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ABSTRACT

Simple asymptotic expressions are derived for
the lateral wave excited by loop and dipole
antennas in or above a foliage layer. It is
shown that the horizontal magnetic dipole (loop
in vertical plane) has signal strengths compara-
ble with the vertical electric dipole provided
the moments for the two antennas are normalized

so that they have equal radiation resistances in
free-space.
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FOREWORD

An important element of the mission of the Advanced
Concepts Office of Headquarters, U. §. Army Communica-
tions Command, is to conduct studies whereby scientific
knowledge can be utilized in the solution of current or
foreseen prohlems affecting USACC's operational capabil-
ities. This report investigates the problem of radio-
wave propagation in forested or vegetated media.

This study was conducted by the Institute for Tele-
communication Sciences, Office zf Telecommunications,

U. S, Department of Commerce, Boulder, Colorado, under
Project Order SCC-408-73.

Mr. George Lane of USACEEIA was the project moni-
tor superxvising this study.
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EXCITATION MECHANISMS FPOR TRANSMISSION :
THROUGH FOREST~-COVERED AND VEGETATED MEDIA

R. H. Ott and J. R. Wait
U. S. Department of Commerce
Office of Telecommunications
Institute for Telecommunication Sciences
Boulder, Colorado 80302

I. INTRODUCTION

i UM R Bt et f e e e

It is now well appreciated that the predominant component
of the far-zone field in jungle pfopagatlon near the guzface
is a lateral-type wave. One of the earliest measurements of
attenuation by jungles was the work of Herbstreit and Crichlow
(1964). Lippmann {1965) modeled Herbstreit's experimenté in
terms of a plane, uniform 3:lab. Jansky and Bailey !ngineering k

Division (Jones and Sturgill, 1565) conducted a number of ex-

periments in Thailand in 1965, Two of the earliest theoreti-

cal interpretations of the attenuaticn of signals propagating

e e e el e L

through a jurgle are the work of Staiman and Tamir (1966) and
Sachs (1966,. Sinca then a numbur ol authors have considexed

tha problem of calculating the lateral wave excited by antennax

P U T T ST

in a jungle (Wait, 1967a,1967b,1968; Bachs and Wyatt, 1968,
De.ize and Tamir, 1969; Eaci .1969}). A very ecarly thecoretical

srgatment of lateral waves and their ralation o other surface

.-
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waves was the work of Tamir and Felsen (1964). Recently,
models of the jungle vegetation have been built and model
experiments have bezn conducted to complement actual field

measurements (Ikrath and LeMarne, 1971).

In this report, we derive analyticallexpressions for the
electromagnetic fields of dipole and loop antennas located
within a foliage layer over a smooth earth. These expressions
are evaluated asymptoticglly to yield simple formulas for pre-
dicting signal strength as a function of the various parameters
of the problem. These asymptotic formulas indirectly separate
the Hertz vecior in%o its spacé-wave and lateral-wave compo-
nenﬁs. Tne location of dipoles and loops in and above a foli-
age layer is considered to determine the optimum location of
the antennas. A comparison of the model with the Jansky and
Bailey data is given, At 20 MHz, the measured and predicted
basic transmission loss differ by 3 dB., PFor frequenciea §reat-
er than 20 MHz, the measured deta and theory differ by as much
as 18 dB. However, this 18-~dB difference remains constant from
about 50 MHz co 300 MMz, indicdting the theoretical freguency
dependence adayuately predicts the observer froquency depen-
dence.

The acdel nfrthe foliage layer <con be as simple as a zitgle
homdogenecus 180tr-91¢ slab or as complicated as an ﬁrbitrarg
nuskber «f homogeneous, aniaxial aniszotropic layecs. In thii

araliysis we i{gnore the incoherent or scattéred-¥ave compsnont,

oy i S i Hoie S PR e Sy 2 e e RSy () (O I et o ACIS i w1 it s O AL ke ative s
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The general confiquration is depicted in fig. 1, where we
have an N-layered earth model. i2re the top two layers can
be used to characterize forested terrain. 1In general, the

complex conductivity is a diagonal *tnnsor given by

for.thé_ﬁfthylzycr (n = 1,7,....N). Here the complex conduc-
tivityno c;g-+'iwc-uhere,g and £ are the reaul conductivity and
Vtﬁé ;Eai permittivity, respectively. The implied time factor

is ~é‘x'p(+mt7 following Lord Rayleigh. 'As irdicated in fig,

: 1, £h§ squtcé'is a vertical elecitic dipole, denoted VED, at

z "h the vacuum region for z > 0.

