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Abstract—At HF through UHF frequencies, wave propagation is explained by a certain type of surface waves known as the lat-
in a forest environment is mainly attributed to a lateral wave eral wave [1].
V‘?htiCh p;ropigates ‘?‘]f. the tca”cl’tpﬁ_a" inttterf_ace. IDue to the e>r<]i_st§r_lce Mathematically speaking, the lateral wave is the contribution
of tree trunks, significant multiple scattering also occurs which is . .
the dominant source of field fluctuations. Basically, the current ofthe bralnch.cut.fromthemtegral thhes_pectrgl representatlonof
induced in the tree trunks by the source and the lateral wave rera- adipolefieldinside a half-space dielectric. This formulation pro-
diate and generate higher order lateral waves and direct scattered Vvides an expression for the mean-field assuming the canopy-air
waves. Using a full-wave analysis based on the method of momentsinterface is smooth. For predictingthe meanfield more accurately,
in conjunction with Monte Carlo simulations, the effect of multiple in a recent Study [2]’ the effect of Canopy_air interface rough_
scattering among a very large number of tree trunks is studied. It oo o the propagation of lateral waves was studied and it was
is shown that only scatterers near the source and the observation o
points contribute to the field fluctuations significantly. This result S.hown that th? CanoDy—_a'r interface rothnesfs reduces the_mean
drastically simplifies the numerical complexity of the problem. field. As mentioned earlier, path loss only partially characterizes
Keeping about 200 tree trunks in the vicinity of the transmitter  the channel, and other scattering mechanisms must be accounted
dipole and the receiver point, a Monte Carlo simulation is used to for to complete the model. At UHF and lower frequencies, the
gvaluate the stqtistics Qf the spatial and §pectrgl behavior of the dimensions of leaves and branches are small compared to wave-
field at the receiver. Using a wide-band simulation, the temporal length and do not cause significant scattering which is the source

behavior (impulse response) is also studied as is performance ~ 3 . . . .
of antenna arrays and the effects of different spatial diversity ofsignalfluctuations, multipath, and dispersion. The effectoftree

combining schemes in such a multipath environment. trunks which are electrically large create a highly scattering en-
Index Terms—Channel characterization, time-domain response, VIronment. .
wave propagation. In this paper, the effect of tree trunks is accounted for by com-

putingtheirinteractionwiththe source andthe lateralwaves. Anu-
merical solution based on the method of moments (MoM) in con-
junction with Monte Carlo simulation is proposed to evaluate the
CCURATE prediction of radio wave propagation in a comscattering effects oftree trunks. However, considering the number
munications channelis essential inthe developmentand @é&tree trunks between the transmitter and receiver, it is quite ob-
sign of an efficient and low-cost wireless system. High-fidelityious that a brute-force application of MoM is not possible due to
models are necessary in order to treat the tradeoff between ralié exorbitant memory and computation time requirements. To
ated power and signal processing by addressing such issues agwke the solution tractable while maintaining the model fidelity,
herency, field variations, multipath, and dispersive (path dela§jiree techniques are proposed: 1) simplification of the MoM for-
effects. Current channel models are heuristic in nature and havelationnotingthattree trunks are sparsely distributed; 2) simpli-
limited applicability. A physics-based approach to channel chdication base on physicalinsight by noting that the scattered fields
acterization givesinsightintothe mechanisms of radiowave prdpem tree trunks between the transmitter and receiver, but distant
agation and inherently provides highly accurate results. With tffomthem, are almostin-phase; and 3) simplification offield com-
as amotivation, a physics-based modeling approach is being guitation using the reciprocity theorem. In what follows, the forest
sued at the University of Michigan for which advanced and effinodelis described firstand then the simplified MoM formulation
cient electromagnetic diffraction models are being developedis presented. Thismodelis usedtodemonstrate thatonly scatterers
Due to relatively high attenuation rates, direct wave propagaear the source and observation points significantly contribute to
tion in a forest environment is not possible over large distancée fieldfluctuations. Next, the near-fieldinteraction oftree trunks
at high frequencies. In the HF-UHF range where both the trangith the source field and lateral waves are computed by applica-
mitter and receiver are embedded in the foliage, radio signals d¢&m of reciprocity and using the MoM formulation. Finally, nu-
propagate over relatively large distances. This peculiar behavigerical simulations are presented, where the spatial decorrela-
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Az . then travels along the interfac&¢). The other one is
g, _ canopy-airinterface the reflected lateral wave from the ground which arrives
N at the receiver£1). These two contributions are also
Jxva shown in Fig. 2
‘ 1 The expression for the electric field resulted from the
asymptotic expansion of the spectral integral around the branch
1 KR d cut (Lateral wave) for a half-space dielectric with a smooth
Ground(Eo) boundary is given by [2]
_ 711z

