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1. INTRODUCTION

The presence of forest foliage causes attenuation of radio waves along
a radio path and reduces the communication range of the radio equip-
ment. In planning a communication link, quantitative knowledge of the
excess transmission loss suffered by the radio waves due to the pres-
ence of the foliage is essential. Radio wave propagation in vegetated
environment has been the subject of intensive studies. Those earlier
studies usually considered radio propagation in forests modeled as a
homogeneous and isotropic dielectric layer placed over a conducting
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earth [1-5]. In that analysis, the Hertz potential theory was used, and
satisfactory results were obtained.

Recently, a four-layered model has been widely adopted and com-
monly used in the analysis of propagation mechanism in forest envi-
ronments [6-8]. Two lossy dielectric layers placed over a semi-infinite
ground plane are used to represent the canopy layer and trunk layer
of the forest, respectively. To solve the problem of the electromagnetic
wave propagation in this model, eigenfunction expansion of the dyadic
Green’s function is used in this paper. The use of the dyadic Green’s
function for the analysis of the electromagnetic wave propagation in
semi-infinite media was described by Tai [9] and a generalization of
these functions for the case of an N-layered medium [10], and ex-
pression for the coefficients of the scattered dyadic Green’s functions
in multi-layered medium have been recently obtained [11, 12]. The
similar ideas developed in [13] will be also implemented inside the
current paper. In [13], the analysis has been conducted only on the z-
components of the electromagnetic fields due to its length restriction,
so that the overall effects of the forest and the global contributions due
to all the electromagnetic field components cannot be seen clearly.

In this paper, the dyadic Green’s functions for the four-layered pla-
nar geometry are first determined. From these functions, all the the
electric field components of the electromagnetic waves radiated from
an inclined dipole antenna located in the trunk layer were obtained in
Section 2, and then were evaluated in Section 3, using the saddle point
technique which accounts for the direct and multiple reflected waves,
and the branch-cut integration technique which gives contributions of
lateral waves along various interfaces [14]. The transmission losses for
vertical, horizontal, and 45° inclined dipoles were finally calculated
numerically in Section 4 for typical forests. Also, an error occurring in
the publication [5] has been pointed out and corrected in this paper.

2. FORMULATION OF THE PROBLEM

The geometry that will be considered is shown in Fig. 1. The layer 11
represents a medium of tree crowns (canopy) with dielectric parame-
ters s, g and o9, while layer III represents a medium of tree trunks
(trunk) with dielectric parameters €3, u3 and os. The height of layer
IT measured along the z-direction is Hi, while the height of layer II1
is Hy. Throughout the analysis, the air (layer I) and ground (layer
IV) are assumed to extend to infinity, with dielectric parameters given
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Figure 1. Geometry for the forest model of four-layers.

by ey and po, and €4, g4 and o4, respectively.

An electric dipole with an inclination angle « with respect to the
boundary plane between layers and an observation point are both lo-
cated in layer III. The source that feeds the electric dipole has a har-
monic time dependence given by exp( —jwt). The dielectric permit-
tivities of the four layers are expressed in their complex form, [i.e.,
€ = €60 = €)(1 + joy/we)) where €4 (£ =1,2,3,4) is the relative
complex dielectric constant, o, the conductivity of medium ¢, and
€, the free space permittivity]. The wavenumbers for the four layers
are k; in the air semi-space, ko in the canopy layer, k3 in the trunk
layer, and k4 in the semi-space ground, where k, = w\/(to€n). The
magnetic permeability py in every layer is taken equal to that pg of
the free space.

The current density of an electric dipole with an inclination « with
respect to the boundary plane between layers, as shown in Fig. 1, may
be expressed as

J3(r') = (P& + P.2)[8(z — 0)8(y — 0)8(2' — z,)]

