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During the 1ast few years, measurements bave been made to deter-
mipe the eiectrical characteristics and the predaminant mode of prop-
agetion in a forest eaviromment. This work vas essential becsuse of
the severe attenuation of radio camunication signals vhich occur when
operating in a forest medium. Theoretical investigetions bave shown
that for distences greater thapn 1 km and for frequencies betwean 2 and
200 MHz the forest can be represented to & first approximation es a
conductive slad bounded on one side by air and on the other side by the
earvh. Using this conductive slab ne & model, the transmission losses
betweon > eilementary dipoles located close to the ground in & forest
vere calculated for beth horizontal and vertical polarization. Those
parsmeters which would effect the trenmmission losses are exgmined znd
ther the tensitivity of the respective parmmeters is evaluated in de-
teil. It turns cut that the change in {input resistance caused by the
ground proximity produces & loss vhich may be considerably lsrger then
the other losser. Varicus {ata are presented which ahow the theorstical
tronsmission lossee vs Irequency for different parmmeters which include
the boight of the antenna above ground, ibe beight of the forest, and

the elecirical charsctsristics of the ground and the fores:.
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I. INTRCDUCTION

The present report investigates the transmission losses en-
countered vhen the tranmmitting a.nd/or receiving antennas are situated
very close to the ground in a foreet. To the authors' knowledge, no ex-~
Perimental data are available which yleld the transmission losses under
those conditions. The prescent theoretical study therefore had to employ
certain assumptions in order to obtain realistic spproximations whose
Justification and limitations are stated in detail.

During the last fewv yevars, measurements have been made to de-
termine the electrical characteristics end the predominant mode of prop-
agation in a vegetated enviromment#., Theoretical 1m-tigatiom(1’2)
kave shown that, for distances greater than 1 km and for frequencies
between 2 and 200 MHz, the forest can * represented to a first approx-
imation &8s & conductive sladb bounded on one side by air and on the other
side by a ground plane, as shown in Fig. 1. These studies have shown
that the predominznt mode of propagation is a lateral wave. This wave
maY be regarded as & ray generated at the source T and is ircident upon
the forest-alr interface at the critical angle of reflection in geomet-
rical optice, as e¢hown at point A in Pig. 1. The wave thereafter is re-
fracted into the air region and proceeds along the interface vhile con-
tinuc.sly leaking 2nergy back into thez forest at the critical angle of
retlection. I’»>nce the wave reaches the receiver R along the ray m and
thus the total traveled path for the lateral wave is given by TAERR as

shown in Fig. 1.

#Atlartic Research Corporation and Stanford Research Institute have been
naking measuremerits in tropical Jungles of Thailand. The reports pub-
lished by the respective ccmpanies are too numerous to reference in the
Bibliography, but were performed under contracts DA 36-039 SC-90889 and
DA 36-039 AMC-CO0LO.
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P MY R Ut L e Lk s

The trensaission loss Lc> for antennss situated in the con-
ducting slsb close to the air interface (i.e. the distances TA and BR
are negligible) has been calculated for the cese vhen the ground plane

is neglecm.(e)

As the antennas sre lowered inioc the digsipative for-
est, ar additional loss designated by Ls occurs due to the fact that
the latersl weave has to tmavel an increased distence within the lossy
foreet mediue (alcng the peths TA and ER in Fig. l§ As the antennas
approach the ground, further ivransrission lozses will cccur because of
the increasing influence of the ground.

Sect.on II deacribes the additional lozsee in conjunciion
wvith the elactrical and thysical parameters of a forest enviromment.
The atitemustive loss I‘s is calculated in Section III for typical heighta
and for various electrical parameters of g forest. The influence of the
ground on the electric field for an antemnns situated close to the ground
foreet interface axd ihe range of validity of the dsrived equetions ars
exsmined In Section IV,

In Sectior ¥, the change in rallaticn realstance for antennas
cloge to the ground 1a calculated ahowing the senaitivity in the redls-
tion regigtance as a function of the height of the .ntenva above vuari-
ous grounds. Typical calculations of the total trenmmission losses
are shown in Sectiou VI with the conclusiong being proseated - the

final section.
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II. TRANSMISSION LOSSES AUDITIORAL TO THE INITIAL 1088 Lo