Fig. 1. Geometry of a forest model for characterization of wave propagation L= 27r(1 — ,{)1/4
in a forest environment. ko il IZR( ) _

’ / T —R13/2,1/2 Al
bedded in a forest environment and is valid for frequencies up (bt h) = py L= w2
to UHF. As mentioned earlier, since the dimensions of leaviéierek; = ko+/eq, p is the radial distance between the trans-
and branches are small compared to the wavelength, the foréter and receiverh andh’ are the depth of transmitter and
canopy can be modeled by a homogeneous dielectric . HoweV&geiver below the canopy-air interfadd, is the current mo-
the trunks whose dimensions are comparable to or larger thai@nt of the dipole, ankl, andZ, are, respectively, the propaga-
wavelength must be treated separately. Fig. 1 shows the ge@i,qap constant and the characteristic impedance of free space. In
etry of the wave propagation problem, where both the sourc®. the unit vector denotes the dipole orientation,= 1/eeq
and observation points are within a dielectric slab with effegvheree.y is the effective dielectric constant of foliage, aAd
tive permittivity .. This dielectric slab is assumed to have & a symmetric dyad given by

1)

smooth lower interface with a dielectric half-space (representing - 2 . -
) ; . cos” ¢ — K cos ¢sin ¢ 1—x

the ground) and a rough upper interface with air. Tree trunks \| ——cos¢
are modeled by dielectric cylinders perpendicular to the ground r r ”
plane having arelatively large height-to-diameter ratio. Ignoringx _ | cos¢sin¢ sin® ¢ — K 1—=x sin
the scattering from tree trunks, the mean field at the receiver is K K 7
composed of the following components as depicted, in Fig. 2. 1—r 1—rn

1) Geometric optics terms which include the direct propa- LV & cos ¢ V % sin ¢ 1 J

gation between the transmitter and receiver and reflected (2)

fields from the upper and lower interfaces. The mean re- ) . =
flected field from the upper interface is reduced exponeff©" @ canopy—air rough interfacé, becomes more complex

tially where the exponent is proportional to the rms heigH’\”d can be found in [2]. Hergis a cylindrical coordinate angle

of the canopy-air interface roughness [3]. These terrfRpresenting the location of observation point with respect to the
are only important when the receiver is relatively closf@nsmitter. Assuming the canopy heights the lateral wave

to the transmitter, otherwise due to the lossy nature of t@m the image of the source in the ground plasg {) is given
effective dielectric constant of the foliage these comp@-y

nents do not contribute much. Basically the geometric op; 11 Z

tics terms exponentially Qecay with distance between the7L = m

transmitter and the receiver. o dkop il IR H —hhh') _

2) Lateral wave (a diffraction term) which propagates along . A-R-I (3)
the canopy-air interface and decays proportionally to the [(2H —h + W )\/—py1 = K ]3/2p1/2
reciprocal of the radial distance squaredi(p?). The =. . L
patrf)loss associated with the Iatera?wave p(rgp)agation pr{hereR is the reflectivity matrix given by
creases with increasing foliage density (effective dielec- sin?¢ R —cos? PRy —singcos p(RL + R) 0
tric constant) and decreases by bringing the source or QR-= | —sin¢ cos P(RL +Ry) cos?pR | —sin? R O
servation points closer to the canopy-air interface. The 0 0 R
path loss increases as the canopy—air interface roughness 4)

(rms height) relative to wavelength increases. Close ex-
amination of the expression representing the lateral waggd 12, and R are the Fresnel reflection coefficients of the
contribution reveals that the contribution can be attributegfound evaluated at the critical angle= sin™"' /x. Similarly
to a ray that emanates from the source along the critic&k.« is given by
angle, propagates along the canopy-air interface, and ar- il Z,
rives at the receiver along the critical angle as shown iEra = ‘71/4
Fig. 2. Other higher order lateral wave contributions also 2n(1 = k)
g g : : ,
exist, of which two are significant. One corresponds to . e~ Tkopgmiki VIZR@HFR-I) RA.i
the ray emitted from the source which reflects from the [(2H +h — W)\/k — pV/1 — k]?/2p1/2
ground boundary, propagates along the critical angle and (5)
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Fig. 2. Wave propagation mechanisms contributing to the mean field without tree trunks in a forest environment.

scattering effects, as well as the interaction of lateral waves
with large number of dielectric cylinders. It is expected that the
induced polarization currents in cylinders near the source be
much stronger than those in cylinders distant from the source.
Also, the contribution to the received fields from cylinders in
the vicinity of the receiver is expected to be high. Although the
contribution to the scattered fields from individual cylinders
between the transmitter and receiver which are not in the close
proximity of the either is relatively small, one may argue that
there are many such cylinders and the overall contribution
Fig.3. Scattering mechanisms resulted from wave interaction with tree trur}lﬁsay be significant. Considering the path length between the
in a forest environment. . . . .
transmitter to a cylinder and from the cylinder to the receiver,

