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ABS TRACT

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.

iii



FOREWORD

An importatit element of the mission of the Advanced
* Concepts Office of Headquarters, U. S. Army Communica-

tions Command, is to conduct studies whereby scientific
knowledge can be utilized in the solution of current or
foreseen problems 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 of Telecommunications,
U. S. Department of Commerce, Boulder, Colorado, under
Project Order SCC-408-73.

Mr. George Lane of USACEEIA was the project moni.-
tor supervising this study.
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EXCITATION MECHANISMS FOR 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

It is now well appreciated that the predominant component

of the far-zone field in jungle propagation near the suiface

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 experiments in

terms of a plane, uniform slab. Jansky and Bailey Engineering

Division (Jones and Sturgill, 1965) conducted a number of ex-

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

cal interpretations of the attenuation of signals propagating

through a Jurgle or* the work of Staiman and Tamir (1966) and

Sachs (1966;, Since then a number of authors have considered

the problem of calculating the lateral wave excited by antennar.

in a jungle (Wait, 1967&,1967b#l1681 Sachs and Wyatt,1968i

ae.ice and Tamir, 19691 tacit .1969). A very early theoretical

treatment of lateral waves and their relation to ot.her surface



waves was the work of Tamir and Felsen (1964). Recently,

models of the jungle vegetation have been built and model

experiments have bean conducted to complement actual field

measurements (Ikrath and Lelarne, 1971).

In this report, we derive analytical expressions for the

electromagnetic fields of dipole and loop antennas located

within a foliage layer over a smooth earth. These expressions

are evaluated asymptotically 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 vector into its space-wave and lateral-wave compo-

nents. 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 dD. For frequencies great-

or than 20 MHz, the measured data and theory differ by as much

as 18 dB. However, this 19-dB difference remains constant from

abou't 50 MiHz to 300 MHz. indiciti; tihe theoreti'rai frequency

dependence adequately predicts the observer frequency depen-

donce*.

The model of the foliage layar cen be as simple as a i•gie1@

homogeneous Lsot'-c slab or as complicated as an arbitrary

number cf homogenetus, antaxial anisotropic layers. I¶n this

arallsis wo iqnore the Incohertnt or scattored-wave componentI



!I. ANALYSIS

The genieral configuration is depicted in fig. 1, where we

have an N-layered earth model. here the top two layers can

be used to characterize forested te~ rain. In general, the

complex conductivity is a diagonal 1*xnsor given by

(0 0

for. the. rr' th- iycr (n 1,',..N). Hero the complex conduc-

tivity a g + iwe where g and C are the re~.l conductivity and

the real permi~ttivity, respectively. The implied time factor

is e1xp(+ i~t) following Lord Rayle'igh. As ir..icated in fig.

1, the source is a vertical electrici dipole, denoted VED, at

z h the vacuum region for z > 0.

For the VED the fields can be derived from an ciectric

Hiertz vector that has onl~y a z component TI . A subscript o

ts added when referring to region a >0, and a subsclipt n is

'.zsed for region ni whern n P,,,.4 rom an ea~rlir ansly-

*is (Wdit, 19674)g it fallcao thaL Ifor a 0)

Ids 4 0

RZ0 U 0 0 0)

* Kt~h hv v

~tnhv~ 1 t hn4* h hn
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Z + K 2tanh v2 h2
Z2= 2 i2+ Z3tanh v212

Z + K tanh v h

+1 n n n
Z K + - n =1, 2, 3, N-i

n n+1 n n

KN+K M-tanh VN hN-1

N-I N-i K N++ K Ntanh v N-1hN-

v = ( 2  + y2) 1/2 K aP/W
nl n n hn vn n hno0

For z > U

oz + ozEoZ=2 IIH , o = -i• WO
apaz ' oz k0 TZ oz o a)p

In the limiting case z 0, we deduce that
S-uh

Ids o ( h R 1  ) 2 j(AP)dX (2)

0

Clearly, this can be used to express the mutual impedance z

between a vertical electric dipole of length ds and a horizon-

tal electric dipole of length dt, as indicated in fig. 2a.

Thus,

E dicono
O a- (3)

where v is the induced voltage in the element ds and 0 is the

.. •••• ... :' r ''"f"• !'l':: ""i'' i+•'''*|;'• •' I .... :••r ' , • . . ... .-........-...