= [Pr(cos ¢'p — sin¢'¢) + PZE]W

SN

where 2y = 2’ is the height of the dipole, and P, and P, are the
horizontal and vertical dipole moments, respectively.
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Using the dyadic Green’s function for a four-layered planar geom-
etry given by Li et al. [12], and following a procedure similar to that
described by Cavalcante et al. [5], one obtains for the region
Hy>2z> 2"

w < dA
E;(r)=— ﬁ o [P {[(1 + A3) M1 (h3) + C33 Mo1x(—h3)]
x eI 1 B M1y (ha) + D3 Myiy(—hs)] e/
ih o
— ‘7]{;—33 [(1 + A33) el)\(h?)) + CN 61)\( hg)] e_]hSZ
1) )
]k; (B Neia(hs) + D3 Nein(—hs)] e?hs* }
P o
k3 {[(1 + A3 ) e())\(h3) + C’N eO/\( h3)] € ihs
+ [BX* Neoa(hs) + D3 Neox(—hs)] €jh32,H , (2)

and the the region 0 < z < 2’:

wpy 7 dA
47 0 h3
+ [B3 M5 (h3) + (1 + D33) Myip(—hs)] e+

E;(T‘) = — [P {[A Mol)\(h3) + CMMol)\( hg)] efjhsz/

j:f} [A33Nel)\(h )+CN 61/\( h3):| e—thZ/
3
ih .
+ 2 (B Nas() + (1-+ D) Nas(-h)] o |
P\ i
T {[AN Neox(hs) + CF Neox(—hs)] e 932
+ [BY¥ Neoa(hs) + (1 + D3?) Neor(—hs)] €jh32,H ; (3)

where hy = (/k} —X? (£ = 1,2,3 and 4), the coefficients A?’S[,N,
B%? N CM N D?\? n of scattered dyadic Green’s functions are ex-
pressed by Li et al. [12] and are not given here to save space.

Using the expressions for M.,y (h) and Nepy(h) (see Tai [9] and
Li et al. [12]), expressions in cylindrical coordinates for the field com-
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ponents of (2) and (3) may be obtained as

(B2 jwpo [ A%dA -
E3<z n 4rk3 Jo D:‘{ P,J1(Ap) cos ¢ e
JP.A o>
Jo(A
_E3<p_ it Jo s cos ¢ . DT

> 2 >

y <1>1<p N h3 dJl(Ap)LV <I>2<p

(I)lp k3 dp D3 @2/)
N jP.Ahs dJy(\p) 1 [égp”’

k3 dp DY o3,

[E@] _ Who /OO A, Singﬁ{dt]l()\p)i [‘I)iﬂ
0

Esy 4 hy dp DI | @5,
4 <h_> D) 1 [%]
k3 p DY |®5]]"
> >
where the intermediates T and <I>(<1 2.3)(p.) AT€ derived as

07 = |14 RY 2| {[RY 4 RY e/2haihy | ci2ha(ie=s)
+ [1+ RY RY et ] | gitae=2),

o5 = [1 _ R;’/eﬂhgz} {[R;/ 4 R¥€j2h2H11| i2hs(Ha—2")
+ [1+ RY RY et ] ] it =),

<I>1>p = [1 - R?eﬁh”,] elhs(z=2") { [1 + R{{Rfe‘th?Hl}
1 [RJQLI _i_R{IejthHl} ej2h3(H27z)}7

<1>1<p = [1 — R?eﬂhsz} e Ihs(z=2") { {1 + R{{Rgethng}
4 [RJQLI +R{Iej2h2H1:| ej2h3(H2—z’)}’

03, = [1+ RY e e G==) f 11 4 RY RY e/2tai |

_ [R¥ _|_R¥ej2h2H1] €j2h3(H2—z)}’
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1+ Rf{eﬂhsﬂ o—iha(z—2") { {1 4 RYRgejthHl]
L ) [Rg N RYGthQHl} 6j2hg(H2—2’)}7 (56)
1 Ré/ej2h3z’} iha(z=2") { [1 + R}/R;/ethng}
. [Rgv +R1Vef2h2H1] ej2h3(H2*Z)}7 (5¢)

1+ R}{ej%ﬂ o—iha(z=2") { [1 4 RYR;/ej2h2H1]

N [R;/ _i_RYejthHl} ej2h3(HrZ')}, (5h)
_1 — Rglejzh”,] eihs(z=2") { [1 + R{{RgeﬂhQHl}
b [RE 4 Rl it} (5)
1 R?eﬂh“} e Iha(z=%) { [1 + R{{RgethQHl}

4 [RY & Rl eihain] sttt (53)

-1 N R;/ejzhng} oiha(z—2") { [1 n RYR;/ejthHl}

= [RY + Y o), oK)

= [1+ RY ez mato=2) {11 4 RY RY it |

— [R;/ + RYej%QHl} ej2h3(H2_zl)} ; (51)

the reflection coefficients RiH’V (¢ = 1,2 and 3) for TE (H) mode
and TM (V) mode are given respectively by