When the transmitting and receiving antennss are in the for-
est but close to the forest-a.r interface, the electric field produced

by an 2lementery current eleaent 11 i3 closely given (2) by:

. -3, P -k, 8
GOIloeJko . e . (2)
2 2
n -1 p

vhere!meeutotbanximnvnu(.tudiumcep ) of the field

camponent wvhose polarization corresponds to that of the traommitting

di,~le. The other quentitiss are defined by:

0 = X2+Y2 2 Loungitudinal separation be-
tveen tranmmitter ard receiwer
(as shown in Pig. 1)

n = \/c 300 A = index of refraction of the
i 1 o forest
Y P -
ko S 0w \,"o o z froe gpace veve musber
2 .
¥ = k n -1 : forest slab wvave mmber

[}

8 - 2a ~z, 2 separation digtence .

The formula for BL disregards the pregence of thw ground apd
it iz then seen that, Jor ssell », the t-anemission loss depends primarily
-2
on the P geometrical wave gpread. Por s 5 C, the treasmission loss is

given by: .2
2
| a7 -1] Re ‘n} { —£.

Q

(2)
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2
2
where I‘o =(3 ) Ly ond Ly o 18 given reference 2%, Relation 2

shows that the transmission loss is strongly dependent on the electri-
cal properties o? the forest characterized by the refractive index (n)
and also by the wavelength A o

As the antenna is lowered, the lateral wvave remains the pra-
dominant mode but is affected quantitatively. A further loss L. occurs
because the wave traverses through additional vegetation to reach the
forest-air interfece. Since this vegetation is dissipative, the wave
is attenuated when traversing through the vegetation, as shown by the
factor exp (-:)kes) in 2q. (1).

Since btoth formulas (1) and (2) neglect the pressnce of the
ground, it is necessary to introduce further correction factors to ensure
that all known t.ansanissiop losses are considered. A first correction
factor is obtained by replacing E; of ¥q. (1) with a modified expression
vhichh accounts for the presence of the ground. Thig change cauvses an
additional transmission loss referred to as Li' A second correction
factor must be addied to account for the drastic change which occurs
in the antenna input reaistance. As will be discussed later, 1t turns
out that this effect produces a iosn, denoted by Lr’ which may be

congiderably larger than any of the preceding additional losses.

2
#The factor ( % ) 1ie accounted for by the gain G of the two dipoles

2
v 2
which occurs in L 3 ( 3 ) Lo



In viev of all of the losses enumerated above, the total

transmission loss can be expressed as (See alsc Appendix)

Py

x‘tot 3 10 log = SL,+ L+ Lo+ L
r

(3)

vhnﬂPt.nﬂPr refer to the trunmmitted and received powers, respec-
tively. Before discussing the quentitative aspects of the total trens-

niesion loss, 1t is advantagevus to congider ths electrical propertics

assoclated vith a vegetated envirommext.

Recent msasurements of tbe refractive index of the vegstation

indicyte that the relative permiftivity veries from 1.0l tc 1.5 and ite

conductivity ranges from a low of 107 mho/meter to & high of 10°3 mho/
(3)

meter. Whan one exsmines the profile of a tropical forest, (4) it

appears that the effective or median height of the trees varies from 5

o

meters tc 20 meters with isolated tress extending upwards to 40 meters.

The ground constants in a tropical forest enviromment (5) are such thet

the conductivity varies from 5 x 10-1‘ 0.5 mho/meter, vbeross the re-

T gl

lative permitiivity varies fros 5 to 50.
Due to ithe wida latitude of the wvaricus parmmoters mantionad
above, it is imprectical to otiein curves for all possible combinations
of these constants. FPor the purpose of i1llustretion, three cassc were :
therafore chosen which are expectad to typify often-encountered g'tia-

tious and are mammrized in the following chart.
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Forest Type "PHLE " AVERAGE" "DERSE"

Tree Height h  (meters) 5 10 20

Forest: ‘) 1.03 1.1 1.3
cl (mmaho/m) .03 51 .3

Ground: 62 5 20 S0
o (mmbo/m) 1 10 300

<

The smailer values in the table correspond to the caze of a
thinly vegetated area comprised of short trees over poorly conducting
s0oil. The larger values correspond to thickly vegetated areas with
tall trees over well-rconducting earth. The medium values relate to an
average situatioca; this case actually uses wvalues representative of
regicns ¢f Thailand vhere xtengive measurements wvere conducted.(B’h'S)
The three cases sbove are considered over the frequency range from 2 ~
200 MHz and the transmission icsses are calculated for the antennas
located at various heights above ground.

