of equal radius centesed at the copductor centers versus the vadius oY
; the circlss., To simplify the toaputations, cireles ceutered ot the bi-
¥ polayr centers were used (sec Table §), but for the renge c¢f vaelues of i
3 cheracteristic impedance shown, the approximstion to eircles centered E
ﬁ at the conductor centers is excellent. FPor & characteristic impedance
f of 390 ohms 50 percent of the power flows thiough the two ciscles whose
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Teblo 1 {
POWER IN CIRCLES OF RADIUL y, CENTERER AT BIPOLAR CENTERS OF
TWO-WIRE TRANSHISSION LIHE
o Reloso | 200 [ aso [ 400 | 4s0 | sco | 750 | 1000
0.65 0,0000 | 0,8000 10,0000 [0.0000 [0,0165 {0.1149 | 0.4099 1} 0.5574
0.3¢ [(0.0060 [ 06,0000 10,0000]0,1020¢0,2017 10,2816 | 0,520 | 0,6408
0,16 10,0060 10,0000 |0.3134 10,2242 | 0,.3104 1 0.3793 | 0.5862 | 0.6897
0.20 J0.000010.081810,2130]0.3113[0.3879 ;0.4491 | 0,6327 16,7245
0.25 :0.0000!19,1724 10,2806 [ 0.3793 10,4483 | 0.5034 | 0.6690 | 00,7517
G.30 10,0963 )0.2469 1 0.35345 1 0.4352 1 0,4378 [ 0.5481 1 0.6988 | 0,774}
0.35 10.17%25 [ 0.3104 | 0.4090 | 0.4828 | 0,5403 | 0.5863 | 0.7242 | 0,743}
0.40 }6.2392 }0,3860 “9.6568 0.5245 [ 0.57%3 [ 0,6196 10,7464 ) 0.8088 ¢
0.45 [0.2987 | 0.4156 | 0,4991 | 0.5617 | 0.6104 | 0.6493 | 0.7662 | 0,8247 |
0.50 (0.3525 [90.4604 [ 0.5375 [ 0.5953 | 6.6403 § 0.6763 § 0.7842 | 0.838)
0.55 [0.401910.5016 [ 0.5728 | 0.6262 _0.66?7 0.%010 | 0.8006 | 0.8505
0.60 [0.4477 ] 0.5397 } 0.6055 ] 0.65498 [ 0.6932 ] 0.7238 | 0.8159 | 0.8629
0.85 (0,493 [0.5755 [ 9.6361 | 0.6816 1 0.7170 [ 0.7453 10,8302 ! 0.6726
Q.70 10.5310 10,6091 10,6650 (0.7068 | 0.933¢4 [ 0.7655 ; 0.8437 1 0.8827
09,75 16,5634 ;0,631 J0.6924[]0.7368 1 0.7606 1 90,7847 | 0.85G65 | 09,5923
0.60 [0.6061 J0.6737 0. 7186 ]0.7538 [ 0.7612 ]| 0.8030 1 0.8667 10.9015
0.85 j0U.6414 10,7012 10.7432 | 0.7759 | 0.8605 | 0.5207 | 0 B80S | ©.9104
0.90 )0.6¥57 10.7297 1 D.%683 | 0.9973 | 2. .5198 | 0.83% 10,8919 | 00,9169
0.5 [0.79092 10.75%5 10,7921 | O.618} [ 0.6383 § 0.8545 | 0.9030 | 0,93%2
P00 (jO.7416 [ 0. 7847 [0 8154 | O0.8385 1 0. 8563 1 0.8708 [ 0.9149 | 0.9354
mgus is 0.275 of the line spaciig snd 78 percent of the powor flows
throug!: the t¥o circles whose radius Is owd=balf of the lige spacing.
For & {000-oki line (he SU-porceat radius is 0,015 of the lise speving,
and the 64-percebt sudius s 0.05 of whe 1ine spacisg.
16 .
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B, Tvo-Wire Line above a Lossy Ha}f-Space

When we woasure the dielectric constont of the forest regiun thero
are two obvious inhomogonecities, thea cffects of which wo do not'wsaﬁ te
include in our average. Those ore the regions above ond holow the
forest~~the oir opd the ground. The interface at the forcst tap would
usually bo fay from the measuring line, but even 4f it were ouly @ dise
tonce of one line spacing away, one would expect it to have negligible
offect since tho relotive dielectric coustant of the forost is paar that
of air., The interface at the ground, however, could ke expected to have
considerablc effect since the dieloetyric constant and loss tangant of

- the ground ere large. For this yeasop pessurcments were msde iy. the

laboratory to doteymiune aow for shove a lossy half-space the liuo must
be for the effect of the lossy region to be pegligible. First, a 300-
ohr line (3-3/4-tuch spacing) was erected osbove o wooden table top in a
ploue paraliel to the table, ond tho upen<ircuit/shortecircuit methad
was used to determipe the propagation coustest auwd the characteristic
impadonce 2 o function of height of the live above tiec table. The
tests were thep vepoated over su eluminum plete § ft by 3 f£t. The re-
sults of these tosts aye shown in Figs. 5, 6, ond 7. Notice thet the
characteristies of the Line ape relotively itudepondant of meight fer
heights greater than about oue line spacipg (i.e., v/b > 2), ingicaring

HEWHT wee #/B
nxd i 2 b 3 < 5
b T Y ) ¥ ™ T = L
® .- 168
=3 ;@ ' &
g 'ii!ﬁ’is =
e ‘ e
% ® figa B
§ ) én i 'E
o & a7 T iz e =
é 1628 ° g
- - X Q2w
‘g. ’,i . i iﬁ\ ; :E
?.“ Mtl@"ﬁj . « :,. Z
b1 5 o8 & »’f"&
Y . ) ‘ b
1220 L : S S S S—) ey ;
1] H -4 3 - k1 3 £ 4 ] ] W
OGHT = iagiee Borud e

FIG. 5 PROPAGATION CORSTANT we. HEIGHT ABOVE WOODEN TABLE
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FIG. 7 CHARACTERISTIC IMPEDANCE wi. HEIGHT ABOVE WOODEN TABLE
AND ALUMINUM PLATE

thot forwst Ruvosuresents wade with o Ying pleced fyum £t Lo cuu-gnd~ow
holf lo.e speciugs obove the ground would be relatively judopendent of

, ground effects. These results ore in sgrvoeent with the resultls ef

i fiold tests with o 300-oha )iue over Betusl ground  ond olee with Tom=
i elusions about the “redius of effees” of such & liue 99 doduced in the
: H. W, Parker, private commubication.
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C. Effect of Air Space oround Line Inserted in Othorwisa

Homogenoous, Isotropic Dielectric

Scevoral practicel considesrstions lead us to consider the e fect of
oxcluding tho dielectric of interest frowm the immpdiete vicinity of the
line (t.0., placing tho line in proximity to 8 two-modium region--sec
Fig. 8). Pirst, it is importont to manintoin o constent line spacing

- whon inserting the meosuring line into vegetotiem, oud, second, we uved

o lipe which is convenient to coryy and con be easily oaud quickly sot

ur for messurcments. One method suggested for orotecting the line during
fivld use was to en~aso it in o thin~walled diclectric tubs of low per-
wmittivity.5 This tochnique hos the disadventage of excludiug vegetation
fron the high-field region near the lino--perticularly the rogioca betweeh
the couductors.

asrg g an

FIG € OPEN-WIRE TRANSMISSION LIKE N TWO-MEDIUM REGION

te order to se¢ the oIfeet Of this 2iF spiace ob the propugatica
eenstant o1 phise velogiry, these txo puriblters w»ere vesguted @s
Ty lioss OF the Hole didmeisy uvsing the opprosimation dcveleped i
Agpendiz B. The rosulis re shewd a Fig. ¢, whore the phsse velotity
relative o that of Iree space is PIOtEed sgainst the Mole diseater
pommzlized $9 the half-spacitig of $%¢ 1ive. &s cap be soed Ivem the
curves, obe comld use the uedsuired phdse velocity sid the kaown Bele
Ciamcter (o compute ¢ . Note, howiver, 1hot whus the bole is lorge
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enough to enclose the conductors (¥/% > 1) the curves becowo guite close
togother, fndiceting thet a smell error in mewsuriug tho phese velocity
or propagation constant would weruit in o much leyger error in the
alectric suscaptibility <xe =€, ~ 1). Wa therefore recozzmend that the
spece betwesn snd eround the conductors bLe es uniformly filled with a
reprasentotive sanple of the medium as 18 practical. But if one must
correct for 9 void rogiod psrallel to the axis of the line, the appsr~
priate forwle is (see Appendix B):

_sYu -
€ = ——-H.—-ﬂaa—a-s
leyp

where
g, = the comples relstive diclectric copstont
v = poruwl ited propsgation constant
P = fractico of pover flowipng in the void vegian,
Ag 2 check on the effect of 3n aiy space ix the center rugion of
s twg-wire line, the phuse veloCity snd propsget loir coustant were de-
torpived froe massured inpadsnce dota on o one-aighth waveleugth section
of linge oroynd which polvuretkzue fosws had beaey poured. 4 rectongular

wavity wes €ut 10 the foow (see Fig. 10) sud wis ¢nloyged siter qich
* - N
vuisupenent .  Instead of g two-wire ling, howavar, § single bress coa~

gucsor of S/E-~ie dismeter was us~¥ over sn alusipup insge plene to foeili-

tete the 17 seosuiesctts with oo ustolasced brigdge (Gossral \adie,
GR 1636). au slumicum plate I=1/2 It by 3 F¢ wos LOLGGY 10 (A0 image
plage fer usé 2% o Shaft-CLreust yerwiasticn.

The shori=cisvuiled sbd open-vircuited inpedaaces of the i weoie
nesured In air sud fourd to e

‘359 w % Juis.@

» <, W WIY A
-w ae 336‘3,5 s

“Ske vie of & recistgular hole 18 the Idum Fo Chech the thedfy foF lae

goonetry of Fig. ¥ is valid (sce Appeeis €Y,

<2
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FIG, 10 SCHEMATIC MEASUREMENT SETUP OF IMAGE-PLANE LINE

From these messured values, 3he cherecteristic impedsuce in aiy is cale
culzted oe
A} ¥ e d & ok
-(g. Zee) /" w1545 otms
This result 18 only siightly Bighey thab the value celcuisted from
. <o - *
theory: 150 ohms (i.e., oue-half of the value fey a J00-obm liue).

T™e yesults of the fodm wO3BUISECLES are S\amsrizZed o Teble [,
god thay sre shown=-togother with the computed curvee of phase veleckity
versuys hele g#ize<=1o Fig. Il. Tho nossured points indicste o dieleetris
coustatt Yor tho foaw of 1.07. & sesll sieple o the fedn, whas uiad o3
the diclvetrie of o coaxniol CopeeItOr, cxhibitad o dieléctry! coastant

3 1,08,

*He ks bege fousd experibestolly 18 TEsiiasd By Vithse MakeseEhirouys
ttat valved OF Z, weasured wiih (Riv wothad 3i¢ sdIgELLY Righer for
shoEe 1300s TEER the vglilgs Comprited Foow Ehedry, bt thal the <8¥-
fergncs bBoLwieR (Beorstically Sovliven 8¢ adi3undd viluge Seciduies with
iacivaring lioe lemgih uital the lomglh is about three weveleoegihs.
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IV ANISOTROPY LIMITATIONS

A, Relative.Power Density for iwo Orthogonal Polarizations

In the preceding sectioun we’éonsidered a transmission-line brobe &8
a measuring instrument for determining the electrical ‘properties of in-
homogeneous but isotropic dielectrics and bointed out some of its limita-
tions. In that discussion we disregarded anisotropic effects, We will
now consider a transmissior-line probe as an insérvment for measuring
anisotropic dielectric properties aﬁd shqw that it is not satisfactory

for this purpcse.