RE — Prhysr — prppihy (6a)
pphpn + ppsrhy’
hk?, , — hyy k2
v KRy T Bk (6b)

D uphgk? + pppahpa by

and the denominator Df’v is given by:

D;)/,H:1 4 R}/’ R;/’ ¢iZhaHy 4 R;/’ 4 RY’ ez2h2H1] R;/’ oi2haHz

(7)
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3. ANALYTICAL ELECTRIC FIELDS IN CLOSED FORM

To evaluate the integrals, it is convenient to convert the range of the
integral from (0 — 00) to (—oo — 00). Thus the Bessel functions and
their derivatives need to be transformed to the Hankel functions and
their derivatives. Since the frequency of interest here is 100 MHz or
above, the phase kor in free space is 27 fr/c > 2m100 x 10%7/3 x 108 =
(2m/3)r . As the transmitter-receiver distance r is at least the height
of the vegetation layer height, i.e. r > 20 m, so that the condition
kor > 1 is always satisfied. Thus, the Hankel functions and derivatives
used may be replaced by their asymptotic expressions. In addition,
one over Df v may be expressed in an infinite series form (binomial
expansion).

For details of the field contributions, we separate the field into two
parts E* and E* due to contributions of horizontal (x ) and vertical
(z) dipole moments, respectively, and waves associated with TE and
TM modes. After exchanging the integration and the summation op-
erations and using the complex transformation A = k3sin 3, the field
integrals may be written as

(B2 ] w 2ks iz [g>
32, TM Ho 3 ;=
i =——"2P,|—e '3 33] : 8a
| B3 | 8w\ wp 'rnZO L3, (82)
(E% 1 w [2ks .z o= [KC>
3z, TM Ho 3 _im
) = P.cosgy | —e I [ 32], 8b
_E3<Zl,‘TM_ gr ” TP 7nZ:O ’C3<z (8b)
[(E27 0, ] 2ks ax = [ L7
g | —sttep, [Ho e 5[], (50
L~3p,TM | n P m—0 L*3p
[EZ 0] w 2ks .z = [KZ
e e e N e ok { 3,,] (8d)
<x - T < 9
L E3p,TM _ 87 Yy mzzo IC3p
ESrg] w 2 s~ (G5
3pTE | MOP cos ¢ e Ja [ 3p] (8e)
|:E3</JJ,CTE_ 8mp ’ mksp mz::O g3<p
E>* 2 e [ K3
[E3<¢£TM =22 p, sing eI [IC3<¢] 9]
spTM ] STP mk3p oy AV
Ezr 1w 2ks x w= [G2
8078 | — o p ging, |2 I% [ ﬂ (8
= : g)
[E;ngE_ 8w " T 19356
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where the parameters in the integral domain are given by

Li et al.

.5, @2
2] o o [52]. (%)
[£3)] .3 [<I)> ]
p| — 3p
= ¢, sinz Bcos , (9b)
L5, o3,
M > T >
E‘ZZ — g sin? Bcos [gi] , (9c¢)
L3z ] _
(K3, .1 9 [CI)>}
J - 2p
= ¢ sin2 [cos” 8 , (9d)
_}C3<p_ " (I)2<p
(K3, 1 {(IV ]
¢ | — i—2 2 26
= @y sin” 2 Bcos” B , (9e)
R B 35
gSp— / R |:(P1> :|
— gl sinF B[ (9r)
[szp_ " o7,
g3¢_ I i [(I)1>¢]
=gq,, sinz 3 , (9g)
[%_ " o3,
and
Gm = / dpeltersnt(—1)m [(RQV +R1Vej2H1\/k%—k§Sm2ﬂ)
o
R¥€j2H2k3 cos 3 + RYR¥€]2H1\/k§fk§ sin? ﬂ} (103)
o= [ sy (rf 4 Rfc )
o
RH ei2Hakscos | gH pH oj2H1 /i3 =k sin? B}m (10b)

To evaluate the integrals, the steepest descent method and the

branch cut integration technique are used. For more information on
the method, References [15] and [16] contain a good account of its
meaning and application.