Por»tﬁe VED the tields can be derived from an eiectric
Hertz yéétbr that has only 3 2 component nz; A subscript o
tsAadded.whén_ra!e:ting to region 2z > 0, and a sudscript n is
uéed-to;:roéion n where n' = 1,2,3,,..8. Prom an earliwxr analv~-

$is (Wait, 1967a), it followvs that (for 2 ~ o)

E

: =u_|a-h| -u_(3+h)
= 1ds o] ’ [o] A A 3s
et fle + Ry (Ale o 3 (hnds (1)
_ [ )
where
T K= 2 g -
E) LA —g LSS R i d
ull‘*’ K s a Gt m ¢ Yy" h tc’ ‘kag wie .
-] | 0
z = K f;?.::z:-i: f:-t‘u N ' a xan—-:-!x‘-u—.-.-— . :‘o-
, - v ,
1 i it zztanh vlh‘ , L P j(hn“ i
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ZJ+ K. tanh v h

2 2 2
Z. = K
+
2 2 K2 Zatanh v2h2

) 2, * K tanh v h_
Zn= Kn X + 2 tanh v h ¢ n=1,2, 3 .... Nl
n n+l - nn
4
2 X KN KN_ltanh %-1hN-l
; - - - ’
3 E N-1 N-1 Keer? KNtanh vN-th—l
1/2
A 8 = Az 2 . = r 2= i »
7 3 v.= (A% + Y1) .ok cs'hn/o‘m Y = i0, Mow
. For z > U
j’“ ; aznoz 32 3Hoz
3 g 2 .
3 12— : = + = = ol
A - 4 Eop 9pdz ' E'oz ko 0z ° noz ' Ho¢ ELW op ’
% 3 In the limiting case z = 0, we deduce that
ﬂ @ -y h
2 i Ids o 2 )
k- W e eeev————— - ) = .
| B wieowfe (L = Ry, (M 1A%T, (Ap)dA (2)
. ‘ o}
; {; Clearly, this can be used to express the mutual impedance 2z
,;T between a vertical electric dipole of length ds and a horizon-
;u E tal electric dipole of lengti 4%, as indicated jin fig. 2a.
b Thus,
i
v . Eo dicosq .. -
I I
. where v is the induced voltage in the element ds and & is the

B e v a2 Tt O T SR S TE SV _Mg
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angle subtended by df and the radius p. By reciprocity 2 the

mutual impedance is also defined as

Z = | (4)

where Eozds is the voltage in the element ds for a current I
in the element d%. Thus, the vertical electric fieid Eoz at

a height z (= h) for a horizontal electric dipole located at
the origin of a cartesian system (x, y, 2) and oriented in the
positive x direction, as shown in fig. 2b, is

«©

- Id) [ A _UOZA2
E_,* mf.l - R (M Je 3 (Ap)dX cosd . (5)
(o]

(o]

Not surprisingly this checks with the field expressions de~
rived directly for the hosizontal electric dipole source
(Wait, 1967b).

Now consider the magnetic field at z = 0 of the original

VED of elemeatal length df. Using (1), it follows that

. . lds J P .
"o@ re 1+ Ruu«)]-_. ;o- Jl {Aplrd . {6)
0

In a aimilcor fashion we can use this to calculate the voltage
v induced in a amall loop of ..*ca dA whose axis subtends an
angle ¢ with the radius vector . Thus the mutual impedance

is

- . o il o g Ay L 3
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where the geometry is shcwn in fig. 3a, and the minus sign in

(7) is a consequence of varaday's law. But this is the same

as

z = I (8)

where now Eoz is the vertical electric feild at the height
z(= h) for a horizontal magnetic dipele of moment IdA located
at the origin and oriented in the x direction, as shown in
fig. 3b. Thus,

-iu WIdA o ~uz )2
~—J1+RrR_.M))e @
F 1

G;-Jl(kp)dl sind . (9)

oz an

Now, consider the extension to the case where the VED antenna
18 located within the top layer (at z = h) {i.e., o>h>-h1).

Then, for the observer at z>o, we have (Wait, 1967b)

o» -y 2
- _1Ids {1) o A
Moz imie uf 9y (R} {1 + R, A)]e ;;Jotkmdk ' (10)
9]
where
v.h =2v.h, =-v.h
(n ic wje 1 + n‘iie 1 10 1

9, =g . =2v.h
vl (1) 171

1 ¢+ R 110

- 8 -
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and

For ~v1h<< 1,

iwe
g‘i)(h) v (1 - iJ-yénl-yz dl)h)

vl !
with
1 - R(l)e-zvlhl
A(1) - 11 e
1+ R(Jl';e 11
Yo © iko

(Wait, 1967b).