One would expect to be able to resolve aniaotropic‘affects if the_.

field about the probe were predominantly linearly polarized and most of

the power was contributed by the component which pointed .in a particular
direction. The field about a two-wire line is linearly polerizedievery-
where but varies in direction from point to point. The power densities
in two orthogonal polarizations and theifractian of'the‘total nov. 3y
carried in each of them as a function of position oround the line is not

immediuvely obvivus. It is obvious from the éymmetry of the field, hLow-

~ ever, that if there is a polarization which carries more of the power

than any cther, ther it wust be either that in the plane of the conductors
or that perpendicular to this plans, since the two orthogonai polariza-
tions at 45° to the'plane of the conductors carry equal powe., With this
fact in mind we computed the'power densitivs and the fraction of the power

A[carried by the two orthogohul polarizaetions, one in the plans of the coa=

ducters and the other porpendicular to it {see Appendix D).

Figurea 12 is a plot of contoufs of constanf,powor density in the x-
and in the y~polarizations where the conductors are on tho x axis., Only
the first quedrant has boeon plotted. Thn contours in other quadrants can
bo.obtnined by noting that the cufvbprnre syumetric with rospect to the
% 2nd y axes, < This figure shows that in"the“ﬁagion botwson thé'éwo con=

< _ductors and in tho vieanity of fho two hxon, movo of the power is con~
tributed by -the x-polarazod olectric fiold; ond oway from theoso regioné

rore ot tho powor 1s'c0ntrgbutud>byithe yepolarized olcetyic fiold,
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" FIG, 12 RELATIVE POWER DENSITY iN X- AND Y-POLARIZATICN AROUND AN
OPEN-WIRE TRANSMISSION LINE

B, Integrated Relative Power Density for Two Orthogonal Polarizations

The relative power-density'exprassions for the x (in the plane of
the iine) and the y (normal to the plane of th@ line) components, as de-

‘picted in Fig. 12, have beep integrated <o determine the relative power

carried ir cach of these polarizations, In addition, for sach polariza-

“tion the power inside and outside a circle centerad midway between the

conductors end padsing through the centors of the bipolar coordinste
systom wag computed, Tablo I1I summarizes the results of the integro-
tion for lines of characteristic impedance between 100 snd 1000 ohms,

It is seen asgain that half tho power ie cerried withia the cirele v/c = 1,
and that more of the powdr within that circle is stor=4 in a polerization
parellel to the plaue contsiuning the centers of the couductors,

26
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Table II1

POWER DISTRIBUTION AROUND TWO-WIRE TRANSMISSIUN L.RES -
FOR ORTHOGONAL POLARIZA'I IONS=~IN PERCENT

Inside - Outside
Circle of Circle of
Rc r/c =nl _rr/c =_L1 — Total_
{ohms) Px Py Py py Py py

100 | 47,32 | 2.68 [27.01 [22.99 |74.33 |25.67
180 | 44.81 | 5.09 |23.456 |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 | 61,81 | 38,19
300 | 38.58 |11.42 | 21.35 {28,685 | 59,95 | 40,07
500 | 33.84 | 16,16 |22.13 |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 Tabkle IIT indicate that more of the power about a line
is flowing in a polayization rarallel to the plane cunteining the con-
ductors,'but that the distribution becomes more even for fixed conductor
size as the line spacing is increased (i.e,, as the characteristic im-

"fpedance is increased) . Figure 13 shows the ratio of tho power in the

‘two orthogonsl polarizations to.the toteL power as a function of charac-
teristic impedance, '

C. Conclusion

It should be clear from the foregoing discuscion that liges of

laxrge characteristic impadance cannot be used to resoive thuv degree of
1_anisotr09xro£ an npiaotrop;c“dislectric by simply rotht;ng tho configura-
_tion 60 cegrees. Indead, it ie ipparont thet 2 belasnced, two~wire trans-
ipiusien line constructed ax,éylindrieal conductors is not s saticfactory

instrument foxr détorﬁintne thie macroscopic snisotropic properties of
dinlectrics . - "
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D. Recommendations

The forest is anr anisotropic medium at VHP and below., A rough esti-
mate of the anisotropy of conductivity can be obtaiﬁed 2rom measurements
of the type described in Ref, 15, Further study is required, however, to
develop probes useful for ground~based meesurement of the macroscopic,
anisotropic propexties of the forest, Such probes possibly couid be
composed of many wires or rods (e.g., multiple-wire transmission lines
designed for this purpose). Still enother approach is to invert a
propagation model‘ and do -curve fitting on path~losa data versus separa-
tion between transmitter and receiver (at relatively short ranges) and
versus entenna heights (at relatively long ranges) and determine what
electrical constants for the forest slab are required to give a good fit
when horizontal énd vertical olectric dipoles {or equivalent) are enployed.

¥

fThe propagation nmodel{s) employed would have to sllow for anisotiopy,
-and additional model work beyond that given in Refs. 3-8 would be
requived to geneiate the anpropriste model{s) to be inveuted. An inttial
attompt st such wodel work was made by De. John Spence (currently st

‘the Usiversity of 8hode Ialand) while he was with tho Jacesky and Bailey

‘a Diviedon of Atlantic Reseavch Corp in 1967. Thiwm work is sumeavized

1o a8 appeucls te "Eavironmentkl Effects on Shoert Range Communiontion:
Geport of Technical Study Group,” edited sy Col. T ¥, Dospprer, Joint
Advanced Research Projects Agency and Bavironmental Sciences Service
Administration Waeving held in Boulder, Colorado (March 1867},
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V DOISCRETE SCATTERERS NEAR A TRANSMISSION LINE

A. Introductory Remarks

In this report we have been considering a model for a forest region

‘suitable for explaining aud predicting how radio waves propagate through

tl.e forest and across the boundaries at the ground end at the tree tops.
In our model the forest is considered to be a layor of lossy dielectric--
not necesssrily homogeneous or isotropic-«which cen be characterized by

a complex relative dielectric constant, €. If the medium is not iso-
tropic ¢, will, of course, be a tensor. The present section is concerned

~with trees as discrete scatterers in zn attempt to justify our representa-
~tion of a lerge number of discrete scatterers by a continuous medium. In

this investigation we have chosen t¢ consider the effect of these scat-
terera on a wave gulded by 2 two-wire transmission line rather then the
effect on a plane wave, We have done this for two reasons: First, be-
cause the guided-wave case is a one-dimensicnal problem which lends it~
self to spelyeis by distributed=circuit methods and is also quite easy to
study experimenislly. Second, because the investigation reported here is
concerned with measuring the elecirical propertien of the medium, end the

two-wire line shows promise ss e messuring instrument for this purpose

Since we have cogsidéred only the guided wave, the quostion eyises as to
whothier or not the guided wave is similar esough to tho pleno wave thet
the results of our study spply to the plsne-wave case; end indeed, whether

- oF uot-the equivalent dielectric coustant meesured by transmission-line

techniques is the proper veluo to use for piane-wave propagation, To
somo extont we will heve to leave this question unsuswered, but the study
daaa give-soms inaight into the usafulﬁaiu sud velidity of our scdel,

Ve ﬂill condider, thaw, how the tfﬂﬂiﬁiﬁilﬂﬁ*liﬁﬂ wave is iffected
by se-ttarﬁrs in the vicinity of the»itut. Sitce o are interested in
Ah9 macroscopic properties of the feglor containing tho scettereis, we
will essuso thet the line spacing ie wide coough thet a reasotable semple
ox scettorors is in tﬁs'ecgson nﬁar tho line iﬁsri the field is styoug

- Preasiing § mmlk AR
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end that there is apprecimble probability that a fow scatterers (trees)
are included in the region between the eonductéfl, The uppor frequency
limit on the mesaurement cf our macroscopic psrametexrs is then deteimined
by the condition that the line spacing must he very small compared to the
wvavelength, Under these conditions let un'lnok at the effect of a single
-one of the scattyrers and f£ind its equivalait'circuit 28 a load on the
transmission line., Then let us look at piirs of scatterers to see if the
equivalent circuit is still valid or if we need %o modify it to account
for mutual coupling effects, Fipally, ws will ccusider rendom distribu-
tiong of scatterers loading the line a3 infer the effective mscroscopic
electrical properties of the‘vblune centaining the scatterers as & funce
. tion of the aversge nunber of scattexirs per waveiength slong the line,

B. - Yeasurement Equipment

Twe difforent lines were usad for the messurcments reported in this
scction. Ope was » balanced two-wire line (Fig. 14) with 5/8-in-dismeter
brass tubing for conductors., <The line spacing could ve varied in fixed
incremonts to give charecteristic impedances with air a5 2 dielectric as
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i given in Teuvio IV, This line was suspended 15 to 22 inches above a

‘ wooden table top, the greatust height for the widest line separstion.
It wag far onough above the tublo thet the tabla top had negligible
effect on the measurements (cee Sec, III-B)., Since one side of the

izpedence bridge was st ground potentiaml, it wes nwcessary to use a
balanced~to-unbalanced transforrer (bslun) for messuroments with this

line. A cne-half wsvelencth section of RG-8/U cosxial transmission line

o+

(see Fig. i4) was used for this purpose, The impadance-transformation
ratio through this balun transformer was 4tol,

Table 1V

T Y TN Yo

SPACINGS AND CHARACTERISTIC IMPEDANCE FOR TWO-WIRE LINE !

Centor~to-Conter Spacing |Charscteristic Impedence, W, | !
E B (4n) Ol (ohms) !
p 2.50 270
E 3.75 300
9.20 400 |
12.00 440 "

The other massurivg line wes the iasge-plsue linoe corvespondiuvg to
one-half of the two-wire iipe (this line was #lso ussd for the foam
measurcsante=--see Tig, 10). Each of those liunes wes one-sighth of
wavelatigth loug et the nmessuremedt freguency of 17 Mz, The massure-
sents were made with a Geuersl Radio 1606 impedance bridge, The sigasl
generator wes s Hewlett=Packerd Model 608D and the detector ruceiver was
8 Hewlott-pPackerd Model 417A,

The bridge accuracy wos barely sufficient to wossure the effect of
8 vingle scatierer or a pair of scettorers, and the spresd of the data
points is primarily duo to our iuabiiity to wako precise measuUrvNenls .
i i fact, it was nacéssary %0 sdd » special Ilow-motion gear iaeﬁiﬁi‘c‘i
L[ to the disls of the bridge to obtain eéncugh resolution aud rupostability
s for these teuty, Io spite of this lisitetion ou tho accurscy of s sisgle
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mossurement, enough measurements were msdo so that the susceptsnce is
sufficiently accurste to show the various effects we are congidering,
Unfortunstely, the scatter in the conductance points is so grest that
soze of the trends sre magked,

C, Equivalent Adaittance of & Single Scatterer nesr an Open-Wire
Trananission Line

The squivelent shunt admittancas of selected mcatierors placed in
varicus coufigurations about a trwrianission line were messursd. The
scatterors consisted of wet «nd dry wooden barﬂ,‘ sluninum cylinders,
cut vogetstion snd fineily, growipng trees, 11 ef the scatterers
meesured which were not ¢rees or freshly cut parts of trees were
cylinders or bars which to some extsnt could be usad to simuleie tree
trunks or branches,

1. Effect of Longitudinal Position of Scetterer

The shunt admittapnce should be independent of the longitudinal
position of the scetterer ob the line except whon the scattarer is in
the fringing field naar the open end of the liue, However, the sensi-

 tivity, and hence the wccuracy, of the meesuresent is much better when

the scsatterey is nosr e high voltsge point, For our ouvo-eighth wave-
length line the only high voltage region is nesr the open end, To
overcome this dilesms, wo mossured the sdmittauces of seversl types of
aeattirers with each of ths scatterors et geversl longistudivel positicna
paay the open eod of the liue., Nrom thess values of cimittsuce as the-
scetterer was progressively moved sloag the line, it was deterwminsd how
fer {rom the Open end 3 scatierer need be 80 that the sdmittsuce would

bo relatively indepsdent of tho loagitudinel position. For convenience -

in making the massuromsnts and for sessurcashie iuvolviag ssversl scat-
tolors, twenty positiobs with equsl spacing (936 &ﬁ)'ﬁéfﬁ uatked off
slong the Line, with povition cue corvwspondisg to the sending sud and
position 20 corrasponding to tho termiSation esd.