In (3) and (5), the effects of the ground surface wave is i@_pd n.oting that the scat.tering is strongest .in the negr—forward
nored. The phase term of (1) indicates that the lateral Wa%ectlon, the scattered fields from th_ese cyllnder_s arrive almost
is locally a plane wave propagating along the directign= in-phase. Therefore, t_he scattered f|el_d from cylinders that are
not close to the receiver and transmitter are not expected to
) r o contribute to the field fluctuations significantly. The effect of
0. The expression for the lateral wave contribution for rouglpese scatterers may be accounted for by replacing them with

canopy-air interface is more complicated than (1), but the megR etective dielectric constant. To examine the validity of these

field still represents a plane wave locally [2]. To include the e[iostulations, a two-dimensional (2-D) medium consisting of

fects of scattering from tree trunks, consider the geometry @kinite cylinders, excited by line source, is considered. Fig. 4(a)
the problem as shown in Fig. 3. The source and its image exclig, s the geometry of the problem where a line source capable
polarization currents in the dielectric cylinders which in turp supporting z-directed current (TM case) op-directed
reradiate and produce multiple scattering among the tree trunkrent (TE case) is used as the transmitter. Fig. 4(b) shows the
and secondary lateral waves (lateral waves generated by sgabmetry of the reduced problem where the scatterers that are
tering from the tree trunks) that arrive at the receiver. The SUl; cjose to the receiver and transmitter are replaced with an
of all lateral and secondary lateral waves will be referred to @etive dielectric constant. Our objective here is to show that
the total incident wave in the vicinity of all receivers. The totaho mean and variance of the field in the original problem and
incident wave excites polarization currents within the dielectrig,o requced problem are the same. The method of moments
cylinders (tree trunks) near the receiver, which reradiate and {9-;sed to solve these problems for a given arrangement of
gether with the total incident fields constitute the total field atthf’ylinders. Then, using Monte Carlo simulation, the desired
receiver. Aformal solution to the problem can be obtained rathgl|§ statistics a;re computed. In the implemen,tation of the
easily by casting the formulation in terms of an integral equatiqionte Carlo simulation, the boundaries of the medium must
for the polarization currents induced inside the dielectric cylinsg yaried randomly by a few wavelengths to avoid coherence

de_rs. However, the brute-force s_olution of the integral equatiQ@ects [4]. Position of cylinders are determined by a random
using the method of moments is not tractable because of ber generator. In this filling process, the distance of a

large number of unknowns and the complex nature of the dyadgig,, cylinder is measured from the previous ones to ensure a

Green’s function of the problem. To make the problem tractablginimum distance between the tree trunks. The filling process
an accurate approximate solution is sought. An accurate appri-each medium realization is continued until a desired number
imate solution, considering the physics of the problem, can B@nsity is reached.

obtained, as will be shown in the following section.

ko [cos $F +singj — /2=22 | and also notingE - k; =

A. The Method of Moments for M-Body Sparse Scatterers

lll. REDUCED PROBLEM In this section, a numerical technique based on the method of

As mentioned before, estimation of field fluctuations imoments appropriate for a relatively large number of sparsely
a forest environment requires the computation of multiplistributed dielectric cylinders, illuminated at oblique incidence
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AY
Wy 1 be considered a constant vector. Using point matching, the in-
e tegral equation (6) can be cast in terms of a matrix equation of
® Fe I the form
P e &, e 10 ° @@ L _ ..
® ® =, Z-J=V (8)
@ @/
p)) _ S where Z is known as the impedance matrix. The size of the
W Wx X impedance matrix is proportional to the total number of cells for

() all N cylinders and is a limiting factor with regard to computer
Fig. 4. A 2-D random medium consisting of (a) cylinders and (b) itsmemory' l\.lotl'ng that in afuIIy grown fores;the ree tru.nks are
statistically equivalent model. Also shown is a fictitious boundary used for tfgarsely distributed, storage of all element&@ian be avoided.
Monte Carlo simulation. In this case, the impedance matrix of the individual cylinders
(block diagonal elements) are computed and stored. This can
is described. The integral equation formulation for the inducd limited to a few matrices corresponding a small number of
polarization current for infinite cylinders whose axis are parall€ylinder, with different radii that represents the variability in tree
to the > axis is given by trunk diameters. Next, the impedance matrix elements or the
pairwise interaction between the cells at the center of the cylin-

() ders are computed and stored. The interaction between other ele-
& —1 ments are computed in an approximate manner as needed in the
; al = 2o ey program and are not stored. For further clarification, consider
= —JkoYoE' + Z G(17=p")-I(7")ds’  (6) theith and thejth cylinders in the global coordinate system

whose centers are respectively locateddt, ;) and (X;, Y;)

where as shown in Fig. 5. Suppose the interaction between two cells,
E' represents the incident field having a propagation cowhose local coordinate in thih and jth system are, respec-
stantky, tively, given by @7, y;) and ¢, y;), are needed. In this case,
e, isthe relative dielectric constant of the cylinders, andising the Taylor series expansion,

sl is the cross section of theth cylinder.