An alternative method for deriving the result in equation (1)
ig to match the boundary conditions uging general expressiong
for the poterntials in the various regiong‘ This method yields,

for a source within the top layer and obscrver at 2 >0,

v.h v =ev.h  =v h
wle 1o R‘t;e 1, ol 2K v,
0 = 142 @ e @ g (Ap)ar
oz 4ng ' " K.+ K 0 )
vi «2v.h 1 o o
o 1 - R(O)RU)e 11 :
11" 1

with

R(O) xl' xo
o w0
11 K.+ X .-
1 o

R
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Now, after a great deal of algebra, one can show that

«2v_h
. } (L) 1 l)
2K° (1 + R 11e

K+ K, (O)R(l)e"zvlh
1R 11¢

1 + Rll(k) = ,
1 ~-R

1

)
v’yields the result above. The

and the product (1 + Rll)g(
vertical electric field in the air is readily obtained from

(10) by using

- 2, 52 2
Eoz (ko +3°/0z )Ho2 .

It should be noted that here h is negative, while hl is
always positive. If the observer is also within the top layer
(o >z >—h1), we have, for h = 0 , that

[« i3

3
o __lds (1) (1) A
E ¢ Z?TZ;N,/.g v (elg =1 il + nll(A)]uo Jo(xp)dx . (1)

The required form for g(i)(O) foliows frem the discussion given

by Wait (1967a). A further extension is to allow the VED to

be located within the second layer (i.e., -h1> h >-h2). then

for the cbserver at z > o, we deduce that

“MoE : '
o Jotkp)dk ' {12)

. 185 _ £ (2)
It 9, (h) {1 + Rll(X)le -

o 47%ic o)
o
: o

where

- 10 -

I



vz(h+h1) -2v h2 -v2(h+hl)

(2) 2
v e + R e e .
¢ (ny= g} (op )L 11 —— .
v Vool SENTI AL R S
’ 1+ kijge 200 A

The corresponding expression for the vertical electric field

et e R T ok e v b G RetAT on rms

Eoz in the air for 2> 90 due to the VED source within the sec-

ond layer is thus : L .

 1ds (2) - “UsE )3 )
_——4'ﬂi€°wfq v (h) [1 + Rll()\)]e uo Jo(lp)d)\ . {13) :
o

If the observer is now within the second layer (i.e.,

--hi 2 >-h2), we have ]

> 3

. dds (D () Vo
2z 41!1&.043_[ g, forg Tz (1 + Rn‘“uo J_prah  (14)

for the case h = 0 . Here we note that q(i)(o) - isaw/avl to
accouat for the location of the VED at and just below the teop
interface.

Another interesting extension is to consider the soutée
HMD thorizontal magnetic dipole) of mcment I4A located in the _ j

soecond layor and the observer also in the air; 2>0. Here we

can deduce that 3

R T DU T DI
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(-]

iuomzdaf (2) ~u_z ) 2 '
E°{= T g, (hle {1+ Rll(})];: Jl(kp)d&sin¢ (15)
where
v,(h+h. ) :
e 2 1 + R(2)e-2v2h2e-v2(h+hl)
{2) - (1) 11
g (h) = g (-hl)
m m (2) -2v2h2
l + R lle
NI i
11 x2+ 23
and - - -
vlz (1) 2v1h1 vlu
e + R e e
(l)( ) = 11
T ("N
l +# R 11e
We note here that q(;) has the same form as q(i)(z) except

for the omission of the factor iﬁow/OQL' This frilows, since
tangential H is continuous while vertical E is #!_.continuous
at an interface.

Now we consider some asymptotics. To illustrate the form
of the results, we locate the ViD within the second layer and
obsorve the vertical slectric field in the air. Then, follow- -

ing Wait (1967b), the dominant far-field approximation to {13)

is
i wids =ik ¢
o 0 L(2)
o T ° 3, MO+ 1k zh)wip) (16)
i
3
- 12 -
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¥ where

Tty ) L (2
,g:v (hy = g" " (h)

“W(p) =-1/(2p)

iv pa2
_p = 11«OGA _i/2

A:’zlfpo,x=¥gf ¢ Mo" uoleo 120m . : 3

Higher order terms in the asymptotic exﬁanaion cf (13)

vield

iwuolds

E " —

. -ika_(z)
oz anp

e 9 (h)wi-y x

P S Pt P R TP

ik e? kZe?
- 0o + Q
20 20 )

Diw
oI

sl

x {1 + ikczﬁ + f% -

3
¢

The term 3/2p agrces with Wait (1964). This is entirely con-
sistent with the ‘ormulass for the single slab quoted by Wait

(1967b and 1968).