‘iﬁ@ typee of dry wodea bare were used Yor these fvsts: eir-dried bare
sid oven=dried bays, The veter {(moisture) coutent of the wet wooden
vare iv sxpracerd in sercent (by weight) relstive to the oven=Iviad
bars. The wetey Lopted: of the sir<iried bars was eatiasted ot about
9 perceiit reletiia to the cvea-drisd Lere,
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Tho results of thoso messuromonts of dry wcoden bars, wet
wooden bors, snd slumisum cylinders are shown in Tadble V, The 150-ohwm
inego-plenc line was used, snd the axis of the bar was st right snglos
to the imsge plene (Pig. 15). Tho velues of sdmittences Siuown sre the
averagos of seversl measuresents with the same configuration., The point
at 13«1/8 inches eppresrs to be in error s s little bit high for both
the No. 2 set of dry wood bars snd the get of metel rods. The differepe
botween Sets 1 end 2 in all ceses cen be sttributed to slight chenges in
the measuring setup betwean the two sets of messurements, Nevertheless,
the nessurements iundicete that consistent results are obtaiged if the
scatterer is at least one line spacing from ths open end. For the rest
0% tho moasurements involring cue or two scaltorers, tho scattorers were
kept at least cue line specing from the end. |

2. Effert of Distance ot'Scattergr from Line -

The 130~ohm image-plane line wes used for cheso touts., The
24+1/2-in dry sud wet wooden bars (1-1/2 in squers) and 1/4-in<disveter
sluninus pads were placed 4-3/6 ip (position l¥--see Pig. 15) Ifros the
open end of the line, sud the oouivelent shunt sdmittance of the scat-
torar was wossured %5 the distence from the centor line of the scatterer
to the cumter line of the counductor wes veried. Two oljootatious of
) scattover wore used: scuttorers perpendiculer to the image plsuo (es ,
] tndicutud in Fig, 18) sud scatterers porsllel to tho imige pleune (see %
E - Fig. 16), 1he vesulis of thuse massurements ero susmorired o Ysbles i
Vi sud VEI for the two cesas wiiue the scatterors wore perpeadicuier
to the imsge plane oud p&rﬁiiéi?éa tho fmage plene vespoctively.

3. Effuecy of Levgth of Scatterer

The teste oo the effect of scatlerer positien orousd the line
(doscribod above in Sees, V-C<l sod V=0-2) were #l1 wade with sceiterers
24=1/2 in loog, It 1% tho purposo of thie soction to investigate the
{  effect of the leugth of scettorer for shorter scotterers, end to doter-
mita if the equivaient shunt adeittance wis reletively lussasiiive to
{ scattorer longth for the leupih used ib tle provious sevtions, Foy
thase téats, the J00-olm tvo-wiie 1iBG wee used, sbd tho scatiorers wure
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o , -i'5placed 4-3/8 *4 from the open end of the line and 1-3/4 in away from <L
"} and orthogonal to one conductor of the line, Again 1-1/2-in-square dry i
; "~ and wet wondea ba=s and aluminum rods were used. BSeven differemt scat-
T terer lengths, from 4-3/8 in to 24-1/2 in, vere measured . and the results
are summarized in Table VII1, Figure 17 shows the equivalout shunt

Table VIII ~ ° -

MRS

EQUIVALENT SHUNT ADMITTANCE OF SCATTERER NEAR A 300-Oﬁﬁ TWO-WIRE
TRANSMISSION LINE VERSUS LENGTH OF SCATTERER

Equivalexn? , 2
Shunt Equivalent Shunt :
Length of | Aimittance on Capacitance Loss ;
g Type of . . |scatterer ! Two-Wire Line of Scatterer Tangent ‘
IR Scatteres (da) (umhos) (pF) at 17 MHz '
e Dry Wooden Bars | 4-3/8 | 0.35 + J4.67 0,043 0.07
j"j with Square 5-1/2 | 0,36 + j5.14 ¢.648 0,06 !
g Cross Section 8-7/8 0.75 + J5.15 0.048 0.14 o
B % (9 percent WC) [il-1/4 0.75 + 35.60 0.052" 0.13 !
b i 1-1/2" X 1-1/8" {13-1/4 |1.,28 + 3J5.82 0,084 0.21 i
; 28-1/2 1.28 + 36.00 0.056 0.21 i
i _ 24-1/2 1.28 + 16.60 0,060 0.21 '
it Wet Wooden Bars | 4-3/8 | 0,20 + 34,98 ¢.046 0.04
E with Squave 5-1/2 0.20 + j5.76 0.053 | 0.03
; Cross Section 8~7/8 [ 0.20 + j§6.52 0.931 n.03
4 % (24 percent WC) |1l-1/4 0.19 + j8.06 | 0.075 0.02
: 1=1/2" % 1-1/2" 113-1/4 0.19 + J10,37 0.097 0,01
22-1/2 |1 0,19 + 110,37 0.027 0,01
24-1/2 | 0,19 + J10.45 0,097 0,01
Aluminum Rnds 4-3/8 0,10 + ;4.20 0,039 ~0.02
1/4" diameter Be1/4 0.10 + j6.87 0,062 0.01
1 8«1/8 0,10 + j8.61 0,080 0.01 :
111/ 0,10 + j6.64 0.081 0.0 !
13-1/4 | 0,10 + 38,87 0,084 0,01 !
22-1/2 . L N10 + 310,06 0.094 0.002 i
——lB4-isa ] 0010 + 120,98 0,094 0.009 |
. - t
capocitanee of the geattorsrs 48 a Junetisn of scetteror longth. Evi- i
dently tho leagth of ctho Scattorors usad for tho teats of the cffect of
longatudinal poeltion was ddequsie,
i
- 40 i
% ' |
i :
z : 1
b d e
¥ ”




"

© e v spy e

g . : 1,
PR TN ":xm*,m—_mf..

SR SR

~
V-

il

o4} - = "~ ot DRYWOOUENBARS - -
‘ - ). 8 s WETWOODEN BARS = .
iz} ' o & ALUMINUMRQDS -~
8¢ ) ) -
§3%° . s 3
_k g

[¥] 0

: [] °c°‘ - ° ; . “

59 |

= 80.“ al ° e o a 0 o

: T .

68 g N -

- & 004 ° b

W .

W Rt

2% -

5 f,f 5

3=5<;$ SR | 1 i | ! L ) 1 | | L 1
P 4 8 2 18 20 24
LENGTH OF SCATTERER inches  o-epo.zcom
N

FIG. 17 MEASURED EQUIVALENT SHUNT CAPACITANCE AS A FUNCTION OF
SCATTERER LENGTH

4, Lkffect cf Electrical Propertics of the Scatterer

Three types of scatterers have been used thus far: dry wood
bars, wet wood bars, and eluminum rods, Some indication of the effect
of conductivity can be obtained by examining the resgults already ob-
tained, but it should be pointed out that the aluminum xoul >vo of a
different shape und size than the wooden bars, Conseguontly. we will
uso woodon bars of the seme size ond shepoe (but with verying wetey cou-
tent) to study further the efrect of the nteinsic complex dielectiric
consten. of tho scatterer upon the equivalant shun® sdmittence of tho
mcattr. ars obsesved with our 150-chm imago-plano line av 17 Mz,

" Bor these tests, l-l/Sein=aquaro bars 3¢~1/2 o long were
placed 4+3/8 in from tho open ond of the line, Thu burs we.e perpe.

diculns to te line st positicn 19, snd deta werk obtatued with thy b ..
ot two difforent distences from the 1lime. Isscdietely eiter tio byidge

moasuiemdnt the wator cobtent was dotemmined ip porceat foletive to the
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dry weights obtained by oven drying at 60°C until the change of weight

with time was negligible, The fesults of these'tests qre summarized in

Table IX. An increase in equivalent shunt capecitance with increasing

water content is observed, The equivnlent.shunt cepacitance 18 plotted

Table IX

FQUIVALENT ADMITTANCE OF WOODEN BARS NEAR A 150-OHM IMAGE-PLANE
TRANSMISSION LINE VERSUS MOISTURE CONTENT OF BARS

Measu~ed T"ﬁ?}uivalent
Water Distance & Equivalent Admit%ance Shunt
Content |of Scatterer Admittance Equivalen< Cepacitance
of Bars, to & of of Scatterer of Scatterer on 300-ohm
we Conductor on 150-ohm Line jon 300-ohm Line Line
(percent) tin) _{umhos) {umhos) (pF)
’ 0.0 1-3/4 0.89 + 3§8.36 0.45 + J4.18 0.039
' € 0.84 + ju.78 0.47 + j0.39 0,003
| &5 1-3/4 2,64 + j12.93 | 1.27 + 36.47 0,060
* 6 0,48 + §1 .54 0,24 + 30.77 0.007
12'7 1-3/4 0.62 + 3§15.76 0.31 + j7.88 0,073
) 6 0,66 + j1.,08 0,33 + 10,54 0.006
25.0 1-3/4 1.90 + 324.92 0.95 + J12.46 0,116
! 6 0,66 + 10.236 0,32 + j0.138 0.012
44.2 1-3/4 1,92 + 329.84 0.96 + j14,92 0.139
’ 6 Q.44 + 2,70 | 0,22 + j1.85 0.017

as o funccion of water content in Fig., 18 for both scattorer spacings

from the line conductor. The vnrintioﬁiaf effective shunt capscitance
with water contont i¢ very lineap for the 6-ip spacing (with the excep~
tion of tho value at 2.7 porgent wator contont, which seoms low), and
a similar voriation is wpparent for the 1=-3/4-in spacing,
from the othor tests Iavelving wot bars heve basn pletted for the 1-3/4-
Dashied liues hove boun drown ip t0 illustrate these troids,
These rosulis are i agrotwunt with xhose obiained with froshiy out
willows ip en earlier study (sov Appesdix of Ref, B), whore the varis=
£isn of effective rolative dielectric constanit asbibitﬁd 2 livear voris-
tins with the wesght (end, by inforonce, water cobtout) of the willows
as thoy Uried out, N

in spaving,

C o g e

42

it LT

Aigeo, volues

R

e e mntn

T S

A Ry e

i S S il I e

B s g b b



O,

e

0.150 : >
) ) T T ! ] ] P! .
. ® NORMALIZED TO OVEN-DRIED BARS o
T 0.2l O HORMALIZED TO AIR-DRIED BARS (+9 %) PR -
: ' T : : ”
) ”~
| ~&
W A
X ( § 0100 | P ﬁv’c\ 7 -
: g oV
| 1 7
! 3 P
d o078} o -
= &'
3 7 A
5 ” .
. 00501~ _ -
§ 4
| 3 |
f 3 0.028F : -
- L EmsaNe
- o S e omn s e Landiuaadnans
oI L X ] ) 1 L \
0 10 20 30 40
WATER CONTENT = percent (by weight} D- 4260~ 15620
FIG. 18  CQUIVALENT SHUNT CAPACITANCE OF WOODEN BARS AS A FUNCYION

