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Radio Wave Propagation Along Mixed
Paths Through a Four-Layered Model
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Abstract—This paper presents a novel full-wave analysis of the A .
radio waves that are excited from a dipole antenna located in the Z Layer 1 Air
trunk layer and propagate inside a four-layered forest medium.
The dyadic Green’s functions for the four-layered geometry are
applied first to derive the integral expression of the electric fields.  /, Laver 2 Canopy
The closed form of the electric fields is then obtained by using the .
guasi-static approximation, saddle-point technique, and branch-
cut integrations in the complex plane and, hence, expressed in

terms of direct waves, multiple reflected waves, and lateral waves. : Source R o

. . ) . . . Oy Observation
Two kinds of images, i.e., the quasi-dynamic and complex images, H 55! Layer 3 int
are considered in the integration in the complex plane. Among 2 2 () z?
those waves excited by a dipole antenna in the four-layered ’ o Trunk y
medium, it is shown theoretically and numerically that the lateral (

wave along the upper-side air-canopy interface plays a role of
dominant modes. Propagation mechanism of other lateral waves )
due to the air-canopy, canopy-trunk, and trunk-ground interfaces

is also discussed and analyzed so as to gain an insight into thefig- 1. Geometry of the problem.
wave characteristics. Transmission losses of the lateral waves are

calculated numerically.

In this geometry, the first region (layer I) is the semi-infinite
Index Terms—Antenna radiation, dyadic Green'’s function, in- 9 y 9 (layer 1)

homogeneous stratified media, radio propagation terrain factors, free-space. .The Seco,”d regllon (layer II) represents the forest
radio wave propagation. canopy, while the third region (layer Ill) models the trunk

layer of the forest. The last region (layer IV) is the semi-infinite
ground plane. This model was proposed in 1983 by Cavalcante
. INTRODUCTION et al. [10], analyzed by Lian [11] and by Li and Jiao [12],
OREST foliage and other vegetation significantly restridctoth in 1986, and used by Seker and Schneider [13] in 1987
the communication range when the radio waves propagaied by Seker [14] in 1989. The model has been adopted for
through the vegetation. Quantitively detailed knowledge of themalyzing very high frequency (VHF) and ultrahigh frequency
radio wave propagation mechanism and radio transmission |¢8$1F) radio waves propagation through and scattering by the
is essential for designing the communication link. It is alsforest foliage by Li [15]. In this paper, it is assumed as in
useful to assess the effects of the forest on the digital-spectrtite work by Cavalcantest al. [10] that all the layers are
of radio communication systems. isotropic and homogeneous. To solve the problem, the full-
To investigate the radio attenuation due to the forest envirave theory via the spectral domain dyadic Green'’s function
ronment, a semi-infinitely extended vegetation above a sendchnique is applied because of: 1) the guaranteed accuracy
infinite ground [1]-[6] and a foliage layer between a semiand good exponential convergence; 2) the spatial coordinate
infinite free-space and semi-infinite ground [7]-[9] had beefexibility by means of the dyadic Green’s function; and 3) an
used earlier for the sake of mathematical simplicity. Recentlysbitrary current distribution in the isotropic and/or anisotropic
a four-layered geometry (as shown in Fig. 1) has been widghedia.
adopted as a typical forest model and commonly used in theas the distance between the transmitter and the receiver is
analysis of the transmission loss of radio waves propagatiagry long, the radio wave propagation through the stratified
through the forest [10]-{14]. forest is characterized by the lateral wave that mainly prop-

_ _ _ _ agates upside along the air-canopy interface. The extensively
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such as those by Wu and King, i.e., [17], [18], Pan [19], amggions 1)’ < z < H,

Dunn [20].

For the short distance, however, such a propagation is E

dominated by the direct wave and modified by the several hop-
reflected waves. In this paper, the direct and reflected fields
radiated from the real dipole antenna and its images (including
the quasi-dynamic images and complex images) in the four-
layer stratified model are derived in closed form. Also, the
lateral waves propagating along the interfaces I, Il, and llI
are obtained and expressed in closed form. Both horizontal
and vertical polarizations of the dipole are considered. For
the communications inside the forest, the distance between
transmitter and receiver is much larger than the wavelength so
that the fields in the stratified structure are described by only
the lateral wave on the air side along the air-canopy interface.
Transmission losses of the waves are also computed by using
the field configuration developed.

5(r) =

S [T P+ A Moo
T CEMoi(=ha)le " + (B3 Mo (ha)
+ ARIM 15 (= ha)le?™ — ‘% [(1+ A%)
X Neia(hs) + CRNyx(—hs)]e "

+ Ihs BN ia(hs) + ARN 1A (=ha)]
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and 2)0 < » < 2/,

Il. THE INTEGRAL EQUATION E?(T)

A. Solution in Vector Form

The model considered here is shown in Fig. 1. Layer 3
extending fromz = 0 to z = Hs,, represents a medium
of tree trunks that has a permittivitys, a conductivityos,
and a permeability:. Layer 2, extending fromx = H, to
z = H; + Ha,, represents a medium of tree crowns (canopy)
with dielectric parameters,, o2, and u». The regionz >
H; + H, (or layer 1) corresponds to semi-infinite free-space
with parametergg, o, and i.. The regionz < 0 (or layer 4)
denotes a (nonperfectly) conducting flat earth with parameters
£4, 04, and Ha.

_wHo [ dA

“A 33
An o has [Pa:{[AMMolk(hi%)

+ CRIMoiA(=hs)le "% + (BRI M 1A(hs)
(1AMt - 22 g

X Neia(hs) + CBN i (—hs)]e7*

+ ihs [BY¥Neia(hs) + (1 + AP )Neia(—hs)]

k3
P
s {[AR)Ncor(hs)

+ ng\?NeO)\(_hl%)]e_thZ, + [BX2N ox(R3)
+ (1 + AB)Neor(—hs)]e™* 1] (2b)

jhzz
X e T+

The electric dipole with an inclination angtewith respect where h;, = /k? — X2 (i = 1,2,3 and 4), the coefficients
to the boundary plane between layers is located in the thg&% v BE . andC$  of dyadic Green's functions for the

layer (medium 3), as shown in Fig. 1, and the observatiofi, o+ four-layered media are expressed bytal. [21] and

point is also 'Ioc'ated in the third layer (medmm 3). Th%vill not be given here for the sake of saving space and the
electromagnetic fields are assumed to have a time dependence

of exp(—jwt). The parameters of mediutn (i = 1,2,3 or superscripts> and < denote the regions whefe< » < 2/

4) are generally expressed as o;, and ;. Thus, the wave @nd 2’ < z < H in the layer IIl. _ _
numberk; satisfiesk? = w2e;1;(1+(jo; /we;)). The magnetic 1N (2a) and (b), the symmetry of the expression with respect
permeability ;; of each layer is assumed to be equal to tH@ the field and source points, ands’ has been used. Also
permeability o in free-space.

