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Abstract: Diffraction loss and the shadow of diffraction, which account for thewgh of trees based on wireless sensors, long-
distance, real-time, and accurate automatic acquisition of environmefaahation, were presented to meet the requirements for a
wireless sensor network in a forest. Considering electromagnetic wapagmation, which accounts for the scattering and absorption
behavior of plantations, a physical model of diffraction for a forestaestructed using the attenuation and the absorbing screens.
The mathematical model of diffraction is presented using the uniforrmgé&aal theory of diffraction. Moreover, the expression for
diffraction loss is derived. The results were then applied to the birch.|&iion and analysis show the validity of the proposed model.
The algorithm for diffraction loss can serve as a theoretical foundatiothé optimization of the sensor layout and introduces a novel
technology for the telemetry measurement of environmental information
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1 Introduction achieving wireless communication through an organized
i . ) meshwork between sensors. The system can practically
Wireless sensor network technology is extensivelype 1sed in the dynamic monitoring of growing forest
applied to industrial and agricultural production but is giock and in obtaining the biomass ranges of the trees
relatively less utilized in forestry productionl][  4rowing in different directions. The information gathered

Numerous studies on the propagatio_n loss of radio Waveysing the proposed system is useful for policymaking on
have been conducted, whereas studies on the propagatigRe prevention or control of forest fire8, ] .

of high-frequency waves in forests are limited].[ A ) .
complicated geographical environment results in severe HOWeVer, sensors were found to receive weak signals,
signal attenuatiord 4, 5]. ZigBee technology for wireless ©F €V€n none, when attached to a stem. This phenomenon
sensor networks was integrated into the survey of forestryfS, the diffraction of electromagnetic wave propagation.
resource information, and a new system was constructegifraction occurs when electromagnetic waves are
based on this model. When power for this system is at’/0cked by an obstacle, such as the edges of standing
100 mill watts, communication distance is beyond 100 mt'€es. A higher frequency results in a decrease in
in clearings and 50 m in forests, enabling the surveillancedififaction capability. The diffraction capability of a

of a number of parameters, such as forestry biomasé,'g”al (_ar_nitted. by a 2.4 GHz sensor is not ideal _b_ecause of
temperature, and relative humidity, among others, whichthe antl-Jammlng.ofeIectromagnetlc and instability. T,hL{s

are then sent to a computer in a monitoring center the shadow of signal occurs at the rear of the standing
Continuous data acquisiton on multi-standing trees,tree- If the field and region of the shadow are accurately

which are sampled from a forest and are less than 50 n{/€termined, the sensor can be installed correctly, ergablin
away from one another, is achieved. Thus, the informatiorffféctive communicationg].

transfer between sensors is fully implemented. The sensor Results show that signal frequency, stem form, and
has a data acquisition multi-interface connecting sensorpropagation direction, among others, affect the diffi@cti
for temperature, illumination, and soil moisture, amongfields and the shadow of diffraction. In the current paper,
others, which are all placed at breast height, therebythe algorithm of the diffraction fields in a forest is
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The diffraction fields and the shadow of standing tree

— - diffraction are solved using polygons as approximate

& & substitutes for the circle. The model is shown in Fig. 3,

(b)Top view where &o, Yo, 20) is the source point,x(, y, Z) is the

secondary source point, and (y1, z1) and &, Yn, Z) are

the receiver points with the number border of polygon

which is determined by the breed and diameter of the tree.

The radial can be divided into two components. The first

L ) component is the incident energy propagates straightly

presented by the application of the electromagnetic wavg,ased on the law of geometrical optics, and the second is

propagation and experimentation. the incident energy propagates along the edge of a
standing tree, and the shadow and transition regions are
formed when the radial of the edge continuously emits

2 Physical model of diffraction for plantation diffracted radials along the tangency. Based on the
uniform geometrical theory of diffraction (UTD), the

L , region of transition is uniform. To account for the

The distinction between natural a'nd pantauon forests haﬂisposal of the sensor, only the illuminated region and the

become clearer b_ecause_of the intensive management &},2 40w are considered in the current paper.

terms of the planting of single species, uniform planting

densities, age classes, and shorter rotation. To gairhinsig

on the significant effects of trees, an ideal diagram of . . .

continuougs rows of planted trees is shown in Fig. % 3The mathemat'caj model of diffraction for

Tree trunks are replaced by absorbing screens. Th@lantation

leaves and branches are replaced by partially attenuate

screens. The phase and attenuation screen are locatdd model the propagation, Tamir represents the forest

directly above the absorbing screen for simplicity. The using a lossy dielectric layer with a complex dielectric

propagation loss model is shown in Fig. 2. constant at ultra high frequency (UHF) (200-2000 MHz).