OF WATSR CONTENT

5. Equivalent Shunt Admittence of a Single Cut Pine Bough

The 440-olim two=wire lipe wes used in tho laboratory to measure
the cquivalant shunt sdmittanco of o sisgle, fresily cut pise bough, The
piue bough was festenod in su upright position to tho wouden teble used
for the tests discussed in See, Iai~B, ond date wore obteinod for threo
different cobfigurstions: line in plauwe pearsilel to toble top with
bough s1cw .2 in from uearest conduetor, sab live in plane perpand touley
to teuble top (i.0., in plany parallel to bough stes) with bough stes 12
i from DosreRt COUOUSTOP, The bough stom was siweys 10 1p Troe tiw epd

of the lime (betwees positions 17 ond 18)., These cenfigurpticuns oy

sliuctioted in the sketches in Fig, 19. Tho dota obtaised duileg these
Batuwroastts ave sniqafi;ed io Teble &%,
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 Table X
EQUIVALENT SHUNT ADMITTANCE OF SINGLE PINE BOUGH
Equivalent Equivalent
Height |  Shunt , Shunt
Measurement |of Bough | Admittance - jCapacitance, C | loss
Configuration (in) (tumhos) (pF} Tangent
A 27 0.23 + §6.,32 0.059 0.038
a8 0,92 + 39.47 0.088 0.097
5 27 |o.24 + 35.21 0.048 | 0.046
38 0,81 + 38,59 0.080 0,070
|
c 27 0.66 + 17,9 - 0.074 0.082 ;

6. Equivalent Shunt Admittance of Living Oak Trees

Following the lahoratory tests described in the preceding sec~-
tion, the 440-ohm two-conductor line was teken to the field to obtain
data op a living tree. Two small oak trees (see Fig, 20) about 15 end
25 £t high (breast-haight diemeters about 4 in and 51/2 in respectively)

which were conveniently located near the laborstory were selected for
these tests, and the line was set up in a manner similar to that de-
gcribed for the tosts on the cut pine boughs (see Fig, 21 for setup at
the smell-tree site), Tho results of ‘hese tosts are summarized in
Tablo X1,

-

7. Summary of Resulte op Mesgurements of Equivalent

Shunt Admittence of Single Scatterers

¥o hove observed that ihe equivalent circult of 1 single scat-

torer which is short reletive 3o the wovelength of the tast sigsel is
always a logsy oapacitor-=pever au juductor, The value of the equivalent
eupaeituuoe depends upob the length of twn scatterer, its ¢lectpical
propertios (av indicated by water cobtunt in the ¢ase of éaaaaﬁ Hat-
terersy, ios positios redially frem the 13uo, oud its oricatatien
(vhother the iioe is porellel to or perpebdiculer o the plane conteiniag
the s&attgfer)a‘ Provided the scuttercr is not 1ocated in the friugiung

45
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fields near the open end of the line, however, the equivalent shunt ad-
mittance is relatively indnapendont of its position longitudinally along
the line, This concludes our study of the effects of single scitterors,
Let us now turs our attention to the effects of more then one scatterer,

D. Mutual Impedance and COupling*Bffects

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 mutusl coupling between the scatterers and consider only
the coupling of'tha individuel scatterers to the trausmission line,
This coupling to the transmission lina can be taken into account iu the
rodel by an equivalent shupnt adwittance for each scatterer, In the
preceding section we have been considering this equivalent admittance
and finding how it changes with various parameters which affect it. We
now need to dotermine whether we are justified in neglecting mutual
coupling effecta wlLen more then ono scattorer is present or if we nced
to modify the equivelent circuits of the scatterersa to account for
mutual coupling.

Noasurcmonts vere mado with pairs of dry woodon bars, pairs of wet
woodon bars, aund pairs of slumiuum rods to tnvestigete mutusl coupling
offocts. Two sets of measuremcnts wero made, one with the two gecattorers
in s planc perpewiiculer to both the ¢-wmductors and the imgge plone, ond
the other with tho two scettorers in a plane porpendicuiay to tho imago
plone but paralle: to the conductors. lIo Loth cases, the scattorers
wore porpondiculey to the imago pleoue (sge Fig, 15). The results of
thuse moasurospnts arv shown ip Tablus 11 sod Xili, respectively. Only
the susceptonce i3 given siunce the sccuracy with which it con Lo doter-
mingd with oupy Daseuresdnt equipsent is wuch Lotter thon that with which
the copductence cap LA moasured. MNoreover, the eob.uetance was mueh
smaller thao the susceptance s way Lo cousider 4 begligible for the
purpose of thoese tosts oa sutual coupling.

The rosulic of the tusts with both scatterers in a ploue pelpens
diculor to she tronsmission 1iee a#0 given in Toble Xii. Colusa 5,
honded “Eguivelent Shunt Susceptance,” shovs tho weasured values for
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sach scatterer slope, exd for the pair, The difference bntween the re-
sult for the peir and the sum of the iadividus)l susceptances iy shown in
Coluan 6, The differences are so ssuall thet they lie in the sxperiméntal
eryur range, except possibly the resuit for tae sluminus rod which shows
6 sasll but measursblo difference.

s

s

The vusults of the tests with the scetterers perpendicular o the

; . line but in & plene parslilel to the live (soa Tsble XIIX) are somevhat

; ' more diffscult to interjireta Heape we comnot sipply tske the differeuce
of the measured results for oune and twg soattorers to detorminc mutus)

; coupling effects becsuse the egouivalent suscoptssce of the section of

the lige betweon the scatierers (cssentislly due to the cepacitence per

unit length for ocur relstivoly low=lcss Xine) must be token iote sccount.

The messured equivalept susceptances for the individual Scettereys .
: - {given in Columu 5) are the veivue appropriste for use es luapsd-coustant %
eguivalents st the postticn ol the scetterer down tho lime. The measusrsd

cguivalent susceptances for the pairs of scsttevers represoct the lumped-
circuit equivelept of the Yine plus scatterers s so8n at the scatterer
elosey to the scoding eud of the line !.oe&m towssrd the load ewnd of the
line (which wss eb opeh circuit for these tests). TYhe vslue of eguive-
lont susceptonce seen at this point wes cosputed for the case of two
scatiurers from the wdasured velues for she iudividusl scstterers uwmter
the gsswaptions of no wutusi coupling snd ¢ porfectly coasustisg kine.
Therefore, tae differsnce hotweun this computed valuw aud the observed

)

3 g A L s

S R S W RO A

value with both seatterers present is ¢ mossure of the mutuasl eifces.
Uafortunately, the liuo susceptasace is smuch ghoatey thab the suseepisprs
of suy sudividual seaticrsr snd we oust Fely uped the Jiffereuke of tw
lorge neslars for cur ¢stimate of zhe mutual effect, N
For the alumisum rods this dsifercoce is ebowt 30 percest of the

valve of the smégiﬁsw of the individual sostterers sed it may &
mewaad that sutuel couplizg is Begligible 3u this cese, Indecd, the
ohserved difforvoces ere pear the Liwit of the socursty of our wedsures

- monis, VFoF the woudeu ek, te wotusl offect is sigusficant whed the
Lory are i adjucest pesitions as chpedted, vat the offoct appoers
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peeligibic wheo the bars sro separetéd by orly cue position. Perhaps

the iucremse $n the wagnitude of the epperunt mutual cougling of the
wocd bars over that of the sluminud vods whed cke scatterers aro io
sdjacent positions mey bo explaived ip part Ly the largey size of the
Vers which, for s fixed spaciung {(see Fig. 15), pleces the bars physicelly
closer twgether. The separaticn of the wooden bars is ad facebt positions
(X240 at 37 MHzZ)} is coly sbout twice the width of & single ber, wherous
the scparstion of the afusinum rods ip adjaceat positions 5 ebout
gixtesr timas the dismeter of e siogle rod.

The results of tnose messoreaents '"th patirs of scstterers eppear
to ja&tiif the sssunption t&a_‘t the ». o0 Zouplicg is pegligible san
nost practicsl ceses (i.e., oxcep scsttoyers are very close
togethor}, and thet (he princips. . . 4 the eoupling of the io-
dividual scattercrs to the transmséw.. s Yipe.

E. Many Scatterers Rundusly Distributed sbout g Transmission Line

1. Methods of Approach

Sur objective was to determinge the fesgibility of representius
8 fayest 25 & dielectiric modium sud of meosuring the dielegtirie p;f@;;&z»é;@s
of thic wadivy by weuny of trousplission-iine probes. We hsva slrecdy
diseusued the effest of tndividusl scatterevs and heve concludes that

‘esch seatterer of gey of the shopas ool siz6S (short coapursd te the

waveleagth of he test sigual) isvestigeted Gﬁia§§ be representad by 3
shupt gepicitiare with 48 esioCisted shunt Conducionie pluced seroes

the trousmission 3ol ot (He Ppositicd 6F e SEotierer. Wo tow fged 19
consifer the gase of mapp scatierers vundemly disiributed sbowt the
tropiRissios lise, os tress 10 g forest would be, and see whicther ww fu9
FepresCEt @ Fe2ies ¥With hEay divcrele scatlewress a8 iT It were Silled
with & coniiseous wediuvm é&«w@etéﬁés- by @ diclectiric £oas¥snl Witk
sssodiated - fafisrs. IO otker woids, w ufe 2ollie tc Heke & wodst
ol the lorest using sooded bars 6F uwetsl eyiinders »¢ tives 9td Joteswins
the Sifettive diclechvic coastant o the nodel by wouis of ¢ tfussalilsis
lide piobe.
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In carrying out this part of the invescvigation we approached
the problem in each of two weys. First, wé pieccd scatterers raandomly
sbout the transmission line, rciling dice to see whether or not a "tree"

should be at 2ach position of a two-dimensional grid, We then measured

the inpu: impedance of the line with the terminstion opan‘clrcuited and
; again with the termination short circaited, and (using the equations of ;
i © sec. I1) calculated the effective dielectric constant, permeability and ;
: loss targent. This process was repeated five times (see Fig. 22 for the

“actual scatterer positions used) and the results were averaged, These

average values are “ewnad measured values, Our second approach to the

SCAY. DISTRIBUTION | DISTRIBUTION & DISTRIBUTION 3 DISTRIBUTION 4 DISTRIBUTION &
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2 | v hYly v |l v/
3 | v {v v i e '4
a v v ’/ 4 4 v
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multiple-scatterer problem was based on provious wmedsurements, but it
involved computation only. In the latter case, we constructed a dis-
tribution of sizes of lossy capacitors from the measured resulta for
single scatterars and used a random~number generetor to decide what

size cepacitor to place at each of tke uniformly spaced intervals along
2 hypothetical trensmissicn line. We then calculated the input impedarce
of the hypothetical line whep open and short circuited end wgain usod
the equations of Sec, Il to convert to the electrical parameters of the
medium sround the line, The process was repeated ten timos, and aversge
values, which we call calculated values, were obtained. The remaiuder
of this section wiis deal with g comparison of such measured end calcue~
lited values for various example cases.