ITI. EVALUATION OF THE INITIAL LOSS Lo ARD THE HEIGHT LOSS L‘

Since the grcund effect does not manifest itgself in the terms
L, end | these quantities may be found quite resadily from exigting
formulas. The former quantity is found directly from Eq. (2} and the
result is plotted for 1 km as shown in Fig. 2. Examination of ¥ig. 2

reveals that the smaller values of Lo occur vhen ‘l and 01 are smaller

and the larger value of Lo occurs vhen el and 01 are larger. It 1s

worth mentioning that, for the "average” forest case, namely € = 1.1

ad 9, = .1 (muho/m), L, lies close to halfway between the other cases.

7
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It wag previcusly stated that, as the antennas are lowered
avay from the forest-alr interfece, au #dditinral loss L. will occur
due to the wvave having tc travel a grecter disimace in the disgipative
medium.

Referring to Bq. (1), it is clear that

E (s) -k 8
- (4)

B (o

(0
wbare the dependence of B,L on the parsmeter 3 is showu explicitly. It
therefore follows that the loss incurred due o Yuwerips the wotounas

tc & combined depth s below the tree Lops is siven by:

. E (s)
L. s 20 L s * Y (aB) (5)
E (o)
L
vhere
2r T
a z 8.686 X I /n -1, (6)
L 0 \

Since &L is dependent on permittivity, comductivity ad fre-
quency, it i{s Laportant toc know lbe possible variation of c:L, Its fune-
tional dependence iz shown in Fig. 3 for the three representative cases.
Bxmmination of Fig. 3 reveals that, above 20 MHz, QL is independent of
frequency but ie s3ill highly dependert or the eiectricel perzmeters ~f
<he forest. t should be noted that both ‘l and Gl are ccnsidered o be
invariant vith frequency in the present acalysis. DBecause the snilennas
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are located near the ground, s in Eq. (5) can be replsced by 2h and

therefore Ls is

L = 2a h . (7)

This lcas is shown in Fig. I and, as expected, the additional

exponential loss Ls bas the same behavior as OIL.

IV. EVALUATION OF THE WAVE-INTERFERENCE LOSS I..1

Ae digcussed before, Eq. (1) does account for the attenuation
L'- produced by lowering the ac*ennas down froxz the tree tops. However,
it does not acceunt for the modification of the field due to the presence
of the ground plare. Essentially, this means that B3. (1) assumes that
the received field is produced by the single wave path TABR of Fig. 1,
whick is true only if reflections from the ground planes are neglected.

To improve the above result, it is necessary to allow for
the presence of all the additicnal latersl wavz paths vhich may occur
bty reflection at the angle of critical incidence within the gladb.

(10) and the various acdition-

This aspect has been previously analyzed,
al paths are shown in FPig. 5. To emphasize the significance of Fig. 5,
it %{s recalled that, when both antennae are close to the forest-air
interface, the lengths TA and FR ave much smaller than all of the other
poths (such as T ¢ 4, v v R, etc.). Hence, the additional reflected
vaves urdergo large attenuation as they travel within the lossy alab