The wireless sensor placed at a breast height of 1.3 nfamir's model no longer holds because only the

can be further lowered to the basal area in the currentibsorption of plantations is considered, and the scatterin

paper P], thus only the effects of the basal area of breastbehavior of scatters (tree trunks, leaves, and branches) is

height are considered. Circular area expressions are usegkcluded.

for the measurements of the basal area of breast height Thus, the plantation is considered as discrete random-

and standing wood volume, with an average errottof medium that can be represented as a time-invariant

3% [9]. ensemble of randomly positioned and oriented canonical

Fig. 1. Signal transmission model of plantation
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scatterers. The electromagnetic wave propagation in this rs>> rg, so the distance from the source to thaxis
medium may be represented as the sum of twais significantly greater than that of the receiving point to
components, namely, attenuation screen loss othey axis. Thus, the wave generated by the source is
diffraction L(dB) and absorbing screen los%dB). approximately considered as the plane wave entering
from the left to the fringe, withx = 0 standing trees.
Considering the uneven surface of trees, the fringe of a
3.1 Attenuation screen loss of diffraction standing tree is simplified as an absorbing screen. If the
plane wave propagates along thaxis andrs > rg, then
At UHF, the principal mechanism responsible for long- the incident angle it = 0. The model can be further
distance propagation is the lateral wave, which skimssimplified, as shown in Fig. 4, wher¥ is the diffraction
along the tree tops. The average field of attenuatiorangle, and the wedge angle= (2—n)m(1 < n< 2). The

screen is given by the following equatiofi] location of anglea below the x axis is the shadow
] . boundary, and the shadow region below the boundary
E(x,z0) = oxexp|jkx— jkocog6)7] (1) exists only as the diffraction field.

Without loss of generality, the receiver points are

where 2 (t) (t) assumed to lie in the plan€ = 0 because of the
T - o B . =

k= kosin(6) + kosin(é) %p[(fm (1)), fIX\ =pf(oi.q).k translation symmetry alon@ (trunk height direction).

is the wave propagation constant along xhdirectiort is With the foregoing assumptions, the diffracted field

the type of scatteringang; is the density of scatterers. through the edge for standing tree is given as follows:

f‘g‘)(i, i) is the amplitude of the average forward scattering

jk [re pte e
as follows: E(x1,Y1,0) :AOET/0 /_m (1+cosa)

f‘();[‘)(i7i):/ fl():f(i?i)p(g)de (2)  Where the distance from the integration point to the

receiver pointg = \/xf +(y1—Y)%+(2)%

p(6) is probability density function of the scattering angle. g perform theZ integration in Eq. %), the primary
The crown is a lossy dielectric layer, so k of the wave contribution to the integral comes from a regionzbthat
propagation constant is complex in the crown, thakis, s given by the Fresnel zone, which is small compared with
B+ jL(dB). L(dB) is the attenuation constant of the wave x j e x> A. The center of this region is the stationary-

propagation, with the loss model of wave propagation a$hase point, where the derivative of the exporigatvith

jkrr
d,d 5
; Rzy()

follows: respect t@ vanishesrg in the denominator and coswill
_ o o hardly vary and can be treated as constants.
L(dB) = 8.686Im| kosin(6) + Kosin(@) Zptfx(h')} (dB/m) rr can be expanded to the second order according to

B pr, with pr = /X+(y1—Y)% and thus,

rR=Pr+(Z)?/2pr.
Substitutingrg into Eq. 6), the integration over is

3.2 Absorbing screen loss reduced as follows:

When shadowing results from a single object, such as a

standing tree, the attenuation attributable to diffractian jk /‘+°° /‘+°° ~Ikie

. ’ Ao ; . . E =Ayg— 1

be estimated by considering the obstruction a diffracting Oay1,0) =Aoym | [, (1Fcosa) R d-dy
wedge-edge. e ikor

(6)

jko [t
To describe the diffraction effects of the edges of E(x1,y1,0) %AOET/O (14 cosa)
surfaces using a relatively simple mathematical method, e /2
the Kirchhoff-Huygens approximation is employed]| V exp{fjkg} dz’} dZ
According to the Kirchhoff approximation, the receiver - 2PR
point(x1, Y1, z1) can be written as an integral for the Using the substitution = Zei™4, /k/2pg to perform

complex amplitude over the plane= 0, reference 11]  jnegral transform, Eq5) changes into the following:
given by the following equation:

PrR

ik [t - ikor
et ) E(x1,y1,0) on’—k/ (1+cosa) S eima, | 2R 4/
E(xl,yl,zl)z/ / (cosa +cosa’) 41 Jo R K

_ 4) eim/4 [ o e ikor
) ike—Ikr ( = — 1+ cosa d
E™(0.y,7) % " d,d, o=\l | Y
41 )
whererg is the distance from the secondary source pointin . ) > >
the planex = O to the receiver point(, y, Z), andE'" = Similarly, the expressiopr = /X{ + (y1 —Y')? can be
Age % s the amplitude of the secondary source. expanded to the second order@s= p — y% according
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\\\\\\\\ Xy ' Accounting for the influence of the diffusion factor
A ol G A(s) and according to UDT, the aforementioned approach
&Y2) ml can also be used to derive the field at the receiver point of
X /| Glea) (Xn,» Yn» Zn) as follows:

E"(s) = E™ {(Q)D(6nA(S) expl—jks) (1)

01
02 \

7 (xa,ynza) whereE"(s) represents the diffraction field of the location
s distance from the diffraction poir®, E"(Q) represents
the incident end-field of the radial at the diffraction point
Q, D(6,) is the diffraction coefficient, the diffusion factor
is A(s) = 1/4/s, exp(— jks) is the phase delay factor, and
Fig. 4: The simplified model of wedge diffraction the wave number ik = 211/A.
Supposek; is the incident field. From Eq.9j, the
diffraction field Eyg of the receiver satisfies
E'(s) = E™YQ) D(6,)A(s)exp(—jks). Then,
top,withp =, /x% +y§. 6, is the angle between theaxis considering an incident plane wave, the diffraction loss of
and the line from the edge to the receiver point, and thusthe receiver power can be written in the following form:
sinB; = y1p.
Using the substitution = ye~1"/4, /k/p to perform L(dB) = 20|og(Ed> (dB) (12)
integral transform, Eq.A?) turns into the following: i

L~ g sadow

QA K[ o o ikor Therefore, the electromagnetic wave propagation is
E(x1,y1,0) = Ao >\ 21 VO (1+cosa) N d)/} represented as the sum of two components:
el4 [k g ke rre Ly L =L(dB)+L(dB) (13)

~ —(1 0) —— = |d

Ao\ o (1+c0s0) 75 b exp(ka/p) y

A /4

kg [ el 1+ cosb . . .

Age ke o ( Jorip 258 4 Model simulation result and analysis

(8)

When performing the integration in E®B)(k is given
a vanishingly small negative imaginary part,

appropriate for atmospheric absorption, to ensur ) X / | .
convergence at the lower limit. However, after the €9u@l in height, that is, diameter at breast height

integration k can be taken to be real. When the diffraction ;iB(xm&/ﬂ;’E)z gilf)tr?giﬁgqtgeafi\e/gfogi?sr}i/ssﬁurC: p;)ri]rét lﬁ(éated
ici —_ — ]T[/4 i g 1 - ’

coimc;]entggf)ll ?jkx .(1+(;)OS.61)/512.S|”91EV 2 ph), location of the receiving point located &t (y', Z) along

and when N Age Is substituted into Eq.8), the  4,q positiveY - axis isy; = a x sinf. The wedge angle is

following is derived:

B = 150, the relative dielectric constant & = 2.727,
and the conductivity i&r ~ 0.
The variation between the diffraction loss and the

Similarly, (x., y1, z1) is the secondary source point doqle(_:agon angle (Wedg_e angle) is shown in Fig. 5. The
and &, y2, 2) is the receiver point obtained using the variation between the diffraction loss and frequency of

following simplified procedure: source is shown in Fig. 6. o
Fig. 5 shows the inverse relationship between the

SUZEY +C0392> diffriclcti_?ﬂ I(c)jgf? of.theI receifver: power and the Wepldgfe
e angle. The diffraction loss of the receiver power rapidly
_ oV 2rikp. 2sinb; decreases with increasing wedge. When the wedge angle
= E™(xq,y1,0)D(8,)e kP is B > 150, the receiving antennae in the deep region of
(10) diffraction is near the wedge plant. Figure 6 shows that
the propagation loss of the receiver power increases with
In this equationg; is the angle between th& axis  an increase in the distance of the source, i.e., if the
and the line from the edge to the receiver point, and thuspropagation loss increases, the free space propagation
sinB, = y»/p, where the diffraction coefficient is as |oss also increases.

Taking man-made birch as example, the frequency of the
source point in the base station fs= 2.4 GHz, the
as circumference of the standing tred is- 1.1 m, the radius
cof standing tree i® = | /27, and source and receiver are

E(x1.y1,0) = Aoe *°D(6y) = EM(0,y,2)e *°D(61) (9)

E(X2,y2,0) = E™(xq,y1,0)e 1% o (—

follows: - From Fig. 7, we can see good consistency between the
D(8) = — 4 1+ cos measured value and simulated value, which indicates that
2 \/2mkp 2sinB; in 2.4 GHz frequency, the ray tracing method is able to
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Fig. 5: Variation between diffraction loss and the wedge angle

loss are analyzed, and the algorithm of the shadow is
briefly discussed. Finally, the feasibility and validity of
the UTD for computing the diffraction loss of plantation
is verified using theoretical analysis and simulation. This
approach can compute, analyze, and evaluate the
diffraction loss field and shadow. The algorithm of
diffraction can serve as a theoretical foundation for the
optimization of the layout of sensors and introduces a
novel technology for the telemetry measurement of
environmental information.

Propagation loss L{dB)
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