2. 17-MHz Tests with Image-Plane Line

Tests were made with the A/8 imege-plane line on the dry wood
(9 porcent WC) and wet wood bars (=25 percent ¥C) and aluminum rods
used in the earlivr v s6ts, For theso‘tests the scaiterors were set up
perpendicular to the image plane. Tho dotails of the line spacing ond
tho scatteror spacings arve pictured as insots an'tho figuvos showing the
calculated and measured velues, |

0. Dry Wood Pays

For tho first tests oy tho dvy wood baes, the centor of
the tronomission=1ino esu&uctur wos positioned 4.6 ip asbove the oluminus
plote which forms the image plane. The moasured velus Y0 sumearizod
in Tablo XIV end tho celculsted veluos aro given to Table NV, The
aversge valuos of the resl ports of tho relative complex dielectric
coustapt and complex permoability sre plotted as o functien of the
nugbor of scatrovers (i,e,, scattorers §¢e’wavaieﬁgﬁh) in Fig. 23,

The couductor then wos lowersd so that its couter was
1.452 in above the aluaiouws plote end gossurgkents sore ropeated. Tablos
XV1 omd XVII susmsurizo these rosulis: the evorsge velues of the resl

ports of tho compiex f§1§§29¢ divlectyic constent and peracability are

plottud in Pig. 29 us o fusctios of the nusber of scutiorers.
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Table X1V 3
ELECTRICAL CONSTANTS WITH DRY WOOD BARS MEASURED
WITH 200-0HM IMAGE-PLANE LINE f
Reletive | =
Dielectric Relative
Rexndor Number of )
Distributicn | Scatterers Con:glnt uvem’bi.t;tg' Loss Taéngent
_Numbey n___ R A e St &
1 25 1,080 0.984 « 30,002 0.0082 :
: 2 24 1.090 [0.980 - $0,000| 0.0078
i 3 25 1.057 |o0.084 - 0.002] 9.0055
4 25 1.076 ]0,997 -~ 30,003 0.0062
5 21 1,063 0,994 - 40,000 0,00562
P Avorsge - 2a 1.080 |0.98¢ ~ jo.001 | 0.0068
B
cé +
’ Tabia ¥ ‘
ELECTRECAL CCNSTANTS WITH DRY WO0OD BARS CALCULATED
FOR 200-0HM IMAGE-PLANE §ANE

Relative Diglooeric -

e o Cossgone | selativo Forsastilans |y o,, xugens
8 B AR S RN SRS A e S
10 1.040 1,001 = 39.600 0 .0023
20 1.060 1.001 - 30,000 0.00431
25 1.084 1.006 = 30000 0.,60%5
30 1,114 ] 1803 - 38689 0.0067
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Teble XVi

ELECTRICAL CONSTANTS WITH DRY WOOD BARS MEASURED
W1TH 135<OHM IMAGE-PLANE LINE

_ Relative _
Dielectric Relative
Rendom Rumbey of
Distribution | Scascerors Ccm:;.nt “Pofmgb:ljty’ Los» Tengent
Numbe o N r r P‘r, ) “r, 86
} 25 1.039 1,016 - §0.002 0.0011
2 24 1.059 1.016 - j0.001 0.0025
3 25 1.038 1.020 ~ §0.002 0.0014
4 ) 1.030 1.026 - j0.002 0.0015
5 21 1.036 1,016 - 3§0.001 0.0025
_‘ Aversge 24 1040 [1.010 - jo.002] e.008
%\t
3 Table XVii
! ELECTRICAL COGSYARTS WITH DIY Wo0D BARS CALCULATED
1 FOR 135-0M8 TMAGE-PLANE LINE
- |Rolstive Dielsctric " T .
: Numbey of o~ . 5
Seatravers cw:%“‘ gﬂim@ f‘:é???%“w Loss Tengant
. I T T S S T
10 1.021 1.000 - §0.000 0 .0048
20 3.4 1.002 = 30.000 0.010
25 $ 008 1.001 = 39.600 0.013
3B 1.066 1.909 - 30.600 0.01s
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b, Vet ¥Waod Bars

Vot bars (moisture content 20 percent by weight) were
uged as scstterery with the center of the trsnsmission-line conductor
at 1,375 in above the aluninum plste, Data were obtaived with both &0
and 160 seatterers per wavelength; the rusults sre sumserizsd in Table

XVIII (measured values) and in Table X1X (celculeted valuss), These
deta sre plotted in Pig. 25,
Table XViit
; ELECTRICAL CONSTANES WITH WET WOOD BARS MEASURED
g WITH 150-OHE IMAGE-PLANE LINE
g — 1 Relative | R R
f ! Divlectric Relative
: Rendor Nusbey of ,
| ‘ Bistribution |Scatterers | COU0300¢ omebilld s [Loss Tangent
§ o Number  } p b S He = 7N &
| 3 1 10 1.064 0.992 ~ j0.002 0.009
b 1 20 1.1 0.982 - 30.002| o012
‘ﬁ 2 10 1.097 0.987 - 30.002 0.012
] ; 2 20 1.089 0.897 - 30.002 0.010
g : 3 10 1.062 0,969 « 3j0.003% 0.01t
3 20 1,131 [0.889 « 30001 | 0.009
‘ E) 10 1.047 0.966 + 30.000 0.010
4 2 1.119 0.966 + 30.000 0.01%
5 10 1.699 9.550 «+ 30.060 0.016
5 30 1.157 0.990 » 36.600 0.012
R 10 t.066 0.980 - 30.000 0,018
Average 29 1,115 |o.9se - 6.000| ©.013
€, Meral Bads

1

For the Firbt of these tusts, the cooter of the couductor
wos Place 1.875 At obove the alumitum piete, the 1/8=in-disedter
slunidus Fodu were positioned porpondiculay V9 the elumious plaote., The

€0
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Table X1X

ELECTRICAL CONSTANTS WITH WET WOOD BARS CALCULATED
FOR 150-0HM IMAGE-PLANE LINE

et ~¢ |Rolstive Dielectric |
Kumber of o
Seattorers LOﬁ:}IDt Relntite Potn;obility Loss Tangent
no T He f_» By ] 8 i
%0 1.075 1.000 - 30,000 0.910
20 1.136 1.000 - 30.000 0.017
1 L 1 1
i
1 |
ALUMINUM : ;
“FLATE -
NIRRT TR
(s o &
* 20k & p, is
4 3
E Lisj= b TR g
3 ° 2
¥ 4O P MEASURED VALUES oo &
& 108 a & =41.00%
L TR — G W e 0%E

NUMBER OF SCATTEREARS 1PER Wé%ﬁﬁﬂﬂ G=434C ViR

FiG, 25 EFFECTIVE ELECTRICAL COKSTARTS OF VOLWME @N?Aihlh@ WwWET WOOH-
mmrw ARD MEASURED WITH 180-0his IMAGE-PLANE LINE

L 1

R T OISy gl sy
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results sre summsvized in Table XX (meesured valucy) snd in Table XX1
(calculated velues), Figure 26 shows these results along with s sketch
of the msasuremsnt satup.

Table XX

ELECTRICAL CONSTANTS WITH METAL RODS PERDENDICULAR T 2ERC-POTENTIAL
PLANE MIASURED WITH 150-0l4 IMAGE-PLASE LINE

T Relative | ]
Dielectric Relati o
Kapdoa Number of -

Distrsbution | Scatterers Cw:}mt "‘”f:‘,"’f‘;"f’f. Moss Teugent
___Number _ Y N I e s e 2

1 b 1.197% 1.101 « §0.0034 0.00256

2 24 1.165 1.100 « §0.0047 V.00283

3 25 1. 1.106 = J0.F022 0.00249

S P2/ 1.148 1.107 - §0.002¢ 8.000%:

5 21 1.160 1.100 - 30,0020 0.00267
Averrge 24 1.168 1.105% = §f.0028 0.00285

‘Table XXi

EXEQTRE™ L, CONSYANTS Wit METAL RODS PERPENDITULAR TO ZERO-POTENTIAL
 PRLASE CALLULATED FOR 130000 HMAGE=PLANE LINE

Kelutive Diolectric !
eetignars | COBE jsolative Bomestiiaty i supgont
ol - D N S N - N
10 1.048 1,001 = 30.00 0,00284
- I 1.095 | 1.002 ~ 30.003 0.005%%
i 25 3 1 ¥ | 100t = 306K 0.00431
B 1.4 1.093 « 36.000 0.09825
.

Wy SETT N - T

© Wty o



i-«;.‘ ALUMINUM
] " PLATE

oy

) y, 7, ;11[ T
1T S o5

13
[

PELAYIVE PERMITIVITY, €,

]
[

NELATIVE PERMEASLITY, Jik

g
1
-
g

I S 1 I A U
o0 180 8 200 0
NUMBER OF SCATTERERS IPER WAWELENSTH) o

L 242 21l 03
£1G. 0 EFFECTIVE ELECTRICAL CONSTANTS OF VOLUME CONTANING METAL RODS
PERPENDICULAR TG ALUMINUM PLATE--CALCUGATED AND MEASURED WitH

]




i
These tests were repssted with the aluminum rods parailel !
to the sluminum piate but still perpendicular to the transmission~line
conductor (which remaines at 1,875 in sbove the aluminum plete). Tables
XXII eud XXII] summarize the meesured snd calculaeted results respactively,
end Fig, 27 shows the sverage velues of the real part of the complex
reletive dielectric cobstant and parussbility as e fubction of the
nusbsr of scettexers por waveletigth.
Table XX1I
ELECTRICAL CONSTANTS WITH METAL RODS PARALLEL ©0 IMAGE PLANE
i
MEASUSED WITH 150-0HN IMACE~PLAME LINE
; ] T “Relstive ~
, Dielectric Relstive
t Random Number of . i
{ Distributica | Seatterers {‘:ouzgsnt p‘?:'bfut_%o Loss Tengent
:% S Num’b'!rfﬁ - S "‘n‘ N — Pl r e ’%? - ’,'Tv"r' ,7 ‘,’pr, o - 6 e ¥
bt 1 25 1.064 |0.978 - J0.001 | 0.0025
: 2 24 1.057 0.9%¢ - j0.001 0.0025
{ 3 25 107 10,993 - 000t | 0.0025
H 4 25 1.662  {n.eat - 30,002 0.0021
¥ 5 2 rovs liooe - oozl o0.0023
i Aversge 2¢ 066 |o.em - o.00t]|  0.002¢
e e e - ———————— o - —d
Table XXi¥3 §
ELECTRICAM, COMSTA™ Wiy sETKL ROOS PURALIFL TU LUAGE PLANE g
CALEY < o FPOR 150-06M IMAGE-PLANE LINE §
N £ 7 T T T v ]
¥aabar af iRl ks B s !
Scatterers Coastant g"ﬁ“’ﬁ?‘?‘f’???i Y lioss Tencent %
- RO D :
ie 3 .8EF ; 1.0035 = »0.000 0.90u55 k4
. 20 1.9% 31.06: « .000 0.00159
25. 1.85 0.003 = .00 0.053535
N ¥ 053 1.002 - WaXD 4. .00283
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3, 17-Miz Tests with 300—0};% _Two-}(:orgﬁt;etor_bme

Tests also were made with the A/8 two-conductor line on the
dry wood, wet wood, end alusinue rod ecstterers, For thase tests the
soaiterers wore positionsd pexpendiculer to the liue &s shown on the
insarts on the figures showing the celculated snd messurcd results.

