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RECOMMENDATION ITU-R P.833-10

Attenuation in vegetation
(Question ITU-R 202/3)
(1992-1994-1999-2001-2003-2005-2007-2012-2013-2016-2021)

Scope

This Recommendation presents several models to enable the reader to evaluate the effect of vegetation on
radiowave signals. Models are presented that are applicable to a variety of vegetation types for various path
geometries suitable for calculating the attenuation of signals passing through vegetation. The Recommendation
also contains measured data of vegetation fade dynamics and delay spread characteristics.

Keywords
Vegetation, attenuation, fade dynamics, delay spread, terrestrial systems, Earth-space systems

The ITU Radiocommunication Assembly,

considering
that attenuation in vegetation can be important in several practical applications,

recommends

that the content of Annex 1 be used for evaluating attenuation through vegetation with various models
addressing a frequency range from 30 MHz to 100 GHz.

Annex 1

1 Introduction

Attenuation in vegetation can be important in some circumstances, for both terrestrial and Earth-space
systems. However, the wide range of conditions and types of foliage makes it difficult to develop a
generalized prediction procedure. There is also a lack of suitably collated experimental data.

The models described in the following sections apply to particular frequency ranges and for different
types of path geometry.

2 Obstruction by woodland
2.1 Terrestrial path with one terminal in woodland

For a terrestrial radio path where one terminal is located within woodland or similar extensive
vegetation, the additional loss due to vegetation can be characterized on the basis of two parameters:

— the specific attenuation rate (dB/m) due primarily to scattering of energy out of the radio
path, as would be measured over a very short path;

- the maximum total additional attenuation due to vegetation in a radio path (dB) as limited by
the effect of other mechanisms including surface-wave propagation over the top of the
vegetation medium and forward scatter within it.
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In Fig. 1, the transmitter is outside the woodland and the receiver is a certain distance, d, within it.
The excess attenuation, Aev, due to the presence of the vegetation is given by:

Aev = Am[1—exp(—dy/Am)] 1)

where:
d: length of path within woodland (m)
y: specific attenuation for very short vegetative paths (dB/m)

Am: maximum attenuation for one terminal within a specific type and depth of
vegetation (dB).

FIGURE 1
Representative radio path in woodland
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It is important to note that excess attenuation, Aev, is defined as excess to all other mechanisms,
not just free space loss. Thus if the radio path geometry in Fig. 1 were such that full Fresnel clearance
from the terrain did not exist, then Aev would be the attenuation in excess of both free-space and
diffraction loss. Similarly, if the frequency were high enough to make gaseous absorption significant,
Aev would be in excess of gaseous absorption.

It may also be noted that Am is equivalent to the clutter loss often quoted for a terminal obstructed by
some form of ground cover or clutter.

The value of specific attenuation due to vegetation, y dB/m, depends on the species and density of
the vegetation. Approximate values are given in Fig. 2 as a function of frequency.

Figure 2 shows typical values for specific attenuation derived from various measurements over the
frequency range 30 MHz to about 30 GHz in woodland. Below about 1 GHz there is a tendency for
vertically polarized signals to experience higher attenuation than horizontally, this being thought due
to scattering from tree-trunks.



Rec. ITU-R P.833-10 3

FIGURE 2
Specific attenuation due to woodland
10
1
L
1
g
aa)
=
a
S 7
k= 1 |~ 7
2 10 -~
8 |
= =
] 1
p= 3%q
D A
& v ;
2 v d
10
H
10°
10 MHz 100 MHz 1 GHz 10 GHz 100 GHz
Frequency

V: vertical polarization
H: horizontal polarization
P.0833-02

It is stressed that attenuation due to vegetation varies widely due to the irregular nature of the medium
and the wide range of species, densities, and water content obtained in practice. The values shown in
Fig. 2 should be viewed as only typical.

At frequencies of the order of 1 GHz the specific attenuation through trees in leaf appears to be about
20% greater (dB/m) than for leafless trees. There can also be variations of attenuation due to the
movement of foliage, such as due to wind.

The maximum attenuation, Am, as limited by scattering from the surface wave, depends on the species
and density of the vegetation, plus the antenna pattern of the terminal within the vegetation and the
vertical distance between the antenna and the top of the vegetation.

Measurements in the frequency range 105-2 200 MHz carried out in mixed coniferous-deciduous
vegetation (mixed forest) near St. Petersburg (Russia) on paths varying in length from a few hundred
meters to 7 km with various species of trees of mean height 16 m.

These were found to agree on average with equation (1) with constants for specific and maximum
attenuation as given in Table 1.

TABLE 1
Parameter Frequency (MHz) and polarization
Frequency (MHz) 105.9 466.475 949.0 1852.2 21175
Horizontal Slant Slant Slant Slant
v (dB/m) 0.04 0.12 0.17 0.30 0.34
Am (dB) 9.4 18.0 26.5 29.0 34.1
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A frequency dependence of Am (dB) of the form:

An=Af" (2)

where f is the frequency (MHz) has been derived from various experiments:

2.2
221

Measurements in the frequency range 900-1 800 MHz carried out in a park with tropical trees
in Rio de Janeiro (Brazil) with a mean tree height of 15 m have yielded A1 = 0.18 dB and
o = 0.752. The receiving antenna height was 2.4 m.