3.1 Direct and Multiple Reflected Waves

The integrals for the electromagnetic field components have been
evaluated in this paper using the steepest descent method and hence
expressed in terms of direct and multiple reflected waves. Following
similar procedures as in [17] and [5], the saddle point part of the in-
tegrals have been evaluated and their solutions are given as (in the
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following, * stands for > or <):

w P k - 5
FEs oL~ 3 oI

32,TM — — A |]€3|

S 1 {1+ RYGORY, (306 af

m=0

+ [ RY.(35) + RY.(8)e™ ] a5

~ Ry (55) [1+R (B5)RY,(3)e"™ ] a

— RY.(8) |RY.(BD) + RY.(BD"™ | a3}, (11a)

Z IK{[l +RK5(55)R¥s(ﬂf)ele]

m=0
X a1>C1> + [R;/S(ﬁ;) (62 Je le} > 2>
+Rgs (85) {1+R (By 323(53) le} e

+ RYL(5) [stm + RY(57)M g ey L (1)

Eqty = wm 504/ —|
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X ayer + [Rz SB5) + Ys(52<) le} aycy

R (55) [1+ BY (85 RY, (85)e"™ | a5
~ RY.(55) [RQS (87) + RY(87)e™ ] afer | (110)
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il {[1+Rls BT)RY(B7 e le]alel
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— [RY.(85) + RYL(85)e"™ | a5 e3
— Ry, (67) [1+R (83 )Ry4(B3 )e le} age;
+ RYL(87) |RYL(07) + RYL(87)e"™ | a7 e },(110)

Who k3 sx
Es7S  =220p [ e
3p,TM 47 * |k53|

> {[HRM/BI JRY(B7)e"™ | aes

m=

[R{s@ )+ BY(05)e!™ | azes
75 (85) {1+R (B5 R2s(53) le} azes
+ RYL(85) |RYL(07) + RYL(B0)e"™ | agef } (1)

E;‘;’;M = P, cos ¢ k—] 5
S { |1+ RY (8D RY(81)e"™ |
m=0

X aiff = |RY.(85) + RY.(8)e"™ | a3 fs
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s C")—'uOP singbie i

S {1+ RY(BDRYL(8)eM™ | atgl
m=0

— [RYL(35) + RY.(83)e"™ | azgs
+ Ry (63) [1 + RY (53 Ry (B5)e le} a3gs

~ Ry, (8) [stm )+ R (8D | aigi}, (11h)

xx,s  _ WHo . ks s
E3¢>,TE = EPQC sin ¢’ / @e 8
P {1+ BEL(BORE(87)e"™ | o

[ (05) + REL(83)e™ | a
— RIL(35) 1+ RIL(B)REL(83)e"™ | a3
RE(87) [REL(BD) + REL(BDE™ ] i} (113)

where the intermediate parameters such as 67, §; Rf;v ,a;, b, ¢,
%, e, [/ ,and g; have been given in the Appendix.

3.2 Lateral Waves

The solutions of the integrals in (8b)—(8g) can be evaluated using
the residue theorem in a way similar to that available in the literature
[17], [15] and [16]. Correspondingly, the branch cut contributions of
ho = 0 and hgy = 0 to the fields have been obtained, respectively.
The lateral waves along three different ways namely, the lateral waves
at the air-canopy interface, at the canopy-trunk interface, and at the
trunk-ground interface have been from the analysis. The mixed modes
propagation mechanisms of radio waves in the trunk layer radiated by
a dipole antenna located inside the trunk layer have been clearly shown
in Fig. 2. For the cases that are considered here, while the lateral waves
along the second and third interfaces are highly attenuated due to the
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Figure 2. Mixed mode propagation of the radio waves radiated by a
dipole antenna located inside the forest trunk layer.

high conductivity of canopy and ground media, the lateral wave at the
air-canopy interface is propagating primarily in a lossless medium.

3.2.1 Along the air-canopy interface

Using the parameters given in the appendix, the branch cut con-
tribution due to branch point h;, which is equivalent to lateral wave
along the air-canopy interface, can be expressed as