The current distribution of an electric dipole with an incli- lim J1(Ar) _1
nation anglex with respect to the ground plane, as shown in r—0 T 2
Fig. 1, may be expressed as dJi(Ar) 1
dAr) |, 2

Ja(r') = (Pt + P.2)8(')8(4/)8(< = 20) Jo)lr=o =1 ®3)

= [P.(cos ¢'# — sin ¢') + P.2]
§(r)8(2' — o) have been employed in the integration. The vector wave
) By (1) functions in explicit form are given by

where 2y = 2’ is the height of the dipole (subsequently we M ox(h) =V x [Jo(Ar) sin(ng)e/"*3]
will use 2’ to replace the source point) and P, and P, ’ ’

) : . . nd,(Ar) .
are the horizontal and vertical dipole moments, respectively. = |———= cos(ng)r
Using the dyadic Green’s function published recently by Li !
et al. [21] for the four-layered planar geometry, we derive _ 94a(n) sin(ne)g | e/ (4a)

the integral solution of the radiative fields as follows for the
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N..\(h) = V x V x [1,(\r) cos(neg)ei"*z in order to calculate conveniently the integral (5). The
rh) VA2 + h? Jn(Ar) cos(ng) ] components of the radiative electric field excited by the
1 O (Ar) ) horizontal and vertical moments can be obtained from
= | cos(n)r ] ~ )
VAZ+h or [Egi} _ jwpoPs COS(/)/ [‘I’i()\)} HOO AZdA
E3 8k o 2TV T DY
Jnh . . wpo P, b <I>>()\) (1) A3d\
— — Jo(Ar)sin(n — = . .
= 5. (n)sin(ng)d B [ ] mon gy
+ AT, () Cos(nd)),%} e, (4b) ()
To derive the far-zone field in closed form, we use the
B. 2 Component of the Fields asymptotic form of the Hankel functions expressed by
Equation (2) represents in vector form the radiated field due 1) 2 v (n/d
to the dipole antenna and, therefore, it consists of full com- Hy (M) = - /A=Y (10a)
ponents of the electric field. However, only theeomponents 5
of (2a) and (b) are relatively important, not only because the H£1)()\7’) =4/ . I Or—(37/4). (10b)
TAT

vertical receiver is frequently used in the measurement, but
also because the length of the paper is limited. Therefore, weThe large argument condition is almost always satisfied in
shall consider only thé component of the fields subsequentlythis case under consideration. In fact, as to be discussed later
The other components can be obtained and evaluated irg this integral is dominated by the values at the pole points
similar fashion. where = k; = kg (for the lateral wave along upper side of
Substituting the coefficients of the scattering dyadic Greertlse air-canopy interface};. (for the lateral wave along upper
functions in [21] into (2) and taking thé component of side of the canopy-trunk interface}s (for the direct wave
cylindrical vector wave functions we have and multireflected waves), arid (for the lateral wave along
upper side of the trunk-ground interface). In this paper, the

> g oo 2 >

|:§3<~:| :‘iwzg / /\Dfé)‘ <P®, cos ¢J1(Ar) [iigﬂ frequency used here is about 100 MHz or above. Therefore,

3z s Jo 3 * the termkor = 27100 x 10°/(3 x 10%)r = 2.094r or above.
1P, AJo(Ar) [‘I’Z()\)D As the transmitter—receiver distance is very large (at least the

hs3 P=(N) thickness of the forest layer, i.e., 20 m}y is about 41.88,

(5) which is very much greater than one.

where The denominator in the formulas (5) and (9) can be ex-
2 () =[1+ RY ¢/?*|{[1 + RY RY ¢/2=11] pressed using: 1) the Taylor expansion and 2) the binomial

FIRY 4+ RYCJWLZHI]Cj?hs(Hrz)}ejhs(z—z’) expansion together with 1) in following forms:

oo

(6a) 1 [( RY V _i2ho Hi\ pV _j2hs Hao
L L - = s +Rie )Rz e
OE(A) =[1 - RY e/ *|{F[1 + R} RY /11| Dy 2:)
+ [R;’ + RY@j2h2Hl]6‘j2h3(HZ_Z,)}Gth(Z,_Z) + RYRXCJQILZHl]"l. (11)
f o i - (6b) For the sake of convenience, we separate the fi&lihto
DY =1+ R Ry e 4 [RY + RY &2 ] two partsEf and EV due to the contributions of horizontal
x RY ¢f2hatlz (6c) and vertical dipole moments, respectively. Using the complex
PR - . . transformation\ = ks sin 3, (9) can be written as
In (6), R}, RY, and R} are the reflection coefficients for asinf, (9)
vertical polarized waves given below: E?i‘ __ whoksP. 2 it/ i L3 (m)
. k2hy — K2Ry ExY st \ whsr L3 (m)
R{ — 2l Ml (7a) m=0
k3hy + kZhs (12a)
. kZhy — kZhs EZH  wpok 2 — [K5(m)
RV _ 53 2 7b 3. | _ WHORS —i(=/%) 3 \m
2 k3he + k3hy (70) B s PO gy € 7;() K5 (m)
\ kihg - ]%‘;;2’17,4 (7C) (12b)

2 k2hs + k3ha
The integrals o& components consist of two terms that an\évhere
proportional to the vertical dipole momeRt or the horizontal L3 (m) _ dfekersing cin®/? 3 O~ (N)
dipole momentP,, respectively. Since L3 (m) Ty (X))
Jn(=Ar) = (=1)" T, (Ar), n=0,12--- (8) % [(R;f L RYCjQHU/kgfkg sin? ,a)Rgf
6j2H2k3 cos 3

so the Bessel functions ofp(A\r) and J;(A\r) need to be x
transformed to the Hankel functior{" (\r) and H (Ar) + RY RY ¢/ vk —kS sin® Gm (13a)



LI et al.: RADIO WAVE PROPAGATION THROUGH FOUR-LAYERED MODEL OF RAIN FOREST 1101

Even so, we still desire to obtain a very accurate result
< by including all the contributions (although some are little)
B-plane into the solution. To improve the accuracy of the solution, the
integral evaluation should be modified by the quasi-static ap-
proximation. According to the conclusion drawn previously by
Chowet al.[23] and by Aksun and Mittra [24] for the analysis
of microstrip antennas, quasi-static approximation together
with saddle-point technique produces the quasi-dynamic (or
guasi-static) images. These quasi-dynamic images contribute
to the dominant field distribution in the near zone.