Measurements in the frequency range 900-2 200 MHz carried out in a forest near Mulhouse
(France) on paths varying in length from a few hundred metres to 6 km with various species
of trees of mean height 15 m have yielded A1 = 1.15 dB and o = 0.43. The receiving antenna
in woodland was a A/4 monopole mounted on a vehicle at a height of 1.6 m and the
transmitting antenna was a A/2 dipole at a height of 25 m. The standard deviation of the
measurements was 8.7 dB. Seasonal variations of 2 dB at 900 MHz and 8.5 dB at 2 200 MHz
were observed.

Measurements in the frequency range 105.9-2 117.5 MHz carried out in two forest-park areas
with coniferous-deciduous vegetation (mixed forest) in St. Petersburg (Russia) with a tree
height of 12 to 16 m and average distance between them was approximately 2 to 3 m, that
corresponds to the density of 20-10 tree/100 m? have yielded A1 = 1.37 dB and o = 0.42. To
receive the signal, a quarter-wave length dipole antenna at 1.5 m above the ground level was
used. The distance between the receiver and the transmitter antenna was 0.4 to 7 km, and
paths for measurement were chosen so as to have line-of-sight between these antennas
without any obstacles but only the woodland to be measured. Different phases of the
experiment were performed in similar weather conditions: dry weather, wind speed O to
7 mils.

Measurements made in southern England to a depth of 200 m through mixed coniferous-
deciduous woodland gave a value for Am of 46 dB at a frequency of 3 605 MHz. The
measurements were made with directional antennas at 2 m and 10 m above ground. Multipath
effects were averaged over hundreds of individual measurements made over five paths.
Measurements were carried out in summer and winter, but no significant seasonal variation
was seen.

A satellite, aeroplane, or other platform above the surface of the Earth slant paths

Site specific model

Representative radio path in woodland:

In Fig. 3, Transmitter (Tx) and Receiver (Rx) are outside the woodland. The relevant parameters are:

vegetation path length, d;

average tree height, hy;

height of the Rx antenna over ground, ha;

radio path elevation, 0;

distance of the antenna to the roadside woodland, dw.
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FIGURE 3

Representative radio path in woodland with vegetation path length, d, average tree height, 4/, height of the Rx antenna
over ground, /., radio path elevation, 0, and distance of the antenna to the roadside woodland, d»
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To describe the attenuation loss, L along both, horizontal and slant foliage path propagation, the
following model is proposed:

L(dB)=AfBdC(0+E)°® 3)
where:
f:  frequency (MHz)
d:  vegetation depth (m)
0: elevation (degrees)
A B, C,E,and G: empirical found parameters.
A fit to measurements made in pine woodland in Austria gave:

L(dB) = 0.25 f 039 ¢ 0-25 ¢ 0.05 4)
TABLE 2
Tree type A B C E G
Austria pine 0.25 0.39 0.25 0 0.05

Vegetation is different for seasons. The following model is the vegetation loss considering seasonal
characteristics.

Lveg(dB) = A f B logio(d) (6 + E)® —4 (5)
where:
frequency (MHz)
vegetation depth (m)
elevation (degrees)

kh:  |Month — 6.5| (In the southern hemisphere, kh = 6 — |[Month — 6.5] is used instead
of left formula.)

Month:  month (1,2,3,...,12)
B: (0.302 81— 0.003624kh)(f / 1 000)(©-00% 311 8 - 0.026 236kh)
A E,and G: empirical found parameters.
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TABLE 3
Tree type A E G
Japan cedar 1.87 0.01 -0.12
Kenya juniperus 15 0.01 -0.12

Figure 4 shows an example of the vegetation loss considering seasonal characteristics against
different months for 2 GHz.

FIGURE 4

The vegetation loss considering seasonal characteristics for 2 GHz
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2.2.2  Site general model
The following statistical model can be used as a site general model:
L(dB)=A -8 - logw(d) - (6 +E)®—4 - (p/100) + 0.4 (6)
where:
frequency (MHz)
0: elevation angle (degrees)
243(p/ 100)(0 + 1) 090474 1

kh: 5.5 —5p /100 [Note: The function is determined by the type of vegetation such
as deciduous broadleaf forest.]

B: (0.302 81 — 0.003 624kh)(f / 1 000)(©001 311 8- 0.026 236kn)
A Eand G: empirical parameters.

A, E and G are determined for each area. For example, the values of the Japanese cedar in Table 3
can be used for a deciduous broadleaf forest such as Japan.

Figure 5 shows an example of the vegetation loss calculated by the statistical model at varying
elevation angles for 2 GHz.
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FIGURE 5
The vegetation loss calculated by the statistical model for 2 GHz
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3 Single vegetative obstruction

3.1 At or below 1 GHz

Equation (1) does not apply for a radio path obstructed by a single vegetative obstruction where both
terminals are outside the vegetative medium, such as a path passing through the canopy of a single
tree. At VHF and UHF, where the specific attenuation has relatively low values, and particularly
where the vegetative part of the radio path is relatively short, this situation can be modelled on an
approximate basis in terms of the specific attenuation and a maximum limit to the total excess loss:

Agr = dy (7)

where:

o

length of path within the tree canopy (m)
y: specific attenuation for very short vegetative paths (dB/m)
Aet <: lowest excess attenuation for other paths (dB).

The restriction of a maximum value for Aet is necessary since, if the specific attenuation is sufficiently
high, a lower-loss path will exist around the vegetation. An approximate value for the minimum
attenuation for other paths can be calculated as though the tree canopy were a thin finite-width
diffraction screen using the method of Recommendation ITU-R P.526.