2m(1 —n?)V/2 et meids
£>Cl —i2 1 Y DT d™ ’
§2n3ny —ng—n% e 4()3/2( )" ThdT (a1 + X
(12a)
IC>Cl \/ nl F2 £> Cl (12b)
ny
2 x el01 d
Lyt = —j2n3, [ — 8 > (1 ”%)%67”63/2(—1)mrld71n [ag " mfil 3] ;
2- ™M b, 1
(12¢)
IC>Cl v-—"M 1 - n% E£>cl (12(1)
niq Fl 3p
>cl _ 27T(1 - n%)1/2 —j ejbl m m m02d5
g D) P} 4 3/2 (71) F3d4 as + ’ (126)
ng—m b, 4
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1
IC>Cl — _K??pdv (12f)
ni
Gt = m Gz, (12)
and
2m(1 —n?)3/2 _ et merdg
1 _ 202 1 =
]C3<ZC = —j2n; —ng — n% Ja 3/2 (=1)™Tyd}* |ag + & ,
(13a)
2 = elb d
‘C<61 = _]2n% %(1 - n%)%e_]z 63/2 (_1)m1—‘5d71ﬂ |:(l5 + mfil 7:| 3
(13b)

and the expressions for £5¢ IC3<pCl g<01 IC;(zfl , and Q:fdfl are given
by (12a), (12d), (12¢), (12f), and (12g) respectlvely7 with the positions
of z and 2’ interchanged.

Similar procedures can be employed to obtain the branch cut con-
tributions due to hs and h4, which accounts for the lateral waves
at canopy-trunk interface, and trunk-ground interface. The complete
solutions of the lateral waves along the two interfaces are presented

below.
3.2.2 Along the canopy-trunk interface

Using the parameters given in the appendix,

2 —j2mhg H.
L35 = j2nyV2me -3¢ R [y e d2mhaHz

by
% [711(1_—"2)1/4&1 — (1 - nd)"VA 2] : (14a)

2 2
ny —n;

3z >

Jb1 .
£>02 —j24/27(1 — n2)e Uy 23/2 Iy e J2mhstl

2

_ _ 2\1/2

/1 _ 2
]C>02 1 n2 E[’>c2 (14b)
ny I

(l—n%)i nf —nj
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IC>C2 " 1 - n% &£>c2 (14(1)
no Fl 3p 0
. elb ,
g>62 —j2v2r(1 - ”2)46 . ZS/2 [y ¢ J2mhatls
2
a9 al
- ) (146)
NCE AN
1
Kis® = oK™, (14f)
g>c2 n2g3>ch, (14g)
and
IC<02 _ ]27’L \/ \/_e_J: €J e_ijthz
2
2(1 1/4
X [%a4 -(1- n%)_1/4a3 ) (15a)
1 12
£<C2 —59./27(1 — 2\, —J% ejbl T —j2mhsz Ho
J 7T( Tl/2)6 4 3/2 5¢€
b2
1 — n2)1/2
Vg B S Jy ek Vil IO
(1—nd)i ni — nj

and the expressions for £<62 IC?fpc2 g<02 IC3<¢f2 , and Q<62 are given
by (14a), (14d), (14e), (14f), and (14g) 1respectlvely7 with the positions

of z and 2’ interchanged.
3.2.1 Along the trunk-ground interface

Again, using the parameters give in appendix,

27 eIt
£>c4 — 79 —]— D™ Ta™
e e e [“

mciag
as ’
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(16a)
/1 — n2
K3t = 771455?;4 with a; = e/2hs¥ (16Db)
nq
Y [21
>C4 =j2v2r(1 — n4)i —J% 63/2 (—1)™ Tyl [CH I mCla2:| ’
b, as
(16¢)
v1
/C??p(%l T£>c4 with a; = €]2h32 (16(1)
4
2 z eI meaa
>cd = —9 - _.7 m m 204
Fsp J2 (1_”121)%6 4b§’/2( 1)™ I'zag [a1+ o ]7
(16e)
Kss' = ’C3>/f47 (16)
Gss' = ”49:”747 (16g)
and
’C<C4 =j2 271'(1 -n )1/26 Jg 63_/2( 1)m F4CL§7’ [% + mcla7] ,
b2 as
(17a)
L b
<C4 =j2V2n(1 - "4)46’ & 23/2 (—1)™ I'say" [ag + mcclzag] .
2
(17b)

Expressions for £<C4, IC§pC4 Q<C4 IC;(;‘*, and Q<C4 used as above
are given by (16a), (16d), (16e), (16f), and (16g), respectively, with
the positions of z and 2’ interchanged. This concludes the analysis
of all the radio waves propagating in such a four-layered medium.