A. Quasi-Static Approximation

Quasi-static approach approximates the Sommerfeld integral
by exponential forms ag; — 0. The quasi-static fields
contributed by the quasi-dynamic images are defined in the
Fig. 2. The branch-cut (BC) integrations and the steepest descent cont@fge Where the distance between receiver and transmitter
(SDC) in complex3 plane. The BC's and SDC together with the originalis much smaller than the free-space wavelength. Therefore,
fuarfgﬂrgnfgrgnzsgcsaeldvlvﬂﬂ?nf?;ewgggthe residue s zero since the 'megrarfé‘hbtrgction of these quasi-static terms from the Sommerfeld

identity makes the remaining integrands decay faster. The
asymptotic terms of the reflection coefficient’, ; in (7)

[’C?(m)} :/ dBeikssm 8 gin3/2 8 cos 8 [‘I’i()‘)} then reduce to
To

IC3< (m) (I)i()\) RS _ 1 — €92p (14a)
x [(RY + RYGJ'QHI\/kg—kg sin? RY L 14 6o,
X ej?Hz k3 cos 3 R; _ €2r —T_ €3p (14b)
. - €2p €3p
+ RVRVCJQHl k2—k2 sin? 3 m 13b e
L ] (130) Ry = S C8r N Sor (14c)
Lo in (13) is the integral contour shown in [22, p. 454, o\« oo reezt;/ritt:;: as follows:
Fig. 15-4]. Equations (13a) and (b) can be integrated by means ' 9 '
of the saddle-point evaluation and branch-cut evaluations. [éi%mﬂ - / dp ek sin B+jks (2Hz —z—2") cos 8
m To
ll. QUASI-DYNAMIC IMAGES: QUASI-STATIC y [Sln;g /3} (1 RyeI 2k cos 3y
APPROACH AND SADDLE-POINT METHOD sin™* g s
In this section, we will consider the radiated fields in the X [(R} + R5ef2HIV I =I5 sin® 0
near-field region first. So the contribution of direct waves due F(+ RiR;ejQHIW)

to the real dipole antenna and the contributions of the reflected 2k (5 Ho ) con 3106 (105 S
waves due to its images in the four-layered dielectric medium x = r T PlRE (RS + R
will be found. In the near zone, the field proportionalRo* x ¢/2HIV/ K5 = kS sin® 3 i 2Ho ks cos
is the dominant wave, thus, we will conduct teaddle-point s j2H/RE R s Bym

evaluation to obtain all the images from the integral. +RiR;e S R D)

To obtain the solution of the integral in (12), (13) must be Since the integral£<(m) and KX<(m) can be obtained
evaluated first and there is no straightforward way. Examinirigom £~ (m) and K~ (m) by simply exchanging the position
the denominator in (11), we found [22] that there are thred »z and 2/, only one set of the formulas in (13) is rewritten
poles corresponding th; = 0 (¢ = 1,2 and 4) because here in (15) to save space.
hi = \/k? —k3sin® 3 in (5), together with (6) and (7), is
not a single-valued function of, but hs is. Consider the B. Direct and Multireflected Waves
enclosed loop in Fig. 2. Then, it is found that the residue In this paper, the direct wave due to the real dipole antenna
of the enclosed integral is zero since the integrand functigid the reflected waves due to its dipole images are of interest.
within the enclosed region is analytical. Hence, the integral ®s shown in Fig. 2, we will first carry out the saddle-point
(13) consists of contributions from the steepest descent paitegral evaluation along the steepest descent paths.
and three branch cuts around the three poles. It is assumed that the horizontal distancés so large that

To evaluate the integral along the steepest descent conteng saddle point can be shown as
the saddle-point technique is a direct method. However, the 7r
condition of the saddle-point technique (i.eR > 1) or the P = 9 O
condition of the Hankel functions in far zone must hold. Ag/here
shown earlier, the condition is almost always satisfied for the 0. ~ ar r _

X . i 2 arccos (—), (m=0,1,2,--+)
case considered in the paper.
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and P depending upon the propagation (via reflection) paths Trancation Number: Direct and Reflected Waves

takes the form of one of the four definitions &f,, R_, R/, , 120 o
and R’ , as given by (17). In Fig. 2, the point,, on the 110 |
complex plane is assumed. However, it should be pointed 100 - m=40 -
out that many saddle- pointgn = 0,1,2,---) have been 3 m=50 <
considered. 2 0T
Generally, m is nonzero for the higher order reflectedS 80 )
waves. Consider the integral path alohigpc, which isthe g 79 L g i
steepest descent path through (see Fig. 2 for the path). If ‘2
- 2 60 4
7 is large enoughg,, can be assumed to be nearly zero. Byg
using the integral formula from the saddle-point method, i§ 50 ¢ i
is found thats (m) and K5 (m) are relatively smaller than &= 40 .- x 1
£z (m) and L5 (m). The asymptotic field components; " b \/ |
and E5 /' in (12) are obtained as follows: 20 . :
P L 0.1 1 10
3>Vd — _WHoTz [ B —j(5m/8) Horizontal Distance (km)
x4 4 k
d | 3| Fig. 3. Consideration of iteration convergence for the direct and multire-
0 ) — flected waves.
x 3 [+ R{RgePVETRI
mzﬁg A From this consideration, it is seen that bgth andé,, are
% et (RS _i_Riejz,/kg_kng) real numbers and should therefore be located on the real axis
rR (m,z,72) of the complex plane. Botl andz polarizations of the dipole
ciks R (m,2,2) P — havg been taken into account in (16). The field components
X ——————— — R5(R} + R;?IVH M) p<v and B<H can be obtained in a similar fashion. It has
rR_(m,z,2') z = . )
—— 5 exactly the same form as (A.1) in the appendix except that
Jka Ry (m,z,z . — ; :
c —Ri(1 +R5R§C]2‘/k2_k3'nl) the f)bservalttlon and source locations must be changed from
rRy(m,z,2") (z,2') t0 (¢, 2).
ciks Rty (m,z,2") P —— _ )
e [R5(R5 + Rie/2Vka—ksHliy  C. Convergence Consideration
T m,z, 2 . . . .
+< ) Numerical results demonstrate that the direct wave is still
+ RIReIIV R —hs Hum (16a) the major contribution to the overall guided waves, i.e., the
wito Py cos ¢ I direct and multireflected waves. However, the reflected waves
d = MO+ v/ k_3 eI0O/8) play an important role as well in the overall guided waves and
4 L] cannot definitely be neglected.
g The convergence of the above iteration for direct wave and
sSs _j \/kz—szl . B . )
x Z (14 RiR5e VIR multireflected waves is examined numerically to demonstrate
m=0 o , the contribution of the multireflected waves. Fig. 3 shows the
y |2mH, + 2 — 2| eFef-(m=2) transmission loss of the direct and multireflected waves at
7 TR (m,z,7) a frequency of 100 MHz against the horizontal distamce
. s o/ |2(m + DHy — 2 — #/| ranging f_rom 0.1 to_ 10 km. Two cases are considered where
+(R3 + Rie 27 ) , the iteration truncation numberg:§ are 40 and 50. It is seen
ks R_(m,2,2") that to usem = 40 and m = 50 as truncation numbers
(o2 e i . 312 . . .
T R(RS+ RieI2VHR TRy actually gives the same results. Therefore, in the numerical
rR_(m,z,2') computation, we considered the iteration uprte= 40, which
12(m+ 1)Hy — 24 2| eF*sRe(mz2) is, in fact, the minimum truncation number for the iteration
X 7 "R ( 7 with a relative error of 0.877%. The formula of transmission
+(m, z,2") L
. loss concerned is given later.
+ Ry x (1 +R;Rse2VRahs My
C[2mHy + 2+ 2 IV. LATERAL WAVES: BRANCH-CUT INTEGRALS
r As shown earlier in (7), there are three branch paiats- 0,
Jks R, (m2,2") T hy = 0, and hy = 0 (as illustrated in Fig. 2) correspond-
T (Ry(Ry 4 RyoVERmy e = 0, andhs = 0 ] in Fig. 2) corresp
rRI (m,z,2') ing to the lateral waves propagating along the air—canopy,
o canopy-trunk, and ground—trunk interfaces, respectively. Let
+ RIR VIR Hm (16b)
where ny = ]Cl/k'g, No = ]Cg/k'g, and ng = ]C4/k‘3.
Ri(m,z,7) =r2+2(m+ 1)Hy — 2+ 22 (17a) Thus, the branch points are located, respectively, at
' (m,z,2) =\/r2 + (2mHy + 2z £ /)2 (17b) sinf.1 =n1, sinf.o =mne, and sinfBuy = na.
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Sincen; (representing the free-space) is smaller than unity In (21), the reflection coefficients around the pgihe 5.1
and n4 is larger than unity, the branch cut At; plays an is no longer those given in (7) whelein h; is arbitrary. They
important role in the evaluation of the integration while thare the specific values correspondingite- k; as given by