The explicit expression for the dyadic Green’s function is given 16 = 7] (X — X, N YO — o)
i — X)) — s — Y5)(y — v
by ~ oy + R SRR ()
= ¥ X
G(le—a"1) : :
- 92 o2 9 wherep;; = /(X; — X;)? + (Y; — Y;)? is the distance be-
k3 + 922 9.0 IRz 5= tween the centers of the cylinders. The approximation in (9) can
) y2 be used in the evaluation of integrals needed for the computa-
_J 9 2y 9 j 9 tion of matrix elements. For example,
4| Ox0 oy? e
T . a Y A2 pyiA )2 )
I S A 2 Ii”" = / / H (]C |ﬁz — ﬁ|) d.T/ dy/
gk dx Jh= dy Ko ’ T —N)2 Y A2 o !

CHGV (k|5 - 7)) U]
wherek. is the propagation constant of the incident wave alonghere®;;; = k,[(X; — X;) (@] — %)+ (Yi = Y;) (Wi —v))]/ piss
the ~ axis, andk, = /kZ — k2. Following the standard pro- ande,, = A?[1 — ((k,4A)?/24)]. As mentioned earlied;; is
cedure of the MoM, the cross section of the cylinders are distored and/;-;» is computed as needed . Using a sparse matrix
cretized into small cells over which the current distribution magtorage scheme [5] and storing a small number of terms like

~ (1 iD. . iD.
~an HSY (kpig) - 205 = Ly - &7
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Fig. 6. Application of reciprocity theorem for the computation of scattered field of cylinder from a nearby dipole embedded in a dielectric slgipabdve
plane.

TABLE | sparse scatterers problem is evaluated. An array of 50 equally
STORED MATRICES AND ARRAYS FOR THEIMPLEMENTATION OF Spaced dielectric Cylinders Wlﬁ')- — 5+1 and radius 0.3 m are
M-BODY SPARSE SCATTERERS . . . . ..
arranged along thE axis with a spacing of 2 m. This array is il-
Stored Components Size luminated by a 50-MHz plane wave at an oblique incident angle
Imp. Matrix of individual cylinder | M x M: TM, 2M x 2M: TE 9 = 60° and TE polarization. The scattered field computed by
ko(Xi — X;i)/pig ko (Y = Y5)/ pis M(M - 1) array the exact MoM and the approximate MoM are compared along
- ‘I’i'j'_ , M(M - 1) array the curve,y = zlnz. Small discrepancies are observed be-
cos” f; — sin ;; M(M - 1)/2 array tween the two solutions which are plotted Fig. 6 in as relative

percentage error. Many other cases were also examined and it
(Xi — X;)/pi, (Yi = Y3)/pig, (b — @), and(y} — ¢;), the was found that, when the average ratio of cylinder spacing to
needed memory size is reduced. Similarly, for other terms oflinder radius is larger than 5, the approximate MoM is capable
the dyadic Green'’s function that require spatial derivatives, v@é producing very accurate results. Having confidence in the ap-

can use the following approximations: proximate MoM algorithm, simulation of wave propagation in a
52 o2 sparse random medium is carried out. A large number of dielec-

<_ + k2>Imf —_ " {Hél)(k'ppij) + Hél)(k,)pij) tric cylinders (2000) confined in a rectangular box, as shown in
du? . 2 Fig. 4, are considered. The box is chosen to have average di-

. [COS? 0;r; — sin’ 0] } -e®7i (10) mensions of 50 nx 800 m. As mentioned earlier, to eliminate
the coherence effect of finite box size (see [4]), the dimension of
where the positive and negative signs are used:fer = for the box is varied by at least one wavelength in the Monte Carlo
u = y, respectively. Also in (10) simulation. A line source is used as the transmitter, at location
(z = 20, y = 25) and the field is calculated at a point located at

2 2
91‘”” — 91‘”” .
cos argr = SHL 0w (z = 780, ¥ = 25). Many sample media are generated and the

2 02
o, €05”0ij —sin” 0 + (a1 — “2)/%'7 MoM solution for each sample is used to construct approximate
1+ (a1 + a2)/ﬁfj statistics of the field at the receiving point. In specifics, the mean
a1 = 2(X; — X;)(a] — ), and standard deviation (SDV) of the field is monitored and the
az = 2(Y; — Y;)(w, — y;% simulation is continued up until a convergence is reached. The