It is stressed that equation (7), with the accompanying maximum limit on Ae, iS only
an approximation. In general it will tend to overestimate the excess loss due to the vegetation. It is
thus most useful for an approximate evaluation of additional loss when planning a wanted service.
If used for an unwanted signal it may significantly underestimate the resulting interference.

3.2 Above 1 GHz

For terrestrial paths, the method based on RET described in § 3.2.1 should be applied to compute the
effect of a single tree.

For slant paths, the method based on multiple scattering theory described in § 3.2.2 should be applied
to compute the effect of a single tree.
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3.2.1 Terrestrial path

In order to estimate the total field, the diffracted, ground reflected and through-vegetation scattering
components are first calculated and then combined.

The diffracted components consist of those over the top of the vegetation and those around the sides
of the vegetation. These components and the ground reflected component are calculated using ITU-R
Recommendations. The through or scattered component is calculated using a model based upon the
theory of radiative energy transfer (RET).

3.2.1.1  Calculation of the top diffracted component

The diffraction loss, Liop, experienced by the signal path diffracted over the vegetation, may be treated
as double isolated knife-edge diffraction for the geometry defined in Fig. 6.

FIGURE 6

Component diffracted over top of vegetation

P.0833-06

This is calculated as follows:

Liop = Ltop_ditf + Orx () + Gry(9) (8)

where Gtx(¢) and Grx() are the losses due to angles of the diffracted wave leaving the transmit
antenna and coming into the receive antenna, respectively. Liwop diff IS the total diffraction loss as
calculated using the method of Recommendation ITU-R P.526 for double isolated edges.

3.2.1.2  Calculation of the side diffracted component

The diffraction loss, Lsidea and Lsideb, €xperienced by the signal diffracted around the vegetation, may
again be treated as double isolated knife-edge diffraction, for the geometry defined in Fig. 7.
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FIGURE 7

Components diffracted around the vegetation
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The losses are calculated using equations (9) and (10).
Lsidea = Ludiff_sidea + Gx(®a) + Grx(®a) 9)
and
Lsideb = Laift_sideb + Gx(®Pp) + Grx(Pp) (10)

where Gtx(pab) and Grx(gap) are the losses due to angles of the diffracted wave leaving the transmit
antenna and coming into the receive antenna, for sides a and b, respectively. Luif sidea and Luiff_sideb are
the total diffraction loss around each side found using the method of Recommendation ITU-R P.526
for double isolated edges.

3.2.1.3 Calculation of the ground reflected component

It is assumed that the path is sufficiently short that the ground reflected wave may be modelled by the
geometry shown in Fig. 8.
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FIGURE 8

Ground reflected component

Rx
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To calculate the loss experienced by the ground reflected wave at the receiver, the reflection
coefficient, Ro, of the ground reflected signal may be calculated with a given grazing angle, 6q. This is
a standard method and is described in Recommendation ITU-R P.1238. The values for the
permittivity and conductance are obtained from Recommendation ITU-R P.527.

The loss experienced by the ground reflected wave, Lground, IS then given by:

d;+d,

Lground =20 |0910( J—ZO 10919(Ro) + Grx () + Gy (¢) (11)

where Grx(p) and Grx(p) are the losses due to angles of the reflected wave leaving the transmit
antenna and coming into the receive antenna, respectively.
3.2.1.4  Calculation of the “through” or scattered component

In order to make accurate predictions of the excess attenuation to vegetation the user needs to input
the following parameters into the RET equation (equation (12)):

o ratio of the forward scattered power to the total scattered power
B:  beamwidth of the phase function (degrees)
o« combined absorption and scatter coefficient
W: albedo
Ayr:  beamwidth of the receiving antenna (degrees)
d: distance into the vegetation (m).

Given the input parameters: frequency (GHz), the typical leaf size of the vegetation to be modelled
and the leaf area index (LAI) of the tree species, one can obtain the nearest value of a, B, W and o
from the RET parameter tables (Tables 5 to 8). Should these parameters be unavailable, one should
assume the nearest match from the species listed to the Tables.
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These four tabled parameters, together with the frequency, and Aysds, the 3 dB beamwidth of the
receive antenna, are then used in the RET model.

The attenuation due to scatter through the vegetation, Lscat, is then given by:

-1 AYZR -1 11 & -1 o 1 mrs &
e+ B{le—e T ay +e Y~ (aWn)"™ [g, —ay 1}
4 . m
Lscat =—10 log g 2 . N i (12)
+AY_R.{_e_T.i+ Z [Ake S . 1 ]}
2 - 1N
2 Sk

where:
Ayg =0.6-Ayzqg: 3 dB beamwidth of the receiving antenna

m: order of the first term 11 will not change significantly for m > 10 (hence for most
cases, M = 10)

1=(0,+0¢)-Z: optical density t as function of distance z.

g
S S
Ayg + mp3

Bs =06-P
Py :sinz(%) (13)

t=(1— aW)t

The attenuation coefficients, sk, are determined by the characteristic equation:

| N

n=0 1—ﬁ
S
where:
P, = sin (ij sin (Ej ,(n=1,...,N-1),and W = d= W (14)
N N 1-aW

where N is an odd integer chosen as a compromise for computing time. Large values of N will
dramatically increase computation time. Reasonable values have been determined as 11 < N < 21.
The left hand side of equation (12) will be equal to 1 for values of s, which represent the roots of this
equation. It will yield N + 1 roots, for which the following applies:
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The amplitude factors, Ak, are determined by a system of linear equations given by:

N
N +1
S A O for n=—=_.N (15)
(N+11-Fn Pn 2
2 Sk
where:
= cos(nn)
h=— m
" N
on=0 forn=N
and

on=1 forn=N

3.2.1.5 Combination of the individual components

The total loss, Liwtal, experienced by a signal propagating through trees is then given by the
combination of loss terms:

(_Lsidea ] [_Lsideb ) (‘Ltopj (_Lgroundj (_Lscat )
Lot = —10 logggi10t 10 /4100 10 Jpg0t 10/ 4 q00 0 )4 g0l 10 (16)
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TABLE 4
Vegetation parameters
Horse Silver maple London plane Common lime Sycamore maple
chestnut P P y P
In leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf
LAI 1.691 1.930 1.475 1.631 0.483
Leaf size (m) 0.300 0.150 0.250 0.100 0.150
. Cherry, Trident . Himalayan Plane tree, Dawn-
Ginkgo Korean pine )
Japanese maple cedar American redwood
In leaf In leaf Out of leaf In leaf In leaf In leaf In leaf
LAI 2.08 1.45 1.95
Leaf size (m) 0.1 x 0.055 0.05 x 0.08 0.07 x 0.085 0.001 x0.1 0.001 x0.046 | 0.22x0.16 | 0.035x 0.078

Cherry, Japanese:
Common lime:
Dawn redwood:
Ginkgo:

Horse chestnut:
Himalayan cedar:
London plane:
Korean pine:

Plane tree, American:

Silver maple:
Sycamore maple:
Trident maple:

Prunus serrulata var. spontanea

Tilia x. Europaea

Metasequoia glyptostroboides

Ginkgo biloba

Aesculus hippocastanum L

Cedrus deodara

Plantanus hispanica muenchh

Pinus Koraiensis
Platanus occidentalis
Acer saccharinum L

Acer pseudoplatanus L

Acer buergerianum
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TABLE 5
Fitted values of o with frequency/species
Ere Horse Silver maple London plane Common lime Sycamore maple

quency chestnut

(GH2z)

In leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf

13 0.90 0.95 0.90 0.95 0.90 0.90 0.95 0.95
2 0.75 0.95 0.95 0.95 0.95
2.2 0.95 0.50
11 0.85 0.90 0.70 0.95 0.95 0.95 0.95
37 0.95

61.5 0.80 0.25 0.90

Ere Ginkgo Cherry, Trident Korean pine Himalayan Plane tree, Dawn-
quency Japanese maple cedar american redwood
(CH2) In leaf In leaf In leaf In leaf In leaf In leaf In leaf

15 0.90 0.95 0.95 0.70 0.48 0.95 0.93

25 0.90 0.93 0.95 0.82 0.74 0.74 0.82

35 0.30 0.90 0.95 0.74 0.92 0.85 0.85

4.5 0.40 0.90 0.90 0.72 0.91 0.75 0.89

55 0.40 0.95 0.90 0.73 0.96 0.70 0.82

125 0.20 0.16 0.25 0.23 0.27 0.71 0.21

Note — Leaf size in metres.
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TABLE 6

Fitted values of § with frequency/species

Note — Leaf size in metres.

Frequency crizzf\it Silver maple London plane Common lime Sycamore maple
(GH2)
In leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf
1.3 21 14 43 42 16 76 50 70
2 80 31 49 60 62
2.2 25 13
11 69 58 100 19 78 48 44
37 18
61.5 48 2 59
Frequency Ginkgo | el | Tridentmaple | Koreanpine | PUERAVEM | BEEER | e
(GHz)
In leaf In leaf In leaf In leaf In leaf In leaf In leaf
15 28.65 57.30 18.47 70 51.5 61 44
25 36.89 57.30 45.34 55 77.5 23 71
35 57.30 114.59 13.43 72 103 105 65
45 28.65 114.59 57.30 71 94 65 34
55 28.65 229.18 114.59 75 100 77 77
12.5 3.58 3.38 4.25 4.37 3.54 2.36 2.57

15
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TABLE 7

Fitted values of albedo with frequency/species

Frequency cri(;':riit Silver maple London plane Common lime Sycamore maple
(GH2)
In leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf
1.3 0.25 0.95 0.25 0.95 0.95 0.95 0.95 0.85
2 0.55 0.95 0.95 0.95 0.95
2.2 0.95 0.45
11 0.95 0.95 0.95 0.95 0.75 0.95 0.95
37 0.95
61.5 0.80 0.50 0.90
Frequency Ginkgo jggggggé Trident maple Korean pine Hir(;zzl:?/an ’;Ir?qr;?_itcraer?‘ reDde:/\\I/vonc; d
(GH2) In leaf In leaf In leaf In leaf In leaf In leaf In leaf
15 0.95 0.95 0.96 0.78 0.43 0.88 0.98
25 0.92 0.95 0.95 0.92 0.71 0.71 0.97
35 0.10 0.95 0.95 0.71 0.87 0.84 0.93
45 0.83 0.30 0.95 0.87 0.92 0.95 0.99
55 0.90 0.90 0.95 0.75 0.97 0.96 0.94
12.5 0.97 0.90 0.94 0.98 0.98 0.25 0.99

Note — Leaf size in metres.
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TABLE 8
Fitted values of o with frequency/species

Note — Leaf size in metres.