S. • •• - 'i "'- "• • " ' - • . • ,. -
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angle subtended by dt and the radius p. By reciprocity Z the

mutual impedance is also defined as

E ds
Z oz (4)I

where E ds is the voltage in the element ds for a current Ioz

in the element dt. Thus, the vertical electric fieid E atoz

a height z (= h) for a horizontal electric dipole located at

the origin of a Cartesian system (x, y, z) and oriented in the

positive x direction, as shown in fig. 2b, is

-u z
E Id9, frl - R (X)]e 0 x 2

1 (XP)dX cosO 5
oz 4rc wJ 11 u1

0

Not surprisingly this checks with the field expressions de-

rived directly for the ho..izontal electric dipole source

(Wait, 1967b).

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

VED of elemental length di. Using (1), it follows that

UV

Ids 1 + -t, ol' (P
0o 4 -1- f1'. iu 1

In a uimilcr fashion we can use this to calculate the voltage

v induced in a small loop of -oa dA whose axis subtends an

angle • with the radius vector P. Thus the mutual impedance

is

-7-



v -iu WH dA sin*~~ 0 O
Z (7)

where the geometry is shc.4n in fig. 3a, and the minus sign in

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

as

E ds
0Z (8)

I.'.

where now E is the vertical electric feild at the height
02

z(- h) for a horizontal magnetic dipole of moment IdA located

at the origin and oriented in the x direction, as shown in

fig. 3b. Thus,

-iuoWIdA -u z 2
E0 J (Ap)dX siný (9)

02 4 Tr 11T0 0o

Now, consider the extension to the case where the VED antenna

is located within the t..p layer (at z h) (i.e., o>h>-h 1 ).

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

Id:• (i)-u z
I d (h)i( + R (X) Ie o 0_ Q(odXA (10)

00

where

r vh -2V 1h -V hLoe W a + R (1)le he(1) (h) 0  1 1

viv v i +R (1) -2v h1
L1



and

K- 2
-1 2

.11 K1 + Z2

For -vlh<< 1,

iWE (E
g v h v1 1 i ogl-2

with

(1) 2v h

A -2V h

(1) i ) 1 1]

1t1

Yo ik
0 0

(Wait, 1967b).

An alternative method for deriving the result in equation (I)

is to match the boundary conditions using general expressions

for the potentials in the various regiorns. This method yields,

for a source within the top layer and observer at z > 0,

v h • R 0e 1 2K -u
(0 0 j p)d4z Ora vL j1 v o A o oA 0

01- R R (I) e I

with
(0 KK

11 X + K
1 0

-9'



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

-2v -h
-2K (1+ R e

0 1
'+ R --

11 K + K -2v h0 1- (0) (1) 1 11 R R e11

and the product (1 + R )g 'yields the result above. The

vertical electric field in the air is readily obtained from

(10) by using

2 + 2!•E =(k2 + /21z2)l
oz 0 oZ

It should be noted that here h is negative, while h is

always positive. If the observer is also within the top layer

(o >z >-h 1 ) ,we have# for h = 0 that

Ids (1) (1)
W f g v (o)g (z) + R, X) 1i (Xp)dX (11)

0

The required form for g (0) follows from the discussion given

by Wait (196 7 a). A further extension is to allow the VED to

be located within the second iayer (i.e., -hr> h> -h21, then

for the observer at z > o, we deduce that

-id (2) (h +1 R (lX) e P) d (12)
Oz471 iC Wf .v 11 0

00

where

-10-
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(2 h) (1._h ) _l . .. . ,

r v(h+h) -2v h -V (
2 1 (2) 22 .2 2 1() () v e + R 11e 2 e (h)

(h=gl (l ij 1
2 V* 2 I(2) 2 2I + R(12e "

The corresponding exprassion for the vertical electric field

E in the air for z .'O due to the VED source within the sec-
oz

ond layer is thus

= 2 2
0  2j oz

-•

Ids 2 -u 0Z3
94i2 (h)f[l + R (X)]e - J (XAp)d)X (13)

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

-hi > z >-h2, we have

.2z Ids f (1) (2)+E(O ( (2) (z) [1 + RI (A)L- J (Ap)dX (14)
S4wi w v v U 0

00
0

for the case h - 0 Pare we note that 9 (o) - ic w/o to
o v

account for the location of the VED at and Just below the top

inter•ace.