1 contribution to the total mean field and standard deviation from
0i; = tan""[(¥; — Y3)/(Xi — Xi)]- scatterers in range bins 20 m wide are stored separately and are
Moreover plotted in Fig. 8, for three frequencies of 10, 30, and 50 MHz.
Ly lk? It is interesting to note that the contribution to the total stan-
LR i [Hél)(kppij) + Hél)(kppij)} (uy—ujr)-e®s  dard deviation (field fluctuations) are mainly dominated by the
I 2 scatterers near the source and observation points. This indicates
for w = x ory. Finally, for thed?1,,/dx Oy term, we can use that scatterers between, but not close to, the transmitter and re-
the equation shown at the bottom of the next page. Table | shawegver are not significant sources of field fluctuations and can be
the submatrices and arrays that are stored in this schenié forreplaced with an effective dielectric constant. The geometry of

identical cylinder, each discretized inié pixels. the reduced problem is shown in Fig. 4(b) where 600 cylinders
o ) ) near the source and 250 cylinders near the observation point are
B. Statistically Equivalent 2-D Medium kept and the rest are replaced with an effect dielectric medium.

In this section, a complete MoM solution for a large numbén this simulation, a cylinder density 0.05/ns used and the
of cylinders is used to verify the conjectures mentioned for thmmparison of standard deviation for the complete and reduced
reduced problem. However, before presenting these results, pheblems for the TM case is shown in Fig. 9. As can be seen in
accuracy of the approximate MoM solution for the M-bodykig. 9, the reduced and complete problems produce effectively

Ly _ (= X)(¥i = Y) + (X = X))k — 9) + (¥ — X))} — )

— kQH(l) k i) - <I>7-/j/'
oz dy p§j+(a1+a2) ptt2 (kopis) - e
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the same field variations. To examine the field variance only, f
less scatterers produce the same result. Fig. 10(a)—(c) show
spectively, the field variance for TE [(a) and (b)] and TM [(c)
excitation using 200 cylinders near the source and 150 cyli
ders near the receiver. For these simulations, cylinder dens
0.01/n¥ is used. For the reduced problem, the effective mediu
is anisotropic and its dielectric constant is a tensor given by [

Eeff =Ep + (Ei — Eh)f, for T™M

= i — for TE. : : : : : : : : :
Eeﬂ 5h+f(51 Eh) Ei+Eh’ 0040 - ......... ........ ........ ,,,,,,,,,, ......... ......... ....... -
IV. FAST-FIELD CALCULATION BASED ON RECIPROCITY voob i — EN
As our goal in this investigation is the computation of th S E,
fields of a dipole in a forest environment, computation of pola | ; E ; ; ; ; ; . .
ization currents in tree trunks when illuminated by the dipole o % 10 %0 0 280 300 %0 400 450 8®

. . g K . i . Distance(m)
needed. Even with the simplification mentioned in the previot.-

section, a three-dimensional (3-D) scattering problem which i~
cludes more than 200 cylinders is not tractable numerically.
this section, we demonstrate a procedure where, with the h
of reciprocity theorem, the 3-D scattering problem is first re
duced to an equivalent 2-D problem, which is then solved by t!
method of moments. To demonstrate this procedure, letus fi |
consider a short dipole near a single cylinder, as shown in Fig.
The field at the receiver is the sum of the field of the dipole ar
the radiated field from the polarization current induced in the_4
dielectric cylinder embedded in the canopy above the grour
Since the observation point is in the far field of the cylinder ar
the dipole, reciprocity can be applied to simplify the problen _,
According to the reciprocity theorem [6], the vertical compac
nent of the received field for a dipole excitation with orientatio
[ is equal to thd component of the field near the cylinder of _
the same dipole oriented vertically and located at the obser ; :
tion point. According to (1), the field of the dipole (inthe modi- s w0 10 2
fied problem) illuminating the dielectric cylinder is locally plane
wave. Also, noting that the induced polarization currents in a fi- ()
nite, long dielectric cylinder is approximately the same as thoB®. 7. Relative percentage error in (a) magnitude and (b) phase of scattered
of aninfinite cylinder having the same radius and dielectric coffecti¢ field from 50 infinite dielectric cylinders that are located algrgxis
. ith 2 m separation when a TE plane wave is obliquely incident dith 60

stant [7], [8], the MoM solution for 2-D problems can be useg; 50 MHz.
to find the induced polarization currents. Once this polarization
current IS obtamed_, the.near field can gasny be computed and g&?aller than what was obtained for the 2-D problem. Basically,
expression for it given in the Appendix. The same proceduref|s ) o L . .