In a sinilar fashion, from (5), we can deduce the far field

zoz for the HED within the second layer. Thus 3
i

W el —ikop o,
zoz i --—3-;-‘-)—-— < Ag h {h) {1 + 1k°lA,"‘p)‘cn“ (17)
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where

3 =g Py
A=k
o
and ' : : o : . E
evz(h+hl)- R(z)_fZVth -vz(hihl) ;
(2) (1) 11° e
g' >y = g, (~h)) .
h h 1 “2v._h. . ;
L - g2, 22 L.
11 ) .»j:\%
o
. K-
and J
Vit TRy V2 |
(1)( ) e R 11e e _ ’
g z) = = . :

B L. gt M

11

A similar asymptotic analysis can be carried out for the {

HMD located withia the second layer. PFrom .(9) we find that, j

for 2> 0, - :
=-tu Wk IdA ~ik_p :
: 0o 0 o ={2)
Boz = I, e 9 . (P (1 + 1k°zb)ﬁ(p)sin¢ (13)
where

-{2) oy,
9 5 fh) = q a {th) .

A= k
o

It can be cbserved that Boz' given byrtle). (17}, and (18)

has an inverse (distance)z dependence. This is in accordance ’ ;

Lo L

with the lateral-vwavu cuncept discussed by Walt (1967b), Sachs | ¥

and Wyatt (1968), and Dence cnd Tamir (1969) for isctrogic

AR L YA T
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- .slab médéls:; 5,

" Extefisions of {16), (17), and (18) to the case where the

observer.is be.ow the air-earth interface are simply achieved
by replacinqjl + Aikoz by the appropriate depth-gain function.,
For example;;ﬁhe vertical electric field within the second

'fl‘yer'(-hl>:§i?7h2) for an HMD aiso within the second layer

:{_(-hl> hi>-h2)_is_(asymptotically) given by

o N wIdA ~ik _p_
B, ¥ 2 e © gtz)

-(2) '
2z 270 a (B)9 v (z)W(p)sing . (19)

Tﬁis'find of wmultiplication of depth gain functions is only
validf}n,this asymptotic sense when the direct or “through;
the-foliage" propagation path is out of contention. Note
thar thevattenuation function in (19) is again W(p) with p a
function of 21. This demonstrates the fact that the propa-
gation of the anergy is along the air first~layer interface
regardlees of the location of the source and observer.

A verticel magretic dipole (loop in the horizontal plane!
doeas not oxcite a lateral wave; i.e., it excites a ¢ ~compponant

of electric field but no z-component.

TII. NUMERICAL EXAMPLES
In tig. 4a wo show the geonet: sy and paramster values for
tvo terminals Jocated in a single homogeneous isotropic layer.
The source is located vn the ground at h = «12.2m &nd the ob-
server is located in the air at ~ = 1 m, The magnitude of

vertical componsnt of the electric field normalized to twice
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is shown in fig. 4b, plofted versus - frequency for the three
cases given in equations (1§6), (17), and (18). We ha;e
assun&d equal momenté, i.e., Ids = 148 = koldh. This normal-
ization implies the tliree excitation mechanisms have equal
radiation resistance in free space. Also, for the HMD, we
have used the maximum v:lue foyr the azimuthal pattern; i.e.,
¢ = n}a nd the maximus value tc the azimuthal pattern of the
HEP (i.e.,¥ = 0). We £ind from fig. 4b that the VED and HMD
hava neérly equal signal ktrengths. while the HED is approxi-
mately an order of magnitude smaller. The HED is smalier by
the additional facior A » zl’“o in equation (17).

In fig. 5a ve show the geometry and parameter values for
two terminals located in and near two homogeneous, uniaxial-
type, anipottopic 1;9.:. thii cculd account {(crudely) térﬁthe

treo-trunk oriantation, The upner layer is isotrepic, the

lovwer layer anisotropic. The paramster vaiues for the aniso-

tropic s;ib were taken from Smith {(1969). The anisotropic

character of the slab model may simuiate the difference be~
twesn the tree trunks and foiiage. The trannlitiing and reo-

ceiving antenna heights together with the path length were

. taken from the Jansky and.lnilay data {198%).
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In fig. S5b the magnitude of the vertical component of
electric field is plotted for theithree excitation mechanisms
versus frequency. Again, the maximum in the azimuthal pat-
terns for the HED and HMD were used. The observer is located
just above the top layer. The HMD and VED have nearly equal
signal strengths, while the HED is about an order of magni-
tude'sméller.