branch point3.4 has little effect on the radiowave propagation ~—=> 9 /—
in the guide structuren, is sometimes larger than unity and RS = n; _ n; _ n; 1- n;
sometimes smaller than unity, depending upon the forest type. Vng —ni +nyy/1—mnj
If no is smaller than unity, the branch cut/b will contribute o n \/1 —n? — \/”i —n?
significantly (otherwise, very litte) to the total far field. 3 = n3\/1—n2 + \/nl - n%'

At about 3 = 3.1, we have

A. Lateral Wave Along Air—Canopy Interface
4n? \/ng — sin? An3 \/n% —sin’

The lateral wave comes from the integration along the

(R = (R{H ™ =~

branch cuts around the poihdt = 0. The following integral T nd(n? —sin?B) — ni(n2 —sin? B)’
needs to be evaluated: (22)
L34 (m) = / dg eIkarsin Otiks[2m1) Hp =52 cos 5 So (20) becomes
’ r
! 5 G m m— P
a2 BUEH) — Fr () (8)  |¢| et dm + et veram 7]
_ jksrsin 84+jks[2(m+1)Hs—z—2"] cos 8
K3 oy (m) = /F e kal2(m-+1) 1 ) An?\fn} — sin? pry fnd — sin® B .
x sin®? Bcos BIFT(B) — FT (3)] (18b) n(n} —sin® B) — n(n} —sin® B)’
Since the time-dependeneg’** is utilized, we therefore let
where )
[3 - [3c1 =J]s (24)
FE(B) Joha g :
[Fli(ﬁ)} = (1 F R§ /2y {92ha(Hz—2) so that we further have
1
x [1+ (Ril)ilelejQ}QHl] nf — sin? 3 = —2sin B, cos Ber (B — Be1)
+ (R(Qﬂ + (R(lzl):tlethg H1]} = — (2jn1 cos fe1)s (25a)
X [REL(REL + (R§L)FLei2he ) \/n2 —sin? 8 = \/2nq cos B /. (25b)
+ (RH)E RG22 Fa—haHz) (19)  Itis noted that when the integral is evaluated frahto B,

. . the value ofs should change fromo to zero.
To analytically evaluate the integrals (19), we expand the Thus, nears — 0, (23) may be approximated b
integration function about = j3.; and keep the first-order ’ = y PP y

terms of both phase and amplitude functions. Since the ma- G} = [a(d — &)™ + (me)(b— a)(d — ¢)™ ] {P}

jor contribution to the integral comes from the immediate ¢ B
neighborhood of3.;, we have 2 '
_ T [ i, (26)
m _ [ FEB) = FL(B) } n1 \ ni(nd — nd)
¢ FB) = F () Since the exponential factor in (18) can be approximated by
B E } {[aR$* + B[eRT: + d]™ j¢ =jks {rsin B+ [2(m +1)Hy — z — '] cos 3}

=jks{rsinB. + [2(m + 1)Hs — 2 — 2’] cos B.1 }

— [a(RS) ™ +0][e(RT) ™ +d]™} : o
+jks{rcosfBa — [2(m+ 1)Ho — 2 — 2| sin 1 }

= PlRE +H[ERE +d]” — [a(RE)™ +1]
X [CREL +d]™ + [a(RSL) ™ + B[RS + d]™ (= fa)
— [a(REH) ™ + Hle(RE) T + d]™} jkur + ks /1 — n32(m + 1) H; — 2 — 2]

~ R — (R THP{a[cR{* +d]™ b L= w2 — ko (2 1V /
—{ksy/1—nir— —z—2}s (27)
(R +VmRE ™)@ eip:’ess (12)1;5 1[2(m+ DHy — 2 = 2]}

where D!
2(1 — a2 _.
- €3 () =—jniny |2 P i
cl _j2hzz ’ -
P=1 - el (21a) mmm
B =1+ Rgtei2hs? (21b) x eIk tiks[2(m+1) Hy —2=2"1\/1-n7
0 =[1 4 R =323 (Ha=2)] 2ha (21c) x Pla(d — ¢)™ 4 (mc)(b — a)
b= Rgl + e I2ha(Hz—2) (21d)

. . (d—e)™ 1 x / NG
c = (R§ + Ryle Itz ity (21e) (@=o] 0
d= R;lel (21f) .6—{k3\/ l—nfr—kl[Q(rn—l—l)Hz —z—z’}}s ds (28a)
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2(1 — 2y3/2 B
K??cl(m):_jémg ( 2 ”1)2 eI/
' ng —ni

Xejklr—l—jkg[2(rn+l)H2—z—z'1 1—n?
x Bla(d — &)™ + (mc)(b— a)
(d— c)m—l] % / \/g

0

_Cf[kgy/lfnfrfkl[2(rn+1)H27z7Z'1}5 d8(28b)

Using the integral

eo 1
/ VseT¥ ds = — il
0 200 V «

we finally get

. 27(1 — n2)L/2
L5 (m) = —52n3m; %
2 1

ejk11’+jk3 [2(m+1)Hy —z—2']y/1—n?