Frequency C:]_LZ,:;Z,[ Silver maple London plane Common lime Sycamore maple
(GH2z)
In leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf In leaf Out of leaf
1.3 0.772 0.241 0.139 0.147 0.221 0.22 0.591 0.360
2 0.091 0.176 0.203 0.692 0.249
2.2 0.377 0.244
11 0.124 0.321 0.750 0.459 0.56 0.757 0.179
37 0.441
61.5 0.567 0.498 0.647
Frequency Ginkgo Jca:lzgagle Trident maple Korean pine Hirg;ls?’/an ’;Irigiitcrgﬁ l reDdastonc;d
(GHz)
In leaf In leaf In leaf In leaf In leaf In leaf In leaf
15 0.40 0.30 0.47 0.215 0.271 0.490 0.261
25 1.10 0.49 0.73 0.617 0.402 0.486 0.350
35 0.30 0.21 0.73 0.334 0.603 0.513 0.370
45 0.46 0.20 0.27 0.545 0.540 0.691 0.266
55 0.48 0.24 0.31 0.310 0.502 0.558 0.200
12.5 0.74 0.18 0.47 0.500 0.900 0.170 0.440

17
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FIGURE 9
Attenuation for 0.5 m? and 2 m? illumination area, a) in leaf, b) out of leaf)*
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Note to Fig. 9: The curves show the excess loss due to the presence of a volume of foliage which will
be experienced by the signal passing through it. In practical situations the signal beyond such a
volume will receive contributions due to propagation both through the vegetation and diffracting
around it. The dominant propagation mechanism will then limit the total vegetation loss.

3.2.2 Slant path

For a slant path through the canopy of a single tree two methods are recommended according to
whether the frequency is below 30 GHz or above.
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3.22.1 From1to30GHz

The following step-by-step method is recommended for frequencies below 30 GHz (excluded) to
compute the total loss due to the tree, the Rice factor and the small-scale cumulative distribution of
received power.

The model input parameters are (see Fig. 10 for geometry definition):
R: radius of the canopy (metres)
H: height of the canopy (metres)

0;: incident elevation angle to the canopy (radians)
¢;: incident azimuth angle to the canopy (radians)

(@g: azimuth scattering angle (radians)

f:  frequency (GHz, between 1 and 30 GHz)
drrx:  horizontal distance from the receive antenna to the tree (metres)
ht:  height of the canopy base (meters)

hrx:  height of the receive antenna (metres, must be less than hr + H/2);
link polarization (V, H, RHCP or LHCP).

FIGURE 10

Geometry definition
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Step 1 Compute s, the elevation scattering angle (in radian):
T ~1 H
05 =5 —tan2 [th _[hT +?)deRx) (17)

Step 2 Define the characteristics of branches and leaves:
a: radius (m)
h:  length (m)
er.  dielectric constant
p: density (m™).
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If a, h and p are unknown, use the values given in Table 9 corresponding to a typical oak tree.

TABLE 9
Measured size and density of branches and leaves of an oak tree in Boxtel, the Netherlands
Radius . Number density
Scatterer type (cm) Length/thickness (cm) (m)
Branch (1) 11.4 131 0.013
Branch (2) 6.0 99 0.073
Branch (3) 2.8 82 0.41
Branch (4) 0.7 54 5.1
Branch (5) 0.2 12 56
Leaf 3.7 0.02 420

If the dielectric constant for branches and leaves are unknown, they can be computed in the following
way:

- leaves:
e —3.1686 + 28.938 j 0.5672
1+ - f (18)
18
- branches:
ep = &p (1+ jtandy) (19)

where ¢’ and tan d» are computed at frequency f by linear interpolation of the values given in
Table 10.

TABLE 10

Dielectric constant and loss tangent of wood for moisture content
= 40% and temperature = 20°C

Freq (GHz) 1 2.4 5.8 30
&’ 7.2 6.2 6.0 5.3
tan Sy 0.29 0.30 0.37 0.43

Step 3 Define the wavelength A (in metres):
A= 03 (20)

Step 4 For each category of branches and for the category of leaves, compute the scattering
amplitude tensors for the following values of azimuth and elevation orientation of the
branches and leaves:

Azimuth: (psc(i(p)= i(p%n with0<ip <5

Elevation: 64 (ig) = ig B”éax with 0 <ig <5 where Bmax = n/4 for branches of categories (1)

and (2) and Pmax = /2 for branches of category (3), (4), (5) and leaves.
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Step4.1  Compute the incidence and departure angles in the scatterer local frame 0isc, @isc, Ossc
and Ps,sc.
8; sc = arccos(cos O, cos 8; — sin B, cos(@s, — ;) sin 6;)
@;sc = atan2(sin 0; sin(@; — @sc), sin B; cos By, cos(@s. — @;) + sin O, cos 6;)
B5sc = T — arccos(— cos B, cos 85 — sin B, cos(@s. — @) sin B)
@ssc = atan2(sin O sin(@g — @), sin O cos B, cos(Ps. — @5) + sin O, cos O)

(21)

Step 4.2  Compute the local frame amplitude scattering tensors fw, fuh, fav and fan for each category
of branches and leaves:

— Branches for which

2}\—na €y —4 <1 and leaves:

21 2
( 2 j (gr _1) _ _
fw = #(aN SING; . SINB o — at COS6; o COS O o COS((Ps,sc ~ Qisc ))}l
2
(2 -0 |
fry = 5 ar Cosei,scS'n((Ps,sc _(Pi,sc)"l
. ) (22)
(2 )
fop = 5 ar Cos(@s,sc _(Pi,sc>}L
2
(2 -0 |
fun = 5 ar Coses,sc Sm((Ps,sc - (Pi,sc)“
with
I S
' (er — g +1
S S
" (Sr —1)g, +1