and. they aay be neglected when compared to the primary ray along TAEBR.
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However, whet. the s~tenlas are close to the ground, the paths TA and ;
BR are closely equal to T ¢ 4 and v v R and therefore one must at least i
i
account for tha iatier pair of wive patha. It is evident trat the afdi- :
. i
= tional reflsc*ed waves produce sn interterence which may be eithsr con- i
structive or destructive and thus may decrease or emhance the walue of
tos actval field x{ as ccmpared o K of Eq. (1).
3 The presence of the additicael wvave puths may be qmm(l) ;
3 in the form of correction factors ¥ (z), such that g
IR ORENE S (8
g .
v, ?
‘5‘ whers sL referc to the corrected field, and
1 +7T Jh.z *
ﬁ i
Pz) = - (9) ;
(2) -ajkﬁh
1~ Te k
! vhare P( zo) is odiained by revlacing « in F{z) by zc. [ is wisction
. coefficient which, in the case of veriical smd horiraptal polirizations,
»'i-g-:,
cen be expresesd 4
2 / 5 T
I J/a -1 - n2 \/3 =1
. r = - : -  Vertical Polarizs“iom
VR /¥ -1

o (10)
~ \‘/D‘ -1 - ,/H2 -1

SR — P ——

h / 2 2
Ja o=l o+ S =]

Rorizontal Folarizail:iom

i

1k
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In order tc understand the limitations of the latarel weve
field given by Eq. (8', it is necessary tc know the undarlying spproxi-
mations uged in ite derivation. After the electric field has heen ex~
pressed in tsyme of an integral, the integrand is then oxpanded in a
povar series whose rediuz of convergence ig dependent on the numerical
distance defined belov. As long as the partinent valuss in the inte-
grand are located vear tbe center of the circle of convergence, the re-
sulting lateral £3214 can ve obtained by omitting certain terms in the
series expansion. To ensure that Bq. (8) represents a valid approxi-
wation to thig integral, it is essential that the following ivegquality

be n.tiuﬁ.od( 8)

koﬁ
'da - > 1 (11)
2| u|
The mmerical distance W will dictate the lower limit on the sinimum
allowable distance P ain batween the transmitier and receiver. The
kopm;m

LR

ground comstante. One must besr in mind that, becauge various tre-s-

curves displayed in Fig. 6 give valuee vhere = 1 for warious

misglon losses are cslculated for a wide frequency range sud a large

range of ground constants, the minimum renge where these equations

arc valid is quite sensitive to the ground parameters.

The sdditional loss Li due to the modification of the field

to scogunt for the presence ol the ground is given by:

§

R
2

it

L, = -2 1og | 4o iog | #(z ) (12)

wheyre 1 = T‘c waes assumed.
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The quantity L, for antennas situated above but close to the
forest-ground fnterface is plotted in Fig. 7 (vertical polarization) and
Fig. 8 (horizontal polarization). For vertical polarization (for the
"average" and "dense" forests), L, actually represents a gain rather than
a loes shoving that the fisld interTerence is constructive. For the
chosen forest and ground paremeters, the electric field changes very
slovly as a function of the effective height of the antenna above ground.
Although the difference in the electric field for various heights (for
the "thin" and "average" forests) is not plotted in Fig. 7, numerical
camputation reveals that the difference in the electric field for anten-
nas situated .05 m and .2 m above ground is of the order of .5 db.
Furthermore, thne shift in the nulls and pesks as a result of changing
the height of the antennas above ground is very saall (i.e. less than
1 MHz). Por horizontal polarization, L; actually represents a sub-
stantial loss irdicating destructive fieid interference due to the
presence of the ground. This can be explained by noting that the tan-
gential electric fieid close to a perfectly conducting half space should
be smal) (the tangential field on the boundary would of course be zero).
In ouwr particular case the earth is not a perfect conductor, but one still
expects a subatantial decrease in tha electric field.

The oscilletory behavior of the curves in Figs. 7 and 8 is
alpo caused by the very low impedance or the ground plane which thus
effectively acts as a shorting circuit. When the antenna ig placed at
a distance of about A /4 away from the ground, the effect of the short-
circuit action 1s least, as expected from an analogy vith a transmission

line shorted at one end. In that case, the electric field at the antenna

17
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19 at a msximum. Similarly, the electric fielld goes through a minimm
vben the antenna is? /2 away from the ground and the short-cireuit ac-

tion 1s greatest. This general behavior is well knovn and an exsmple

bR o2

from the literature (9) 1s ahown in Fig. 9 to 1llustrate this effect.
In the case discussed in this report, the autennas are fixed but the
frequency varies :othsttmdishnce-:mzomrythrwmtuu of
A/b, A [2...ant tims lead to the oscillatory bebavior which 13 evidemt
in Pigs. 7 and 8.