67‘77‘—/4

X
x Pla(d — ¢)™ + (mc)(b — a)

(d =)™ x {ksy/1 —nir

— ki [2(m+ 1)Hy — 2 — 2]} 7%/?

. 27(1 — n2)3/2 im
K??,cl(m) I—J2”§ %(3 gm/4
\/ Ny — Ny

% ejklr—l—jkg [2(m+1)H, —z—z’}

x Bla(d — ¢)™ 4+ (mc)(b— a)

(d— )" x {kary/1 —n2

—k1[2(m+ 1DH, — 2 — 2]} 7%/

)
1—n7{

Substituting (29) back to (12), we finally obtained the
expression of the lateral wave that propagates along the upper

air-canopy interface. It is given by

Eg] _ _wpoksP: [ 2 i

1T s Thar ©

3z,cl 3

m=0 [’3<,cl(m)

E?)>,/H1 wuok'g 2 o

sel | P, / i(m/%)
{E?S{:l 8w cos ¢ 7rk37’6

IC3<,cl(m)

B. Lateral Wave Along Canopy-Trunk Interface

In a similar fashion, we can obtain the lateral wave ex-
pressions contributed by both the horizontal and vertical
polarization moments. They are provided as follows:

Bzl | _ wioksP [ 2 i
E3<zfc2 8w wkar

3 [t

2
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E??,HQ wuok'g _
Z,C — P, J(mw/4)
{E?S{:Q 8w cos ¢ wkar ¢
S Kz Q(m):|
. ;€ 31b
> e o

where

L3 o(m) = j2noy/2meitertiks 2mt ) Ho—2=2"[\/1=n3

« C—jﬂ'/4[1 _ R§26j2h3z’](_1)me—j2mh3H2
2
X { L (1 — )4
T —n2

1= CJ'?hs(Z—Hz)] —(1- n%)—l/z;

L+ ejQ"3<Z—H2>]} x {kzry/1—n3

— ko[2(m 4+ 1)Hy — 2 — 2]} ~®/2) (32a)

/1 — 2 1 Rc? j2hs
= TLQ + 3 © z (m).

N 1— Rg?chhgz’ 3,c2

K5 o (m) (32b)

The reflection coefficienRS? is given by

por BVB=B -1/

C. Lateral Wave Along Ground—Trunk Interface

The expressions of the lateral wave propagating along the
ground-trunk interface are derived and given below:

Egloy| _ _whoksP [ 2 i
Es', 8 wkar

3 Gt

m=0

E??,H4 wuok'g 2 _
zed | P, i(w/4)
{E;Z{{A 8w cos ¢ wkar ¢

2 [&6]

m=0

(33)

(29a)

(34a)

(34b)

(80a) where

[éiizﬂ =2 m [ﬂ —1n§/nJ

w eikartika[2(m+1)Ho—z—2"l\/1—n3—jx/4
x [(R5! 4+ Rytes2he )

+ (1 + R(IA + R§4Cj2h2H1)Cthg(szz)]
. {:Fej2h3z’ « [(R<2:4 + R<1:46j2h2H1)
 REVRG T2 i —i2hs Ho m

+ m(R§4 + R(I:4Cj2h2 Hl)

x (1 20 Y[(Rg) 4 Ryt

+ R<1:4R§46j2h2 H{—j2hsH> ]rn—l}

(30b)

2

x {k3ry/1 —ng

(31a)
— ky2(m+ 1) Hy — 2 — 2]} G/,

(35)
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Trancation Number: Lateral Waves where
115 T T T T T T T T T >
27N jnae—y P35
s F()\) = + . —jhs(z=2") _ —3, 38a
110 W=7y ¢ Dl (38a)
s ® 97 =1+ Ry Y[L+ RYRY /2]
2 100 + [Rg +RYC]Q]LZHI]6j2h3(H2_Z)} (38b)
— 95 Dy =14 R{ Ry c/*h=M
) - P .
Zz 90 —[RY + Ry /22 ti]e2llz, (38¢)
g 85
g 20 6 B. Least-Squares Prony’s Method
7 i | To calculate the remaining integral, as given above, the
“ least-squares Prony’s method provides an efficient way [24]

70 ' : : ; ! ' ! : ' although numerical evaluation is also a choice; however, its
P2 3 4 5 6 7 8 9 10 gpeedis relatively slower, as discussed by [26].
Horizontal Distance (km) , -
The least-squares Prony’s method approximates a complex
Fig. 4. Consideration of iteration convergence for three-interface latefinction of real argument to a series of complex exponents

waves. [25]. To do so, a conformal mapping given by
. t
The reflection coefficients are correspondingly given by hi = k; [—Jt + <1 - Tﬂ’ 0<t<Ty (39)
0
R4 — k3 kT — kf — ki k3 — k3 (362) is normally applied. This mapping transforms the complex
YRR R+ k2R — k2 variableh; (€ [k, —jk;To]) into a real variable (e [0,75])
B2 /2 — 2 — 12 R — k2 in the parameter function in (39). The choice & in the A
=2 VS (36b) plane depends upon the behavior of the integrand in (37). It
ki ky — ki +kyVks — ki has been tested th&f, is usually taken as 15 although the

choice of7j such as five and ten is quite arbitrary [23].
Taking the least squares of the following function:
Similar to that of the direct and multireflected waves, the ] 9

convergence of the lateral waves along the three interfaces is B.t

. . — Z Ae™
also examined. The lateral waves at an operating frequency gt

of 100 MHz are computed within the range of 0.1-10 km, as o

shown in Fig. 4, where the iteration is truncated at numbefs may obtain the coefficientd; and B; where the number

of m = 2,5, and 10, respectively. It is found that the first six/V Of the sets of the coefficients is taken as three or larger.

terms (i.e.;n = 5) have led to an accuracy of less thami@ Therefore, the functiod”(\) can be approximated to

relative error. The iteration of the lateral waves converges quite

rapidly. Z A;eBit Z azchihs (41)