8, Dry Wood Bars

The messuroed end cslouisted valuos wry suassrized io
Tablew XXIV snd XXV, The evarege veluss of the ros) perts of tiw comw
plex relutive dielectric constant snd perwesbility are shown in Fig. 28
#» 8 function of the numbes of scsttercre par wavelergth, -

Tebie XXiV

ELECTRICAL CONSTANTS WITH DRY WOOD BARS MEASURED
WITH 000N TWO-WIRE LINE

Rolative | L
Rerdon  Runbor of | Dieiectric Relstive : -

Bistribution | Scettorers aa*nw;eat F&:‘n'ﬁ}:buiﬁ;’ Loss Taugont :
. - £ I TR I 13
Number | n N N I A ik A -

3

i

1.0%  [0.567 - 0.013] 0.0
1,059 |o.e8 - w3l oo
23 1I0L j0.895 ~ .03 ]  0.007
2 P 168 [osm . R03] 0.0%
e vesr  [owse - peis|  o.mlr

'
b

(CIE N 7T

avarege - 26 ] 1831 o - o] o.017
B, Wet Waod Bars ¥ i
The messured ond culveiated veluas YorF the bors with 1§

Pereest water cusiont by waight 979 sumerized Ib Tubles EEVE sad E¥V§E
Fespestiveiy. The avefuge valuds of e fosl fort of THO coaglies feles
tive diclociric codstiat and perwesbilily ore shows is Fig. 9 as o
Fraction of tEe smber €1 scoticiers wst wawe'igin . Viluds sse slise

T AN N N 1 b R o TR L - - . ;o mem——,




Table X&V

ELECYRICAL CONSTANTS WITH DRV WOOT ~=i3 CALCULATED
TOR 300-0HM Th.u-wiRE LINE

Ra!it ive Memcwm

Nomber of
t .
Seatterers Con:}tsnt aetﬁttva ?emg:bili ¥ mss +angent

O B £ r P 5

&
"

f 10 1.011 1.004 -_sooﬁa 5 0035
| 2 1.03€ 1.600 -~ $0.600 0.6007 . '
; 25 1.060 1.003 - 30.000 0.069 '
30 - 1.079 1.000 - j0.000 L 0.010

shown op Fig. 29 for bars with B percent water contcn. Ior the cese of .

160 scetterers per wavelopgth.

Megsuved apd calculzted values ave summavized in Tsbles

[RITHSIRIE S SRR CTE L 7 S SYEAY

XXVELL and XX$X, The sversge veluas of the wosl perts of the complex .
solative diclaceric coustsnt 2ud perpeebility ore showmu fo Fig. 30 s a %

fungtion of the nunber Of scatierars per wavelength.
. Discussion of Resuits of Laboratory Wuitislo-Sesttsrer Tests :
o general there wos QUite goad dgrocaent Leoiwgsa the valycs
of the effective eorpies relstive Sicleotric copstant sud complsy roles :
tive pgerucability of the ropiod Filled witd SCRteerers €2Jeviaicd oo §
the Basis of reopruseotisg the short scatievers s effective lowmy shupt ¥

capucitatees va 18¢ trstseiesion 1iue o8 fHe¢ Sversge val t.e: setunlly.
nessuied with the lites e 1RO labeordteyy. This ;e;m@t furtker on=

CoUTdgcd S 16 Cousidedr oeliinsdiny inesd guantitics oy 28 sciynl fesest

FS T VR R T HTIN SNRIPT WS CH ST S

frea Josuet weOsuration deta (3.¢., disiribution 87 iree sives s wuEber
85 tyces peF vBll Urfve oF neurcsi-vdighbor disiuiks data) Yogother with
the wegsursd cifect 8f v single tree (i.v., seatferes). £k Fovest
acEscrs 300 Uata sfv evailoble Sor selected fovusts 32 T alewd.*® ft
voule femnin saly to Jeterulne by mecsureseti (N¢ oguivalest eircwit of

Y
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Table XXVI

'ELECTRICAL CONSTANTS WITH WET (15 PERCENT WC) WOOD BARS
’ MEASURED WITH 300-OHM TWO-¥IRE LINE

Relative )
Dielectr.c Relative
Disii?ngion gzﬂgzzr:is CQna?znt "’W°?5*“'¥, Loss Tangent
Yumbar h By by = By = J“r b
1 25 1,106 1,060 - 30,011 0,025
2 24 1,080 0.998 - 30,011 0.022
3 25 1118 |o.088 - j0,015| o0.028
4 25 1,120 1,012 - 30,015 0,028
5 21 © 1,099 1,068 - jJ0,014 0.025
1 Average 24 1.107 1,000 - j0,013 0.025

Table XAVi

I

- ELECTRICAL CONSTANTS WITH WET (15 PERCENT WC) WOOD BARS
CALCUTATED FOR 300-0HM TWO-WIRE LINE

| Nunber o2 Relaté;:siiztGCtric Relative Permeability
Scatterers ¢! b= Fg _ jp" Loss Tangent

n r r r r b

- 10 1.040 1.003 ~ j0.000 0.006

20 1.079 0.999 - j0,000 0.012
25 1,110 1.605 - 30.0G0 0.0)7
30 1.1Mm 1.000 - j0.000 0.01%
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Table XXVIil ' ¢

: ELECTRICAL CONSTANTS WITH METAL RODS MEASURED
i ' : WITH 300-OHM TWO-WIRE LINE
i; § Relwtive
f “ ‘ Random | Number of °é§§§§§§:° peﬁ:::;::ity
, ? Distribution | Scatterers ¢! - ='“r - jpil Loss Tangent
i Number n r r r r &
| % 1 25 1.064 | 0.999 - j0.012| 0.015
§ ! 2 24 1.063 0,982 - 30,012 0.015
: ! 3 25 1.081 | 0,997 - 0.013{ 0.015 |
- ‘ 4 25 1.061 1,004 - J0.013| 0.015 !
% 5 21 1,08 | 0.992 - y0.012| 0.016 |
‘ : Average 24 1,073 0.99¢% - j0.013 0.016 |
.
i
o ,
‘ li Teble XXIX
. § ELECTRICAL CONSTANTS WITH METAL RODS CALCULATED
; ; FOR 300-OHM TWO-WIRE LINE f
‘% 'Numher of | Relative Dielactric - :
J Scatterers Conzt’:ant Rel:ti\;e“l:eimjzl')%lity Loss Tangent
: n r__ . r_“r 9
3 10 1.027 | 1.002 - yo.000 0.002
3 20 1.057 0.998 ~ j0.000 0,005
; 25 1.064 *.001 - 30,000 0.006
i 30 1.082 1.004 - J0.000 | 0.006

the treos as o function of treo size, shapo, and distance (rom the line
of intorest (such as was done for tho oak treos in Sec, V=C=6) in ordor

to geonerate tho roquired set of oquivalont lossy capacitors. Those

s o 1o

cjuivalent circuits could then be usud, along with the tochanigun o=

i
1

sonted above, to caleuloto rhe offoctive cloctrical proportios of tho

forost considered as a lossy dioloctric 81ab.? Those velues could thon

onx b o
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be comparad with actual values of the slab constants as determined by
open-wire transmission-line measurement.®s® This technique is illus-
trated in Sec, VI,

5. Results of Meagsurements with Transmission Lines in Living

!ggotation in South Caroline

- Data already have been taken under thia contrsct with trans-

,10

mission lines in forests in the western part of the v.s.%,° and in

Thailand .}?»%2,%3 fhe purpose of this section is to present and discuss

some results obtained more recently in living vegetation im South Carolina,

The A/8 two-conductor line was used in clumps of small pines
{see Figs, 31 and 32) and camellia bhushes (see Fig. 33) to measure at
17 MHz the relative dielectric constant, loss tangent, and complex reia-
tive permeability of the volume containing the livipg vegetation. The
data (see Table XXX) were obtained with a 440-chm line (5/8-in conductor
diumeter and 12-in spacing) on a cool (48°F), cloudy spring day. The
relative humidity was 75 percent. 7Two line orientaiions were used:
plane of line parallel to ground and plane of lino perpendicular to

ground,

The values of complex dielectric constant obtained witii the
line parallel to tho ground compare with typical values obtained in the
oarlior forost moosuroments raported in Refs, 8 and 13, It may be notod
that the values of the real part of the complex dielectric constant obw
toined with the lino perpondiculas to tho ground axe somewhat higher
than tho voluos obtained with tho lino porallel to the ground, indie
coting that tho vegotation is anisotropic os obsorved with the lino,
This ig ipn contrast to earlior rosults where tho line oriontation pro-
duced esgontially similar rosults, ang also in conflict with tho study
on anisotropy prosentod in Soc, IV of this roport, Prosumably this
ppporent obsorved onisotl'opy in e; yosults from tho small numbor of
samplos pvoragod to givo the veluos shown in Tablo XXX, Thoe obgerved
valuos for the loss tangont appoay more isotropic=~os oxpoctod for o
lino with Rc 08 high as 440 ohms (eeo Fig. 1J)--whoroas the agtual valuos

of loss tangont in forosts probobly uvo nnlaotropxc."°'=s
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Tho obmawved valuvg of rolative permeadility also agree res-
sonsb!y well with previcus cbservations.’® The one observad value of
..; in Table XXX less than one msy be cousideres unity to within the
accuracy of the we:rurensnt (9ge elso Appendix B for a discussion of
seagsurenent errors C:Used by isconplete spatial sampling such as avoid-

ing the pescement of 4 t¥ze tyunk at the OWL imput).
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VI  CONCLUSIONS AND RECOMMENDATIONS

A, Sonclusions

(1) 3t was determined thaorsticaily and verified experimen~
tally that the maxisus effective gousing .olume for & 300~
chm 1ine 18 & cylinder (of radius approximately 1~3/3
1 $1. -1 r,ha iins spauving) ﬁicc&&_ ‘symmat ricelly around the
iins and epproximately tte length of the tise.” Of courss,
the E‘égiﬁ& of grestost sensitivity 1% nearest the Con-
ductm«s in the vicisity of valtagémiﬁa.

(2) Opan wire Iings (OWL's), except possibly very low-impedance
lines (R < 10D ohsg}, sre not very useful io resolviwsg
satsotropy of the sediun icto which the line is inserted.

(3) Siugle scatterers such g3 trens pear ob QML may be
nodeled as lossy shunt vspacitors. The cspacitsnce
is o funetion of the geomstry (i.e., traw size,
shape, aud proximity to the line). The wessurdsents
of sguivelent shunt couductance wo¥e Bt 8s aucurste
26 the CapROitInNge BEMsLresAnte, but the lieited wo=
suBte cbtained ludicete thst thoe luss temgent of the
ehuivaleat capacitor 1S wletsgaiy insqesitive o
sweatterer position. Thuse rasulis o the effwts of
SCatterers are IXporiant mgaggmg thy theory of RY
trooswiesion 1ibes possing S8y Lrees 9% #egl o9s for
the wodeliug of wave propogetion in Iovesis,

(4) A forest con be consideyred o consist of ob vageable
of such sgatterers distribuied olong the trdbsamission

* . .
The cORSEEt of s yeusing radive or voluEE 3y jepirccise, Yot severibeless
it s of some uiefulless I6 visualising koW (ks line saoples the elscs
trical propertivs of & Yegetated yregion ~
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line. ¥Yhoeo he equivalent circuit of o single ycat-
‘teper (tres) ss a fuoctsop of the goosatry is known
aud whep the distribuliop of tres sizas snd shepes

$s koown for o given forcest, thew these date osn be
used to compute the effective macoscopls electric
coustants for o Iirest cousidered ae o losuy dielectric
siab,

(5) Sherefore, OKL probes ave useful for estimating the
nacroscopic electricsl properties of & voluse con-
tainieg 1ivisg vegetstion--éven whep significant scat-
tevers (e.g., tree trusks) sre prosent--although the
ressits of (WL wowsuresests must i ieterpreted with
eaye in this latter case aud iv other cases where
sriuokropy wey b sigoifscant.