4. RESULTS AND DISCUSSION

The forest model described can be employed to estimate or predict
the performance of communication systems operating within forested
environment. This section looks at the transmission loss when the
transmitter and the receiver are both located in the same layer (trunk).
The radio loss L from an inclined dipole to a vertical receiving antenna



152 Li et al.
is given by [1]

where f is the frequency in GHz and FE, is the reference field in the
absence of the forest given by

who | P2+ P?
E,| = . 19
[l 4 \ p?2 4 (2 — 2')? (19)

Having obtained all the different components of the electric field, we
can find the total overall electric field which is given by

By, ot = | E3:* + | E3pl* + | Egg)*. (20)

It should be pointed out that the optimum angle obtained in [5] is not
correct. It is simply because there is a constant factor missing in the
presentation of the electric field z-component . If we consider the total
contribution of all the components as given in (20), the expression of
the optimum angle in [5] is also incorrect.

For a tropical ‘dense’ forest, the ground has a relative permittivity
¢, = 50 and conductivity ¢ = 0.1 S/m, the canopy medium has
relative permittivity e, = 40 and conductivity o = 0.0003 S/m, and
the trunk medium has a relative permittivity €, = 35 and conductivity
o = 0.0001 S/m. The transmitter is located at a height of 10 m and
the receiver at a height of 15 m. Heights of trunk and canopy layers
are typically 10 and 20 m, respectively.

Using these parameters for the forest, transmission loss has been
computed for different orientations of the dipole transmitter and vari-
ous frequencies, and depicted subsequently from Fig. 3 to Fig. 8.

The path losses for the vertical, horizontal and 45 ° inclined dipoles
are shown in Fig. 3 as functions of the distance between transmitter and
receiver at 500 MHz, along the x-direction. As observed, direct and
multiple reflected waves dominate the field at near zone. Lateral waves
become, however, the dominant radio wave propagation mechanism
when the distance increases. Transmission attenuation saturates at
large distances since propagation is dominated by lateral wave along
the lossless air medium at the air-canopy interface. Above 4 km at this
frequency, electric field is primarily determined from the lateral wave.
For our case, overall electric field from a horizontal dipole suffers less
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Figure 3. Attenuation of total electric field due to a dipole with dif-
ferent orientations in the trunk layer at 500 MHz and ¢ = 0°.
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Losses (dB) vs Distance (m)
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Figure 5. Attenuation of total electric field due to a horizontal dipole
in the trunk layer at ¢ = 0°.
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Figure 7. Attenuation of total electric field at 500 MHz and p = 2 km.
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attenuation as compared to that from a vertical dipole, about 14 dB
lesser. It is also observed from Fig. 3 that, for given conditions the
radio wave due to a horizontal dipole has least attenuation in the far
zone and most transmission loss in the near zone as compared to the
other orientations, and certainly the wave due to a vertical dipole has
the inverse conclusion.

The effect of frequency on the transmission loss experienced by the
radio wave propagation in the presence of forest is shown in Figs. 4, 5
and 6. As frequency increases, there is a trend of increasing attenuation
for all three orientation of dipoles considered here. In the near zone
(from 0 to 4 km without respect to the wavelength), the speed of such
a attenuation increase is much higher than that in the far zone (from
4 km to 8 km or above).

The effect of varying the position of the receiver in the cylindrical
angle, ¢ on the attenuation experienced by the electric field is shown
in Figs. 7 and 8. Apparently, the field is not isotropic with respect
to the polar angle ¢, but periodic instead. For field dominated by
direct and multiple reflected wave, received overall field suffers least
attenuation at 90° from horizontal dipole, and at around 70° from
dipole with a 45° inclination. For lateral wave dominated field, least
attenuation occurs at 180 ° for both horizontal and inclined dipoles.

5. CONCLUSIONS

In this paper, the propagation of electromagnetic waves in a medium
with four horizontal layers has been studied using dyadic Green’s func-
tions. This method presents some advantages as (i) the dyadic Green’s
functions outside the source region allow a higher degree of flexibility
with respect to the space coordinates and assure a good exponential
convergence; (ii) the source may contain an arbitrary current distribu-
tion; and (iii) the medium may be isotropic or anisotropic. The exact
integral solution of the electric field due to an electric dipole of an ar-
bitrarily inclination has been obtained. The asymptotic expressions of
all the electric field components are further obtained by the use of the
saddle point technique and the branch cut integrations. Correspond-
ingly, three types of waves, i.e., the direct wave, the (multi-)reflected
waves, and lateral waves, have been represented in their closed forms.
The transmission losses of these waves have been computed numeri-
cally and compared each other. It is found that the only the lateral
wave propagating along the upper air-canopy interface dominates the
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total field in the far zone while the direct wave together with reflected
waves of several hops play an important role in the total field in the
quite near zone. The results presented in this paper give an insight into
the behavior of the electromagnetic waves due to an inclined dipole lo-
cated in the trunk layer and into the mechanism of the mixed mode
propagation of the waves in such a four-layered forest model.