: ' I : ) o or the dipole excitation where the finite tree trunks are illumi-
applied to find the contribution of all cylinders in the vicinity of ! . -
the transmitter, at the receiver. To compute the effect of the scn?—ted by the r_esultmg plf_;me waves at oblique incidence, fewer

: . j . . . ﬁumber of cylinders can interact with each other.

tered field of cylinders near the receiver, the fields of the dipole
and all cylinders in its vicinity are computed at each cylinder
location near the receiver. Again, these fields are locally plane
waves illuminating tree trunks near the receiver at an obligueBased on the rigorous electromagnetic model described inthe
incidence equal to the critical angle. MoM is used to find thgrevious section, a very accurate propagation model which pro-
induced polarization current in cylinders near the receiver fromides a complete channel characterization of forest media is pos-
which the scattered field is computed. Hence, the contributisible through Monte Carlo simulations. To examine the effect of
from all cylinders near the transmitter and receiver are includedee trunks on the field of a transmitter in a forest, we first con-
To account for the effect of the forest floor, the geometric opticsder a single tree trunk in the near-field of a short dipole. For this
images of the dipole and lateral waves on the ground plane as@ample, a dielectric cylinder with permittivity= 5+ 4, radius
considered and their contributions are evaluated using a simita= 35 cm, and height. = 15 m is considered in a forest with
procedure. It is worth mentioning that, in this case, the numbaicanopy having.g = 1.03 + j0.036 and heightd = 20 m. A
of cylinders which need to be kept in the vicinity of the transvertical dipole transmitting at 90 MHz is placed at a distance of
mitter and receiver for the reduced problem is expected to bé cm from the surface ofthe cylinder and is moved up and down,

@)

-2

-4

250 300 350 400 450 500
Distance(m)

V. NUMERICAL SIMULATION
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@ (b)

Fig. 8. Mean and standard deviation of scattered electric field generated by scatterers in each 20-m bin with TM seW@e = 25) and an observation
point (z = 780, y = 25). Three different frequencies are used, 10, 30, and 50 MHz and total number of scatterers is 2000. (a) Magnitude of mean. (b) Magnitude
of standard deviation.
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Fig. 9. Comparison of (a) the mean field and (b) standard deviatidn. abf the reduced problem that keeps 600 scatterers near the source and 250 scatterers
near the observation point with those of the complete problem that contains 2000 scatterers, with TM line source excitation.

15
Realization number

and around the cylinder and its field is computed at an observagion of the dipole enhances the field at the receiver since the
tion point 1 km away from the cylinder and 5 m above the grouricke trunk acts as a passive radiator. Next, computation of path
plane. Fig. 11 shows the normalizedomponent of the field at loss and field standard deviation is considered for the forest of
the receiver as a function of dipole height above the ground atie previous example. In this case, tree trunks having an average
forthree azimuthal angles around the cylinder. The normalizatibright 15 m and height standard deviation of 1 m with number
here is with respect to the field of the dipole in the absence of tdensity 0.05/r and dielectric constant ef= 5 + j are also in-
cylinder. Itis shown that the field at the receiving point fluctuateluded. As mentioned before, the number of cylinders we need to
as the dipole is moved along the cylinder axis. This fluctuatidreep for the reduced problem is expected to be smaller than those
is a result of constructive and destructive interference of the dior the 2-D problem. Here we kept 200 cylinders near the trans-
rect field, scattered field from the cylinder, and their images anitter located at the origin 3 m above the ground and 50 cylinders
the ground plane. Since the cylinder radius is small compareear the receiver located 1 km away from the transmitter and 5
to the wavelength, a gentle variation is observed as the dipateabove the ground. Table Il shows the path loss (with respect
is moved around the cylinder. It is interesting to note that, féo the free space) of the normal component of the wave and its
most dipole locations, existence of the cylinder in the near-fieldandard deviation at 50 MHz for a vertical dipole. Also shown
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in Table 1l are the path loss and standard deviation if 390 cylin-
ders (250 near the source and 140 near the receiver) are kept. The
Monte Carlo simulation converges after about 30 realizations and
is shown that the results based on 200 cylinders is very close to
those based on 390 cylinders. This convergence testindicates that
a moderate number of scatterers (about 200) is sufficient for ac-
curate characterization of field variance. The results also indicate
astandard-to-mean ratio deviation of almost unity for the random
variableF .. Using differentforest parameters and frequencies (at
HF band), random variablg, showed a similar behavior. That

is, the statistics of the channel follows Ricean statistics with a
standard deviation-to-mean ratio ranging from 0.5 to 2. This is
differentthan Rayleigh statistics whichis commonly assumed for
communication channels when there is no line-of-sight propaga-
tion path. Significant nonzero mean-field in this case is a direct
result of contributions from the lateral wave.