(23)
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where:
- Branches:
2
b= |1- (Z—aj
h
b-1
. olp? ~1)] b 90y
t 2 |p2_1 2
s o
=—b° -1 +1
On 5
— Leaves:
2a
m=—
h

a
j2m P 1 a h
exp (T (5 — E) ) (cos 0; sc + cos GS,SC) =

50
Ea e —J.‘>1
A

a 2m, a . 2m, a .
o o weo | Lsoln (1 5osin Ouse JJn (S5 5 s ) %
u = Z‘I‘L=—5 Zl:o p=0

- Branches for which

(
2T Ey(o) Z(-1)+Z(1)) cos ei,sc cos 0 ,SC
ﬁ;v ( ) ( ])l ( ) S,S

—Z(0)sinB,,.+ G
2 /er—cos2 Bisc 5se v

. (22 Ep(0)(Z2(-1)+Z(1) 9; 05 sc
fon =27 () (& = Dy 2 Lo02Bise o Bos

—Z(0)sin B¢ + Gyp,
2 /er—cos2 i sc o3¢ Y

2m) 2 Hp(0)(Z(-1)+2(1)
frn = (_ﬂ) (e, — Dhp| =2 ( )+ Ghn

A 2 [ey—cos2 ;5

- 2
frw = 2J (27) (Er - 1)huGhv

(24)

(25)

(26)

(27)
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with:
sin 2735 h(COS ei,sc + COS 6S,SC)
H= 27 )
o h(cos 0j s + COS es,sc)
2
a
Z(n) - u? -2 (an(VS )‘]n+1(u)_ VS‘]n(u)‘]n+1(V5 )) (29)
— Vs
. 20
va =2 Z (B(Tl)Ev(n) cos ei,sc - jO((Tl)Hv(n) cos es,sc - Z(n)EU(n) sin es,sc) cos (n((PS,sc B (Pi,sc))
n=1
20

Gyp =2 z (B(Tl)Eh(n) Ccos ei,sc - ja(n)Hh(n) Cos es,sc - Z(n)Eh(n) sin es,sc) sin (n((PS,sc B (Pi,sc))

n=1
4 20

Grp = 2 Z(B(")Hh(") + ja(n)E,(n) cos Gi,sc) cos (n((ps,sc - (Pi.sc))

20

Gy = 2 z (B(n)Hv(n) + ja(n)E,(n) cos 0; 5. ) sin (n((Ps,sc - (pi,sc))

\ n=1

(30)
where:
27 2
-5 2’}t .
Vi = maX[lo ’Tasm ei,scj (31)
2n .
Vg = o asin B o
ofn) = Z(n-1)-Z(n+1)
2\/8r —c0s® 0 o
(32)

e Zn-1)+2z(n+1)
blr) 2\/8r ~ cos® 6 o
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Step 4.3

Step 4.4

Step 4.5

Vertical polarization

_ miHD W) ( H' ()
2 Vil ()
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B jsin ei’SC H' n) ~ J'(n)
RARRI=TRR 0] bRy uan<u>]
—sin0j g | 1 1
Eh(n)=w F u2 nCOSGI sc
(33)
Sin 0; 1 1
Hv(n) = W Vi2 uz\]n CoS O, sc
_isin B g H (n) J'(n)
)= o) P uan<u>J

! ]n—()_]n ()
](n)=—1u2

1 v)- Hn+1 v

2 (34)
J'(n) H' (n) 7' (n) 1 1

B u]n(u)> (viH,(lZ)(vi) & u]n(u)> B (; - ﬁ) ncos 8 >

Jn(-) being the n™ order Bessel function of the first kind

H (2)(.)

n

H®

H'(n) =

being the n" order Hankel function
Compute the frame rotation factors:

t,; = —(sinB, cosH; cos(py. — ;) + COSO, SiNG;)

thi =SinB; Sin(pge — ;)

t,s = SiNO, C0SO CoS((Pge — Ps ) — COS O, SINO

ths = SiNB, SIN(Pge — Ps)

Compute the reference frame scattering tensors matrix Fv, Fvu, Frv and Frn for each
category of branches and leaves:

(35)

1
R = [tys (Fuvtyi = funtni) = ths (Frvti = Frnthi)]
\/( VI + th| xtvs + ths)
1
Fun = [ths (Fuvthi + funtyi )+ tus (Fatni + Frntyi)]
\/(tw + thlxtvs + ths) (36)
1
Fav = [ths (Futvi — funthi) + tus(Frutyi — Frnthi)]
\/(tw + th| Xtvs + ths)
1
R = [tys (Fuvthi + funtui) — ths(Fautni + Fantyi )]
\/( Ly + thlxtvs + ths)

Compute the reference frame amplitude scattering tensor Fscat(lei ) for the link
polarization for each category of branches and leaves:

Fscat (ie ' i(p ) =Ry (37)
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Horizontal

polarization Focat o+ g ) = Fian

Right Hand Circular

Polarization Fscat(lef ) [FW +Fay + j(- Ry + Fay )]
Left Hand Circular - 1 _

Polarization Fcat ('e’ I(p)= E[F\/V +Fun + iR — Fiv )]

Step 5 For each category of branches and leaves, compute the first and the second moments of the
scattering amplitude:

ZﬁBmax
where J' If(@,(p)ded(p is computed using the trapezoidal rule considering:
0 0

scat

27 Bmax .
} —_[ J- scat X%d@d({) (38)

[y Fdx = ZFERZ(F (o) + £00))
Fecat (0,00) = Fscat(ie’i(p)

Ap= Nin—l

Ng =N, =20

Step 6 Repeat Steps 4.1 to 4.5 using 6 = © — 6; and ¢4 = @; to compute

ZTEBmax
E[Fscatl)| = I IFscat S”;g ded(p (39)
max

Step 7 Compute the equivalent scattering amplitude and the equivalent scattering cross-section per
unit volume of the canopy:

Fo = Zpb,l E[FscatLJ (40)

branches& leaves
2
(41)
b,

FSC&t

Geq = Z 4Tpry|E|:

branches & leaves

Step 8 Compute the imaginary part of the effective propagation constant inside the canopy, K;

K, = —imag 2—nsin 0; + _k
A sin 0;

Feqj (42)
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Step 9 Compute the specific attenuation of the tree canopy in decibels per metre (dB/m):
o = 20K, log;o e = 8.686K, (43)

Step 10 Compute the diffuse multipath power relative to the line-of-sight level, mp = 252

R R
mp = 262 = J' I jexp( 2K (51 (x,y,2)+s,(x, v, 2 ))1xdydz (44)
4ns? "R
H) R R
where I I J' f(x, Y, z)dxdydz is computed using the trapezoidal rule considering:
I% R-R
H
— =1
s, (X, ¥, 2) = 8.4(X, y,2) x min| 1, 2 if  x?+y%<R?
’ spo(X, ¥, 2)cos 6
s, (x,y,2)=0 if  x%+y?>R? (45)
. . 2 (2. .2 B2
— - - - -R
with 5,3(%,y,7)= (ysing; XCOS(p|)+\/(ySIn.(p| XCOS®; ) (x +y ) (46)
’ sino;
H
(39
S,(X, ¥, 2) = 85 (X, ¥, z)x min| 1, if  x%+y? <R?
! S, 0(X, ¥, 2)cos B
_ - 2,42 2
s,(x,y,2)=0 if x“+y°>R 47)
. (- ysing + xcoso )+\/(ysin(p — XCOSQ )2—(x2+y2—R2)
with s, o(x,y,2)= S : > > (48)
' SIICA
A
AX=Ay = Az = —
Y 4
Step 11 Compute the geometric path length through the tree, liree (M)
Step11.1 Compute &:
8=R? — dfpysin®(9; — 9s) (49)
Step11.2 Compute lree:
e if6<0:lree=0
. if6>0:
liee = Max| 0, min Orry COS(‘?i —9,)+V8 , M —hpe +H | [ d1Rx COS((?i ~9;)-3 , hr — iy (50)
sino; C0s 0; sing; C0s 0;

Step 12 Compute the direct path power relative to the line-of-sight level, a
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a® = 107%1*2!@9 (51)
Step 13 Compute the total path power relative to the line-of-sight level, prot:
Pt = a° + 262 (52)
Step 14 Compute the Rice factor K (dB):
a2
K =10 Iogm(?J (53)

Step 15 Compute the small-scale power cumulative distribution using the Nakagami-Rice
distribution defined in Recommendation ITU-R P.1057:

2 0
Prob (X > X) = 2exp _a_2 J' v exp (— vz) IO( 2V3.J dv (54)
26 x/ o2 G\/E

3.22.2 From 30 GHz to 100 GHz
The following method, which uses quasi-optical modelling, is recommended for 30 GHz to 100 GHz:

Step 1 Explicitly model the tree according to Table 9 including all elements (branches and leaves)
which radius are higher than A/2 where A is the wavelength.

Step 2 For the element smaller than A/2, compute the canopy parameters using the 1-30 GHz
approach.

Step 3 Identify the tree elements explicitly modelled in step 1 which are intersected by the ray.
Step 4.

— if no element is intersected by the ray, use the canopy parameters computed in step 2;
— otherwise an attenuation of 40 dB should be added to the free space attenuation

3.2.3  Seasonal effects on single trees at 60.5 GHz

Attenuation through vegetation is seasonally dependent. Attenuation through rich vegetation during
summer is higher comparing with attenuation during winter as a result of the leaves withering.

Cumulative distribution functions for the attenuation through the same tree with rich vegetation in
summer (lines with no symbols) and poor vegetation during winter (lines with symbols) at 60.5 GHz
are presented in Fig. 11: dashed lines indicate measured data while dotted lines indicate simulated data.
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FIGURE 11

Attenuation through vegetation (dB)

35

P.0833-11

Table 11 presents coefficients a and b of the Weibull distribution, characterizing attenuation through
vegetation measured at 60.5 GHz for seven tree types with rich vegetation during summer, and a
subset of three trees with poor vegetation after the leaves withered in winter.

TABLE 11

Attenuation through vegetation for summer and winter scenarios at 60.5 GHz

Coefficients of attenuation
Scenario Tree type Diameter (m)
a b
European Nettle 4.5 27.05 7.13
Birch 55 27.53 7.16
English Oak 12 27.92 14.91
Summer Southern Magnolia 5 27.34 7.92
Santa Maria 6 28.37 6.54
White Ash 8 24 4.66
Serbian Spruce 5 35.31 11.8
European Nettle 4.5 22.23 59
Winter Birch 55 22.11 3.41
English Oak 12 25.77 5.78

The cumulative distribution function for Weibull distribution is expressed as:

Weibull distribution parameters a and b represent shape and scale, respectively.

b b
F(x|a,b) = fox ba‘btb‘le_(é) dt=1-— e_(E)

(55)
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It was observed that the scattered angle-of-arrival is also seasonally dependent. Absence of the leaves
causes a narrower angular spread in the distribution.