V. COMPLEX IMAGES. LEAST-SQUARES PRONY'S METHOD  where

D. Convergence Consideration

(40)

a; = AieBiTo/(l-i'jTo) (42a)

Quasi-dynamic images contributed dominant field in the bi = Bilo/[ki(1 + jT0)] (42b)
near-radiating zone. However, to employ these images only toThe asymptotic field componenE??ZV and E3>4H in (12)

represent the field in the near-radiating region is not accurgfge to the complex images are obtained as follows:
enough. To improve the accuracy, the Prony’s method [25]

provides the supplementary contributions due to the complex _ .y wpol. | ks N, eikeRi(2,2)

: Vo o—i(5n/9) Z
images. 8z, 4 |/€3 TRz, 2)

For the fields in near zone, the lateral waves propagating

A. Remaining Integral

. . . 43a
along the three interfaces can be ignored. Thus, the remaining (432)
field in (9) after extracting the contributions due to the quasi- p>r _ _wpolrcosd [ k3 o—i7/8)
dynamic images becomes Bact 4 |k
oo N Y S N jksR; (Z,Z,)
7 — 2 b, e’k
E?:—”’“‘O/ A2 dA F(A x 3 ETE I 43b
3z,ct 87(/{}?2) e ( ) = T 7’Ri(z, Z/) ( )

<jP“” cos pH, (Ar) erzhi g (/\7‘)>@jh3 =D where
3
@) R = TR @
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TABLE | Transmission Loss of Direct and Reflected Waves
DIELECTRIC PARAMETERS OF THE TYPICAL FOUR-LAYERED FOREST MODEL 350 T T T T T T T T
Layer Region Perm. Cond. 100 MHz

# Extent €r o (mS/m) 300 5

I Hi+H<z< > 1 0

I | B <z<H +Hs| 40 03 250

I 0<z<H, 35 0.1

v —00<z<90 50 100 200

H, and H, are usually chosen to be 10 m and 20 m.

150

The fieldsEx 2" in the regionz < »’ are obtainable by 100

simply interchanging the roles @, 2’) and (/. z). o
. . N 50 pac

It is found numerically that the contribution due to the com-
plex images is very much smaller as compared with those of 0

Transmission Loss (dB)

| L 1 1 L L t

the quasi-dynamic images and the lateral waves along the three 1 2 3 4 5 6 7 8 9 10
interfaces. Therefore, this contribution is not included in the Horizontal Distance (km)

computation although the method for accounting the compl
images is provided for both understanding and possible futus€distance at frequencies of 100 MHz, 500 MHz, and 3 GHz.
usage.

E?é 5. Transmission loss of direct and multireflected waves against horizon-

Transmission Loss of Three-Interface Lateral Waves

VI. TRANSMISSION LOSS DUE TO FOREST 180 ———
Total field due to the quasi-dynamic images and the complex 170 B
images is the sum of the following two contributions, i.e., z 160 gy Mmpy |
v H S 150 500 MHz |
Etotal == Etotal + Etotal (45) @ 140 _ 3GHz - |
S [
- ] IR
where = 130 L |
v y v v v v z 120 _
Etotal = E3Z,qd + E3z,cl + E3Z7c2 + E3Z7c3 + E3z,ci g 110 7 [— R
(46a) = 100 F P |
Bl =B ,+Ef  +EL ,+Ef (+EE . F 0} |
(46b) 80 p _
70 L L 1 L 1 1 L L !
Each of the terms in the right-hand side of (46) has already 1 2 3 4 s 6 7 8 9 10
been given in order by (16), (30), (31), (34), and (43), Horizontal Distance (km)

reSpeFtlvely' . . Fig. 6. Transmission loss of three-interface lateral waves against horizontal
To illustrate the radio wave attenuation due to the foresifistance at frequencies of 100 MHz, 500 MHz, and 3 GHz.

we adopt the following dielectric parameters in Table | for the

canopy and trunk layers and ground. It is pointed out that these

typical parameters are employed for the convenience of futdfe Table I are utilized and> = 15 m, 2’ = 10 m, and
comparison between the computed results and the existing= —5-71°.

data published elsewhere. For various forest environmentslo show the effect of the canopy and trunk layers, the
such as average forest, dense forest, and rain forest, ti@smission losses of the direct and multireflected waves are
dielectric parameters differ from one set to another. Marggmputed within the range of 0.1-10 km at frequencies of 100
other parameters can also be used for the comparison [Miiz, 500 MHz, and 3 GHz. The results are plotted in Fig. 5. It

once they are recorded in the realistic experiment. is evident in Fig. 5 that the loss becomes large as the operating
The formula used in the computation of the transmissidrequency increases. Also, it is seen that the attenuation is
loss is given by almost a linearly increasing function of horizontal distance. It

B becomes too high for the receiver to receive its signal as the
—0‘ (47) transmitter and the receiver are separated at a distance of 5
E km or longer.

where f is the operating frequency in gigahertz afgl is the The lateral waves along the three interfaces are also com-
field in the absence of the forest. To accurately compute thigted numerically. As shown earlier in Fig. 4, the computation
field, the effects of the ground must be taken into accoumnverges fast and only six terms are needed to achieve a
In this paper, this field is calculated from (16) where theelative error of 10°%. Fig. 6 depicts the transmission loss
permittivities of the canopy and trunk layers are made equadriation against the horizontal distance at a frequency of
to those in free-space, i.ee; = e¢3 = €. In the following 100 MHz, 500 MHz, and 3 GHz. Numerical computation
computations, it is assumed that the parameters tabulatesmonstrates that the lateral wave propagating along the

L(dB) = 36.57+ 201og;,[f(GHz)] + 201og;
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upper side of the air-canopy interface dominates the overall

Transmission Losses of Various Waves at 100 MHz

1107

contributions of the three-interface lateral waves when the200
horizontal distance is large. The lateral waves along the
canopy-trunk interface and the trunk-ground interface occupy
a very small percentage of the overall contribution, ar@150
can, hence, be ignored. A conclusion similar to that of thg’
direct and multireflected waves can be drawn for the thre§
interface lateral waves, that is, the transmission loss increasegy,
with the operating frequency at a known distancer with
the horizontal distance at a given frequengy A different 'é
observation is that the transmission loss of the lateral wavés
varies slower than that of the direct and reflected waves. &

To gain an insight into the contributions due to individual
groups of waves to the total fields, Fig. 7 illustrates the