Another interosting extension Is to consider the source

HDD (horizontal maqnetic dipole) of moment 14A located in the

second layer and the observer also in the airs z>O. Here we

can deduce that

- ... -



0hdi fg2 -u(
E 4 (h)le o1+ Rl )-. Ji (P)d)lsin. (15)

"0 0

where

2 v(h 1 ) (2) -2v h -v (h+h
(2) (ll) e + R 1 1 e 22e 2e1

S ( g m -2v h2

(2))K 2  Z3

R 11 K2  Z

Land

m (1) -2v h
1+R e

We note here that gil has the same form as g9) (z) except
for the omission of the factor io w/o This frilows, since

tangential H is continuous while vertical E i's $,..conttnuous

* at an interface.

Now we consider some asymptotics. To illustrate the form

of the results, we locate the VUD within the second layer and

observe the vertical electric field in the air. Then, follow-

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

is

LU Wods "iko 1o .. a 0 (2) .. * @ (h)i( L ik zA)V(p) (16)
os 8 1 v 0

- 12 -
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where

p -.-! ,./.

(2)0

v v

10JX~k
00

Higher order terms in the asymptotic expansior c~f (13)

yield

iWU0 Ids -ik P(2

o2 27rp v

I' 3• 3where 2 :

.. p1  •1 h 0 -, k

2 3

x 1+ ik.Z + 3 i. 20 2+ 0

The term 3/2p agr~tes with Wait (1964). This is entirely con-

sistant with the 'ormulas for the singlie slab quoted by Wait

(1967b and 1968).

In a similar fashion, from (5). we can dpduce the far field

S for the orD within the second layer. Thus

iu f °Idt -1 k oP -11()¢,
ooz2z

{0 Ag,) (h) (I, k SA)W(p)COg(
oz 2 1v P1h)

Th trm3/f)ar,•e wthW-t13-4.Ti l nieycn

sS - n wit t..Mo.ud3or th5srl s ib q ,t-3rI,.s3 a?,.



.. .'7771

where

hh .= gX =k) = .

and

(2 () v 2 (h+hl) _2 .- 2v 2 h 2 -V 2 lhhlg (h) g h h -2vh

1 - R(2) 2 2

and "

e - R e .h.

9~ ~ ~ h11 1(h1 
2 v2h2

h ((1 -2vh
I R111•

A similar asymptotic analysis can be carried out for the

HMD located withija the second layer. From -(9) we find that,

for s>O,

-iii Uk IdA -ik P- (2""q0 (),)1(I + ik Zo)W(p)Oi"+ (18)

05 Z.p mowhere

0

It can be observed that Eox, qiven by (16), (17), and (18)

has an inverve (distanc-e)2 dependence. This is in accordance

with the Iattral-wavv concept discussed by Wait (1967b), Sachs

and Wyatt (1668), and Denee &nd Tapir (1969) for isotropic

- 14-
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slab models..

Extenakborns oZ 116), (17)o and (08) to the case where the

observer.-is be~.ow the air-earth interface are simply achieved

by replacing 1 + Aik z by the appropriate depth-gain function.

For example',-the vertical electric- field within the second

layer >-h ) for an HMD also within the second layer

(h>h > -h) is (asymptotically) given by

7 e g (h)~ 2 ()psiný
2z 2ffp v (

This kind of multiplication of depth gain functions is only

valid in this asymptotic sense when the direct or "through-

tbe-fb1iaqe* propagation path is out of contention. Note

that~ the a~ttenuation funct~ion in (19) is again V(p) with p a

function of 2 ~ This demonstrates the fact that the propa-

qation of the' qnergy is along the air first-layer int~erface

regardloer of t~he location of the vource and observer.

A verticel magnetic dipole (loop in the horizontal planel

dotn not. excite a lateral wave; i.e., it excites aw~-componlent

of electric field but no a-component.

711. NUMERICAL EXAMPLBS

In fig. 4a we show the geomet.-y and parame3ter values for

two terminals located in a single homogeneous isotropic layer.

The source to located o'n the ground at h a -12.21A and the ob-

server is located in the air at 1 0 . The sk4galtudo of

vertical eompqneznt of tho odectric fivid normalixed to twce*



fm rvo a'Erbh 1 .0 2  T1.Z
9v a ghi 0.000 16 mho/m

ii~~ Cr 15.adw,. IS, 90.O3mho/m j

-ý1609 km

Figure 4a



* •, the £fee.space field

0 04& -ikp rd., VBD

B- c Idt , HEDo 21-P d
IkIdA, HMD

~0

is shown in fig. 4b, plotted versus-frequency for the three

cases given in equations (16), (17), and (18). We hare

assumed equal moments, i.e., Ids - Id1 - k IdA. This normal-
0

ization implies the three excitation mechanisms have equal

radiation resistance in free space. Also, for the HMD, we

have used the maximum v-lue for the azimuthal pattern; i.e.,

w/;- I/ nd the maximum value to the azimuthal pattern of the

HEr (i.e.,#- 0). We find from fig. 4b that the VED and HMD

hava nearly equal signol strengths, while the NED is approxi-

mately an order of magnitude smaller. The NED is smaller by

the additional factor Z 1 a in equation (17).