V.  EVALUATION OF THX AFTENNA IRPUT RESISTANCE LOSS L

ﬁuenctlonLr&uetotbecMointbewtemimtm

sigtance ig given by (see Appendix)

R(x)  R(z,)

: R (13)

Ilp® 101 ¢

t
where R{1) is the input resistance for an antenns in the fores. at a
height z above ground, vhile R is the input resistance for an antsnme
locatsd in an infinite forest medium.

Yor the purposes o°f i&is report, it wvas assumed gt the
ioading of the antenrs vas due prisarily to the ground effect. Hence
tbe change in input resistance due to the antenna deing surrounded by
vegetation rether than ®y air could be neglected. The validity of this
assEption 1s Justified since the index of refrecticn of the forost is
close to unity, and furthermore, the index o5f refraction of the groums
i munh greater tnen the indax of refraction o the forest. Neasuremsnots
10 date indicsie thet the vegetaticn doss not affect the inpul resistance

w & great degree? except by slifghtly changing the efTective wavelength.

——

>

Private communicetion Ty G.H. Bagn, StanTord Research Tostitute, =menlo
Park, Caiif.
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Subject tc the above assumption, the ratio R( z)/Rf corresponds

“o that of a dipole located in air above a conducting half-gpace. This

(6

ratio has beer calculated by Vogler and Noble »T) and the loss Lr may

then be feund, vith z = z , from
R(:o)
L 221 , 1l
. og R (&)

so that Lr v111 be twice the amount obtained firom the appropriate curves
which are given in refersnce €.
The loasz L_ due to the change in ipput recistance caused by

the ground proximity was plotted for varicus ground paraneters and for

various heights adovs the earth. For values 12 > .1, the loss L. is

o

quite maall. If one assumes the antennas to be at a Tixed height zo
above ground, then one observes from Figa. 10 and 11 that L. decresses
‘with increasing frequency. Por high frequencies (i.e. £>5C MHz for
the particular heights in the plot), it appears that Lr is indeperdent
of the ground parsmeters. However, as the freyuency decreases below

50 MHz, the ground constaants affect L. to = leige ertent. In fact, for
frequencies less than 10 MHz, one might expect a 30 dB variation in I.r
depending upon the ground ccustant. Since Lr is Nighly seusitive to the
effective height of the antenna above ths ground, this affords a degree
of freedom that the design engineer can adJjust such that I.r wvill be small.

¥1. TOTAL TRARSMISSION 1068

while an examination of the const!t:enl losses that coaprise
+he total transmission loss can reveal ihe sensitivity > the various

parameters, the total tranamisélon loss is of valu= 1L tiat 1t wili
22
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ultimately determine the power requirements for a given system. The
total transmission loss will &lso be of value in determining the opti-
nux operating frequency band as a function of polarizaticn, the forest
ard ground parameters, and the antenna height above ground.

One of the first steps in calculating Ltot is to determine
the minimum range ¢, , explicit in Eq. (11) for which the lateral field
given by Cq. (8) is valid. Since L, 1s plotted ’n Fig. 2 fore = 1 km,
1£ ray be necessary to adjust L° for other distances. Once this bhas been
sccamplished, the additional losses may then be added to Lo erploying
rq. 3.

A typical exsmple of Ltot ie shown in Fig. 12 wiiich reveals
several interecsting features. For the case shown, vertical pclarization
is preferred over horizontal polarization, with the difference in Ltot
decreasing with increasing frequency. There seems to occur a frequency
band, roughly between 20 and 50 MHz,; wvhere L%o
higher frequency range, there occur many local minima and maxims due to

t is a miniaum. In the

the oscillations of the lateral field. The ocscillations of Ltot for
vertical polarization are of the order of 1.5 dB and therefore were not
included. For convenience, the pertinent curve in Fig. 12 was drawn
through the median of these oscillations.