$si0|

50

‘O% A T T
3 <

L4
<

Total Contribution
Direct/Reftected+
3-Interface Lateral +

| | | L L 1 1 1 1

transmission losses of: 1) the overall waves; 2) the direct and 0

multireflect(_ed waves; and 2) the three-interface Iat_eral waves ! 2 lélorizjntal Sistange (erl) 8 9 10
at frequencies of 100 MHz, 500 MHz, and 3 GHz. It is obvious
in Fig. 7 that the direct and multihop reflected waves dominate @
the overall electric fields in the near zone where the horizontal o )
distance- is small, say, about 3 km for the waves at 100 MHz, Trfmsmllss‘o“ ILOSSGIS of Vla”(’”iwav‘es at ?00 NIIHZ
about 4 km for the waves at 500 MHz, and about 5 km for o°
the waves at 3 GHz. However, the lateral waves, in fact, the
lateral wave along the upper side of the air—canopy interface,
plays an important role in contributing the overall waves as I %WMHM#}W;
the horizontal distance becomes large, for instance, larger than e
3 km for the waves at 100 MHz, about 4 km for the waves af K
500 MHz, and about 5 km for the waves at 3 GHz. 5100 f 7
To demonstrate the variation of transmission loss witf
respect to th_e operati'ng frequency rangir)g from 10(_) MH Total Contribution
to 3 GHz, Fig. 8 depicts such configurations at horizont Diiect/Reflected s
distances of 0.5, 1, and 5 km, respectively. It is evident 3-Interface Lateral +
that the transmission loss is an increasing function of the
operating frequency. Also, it is obvious that the transmission ) ) ) . . . . . )
loss of the direct and reflected waves fluctuates intensely with 1 2 3 4 5 6 7 8§& 9 10
the frequency; but such a fluctuation for the lateral waves Horizontal Distance (km)
becomes faint with the frequency although existing. Generally,
the conclusion drawn from the theoretical analysis here is ®)
almost the same as that from the experimental observations Transmission Losses of Various Waves at 3 GHz
[27]. However, the direct comparison with the experimental 200 ‘ ‘ ‘ .
data in [27] is impossible so far due to the lack of the detailed
permittivity of the canopy and trunk layers in [27]. It is known A P
that different types of forest have different forest densities amt 150 1
therefore, different dielectric characteristics. j,j
3
=
VIl. CONCLUDING REMARKS -;100 i
In this paper, a novel analysis of the radio waves propagai
ing along mixed paths inside a four-layered forest model i§ , | Total Contribution |
carried out. Closed-form representation of theomponent = 3 i) irect/Reflected ™
- ] ) T ) . -Interface Lateral -+
of the electric fields is obtained within two regions, i.e.,
0 < 2 < 2 andz < z < H in the layer Ill. Radio . . . . . 1 1 1 .
wave attenuation is also calculated numerically. Contributions I 2 3 4 5 6 7 8 9 10

of various waves along different paths are discussed and a
comparison of contributions due to various modes is made.
Analytical derivation shows that the original integral can

Horizontal Distance (km)

(©

be replaced by four integrals—one along the steepest descent
7. Comparison of transmission losses of: 1) the overall waves; 2) the

contour and the other along three branch cuts. CorreSponqugct and multireflected waves; and 3) the three-interface lateral waves at
formulas are obtained, representing the direct wave and misguencies of 200 MHz, 500 MHz, and 3 GHz.
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Transmission Loss of Overal Waves against Frequency An important observation is that all the direct and mul-
200 . A e e S tireflected waves contributed by images and obtained from
180 | e quasi-static approximation and the saddle point evaluations

are proportional toe*s®/R while the lateral waves ob-

160 T S | tained from the branch cut evaluations are proportional to
140 1 ¢ R/R? Therefore, when the distanéebetween transmitter

120 | 1(5)88$ and receiver is small, the contribution of images to the
100 | 5000 m } ) total field becomes the dominant. Besides, all the waves

also decay exponentially except for the lateral wave along
the upper side of the air-canopy interface. Since the direct
and reflected waves propagate inside ligsy canopy-trunk
dielectric waveguide and two lateral waves with the canopy-
medium and ground-medium wave numbers propagate along
the upper-side interface of canopy-trunk and the lower-side
2 3 4 5 6 7 8 9 10 jnterface of the trunk—ground, the decay of the waves due to
Operating Frequency (GHz) the images and the two lateral waves in the lossy media are
Fig. 8. Transmission losses of the overall waves against operating frequemayich faster than that of the lateral wave propagating along
at a horizontal distance of 0.5, 1, and 5 km. the upper side of air—canopy interface whbecomes large.
Therefore, such a lateral wave at a large distaRgalays an
tireflected waves and three lateral waves along three interfac@gecially important role in contributing to the total field.
The conventional way to derive the direct wave and multire-
flected waves is to make use of saddle-point technique. In this

Transmission Loss (dB)

paper, a method that combines the saddle-point technique and APPENDIX
the quasi-static approximation is employed to obtain a series DOMINANT WAVES DUE TO REAL
of expressions. Of this series, the zeroth order term, i.e., the DIPOLE AND QUASI-DYNAMIC IMAGES

first term form = 0, stands for the direct wave; the other terms ppysically, (16) consists of direct wave and multireflected

denote the multiple reflected waves and the hop number is jugives. The dominant contributions of these waves are ex-
the summation index number. Also, it is found that accuracy figacted subsequently.

highly improved and the validity condition of the saddle-point
technique becomes relaxed and is not strictly obeyed. The
lateral waves are obtained by evaluating the integrals aloﬁ‘g
the respective branch cuts around the poles and three lateréince the direct wave is always used to calculate the field
waves are derived and found to be those propagating aldnghe absence of the lossy canopy and trunk layers, it is an
three interfaces. Of the three lateral waves, the dominant wakgortant measure to account for the transmission loss of the
is the one propagating along the upper side of the air-canapylio waves that propagate through the forest medium. When
interface. the distance between the transmitter and the receiver is small,
In lossless media, the direct wave due to the point sourtte direct wave in the forest is the dominant wave. Applying
radiation is always the major contribution. In the lossy foregihe saddle-point evaluation, we find that the integral consisting
medium, it is found that this wave also plays an importamf K3(m) vanishes so that;, ~ E3" andE;, ~ E5". The
role in the near-zone field within a horizontal distance rangkrect wave due to the real dipole antenna is then given by
of about 3 km depending upon the operating frequency. The

Direct Wave from the Real Source

reflected waves also contribute to the overall guided waves wito z— 4

considerably. Numerical computation shows that the iteration Bdirect = T an <PZ — Prcosé r )

of the direct and multihop reflected waves can be truncated B (0.2.2")

to 40 within an expected truncation error. This implies that ﬁ o d(57/8) elMe -t (A1)
the multireflected waves with hop number less than 40 still |Ea] rR(0,2,2)

contribute to the overall guided waves. However, in the far

zone the. electric field is dpminated by the Iater.al wave alongjt can be seen from this expression that the field is symmetri-
the first interface. The guided waves play an important rofgy for the source point’ and observation point. Exchanging

horizontal distance of about 3 km. However, the lateral waygsyit, which is physically reasonable.