APPENDIX. FORMULAS USED IN THE ANALYSIS

Note that there is a repetition of the parameters used in the analysis
of the saddle point part and lateral wave contributions of the field.

A.1 Direct and Multiple Reflected Waves

Ray-path distances are given by:

Ti:\/p2+(2mH2+z:tz) (21a)
=2+ [2(m+ 1) Hy — 2+ 2']2, (21Db)

= \/p2 + (2mHy + 2/ + 2)2, (21c)

= VP2 +2(m+ 1)Hy — 2/ £ 22 (21d)

Angles of incidence, [, (£ = 1,2,3,4), and angles of total internal
reflection, 0, (£ =1,2,3,4) are listed by:

2mH. — 2
6> — sin~! <sz> 7 (222)
T

-1

07 = sin - (22b)
T

2(m+1)H2—z—z’>

2m.H.
m) 7 (22)

7"+

!
07 — sin-! (2(m+1)H2 —z+z/>7 (224)
E

(22e)

(22f)
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2mH. !
05 = sin~! <w> : (22¢)
Ty
2 VHy — 2
94<:sm—1< (m + ),j : +z>, (22h)
T
+
s Y ™ ™
ﬂ1>:§_01>7 ﬂ2>:§_0>7 ﬁ3>:§_9>7 64>:§_04>7
(22i)
T T s ™
ﬁf:§—6’1<, 5525—95, 5525—9;?, 54<:§—94<-
(22))

Reflection coefficients at the interfaces (i = 1, 2, 3 and 4, and again
% denotes < or >) are:

k: k3 — k2 sin? B — k3 — k:2 sin? BF
R (23a)

k2, / k3 — k:2 sin? BF + k2y/k3 — /~c2 sin? B
k2\/k2 — kQSiHQﬂ;‘ — k3kg cos 3}
RY, () = 4 —— - , (23b)
k3\/k3 — k2 sin? Bf + k3ks cos 3}
k2 k3 cos B — k2\/k? — k2 sin® BF
RY (87) = — i : (23¢)
k3ks cos BF + k3\/ k3 — k3 sin? B

\/k2 — k2sin? BF — \/k;2 — kZsin? 3

R{L(B) = (23d)
\/ k2 — k2 sin? 37 + \/ k2 — k2sin® B
ks cos 3 — \/ k3 — k:§ sin? Br

RY(8)) = , (23¢)
k3 cos 37 + \/ k3 — k2 sin? B
\/ k2 — k:§ sin? BF — k3 cos 3]

R{L(5)) = (23f)

\/ k23— kg sin? BF + k3 cos 3}

Substituted parameters (where * stands for either < or >) are given
as follows:

IHV [RgSV(R§SV+RHV §2H1/k2— k:2)
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HV pHV 2, \/K2—k2 "
+R; Ry} eV h k?’} (=™ (24a)
6]/@37’ e]kgr 6]'1937‘Jr e]k3T+

- i |d|
= ,  Cy = , Cch= , C = , 24d
1 P 2 P 3 4 P (24d)
2| 7% 21 7 * 2| 7% 21 7 *
— = 7 5 = 5 = 7 ) 24
T T ST epe G
Lo pdn)? L pWd2)? L )L pdd)?
flz (*)37 f2: (/*)3’ f3: *+37 f4: /jga
(r) (r>) (r3) (r)
(24f)
(d2)? (d2)? (d3)? (dy)?
1= > = T 3 = ) = T ) 24
= ms 95 = e 9 j (24g)
where
d7 =2mHy + z + 2/, (25a)
df =2(m+1)Hy —z+ 2, (25b)
ds =2mHy + 2’ + z, (25¢)
dS =2(m+1)Hy — 2' + 2. (25d)
A.2 Lateral Wave
Reflection coefficients at interfaces are provided by:
RVIC B SV
VR R VR R
v BV R -BYE R 260
2el ™ 00 o 12 12 /12 12
k3V/kS — kT + k3\/kS — K
/{72 k2_k2_k2 k2—k2
1% — 4\/ 3 1 3\/ 4 1 (26d)