For communication channels with significant multipath, an-
tenna arrays are usually used to mitigate fading. In this case,
because of the existence of a considerable coherent mean field,
antenna arrays may provide coherent gain. To investigate the
performance of antenna arrays in a forest environment two basic
configurations, namely, broadside and end-fire are considered.
For the broadside configuration, four vertical dipoles are ar-
ranged along a line perpendicular to the line between the trans-
mitter and receiver points with a spacing of2. The four el-
ements of the end-fire array are placed along the line between
the transmitter and receiver separated7By 16 and having a
progressive phase factor ef7x /8 [9]. The field of these two
arrays are evaluated and the path loss and SDV-to-mean ratio
is reported in Table Il. It is found that the broadside array has
about 11 dB less path loss than the end-fire array. This is very
close to the 12-dB gain of a 4-element array and indicates that
the field of all four elements of the broadside array arrive at the
receivers almost coherently whereas those of the end-fire array
are incoherent. This behavior can be understood by considering
the spatial correlation function in the forest environment. The
spatial correlation coefficient between two pointsandi is
defined as [11]

_ CoME(71), E(7)]

Cs(71,72)

OE10E2

whereop, andog, are the variance of the field & and,
respectively. A grid of nine points along theaxis (direction
between the transmitter and receiver) and nine points along the
y-axis separated by/2 that is 1 km from the transmitter is gen-
erated and components of the electric field are calculated many
times for different cylinder arrangements in order to compute
the correlation coefficient. Fig. 12(a) and (b) show the magni-
tude and phase df; (7 , > ) along ther andy axis, respectively.

It is shown that the signal along theaxis remains coherent
over much larger distance than along #hexis. This resultisin
agreement with the observed behavior of broadside and end-fire
antenna arrays. Sampling theorem [10]-[12] is used to generate

Fig. 10. Comparison of the standard deviation for (a) and (b) TE and (c) Tthe smooth curves that goes in between the discrete points in
excitations of the complete and reduced problems that keeps 200 (TE) or }5@y. 12.

(TM) scatterers near the source and 150 scatterers near the observation poi
with those of the complete problem that contains 500 scatterers, with TE line

source excitation.

o study the path-delay effects, the impulse response of the
channel must be characterized. The impulse response cannot
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Fig. 11. The ratio of the fields of a dipole with and without a tree trunk as a function of dipole hejgiid azimuthal angle around the cylinder. The dipole is
vertical and 10 cm away from the cylinder surface and observation point is 1 km away.

TABLE I
PATH-LOSS AND STANDARD DEVIATION-TO-MEAN RATIO OF THE FIELD OF A
VERTICAL DIPOLE ANDFOUR -ELEMENT DIPOLE ARRAYS IN THE FOREST WITH
cerr = 1.03 + 50.036, CANOPY HEIGHT H = 20 m, TREEDENSITY 0.05/n%,
AND TREE TRUNK HEIGHT OF H = 15 m

Path-loss(dB) | SDV/Mean(dB)

Antenna Configuration | 200 cyl. | 390cyl. | 200 cyl. | 390 cyl.
single dipole 47.5 48.16 1.42 1.16
4-element Broadside 48 3
4-element End-fire 59 2.45

be directly determined. However, by characterizing frequenc
response over a wide bandwidth, the impulse response can
determined by applying the Fourier transformation to generai
time-domain (range) information. Direct application of FFT

w

is not computationally efficient considering the number of Spacing in A2 increments ® s
frequency points which are needed in order to avoid aliasing. @

For example, with a receiver at a distance of 1.5 km fron
the transmitter a maximum frequency spacing of 200 KH:
is required. A pulsewidth of 12.5 ns corresponds to 80-MH:
bandwidth which can be used to resolve path delays 3.75

apart. In this case, for each forest realization, 400 frequenc
points must be simulated. To circumvent this difficulty, we usec
a nonuniform frequency sampling scheme. Gauss quadratL
integration [12] is used to evaluate the Fourier transform. Th
order of Legendre polynomial should be chosen so that th
minimum distance between the zeros of the Legendre polyn:
mial is smaller than the minimum frequency spacing require:
to avoid aliasing (200 KHz for the above example). Impulse -1
response of the forest considered in the previous example
simulated at HF using a bandwidth of 10-90 MHz. A receivel
at a distance of 1 km from the transmitter is considerec _, : ; : i ; ; :
It is expected that the dispersion (pulse spreading) will b ! 2 ? Spacing in M2 increments
observed due to multiple scattering among tree trunks and the (b)

frequency-dependent path loss of |§tera| waves. Fig. 13 shows 15, spatial correlation of (a) magnitude and (b) phase of field of a vertical
the frequency response of the received field in the absencedipble (£.) along thex andy axis.