propagating along the upper side of the air-canopy interface

dominates the total field in the far zone where the horizontal ) )

distance is larger than 3 km for the waves at 100 MHz, B One-Hop Reflected Waves Due to Quasi-Dynamic Images

km at 5 MHz, and 5 km at 3 GHz. Also, in the far zone, There exist three different cases for the one-hop reflected
the lateral waves along the canopy-trunk and trunk-groumchves. The waves excited by the dipole could be reflected
interfaces can, as compared with the lateral wave along ttieectly by either the first, second, or third interface. The one-

air-canopy interface, be neglected. hop reflected waves due to each of the three interfaces are
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given in the order of the interfaces by

Image
jhs R_(0,2,2")

I _ WHo . o iZazm, € ks

Ereﬂected - ar Rlej 2 \/W |]<J3 H\+Hy-2'
o R (02
x ¢I0m/8) <PZ — P,cos¢ Lo Il )
,
(A.2a) Hy N
ke PO 1
Egﬂected _ UJNO Ry OO eiksR_(0,,2") ks —i7/9) o
V rR_ 0 2 7 |k3 H t Source Observation
2Hy — 2 — 2 2 J(r') point
X <PZ — P,ycos¢ #> (A.2b) z 7 : y
”

- W uo eIka R (0,2,2") ks (57/8) St At et s
E — s —j O

reflected \/W |/$3

@)
<P P,.cos¢ Ztz ) (A.2c)
Image

_The physical geome_tries of image exci_tations_ are shown in /i Hy s R(0,22)
Fig. 9. The wave arriving at the observation point is reflected
once by the first, second or third interface. The reflection Source  » >
coefficients have been used in the field expressions. The fields ,, t Observation
. . . J. (]-’) _ point
in (A.2a)—(c) represent the waves excited by the images due s z
to the first, second, and third interfaces, respectively. Also, y

a rule must be followed to derive individual contribution;
that is, when an image due to one interface is concerned,
other interfaces are considered to be transparent for wave (b)
propagation. This is similar to the rule in the image theory
that when the wave due to an image is concerned, the perfect

conductor ground must be removed. H,
C. Two-Hop Reflected Waves from Quasi-Dynamic Images Source
L . . ' Observation
In a similar fashion, the two-hop reflected fields due to the Hy ®rer) , , point
i . z PN
interfaces are expressed as follows: Ri0:2) y
jks R (0,2,2
1&IT . WHO 5sqys j24/K2—k2Hy kR (022)
Ereﬂected - T 7?'17?'26 2 s /— -
4 rR(0,2,2') ﬁ
Image
ks —im/®) ©
| 3| Fig. 9. One-hop reflected waves from interfaces between (a) air—canopy, (b)
2H> + 2 — 2/ canopy-trunk, and (c) trunk—ground.
: <PZ — Pycosp =22 2 (A.3a)
— Wi eiksR1(0,2,2") As can be seen from the representations of the reflected
Ercflected = ——— R3RS ————= fields, two reflection coefficients are used for different images
4 rR+(0,2,2)

produced due to the corresponding interfaces.
ks —ims)
|3

. <PZ — P, cos ¢ 28

D. Three-Hop Reflected Waves from Quasi-Dynamic Images

— 4 A single three-hop reflected mode exists in the expression
, ) (A-3b)  of electric field contributed by the quasi-dynamic images. This

oiks R (0,2,27) mode is written as

“Ho j2,/k2 —kZ Hy
EI&HI =— RS RS J —_—_ 1&IT&I1T WHo /K2 —k2H
reflected 3 J— STISTIS ] 3 3411
47T 7’_R_'_(O7 Z, z/) Ereﬂected A R3R1R26
. ks R, (0,2,2) ,
ks i) ¢ ks —itn®)

@ \/7R+077 |/€3

i /
: <PZ —Pycosé M) (A.3¢) <P —Pocosg Z1* ) (A.4)
.
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It can be seen from the mode expression containing three
reflection coefficients that the quasi-static image should be th(le
one due to first the trunk—ground interface, then the air—canoﬂy]

interface, and finally the canopy—trunk interface.
(2]

E. Images’ Characteristics and Their Geometries 3]

As discussed earlier, the interfaces that are not concerned
can be considered to be transparent to the wave propagati
Different ordersn of images can be obtained from the num-
ber n of interfaces. The real source with zeroth order (nil)[5]
image produces the direct wave propagating directly from th
transmitter to the receiver. The first-order images produce the
waves reflected once by the air-canopy, the canopy-trunk, or
the trunk-ground interface. The propagation mechanisms of tH
single-reflected waves can be described by drawing directly
the propagation path between the image and the receiver, &%
shown in Fig. 9.

However, the mechanisms of the double-reflected waveg)
cannot be completely represented by means of graphics. The
propagation path between the image due to the air-cano[qg]
and canopy-trunk interfaces and the observation point cannot
be graphically drawn. However, separation of the reflection
coefficient at the canopy-trunk interfad@s into unity and
the transmission coefficieriil + 7;’) can make the graphical [12]
illustration possible. Also, it seems from the expressions of
RIR5, R5R5, and RER; that the order of two reflection
coefficients does not matter. As a matter of fact, it does.
This can be seen from the phase expressions of the fields thak
there is only a possibility for the waves being twice reflected.
The waves excited by the images cannot be included intoy
the expressions given by (A.3a)—(c). They are included in the
higher order modes as = 1. (15]

Similar phenomena to those in the second-order images
can also be found in the third order images. The three
reflection coefficients may form six different combinationsit6]
e, RIRIRE, RIRIRI, RIRZRE, RIRIRE, RERIRS,
andRiR35R;, respectively, corresponding to different verticall7]
distances in phases ¢2H; — 2z — '), (2H, +4Hy — 2z — '),
(2H1 +4Hy — 2 — Z/), (2H1 + 2+ Z/), (2H1 + 2+ Z/), and
(2H; — z—2'). The field in (A.4) represents only two of them.[19]
The other four can be found from the higher order modes.

Besides the above, it is evident th&li(m,z,2’) and [oq
R/, (m,z,7') denote only the path lengths of multireflected
waves along the waveguide between two interfaces: canoﬂiﬁiLJ
trunk and trunk-ground. The optical path in the canopy region
is not counted in the distancéd. (m, z, 2’) and R/, (m, z,2’). [22]
However, it has also been considered and expressed in terig:}f

of the phase forme/2Vks =k Hx

(18]

[24]
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