3,cl — )
kiV/kS — ki + k3/kE — K
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R302 \/k2 2_\/k§_ )
Vi — kS + kS — B
v _BVECR-B/EB
KV — KD+ kKL - RS

IR, s e
R s R
PRV, s e

VR R VR R

v BV - V-
VIR RVE R
BB B-BVE-R
RV R BV R

A.2.1 Along the air-canopy interface

Substituted parameters are given by:

al = ej2h2H1[ ]2h3(2 Hy) + 1]7
as = ej2h2H1[ ]2h3(2 Hs) _ 1]7
as = ej2h2H1[ eJQhS(Z Hy) + 1]7
ay = ej2h2H1 [1 eJQhS(Z’*Hz)],
a5 = ej2h2H1[ 6J2h3(2 —Ha>) + 1],

by = kip+ k3[2(m + 1)Hy — 2 — 2']y /1 — n2,
bo = kspy/1 —n2 — k1[2(m + 1)Hy — z — 2],

j2ho H —j2hs H.
c1 = M MRY 4 Ry et

o = e]thHl [RH . +R2c —]thHg]’

Li et al.

(27a)

(27b)

(28a)

(28b)

(28c)

(28d)

(31a)
(31Db)
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dy = Ry o Ry — M0 RY oy + Ry 77102,
dy = ei2hs(z—H>) +RV _ ei2hath QY oi2hale—Ha) 4 ]
ds = ethg(Z Hy) _ Ré/: _ J2haHn [RV eJ2hs(z— Hs) 1]’
dy = M MRE + Ry e 2) - BRI REL),

ds = ¢i2h2H [Rgclejzhg(z Hy) | }*l-RlzL{d 4 e2hs(s— )
dg = R;/?d _ IMa(#'=H2) _ pj2hatiiry R;/?deths(z’—HQ)]

. ’_ . . ’_
d7 — €j2h3(z H2) + Rg:cl _ e]2h2H1 [RX616]2}Z3(Z H2) + 1]

Iy =1— RY e
Iy =1+ RY e/
Iy =1 — R, e
F4 =1- R}):clethSZ,

F5 =1 + R;:Cleﬂh“.

A.2.2 Along the canopy-trunk interface
Substituted parameters are given by:
a4y = 1 — ei2ha(z—H2)
ay = 1+ ei2ha(z—H2)
a3 = 1 — ei2hs(z'~Hz)

j2h3 (2’ —H
ag =1+ /e —Hz),

b1 = kop + k3[2(m + 1)Hy — 2 — 2’|y /1 — n3,
bg—kgp\/l—’rlQ kz[ (m+1)H2—Z—Z/],

Iy =1— RY e
Ty =1+ RY pe/*7,
Iy =1- Rf el
Ty =1— Ry e/,

F5 == 1 + R;:Certhz.

)

)
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A.2.8 Along the trunk-ground interface

Substituted parameters are given by:

ap = —ele? (37a)
as = 1-— €j2h3Z,, (37b)
az = Rg:cél + R}/,c4€j2h2H1 + R}/,c4R;/,c4€j2(h2H1_h3H2)a (37¢c)
=1 + ej2h32,7 (37d)
=Rl el M jer2heth=hall) Rgcz; - Rfc4€j2h2Hla (37e)

ag = —el?sz, (37f)
ar =1 — e?hs?, (37g)
ag = el?hs? (37h)
ag = 1+ ej2h32’ (371)

by = kap + k3[2(m + 1)Ha — 2z — 2’|y /1 — n3, (38a)
bg = kgp\/l —n4 ]{74[ (m+1)H2—Z—Z/], (38b)

= Ry oy + RY qe7"1h, (39a)
= Ry, + R{ 7?2 (39b)

Fl - (1 + RY,C4R;/,C4€j2h2H1)ethS(Z_Hz) + (R;/,c4 + RKC4ej2h2H1)7
(

40a)
Iy = (1+ RY 4RY e/t )ei?hszmta) _(RY | 4 RY ,ei?h2ty)
(40b)
Fg ( —|—R 4R 4€]2h2H1)ej2h3(z Hz) (RQ LA + R eg2h2H1)
(40c)
Ty = (RY oy + RY &) — (1 4 RY 4 RY ye722H1)ei?hs (/= Hz),
(40d)

(R2 ca T Ry c4€j2h2H1) + (1 + RKc4R¥:c4€j2h2Hl)ethS(ZI_HQ)-
(40e)
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