Corclusions (4} aud (5) should be checked by exparimsut os follows:

(}Y The statisiicsl Sistribution of tree Molghis, dianetobe
sad spaciags should be determined f0: & giwen Jorast,

(3: Yoo cgnivalent cireuits for represemiative sxesple
ress of this Yorest shoudd be wessursd ov & fusztion
of proximity o b Ok {or OWL's). .

{3} The eficgliive RULFUSCOBIc clettriv coustants IoF ibe
sleb shoble® be culoulated for uupy Cusew wvalite ke
Fondos SragvoRr discusind I8 Seg. ¥ atd an esiiwale
8 the zEival slab prosertics infersed Fréh oo
Fverage ol these resulis.

(1) Thooe coostapls akould then be Uskd IR » forest=slab
wodel 190 predict aRtetss dlelshli-goist oid path-ioss

Tugciions,

-

T R e B P




!
, . 4
{5) Then, ep OWL probo should be used to mossure the :
offaective siab coustents §0 tho sctusl fopest eud o
comparison smadeo with the sversgo vealues computad

using the vendsm progres.

[ ————
* .

(6) Jne height-gain aud peth=loss functisus should be
pecslculatod usiug electricsl copstsuts cosputed
from the cotuasl ONL anasureasnts.

(7) The height-zaip spd path-loss functicus then should

: b nassured sud compared with those calcoulsted using

: E " both ipferred apd messured slasb copstants.

1 ; 1f the suggested comparisong prove successiv®, theo 3 sigoificent

% % step will have been trhen towsrd volating whe type of Yorest dercriptioug |

! curreatly betog made by enviporuvctsl scicbt:sts*® to the weeds of we~ i
: searchers ip thp fiold of radio propagetion snd cwmunicaticn. :
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Appendix A

DERIVATION OF RELATIVE POWER DENSITY
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Appendix A

DERIVATION OF RELATIVE POWER DENSITY

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

where K is a’'constant, ¢ is a scalar potential function satisiying

T/cp=0

and
30
NS

s

o1l the surface 3§ of the conructors,

In order to find the power densiiy arcund the open twe-wire ine,
w3 first consider the power density in the regior wetwnen tue conductors

cf a coaxial line,
Using polnr coordinates r and 9, we heve

.2

o ™ *
V‘QD = ;1:' %;‘ (l‘ g%) + 1—2 ’)_2(2 =0
rooeg

Becauvse oﬁ symmetry, o is independent of 2. 7Tue above equation reduces

to

L ()0

rdr dy

ayp

dy
o= Clnr + D

whoere C and U are corstants,
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Since the boundary of the conductors is defined by r = & and r = b,

the condition

A
=0

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

choge ¢ to be a function of r only,

(Vw)2 =

1
3
2
<

€

Tha power density S becomes

R 2 .
where r- = u + v, and u, v are rectangular coordinates,

- .- The total power flowing down the line is

1

P, =& P(u,v) rdr

(4
(¢}

el

[}

\
= 2rAln (-7-} .
Wu normalize S so that

EV‘
p =
¢}
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where P is the normalized power density; then

po—Lt L
2n 1In (——) r
rA
o
_ B
-2
r
where
B = — 1 —

21 1n (L) '
r
o

But the characteristic impedance of the coaxial line is

and that of the open iwo-wire line 1s known to be

clw 2 Rc ccn

B is therecfore given by

R S

a2
an Rc'l\v

Now under the transformation to the coaxial line glvon by

Z -1

W =
) 2 +1

whure W = u + fv, Z = ® + iy. the powor density p(x,y) in z-plane is

rulutéd 1o plu,v) in w=plane by (sece Appundix B)
N 2
plx,y) = (’.\'yv) plu .« )

- 2
) @f] -
*NHaex) *\&y z 2

u o+ Vv
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From the transformation we defined, we have

2 2
x +y -1
U = 5 )
(x + 1) +y
vV = 2y2 2
(x +1) +vy

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

45

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

For a contour of constant power density, let

_p(x,y) = Py
and

Dz = 4—B" .

Py
Then,
\2
(x +y = l) + 4y2 = 02 .
At x =0, y =0, we have

and

D=1

S0, if we take D = 1 contour as 0-dB contour, then the power in dB based

on D = 1 contour us rofurence s given by

1 .
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Appendix B

i 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-
tional to (V@)z, that is,

S = K(ch)z

where K is a constani, ¢ is a scalar potential function sctisfying
and

on the surface $§ of the conductors. Let the mapping 2 = F(w), where
z =x + iy, and w = u + iv, he conformal; then Cauchy-Riemann equations

app;y;~that is,

x Ay
u v
and :
on dy
v S du :

The oquations for metric cootficients are known to be

uvy vy

oy oy

i
)

n
<
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The gradtient of ¢ is therefore givon by

V‘P"‘"&f’yay

CO:E v a:
-3 +* gl ~
(auu) /12 S& (a“u)lﬂ 5\?
=(a }lw[agg.agg]
un
aud
(-‘1@)2 = VU-‘ g
AN EE) §
. (a) . (g)
R IR
$0 we have

(\23‘@)2 ® Ei’ (?w@)z

Ul

wider the confoyual wapplig.

The rolation Lotweed the a¥ed clemebl d,‘\x_ io the z=plobs aud GAW

i8 ke weploue is Iound to be

s

afe

O] O




= Qvv .

l ox 35

‘ . u - . v 3

i (auu)l/Z du (auu)llz Qv
|

; (auu)i/z utV

, and

. 92 = T - I

B () -6
(6]

So w¢ huave

2 ) 2
Lod 24 - —— "‘,' I )
(‘ny) ) ( uv¢)

uder the conformal mypping.

Thu relation between the arca sloment daxy'in the z-plane snd dAuv

in the w-plane iy found to be
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dA

1]
o
L
Q.
<

1}
o2

=

c
Q.
c
Q.
<

and the power in each plane is

1

P =S dA =[x(v Qp)z] dA
Xy Xy Xy Xy Xy

2
uv SuvdAuv = [K(Vuv¢) ] dAuv

g )
n

where P S and P

xy’ “xy’ uv’
z-plane und the w-plane through the respective area elewents,

Suv are the power and the power density in the

Since

2 1 27
Ay} = —
[K('xyw) ] dAxy - [K auu (vuvm) J auudAuv
. . . 2
- [K(vww) J dA L,
we céncluﬂo that
P =P

Ny uv

which says thol under the conformal mapping the power n any area of the

zeplane is the ssme as the power in the ecquivalent sres of the w-plane,

93




AN
'~

Appendix C

DERIVATION OF EQUATION USED FOR COMPUTING
PROPAGATION CONSTANT AND PHASE VELOCITY
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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),

12=¢2'(h8)eo

3 1S LESS TANGENT

FIG. C-1  TRANSMISSION LINE GEOMETRY

We wish to find an approximation to the propagation constant for
the quasi TEM wove on a two-wire transmission line that has, along its
length, *wo diclectrie muterials (we are assuming ohv Lo be empty sbaﬁu,

but this is not necessary) . The boundary between the two dieleetrice

materials 1s everyshere paralivl to the conducior surfaces--i.v., parallel

to the z~anis.  In finding the prepagation constant se will.consider
the case where the line 43 terminated tn its characteristic impedance

#0 that we have ouly a wave propagating ia the positive 2 direction,

We will aszume (or define) the power flow ikrough any sur!ace,'

closced or open, to be given by

Preceding page blank
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. *
S=—-F H .
2
In particular, the power flow v 1 open wire liue is
2n =@ _ ‘
P=Reff Z .8 rdrdet
o
o o

Now consider, briefly, the TEM wave on the air-filled line with
the same conductor configuration, For the lossless case, % and H are

in phase and g is real,

15‘2 Co\§|2

2.8 =
2 2
Co
Hence
¢ 2n , @ —
p:—-i’-ff |H]® » dr a9,
o0 2 .
o o
Note also that
224V 2

PR e

shure the reference phase is taken at the point 2 = 0,
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If we partly fill the line with & dielectric whose dielectric con-~
stant is of the order of magnitude of unity the H field will nut 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 line the transverse component

of E is perpendicular to H, and ﬁ is related to E by

- U)en food
Hng-y—sz s
where
y=a+ B

is the propagation constant we wish to find,

Thus
, L L s gy
s ExHsf-ie |B%P
Jwe Jwe
Now let
2n o
v = f%-zxnrdrde
(o} o]

which, upon substitution of the foregning rcsult, becomes

- =238z T o®
v=L ff L)% r dar a0 .
Ju €

o Yo
. -ZJBZ
Note also that v = Pte , where Pt is the power flowing on the partly
~ filled line. Since both E and It vayry as e‘Yz
. -2
v «e Y2
anc
dv
— "2 v 3
daz ® Y
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Tnersfore,

To find dv/dz start with the identity

. fv'ﬁ._jxﬁdv-_*-fﬁ"ﬁxﬁdc 3

v : £

where v'isfthe volumevqutside of the conductors in a section of trans-"

mission line of length, h, and may exvend radially to infiaity. ‘The
integral over the cylindrical surface bounding the trangmission line

approaches zarc as r - ®, hence

2n ® 2n o 1

f f 2+ E X Hrdrd® - f f % * E x Hrdrd®
o Yo o Y

zth z

- [vExiy, - fi i xis .
dv
v : conductor surface

When we divide by h and takz the limit as h ® o we obtain

n
d - - A [d -
Ei-:/ng'ExHrdrde-fn“EdeS .

Q (o) ]

The integral on the contour around the surface of the conductors

fﬁ-éx'ﬁ&s:fﬁ-ﬁxﬁds .,

] . (3]
and ot the conductor surface

HXhsd = 2d s -
8 L) :
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i

where 35 is the surface current demsity. Now

&>
]
N
o

where

= = a
z =R+ X = (1+]) \/-2:

is the surface impedance and ¢ is the conductivity. , ;
Hence o , : o L
" - - -5 2 . . o
L fn *EXHis = (1+ J)R'se ‘.‘f’BszJs‘ ds . T .
: : i
b and

dv - - Lo 23Rz »:2 :
'—=f.[V‘Exmmﬁiﬂﬁqk ”%k[hlm . o
dz j T " N . 3 o

. If we ude the vector identit?i_v

7 ExK=H-VYxE=E-YxH

s e - et e pnt e g s S

and substitute from Maxwell’'s equetions

Vxﬁajweﬁ

U XE = jul

e

we obtain L IR ' _ o T e
VExH==jwlull + H+eE + E) B o
. When we assume

E | < lE - |

-, B , ' 101
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’l.
i
1

:

+

e

gt

: i —w g T o
and use the relationship
- we -
h-8v g

we obtain

' 2
V.ExH é-Jwe—zjsz{u - Yf;_}lﬂlz .
: w e

If we now let 2 be the cross section surface over the air~filled region,

and 2 be that over the oielectric-filled region, we find

%ﬁ = =Jw (u )f |HI do -l»(-l - )le] do e-ZJBz

2 ~'.
< (1+ JR ﬁJ |2ase 2 9P2
s c 8

‘and o -
Jw u_if IHI do - -J—f Inl do - lHizdo
y - i 2‘+E ra U) 62 22
= 2 f
Jwe |Hl do + -—QL- | | do
Lo
RS[[J l ds
+ (1 + j) .
t.