In fig. 5a we show the geom•try and parameter values for

two terminals located in and near two homogeneous, uniaxial-

type, anisotroplc layers that coaul4 account (crudely) for the

tree-trunk orientation. The upper layer is isotropic, the

lower layer anisotropic. The parameter values for the aniso-

tropic slab were taken from Smith (1•99). The anisotropic

character of the slab model may simulate the differenco be-

tween the tree trunks and foliage. The transmitting and re-

ceiving antenna heights togtthet With the path lougth were

taken fro* the JaAehy and Balley dat.a (196S).

S-17-
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Ervi: 1.25, gyj .0.00025 mho/m

h Erh 1 1.25,g~ 9 :10.00025 mho/m ,.

fjh rv2 x .25, g vp 0.00025 mho/m
4Erh2 l i h2 0.0001 mho/m 6t

erg p15, ggxO.O3mho/m

1.609 km4

Fllgure 5a
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In fig. 5b the magnitude of the vertical component of

electric field is plotted for the three 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 smaller.

In fig. 5c we show the effect of elevating the transmit-

ting antenna (VED in this case) to h - -8.2 m. We see from

fig. 5c that the signal strength for the elevated transmitter

is somewhat greater toward 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 terminals 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. Sa,

at h - -12.2m and the observer in the air at z = I m, and 2)

the source and observer in the 2nd layer at h = -12.2 m,

z - -12.2 m. In this case, equation (16) is modified to ac-

co'ant for the location of the observer in the 2nd layer as

iwIds -1k P 2
E nog (h)- (z)W(p).

2z 21 P v V

The reduction in signal strength when both transmitter and

receiver are in the second layer is evident in fig. 5d. In

- 20 -
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fig. f6 we show-a comparison of* theory, as described in this

report, with a set of Jansky and Bailey measured data selec-

ted at random. T,1i-pr,'eC.ctbd a.id measuzed basic transmission

loss, deý'ined as

Basic Transmissicn Loss =-20 loý 10 12E /E 0 +2Oog 30(2k 0p)

(20)'

is pl'otted versus frequency in fig. 6. At 20 M4Hz, the predic-

ted and measured values differ by about 3 dB. As the frequen-

cy increases above 20 MH!;, the difference between theory and

measured basic transmission loss increases to about 14 dB at

50 MHz. From 50 MHz to 300 MHz, the difference between theory

and measured basic transmission loss remains constant and

equal to about 18 ds. It is interesting that the thleory 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 lo',a-

ted on a tower in a partial clearing. At low frequencies, a

pArtial clearing would be indistinguishable to the wave from

the jungle itself. As the frequency is increased, the tran-

sition from jungle to clearing is more abrupt. As the fre-

quency is increased still further, the loss will incre4se at

a constant rate corresponding to one term in tbce reiidue ser-

tes representation for the field strength, V~ Z That is# for

sufficiently high frequencies *and z h *0

........... ...........
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I E oZIýT (21)E0 0 pý

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

ficiently high frequencies, A becomes

A~V 7

r

Substituting (21) into (20) gives

Basic Transmission Loss u 40 log 1f (22)

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 bcth 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

between theory and measured data is the choice of constitutive

parameters in fig. Sa. It may h,- possitle 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

constitutive parameters for modeling a jungle need fmrther

study before the slab model can be used for making path loss

predictions.
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Wait (1968) gives the optimum inclination angle for the

tilted electric; dipole in terms of the index of refraction,

thickness of the upper layer, and the burial depth. This

optimum angle minimizes the transmission loss 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.

IV. CONCLUSIONS

Simple closed form expressions for the lateral wave exci-

ted by loops and dipoles in or above a foliage layer are de-

rived. The model of the foliage layer may consist of an

arbitrary number of homogeneous, uniaxial, anisotropic layers.

For the example considered, the vertical electric dipole

and the horizontal magnetic dipole (loop in vertical plane)

have nearly equal signal strengths, while the horizontal elec-

tric dipole strength is approximately an order of mu-nitude

smaller. Also, it is desirable to elevate both antennas to

as near the top of the foliage layer as possible to winimize

the transmission loss.
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