Table 12 presents coefficients p and o of the Normal distribution, characterizing the scattered angle-
of-arrival through vegetation measured at 60.5 GHz for seven tree types with rich vegetation during
summer, and a subset of three trees with poor vegetation after the leaves withered in winter.

TABLE 12

Scattered angle-of-arrival coefficients for summer and winter scenario at 60.5 GHz
) Coefficients of scattered
Scenario Tree type Dl&zrrfrlster angle-of-arrival (degree)

1} G
European Nettle 45 0.45 491
Birch 55 0.32 4.05
English Oak 12 1.31 4.37
Summer Southern Magnolia 5 0.45 3.98
Santa Maria 6 —1.18 4.31
White Ash 8 -1.89 3.18
Serbian Spruce 5 -0.24 3.7
European Nettle 4.5 -3.03 3.49
Winter Birch 55 —-1.02 3.91
English Oak 12 -2.61 4.43
The cumulative distribution function for Normal distribution is expressed as:
1 X —w
F(x|p,0) = ﬁf_w e 202 dt, for xeR. (56)

Normal distribution parameters u and o represent the mean and standard deviation respectively.

4 Depolarization

Previous measurements at 38 GHz suggest that depolarization through vegetation may well be large,
i.e. the transmitted cross-polar signal may be of a similar order to the co-polar signal through the
vegetation. However, for the larger vegetation depths required for this to occur, the attenuation would
be so high that both the co-polar and cross-polar components would be below the dynamic range of
the receiver.

5 Dynamic effects

It has been observed that where a link passes through vegetation the received signal amplitude varies
rapidly when the vegetation moves. The principle cause of movement is due to wind and
measurements at 38 GHz and 42 GHz have demonstrated that there is strong correlation between the
amplitude fluctuation rate and wind speed.

When considering the effects of vegetation it is clear that the environment will not remain static.
A receiver site may have one or more trees along the signal path that do not give a sufficient mean
attenuation to take the received signal level below the system margin. However, it has been found
that as the trees move, the signal level varies dynamically over a large range making the provision of
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a service unfeasible. Several measurements of the signal level through trees, as a function of time,
have been made and show an average reduction of the signal level of about 20 dB per tree.

Considerable signal variability was found, with frequent drop-outs of up to 50 dB attenuation lasting
for around 10 ms.

It is noted that the deep null structure seen in time series measurements can only be produced by
the interaction of a number of scattering components within the vegetation. In order to simulate this
propagation mechanism, the summed field from a number of scattering sources randomly positioned
along a line tangential to the path has been calculated. To give the resultant signal a suitable time
variability, the position of each scatterer was varied sinusoidally to simulate the movement of tree
branches in the wind. The frequency and extent of the position variability was increased with
increasing wind speed. This model was in reasonable agreement with observations.

Modelled time series and the standard deviations of signal amplitude for wind speeds, ranging from 0
to 20 m/s, are presented in Fig. 12 in comparison with measured data.

FIGURE 12

Standard deviation of measured and modelled 40 GHz
time series as a function of wind speed
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To a simple linear approximation the standard deviation o is modelled as follows:
c=vl4 dB (57)
where v is the wind speed (m/s).

It should be noted that despite the fact that this type of model shows an inherent frequency
dependence, the path length differences through trees are small and the fading across a typical
40 MHz bandwidth will appear flat. Rapid fading is due to the time variability of the medium.

Table 13 presents typical data for mean and standard deviation of attenuation measured at 38 GHz
for three tree types under calm conditions and in strong wind.
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TABLE 13

Vegetation fade dynamics measured at 38 GHz

31

Tree tvpe Dog-rose bush Apple tree Pine
yp (diameter of 2m) | (diameter of 2.8 m) | (diameter of 1.5 m)
No wind Mean loss (dB) 8.6 17.4 7.7
Standard (dB) 2.0 2.8 2.2
Strong wind Mean loss (dB) 11.7 17.8 12.1
Standard (dB) 4.4 4.2 4.3
6 Delay-spread characteristics of vegetation

A received signal through vegetation consists of multipath components due to scattering. An input
signal suffers delay spread. Delay spread can have a significant effect on wideband digital systems
and it is therefore important to be able to predict the delay spread characteristics due to propagation

through vegetation.

The data in Table 14 are based on the wideband frequency measurement data from the Republic of
Korea. The time-domain characteristics were obtained for a 3.5 GHz carrier signal modulated with
a 1.5 ns pulse. The 3 dB bandwidth of the resulting pulse-modulated signal is 0.78 GHz.

TABLE 14
Characteristics of delay through vegetation
. Cherry, | Trident | Korean | Himalay | Plane tree, | Dawn-
Ginkgo 3 | . d . dwood
Parameters apanese | maple pine an cedar | american | redwoo
In leaf In leaf In leaf In leaf In leaf In leaf In leaf
Vegetation depth (m) 5.4 6.2 4.3 5.2 4.7 6.5 4.7
Delay spread (ns) 7.27 8.23 5.89 6.62 6.39 2.56 6.56
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