£ G [Degrees]

]
a
=

=150
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Fig. 13. Magnitude of mean field as function of frequency in the absence of tree trunks and the ground plane. RMS height is.2 rxand3 + 70.036 and
the transmitter and receiver are 17 and 15 m below the canopy-air interface, respectively.

Field amplitude [V/m]

——  Total field in forest
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Fig. 14. Impulse response with Gaussian pulse excitation oh directed dipole. Forty nonuniformly spaced sampling points are used. Dotted line is free-space
response multiplied by the path loss evaluated at 50 MHz (see Table II).

the tree trunks and the ground plane for two cases: 1) smoatho plotted in Fig. 14 for comparison. The amplitude of the
canopy-air interface and 2) rough canopy-air interface wittansmitted pulse is multiplied by the path loss and delayed by
an rms height of 2 m. The transmitter and receiver are 17 atlek free-space distance between the transmitter and receiver.
15 m below the interface and the effective dielectric constaAt can be seen in Fig. 14, pulse spreading and ringing are
of the canopy is.qx = 1.03 + 50.036, as before. It is shown observed which are the result of dispersion and multipath. The
that the canopy—air interface roughness increase the dispersiast simulation demonstrates performance of different spatial
Fig. 14 shows the impulse response of the forest chanmilersity schemes. Three antennaXlapart are aligned on the
including tree trunks and the underlying ground plane. For theaxis placed 1 km away from a transmitter operating at 50
calculation of the impulse response, Gauss quadrature metiwidz in the forest. Three diversity schemes are examined: 1)
with 40 points is used over the frequency range of 10-%@lective diversity (SD); 2) equal gain combining (EG); and 3)
MHz. A Gaussian pulse is assumed to be transmitted whichnmximal ratio (MR) combining [13]. In SD scheme the detector
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Fig. 15. Cumulative distribution function (CDF) of fading depth for each diversity scheme when antenna arrays araxisng

simply chooses the output of the receiver with the highesity schemes. It is shown that, because of a significant nonzero
receiver power. In the EG combining method, the detector nsean field, spatial diversity only improves the channel fading
provided with the averaged detected signal from each receiveoderately and there is not a significant difference between
(a weighting factor ofw; = 1/3 is used in the combining). In different diversity combining schemes. The model presented
the diversity scheme based on maximal ratio, combiningim this paper shows the possibility of constructing a very ac-
weighting factor proportional to the signal power is used teurate physics-based propagation model capable of end-to-end
combine the signals from the receiver; = (P;/X5_,P;)). channel simulations.

To assess the performance of the above-mentioned diversity

combining methods, the cumulative distribution function APPENDIX

(CDF) of fading depth for each diversity scheme is calculated NEAR-FIELD CALCULATION

using a Monte Carlo simulations. The fading depth is defined
:Eop\?gvti!2(;2;32%3;2“;0&;3 f:g?&[? b}?g,ﬁg _ ES (irSMRzattered fields from dielectric cylinders is provided. With the

shows the CDF of fading depth for SD, EG, and MR Combinlnhelp of the Hertz potential, electric field can be easily computed

methods. Also shown is the CDF of one of the channelsﬁ m a known currentdlstrlbutlod,, by usng V(v H )+

is shown that the performance of all three diversity schemeklé - The electrical Hertz vector is represented by

approximately the same for this problem.

In this section, an efficient formulation for the calculation of

jR|F—7|

— 1 =2 a0 el
o, = - e L — Y |
' En: 4w jwe /,, ¢ |7 — 7] v A1)

A complete wave propagation model capable of pred'Ct'rWhere] is a constant vector. Let
path loss, time-delay response, and coherent frequency response
in a forest environment is developed. The model is based on a

VI. CONCLUSION

Jk|F—7| .
hybrid analytical and numerical approach which allows for effi- I= / % e IR da! dy!
cient computation of important channel properties without com- s 17 =7
promising accuracy. The model accounts for multiple scattering _ S Stk 30 3
; = FUF—=7)e™%* da’ dy
among tree trunks and includes the effects of the forest ground s

plane. Branches and leaves are represented by an effective di-

electric constant which limits the range of Valldlty of the mOdQA/heres is a cell area. For small p|xe| area and us|ng mid- p0|nt
up to UHF. Except for the path-loss calculation, other stausucmltegramn

channel characteristics are determined using a Monte Carlo sim-

ulation. In general, propagation simulations are slower at higher / A2 5 cIrn
frequencies which, depending on the computer platform, also o ~ T
constitutes a limit for the highest frequency. The model is used

to simulate performance of antenna arrays and different divevherer,, = \/(z — z,,)2 + (y — y»)2 + (2 — 2/)2. Based on

“n
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