ViI. CONCLUSIORS

The charu~teristic exasple shown in Fig. 12 reveals twe

interesting features which distinguish between propegation with antennasg
close to the ground and that with antennas close to the tree tops. The

latter situation 13 the one shown in Pig. 2 which should be contrasted

+h Fig. 12. It is then observed that, vhereas Lo increases strongly

25
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A R A, SN,

vith incressing frequency, L'wt for thy cnse o7 tos growndi-buged axtenvas
in Fig., 12 3oz not aiveys increase with lacressing fuiequency. Comiae-
Guently the preference for lower fraquencies would act be juwtifisble for
the ground-based artennes.

e gecond fealture whiich involves the prefermmble polorizetior
iz pot evidaat £.- a2 Fig. 2 ginee ithoze regulit. 40 not s inguish vetweran
the two (vertical and horirontal) csses. ZHowewsr, at the frequencies con-
sidesed bere, the exparimental .25ulte (£) shov thet lower losses Ltot
sceur for igh untennas vhich are borizontelly {imthe: than vertizally)
golarized. Om the other band, Tig. 2 shows tbet vertical polerization
rields lover losses for ground-besed anter-me; this 1a not swrprising iz
view of the stirung effect of e ground plane oo horiszontal antenvay,
shick are effectively uhavtsl out by the vconducting properti~s of tiz

Although the exzuple of Pig. i2 domr w0t {ncludy 1) of the
pareible foraay {ypes, it is believed that the sbove cuaracterlatics ere
alse rreserved, %o s ssaller or greiar cegree, al~c {u the “ihin” and
“denge” foreels. The exact curvss Yor each Iwiividual case acv sarily
cbiained by foll wng the sam: procedure which ylelded Fig. 12, ms
outlined sbowe, It swuld neverthsicss be wmeambered that the present
caloulaZisng do i aceduwt YO sny possibic gnisouiupy of the forest

medium which could modii; W'a resuli.
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APPENUIX

The individual lossee Lo’ Li’ L' apd Lr discussed herein were
sssumed to be independent and therefore led to a tota’ t -nsmission loss
Ltot vhich vas obtained in Eg. (3) by a simple superposition. This fol-
lows from the definition of each loss and the validity of %j. (3) is

shown below. The tracsmitted pover is given by:

2
Pt n! I| R(zo) R (A1)

wvhere I is the current of the transmitting dipole and R 1.0) is its input
regigtance whos® dependence . *he heighi z, is ah~m explicitly. The

mximes received power is cbtsined from:

2
2 i

P oz B(8)! —m o, (A2)
=L )

vhere ) is the length of the receivingdipole and R{z) 1s its laput re-
glstance. 'The fie.d E.;‘ (s) at this aipole 1s expresssd in terms of

3 2 2h -2 -z, 4o br'ng the g dependence in svidence. The total trwns-

wission losg 14 therefore given by:

2
I

L ¢ T 20 log [ =y R(z) R(z)) "A3)

> Ey(s)

wilch may be wveitien in the form:

2 2 2
2IR E {o) E {s) R{z) R(z )
L 10 sog | = | iEem | - (A4)
= 10 .og | - i Lt
tot B (o) e (s) E'(s) R, n.
L L 3 f S

wheyrs EL('E) is che recelved la’ -l wave field lu a semi~infinite

3
L

i g B e B e LT




forest (b — = ); hence EL(o) is that field in the particular case where
both autennas are at the Zorest-sair interface. The quantity Rf is the
input resistance of a dirole embedded ir an unbouried forest medium.

An inspection of Eq. {Ak) reveals that the first squared term corres-
pords to the transmission loss

EIRf

L = 20 log| (AS)

| ]
° 1E (o)

already evaluated in reference 2 (except for a constant multiplier wvhich

accounts for the antenna gains). The other terms relate to the additional

lossges:
B (o)
L, = 20 log| L
E (8) , (A6)
E (8)
L, = 20 log| | » (A7)
E'(8)
L
R(z) R(
L =10 10g] 0 70 (28)
Re

It therefore follows that tke above relations imply the addition of

the various losses (expressed in decibels) for obtaining the tntsl lcss

Ltot’ as expressed in Eq. (3).
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