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

conductors in the usual way, then the last term on the right is (1 + J)ac,
i.2., ' v 7
' 2
— d
2 I sl ds
a [ S tagn S, -y

P
t
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's
i
|
where Pt is the power carried in the wave traveling in the positive =z 3
direction on the partly filled line. §
H
. }
Since we are assuming the H field on the partly dielectric filled i
]
line to be the same as that on a line with air as a dielectric, we can i
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 2
P == fIHl do N
1 2 >
1

i :
| § 2
l P == J{.‘Hl do !
2 2 i
} : n 3
| 2 !
| and 1
| i
P =P +7P §
‘ o 1 2 {
3
; If we now divide both the numerator and the denominator of the first term é
if on tha right by P and write g
"
[
Pl g
; ;— =P 3
’ A
. 1
and [
P !
2 l1-P i

7 =

o
we obtain
S | 42
' 2 r )

o= 204 J)_Q'CY ® 1 . ;
M : P+ 2-'(1 - P) {
2r i
3
3
:g,
%




— T - - bl v =
- e e b an by g M ART A DER DTN SRR AN RS, ) R N - ey

In this expression le may be complex:

-— / -
e, = ¢ (1=38)

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

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

then the above equation reduces to

]

5 &

'Y =

[«

P+ ;l"(l - P
2r

We can solve tlis equation fof €2r to yield

- ~x2(1*- P)
) 2
%°.+¢y P

>}

2r

As a check on tﬁé validity of the above expression for y we can com-
pare the result obtained from it with the propagation constuni for the
transve: se upgnetic mode in a SpecinlAcaso that is'rolatively'easy to
solve, The veaxial transmission line with a douxinlvdieloctric'shoath
around the canter conductox'nnd an air space between that and. the outer
conductbr is such a cage. When we nake the smnll_argument approxisations
in thoe Bessel functions-obtained in this solution,.tho two results are
identical. Wg note also that this simple case can te approximated. by

assuming that the capacitance por unit length i5 cquivalent to that

. 104

SR e i L

2 A S A M e S Tt 1L T Y

it R s W b it i M 3k

R

N asi aRl ai Sy D s e

Frh 49 b

e i S b L




22
&

:
%
S
v
¥

P L T R

obtained by connecting those of the two regions in series and that the
conductance per unit length is that for the air-filled line, Thig ap-

proximation also yields the identical result for v.
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Appendix D

I ‘ ’
: ' i DERIVATION OF RELATIVE POWER DENSITY IN BOTH x AND y POLARIZATIONS
; .
|
I
|
|
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Appendix D

DERIVATION OF R:UATIVE POWER DENSITY IN BOTH » AND y POLARIZATIONS
For a TEM wave the electric field intensity E is given by
:—o=- V
E e, qu

whore 0, is a function only of z, and ¥ 1s a function of u, v satisfying

and

on the surface S of the conductors.,

Let u, v be the bipolar coordinates.*® Then we find

F = Au

”~
A

i =AA¢a (cosh u - cos v)a

~ 1 = cosh ucos v« sinh u sin v«

cosh u -~ cos v “cosh u - cos v
50,
- A 'p? - A {“? -
E = -Eé {1 = cosh u cos v) x - -Eé-(sinh u sin v) y .

The ratio of the y componoent of g_to the X componont, |£yl/l£x‘, is

. v sinh u sin v
[E ~ cosh ucos v =1
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Now, :
¢ sinh u ’
X = :
cosh u - cos v :
_ ¢ sin v '
Y = Cosh u - cos v
Using the additional identities
sin2 vV o+ cos2 v =1 .
cosh2 u - sinh2 u=1 2
!
we can solve for sin v, cos v, sinh u, and cosh u in terms of x, y.
This results in,
sin v = — EEZ__E_______.S
2
a x2 + yz - 02) + (2cy)
(xz : 12 - 02) '
Qs V = T A*»-‘-ﬂu-_ ;
: 2 *) 2 :
X o~ + (2cy) :
20x é
Silll_] U = w_ﬂ‘ ;3
2 2 . 2 3
X" +y -c¢ + (2¢cy) :
(x2 4 yz v ¢
cosh u =

(x2 N y2 - 02)' + (?.cy)2

Substituting the above oxpressions in the oxpression for \Eyl/\ﬁx\,-
we find

~d
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Noymolizing tho coordinotes with ¢, wo have

‘?y‘ b Bxy
Ti:\ Ixz - 92 - I'

Staee the power donsity Pg and Dy tn 8= gud y~polerization, ve-
spactively, ave given by

p S e

% 26

we have,

O
o
—
[
X
N4

2 2
dx vy (D~1)

e

U TN

2 F h":,;f - " 0 s
5 §;§i (gd o yg N i)

The relstisn hotweon the total power demsity P aud ﬁé, @y for the

TEM wave is jound to be

I¥ 1 Suoww that

o

ivd

T TR s e

Bl TOTARING R DTSt NSRS T




Normalizing the coordinates with ¢, we have

e, | oxy
!ExTV x2 - y2 -1
‘.‘ 2
.h«yl ) a2y

()

Sirce the power density Px and Py in x- and y-polarization, re-

spectively, are given by

g, |®

e
~<
i
[
oy

we have,
. .12 A
o lhy; axly?

Y ‘ : (D-1)

P_° 2 - . 2
x \Ex\ (x2 + yz - 1)

)

The relation between the total power density P and Px’ ?y for the

TEM wave is found to be

by y -

It is Known that

whoeroe
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P + P = 4B

. (D-2)
X y 2
(xz + y2 - 1) + 4xzy2

Solving (D-~1) and (D-2) simultaneously, we get

16Bx2y> ‘ f
P =
9 2
(SREEE
¥ +y -1 +y
2 _ i
. 4B‘x2 + y2 - 1) '
X = . .

2 2 : L
2 2
[(x2 + yz‘- 1) +4x y ] ‘

'For a contour of constant P, let

1. The Plot of Py

P =P = constant
X Xk :
and
ni - g§~
- xk
thon

RN im0 e

Thoe power 1q dB is g1Vuu by
P 10 log L
x 7 %o
X 3
.&
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a2,

2. The Plot of Py

2

For a contour of constant Py, let

s

s
PP

LR T

AT 1

P =P = constant
y vk

and

2t

3
*

then

2 2
[\x2 + y2 -1) 4x2y2] 2
22 — =D
4x 'y y

T o W 0 LT a2k

The power in dB is given by

1
P, =10 1o 4 5;
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Appendix E

" ANALYSIS OF ADDED CAPACITANCE ON A TRANSMISSION LINE
TO APPROACH A GIVEN EFFECTIVE DIELECTRIC CONSTANT

| Pfeceding page blank
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shunt capacitors,

f; the total current,

and the charge rer
unit length

Since

and

where

and

Preceding nage blank

‘the voltage, V=

Appendix E

ANAT YSIS 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) as a line with a higher dielectric constant and no

For the TEM wave on a two~conducior trensmission line:

conductor 2
E*dr
conductor i

1=fﬁ'§§ |
: conductor 1 or 2

b

.

q =f?vods :
conductor T or 2

n X E s 0

AH=0

at the conductor surface, and since

4

|

i

cll

¢ = the modulus 2f the impedance of
the wodium

D= eE -

3

-
1= le]us
_”v cobducior 1
1i7
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q = € lEldS
conductor 1

Therefore, the characteristic impedance

p'r v
?7‘E‘ ds

r
conductor 1
and the capacitance per unit length is

€ €
C':’g' 5 — ‘E'ds .
v

\'s
- conductor 1

fhe added capacitance per unit length due to increasing the dielectric

censtant from-1 to er is

(e ~1)e
X °{ Elas .

« conductor 1

¢! =

Now suppose we place n capacitors:per wavelength (A) on an air

e e
LT TR

dielectric-line, each capacitor having a capacitance

Theﬁ, as n increases, ‘the equivalent dxelectric constant should appronch

er and the relative permenbility should approach unity,

On tﬁe air lihé, each shunt capacitor has a normalized admi ttance,

Y 3ﬂfC R
8 J clair)

S wheiw
I = froquondy, in Ha

Y CUELAY R
Yo 7 n clair)
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2ﬁv( _ ) 5
N = ""-"'I' € "'1 &
) Ys J ) ¢ r ) °§° :
. : where
K Vo = phase velocity in air
| |
i . am
Y = J_— (e -1) .
s "n r
In our computation we .let Cq have a small loss factor, §, such that
e =¢_ (1 =-36) .. .
Sr r - _ - g
‘ For cowrutations with eéually spaceq&unifoxm-size capacitors two
circuits were used (see Figure E-1), - '
CIRCUIT |
A8 ——
i . —tnﬂ—.-——"
' OPEN

- "TLIT
‘o ;
P : z
[ : CIRCUIT 2 _ ;. ;
E i , -t A/8: : — - 5
Zin—> - g - _ . . OR :
LI T T Tk |

S R T i - . ) ' !
e EG e-.t" EQUNALENT cmcuws FOR CAPACITIVELY LOADED TRANSMISSION
h}. Co I h_lJNE ’ : :
R . c Yxample compu¢ations of e and u ware mode using equally spaced f
Aunlform-sizc capacitors 1n ercuits 1 and P fov the cn80.- ?

6 = 121 ~ 30.08)

nw= a2 . Ta=1tedo .

The results are plotted in Figure E~2. Notice that when éhe nunber of i
‘capacitors (scattorers) per wavelength is large that both clicuita yield ;
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the same (and correct) answer. On the other hand, when the number of
scatterers is small, both circuits exhibit a bius. Circuit 2, more
nearly the case in actual field measurements described in Ref. 13, where
the vegetation was clearec from around thae bridge input to the line,*
yields results_sl;ghtly high for e; ang #iight!+y low for p;. Notice
that, for a given number of scatterers, the value of either e; or u; ob-
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 incqmplete
spatial sampling (i.e., never having a tree trunk right at the bridge in-
put), the average of the observed values of H; given in Ref., 13 should be
somewaat less than unity~-and indeed such was the case. Nevertheless,
contrary to the discussion in Ref.A13, the true value of u; in the forest
being measured probably was unity, and the assumption “;1 = 1 should be
used in forest-slab-model computations, In addition, the true value of
e;l probably always was greater than (or equal to) unity. Finally{
future measurements éhculd include complete spatial sampling velative to

the geometry of the scattérers.

Computations also weve made for the case of randeu scatteréf size
and location. For the random-size scatterers, the average value of Y
was set equal to Ys above. Except for increased spread of the computeﬁ
data points, essentially the same conclusion was reached: Namely, that
& transmisslion line with discrete scatterers placed along it can be
represented as & line immersed in a scatterer-free region of higher
dielectric constant--provided there is a sufficient number of scattercrs

present (per wavelength) down the line.

*
Private communication, H. W, Parker.
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