In fig. 5¢ we show the effect of eclevating the transmit-~
ting antenna (VED iﬁ this'case) to h = -8.2 m. We see from
fig. 5c¢c that the signal sfrength for the elevated transmitter
is somewhat greater towqrd the higher end of the frequency
range. However, at many frequencies, the signal strength for
the transmitter at h = -12.2 is comparable with the signal
strength at h = -8.,2 m. In fig, 5d we show the effect of
having both termina;s in the second layer where the vertical
component of the electric field is plotted versus frequency
for two cases: 1) the source in the 2nd layer of fig. 5a,-
at h = -12.2m and the observer in the air at z = 1 m, and 2)
the source and ohserver in the 2nd layer at h = ~}12.2 m,
2z = =12.,2 m. In this case, equation (16) is modified to ac~
count for the location of the ohserver in the 2nd layer as

n iuzazda -ikba_(z)

. v ={2) .
bz: T 9, (h)g v (z)W(p).

The reduction in signal strength when both transmitter and

receiver are in the second layer is evident in fig. 5d4. 1In
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fig.ge we show' a comparison of theory, as described in this

repoﬁt, with a set of gansky and Bailey measured datd selec-

ted at random. Tl precdfcted aud measuired basic transmission

loss, defined as
. e = 290 Ta. ip !
Basic Transmissicn Loss 20 IOglolZEz,Eol+2010g10(2kop)

(20)°
is pIotﬁed versus frequency in fig. 6. At 20 MHz, tﬁé predic-
ted and measured Qalues differ by about 3 dB. As thQ’fréquen—
cy increases above éb-MHu, the difference between theory and |
measured basic transmission loss increases to about 18 dB at
50 MHz. From 50 MHz to 300 MHz, fhe difference between theory
and measured basic transmission loss remains constant and
equal to about 18 dB. Itris interesting that the theory pre-
dicts the greater loss. A possible explanation for the dis-
crepancy between theory and measured data in fig. 6 may be
the measured data were taken with the receiving antenna lona-
ted on a tower in a partial clearing. At low frequencies, &
partial clearing would be indistinguishable to the wave from
the jungle itself. As the fregquency is increased, the tran-
sition from jungle to clearing is more abrupt. As the fre-
quency is increased still further, the loss will increase at
a constant rate corresponding to one term in the residue ser-
ies rapresuntation for the field strength, Ez. That is, for

sufficiently high frequencies , and 2 »~ h w Q,
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E

z| v __.1
E;f"“koplm . (21)

In fig. 6, p is constant and equal to 1.609 km, and at suf-

ficiently high frequencies, A becomes

A Ver- 1
f+ €
r

Substituting (21) into (20) gives

Basic Transmission Loss Vv 40 loglof _ (22)
£y

which is shown as 40 dB/decade in fig, 6. The frequency depen-
dence is more complicated when either the source or observer is
located within the slab. It is encouraging that both theory
and measured data obey the 40-dB loss per decade principle.

The fact that beth fall off as 40 dB/decade seems to indicate
the validity of the slab model for jungle propagation.

Another possible explanation for the discrepancy in fig. 6
betwsen theory and measured data i8 the choice of constitutive
parameters in fig. 5a, It may h> possikle by selecting a dif-
ferent combination of these parameters to bring the theory in
closer agreement with the measured data in fig, 6.

Both the effects of a partial clearing and selection of
congtitutive paramcters for modeling a jungle need furthor
study before the sladb model can be used for making path loss

pred.ictions.




S R

C et

Wait (1968) gives the optimum inclinatiQA angle fo? the
tilted_electrio dipole in terms of the index of refracﬁion,
tﬁickness of the upper layer, and the burial depth. This
optimum angle minimizes the transmissior léss of the lateral-
wave component. Since the VMD does not excite a vertical
component of E, the loop has no optimum inclination angle
as does the dipole.

~IVv. CONCLUSIONS

Simple closed form expressions for the laterai wave exci-
ted by loops and dipoles in or above a foliage layer are de-
rived. The modesl of the foliage 1§yer may consist of an
arbitrary number of homogeneous, uniaxial, anisotropic layers.

For the example considered, the vertical electric dipole
and the horizontal magnetic dipole (locp in vertical plane)
have nearly equal signal strengths, while the horizontal elec~-
tric dipole strength is approximately an order of magnitude
smaller. Also, it is desirable to elevate both antennas to
as near the top of_the foliage layer as poasible to rinimize
the transmigsion loss.
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