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SUMMARY  High-Altitude Platform Station (HAPS) provides commu-
nication services from an altitude of 20 km via a stratospheric platform such
as a balloon, solar-powered airship, or other aircraft, and is attracting much
attention as a new mobile communication platform for ultra-wide coverage
areas and disaster-resilient networks. HAPS can provide mobile communi-
cation services directly to the existing smartphones commonly used in ter-
restrial mobile communication networks such as Fourth Generation Long
Term Evolution (4G LTE), and in the near future, Fifth Generation New
Radio (5G NR). In order to design efficient HAPS-based cell configura-
tions, we need a radio wave propagation model that takes into consideration
factors such as terrain, vegetation, urban areas, suburban areas, and build-
ing entry loss. In this paper, we propose a new vegetation loss model for
Recommendation ITU-R P.833-9 that can take transmission frequency and
seasonal characteristics into consideration. It is based on measurements
and analyses of the vegetation loss of deciduous trees in different seasons
in Japan. Also, we carried out actual stratospheric measurements in the
700 MHz band in Kenya to extend the lower frequency limit. Because the
measured results show good agreement with the results predicted by the
new vegetation loss model, the model is sufficiently valid in various areas
including actual HAPS usage.

key words: mobile radio, propagation, vegetation, vegetation loss, sea-
sonal characteristics, measurements

1. Introduction

High-Altitude Platform Station (HAPS) is a radio station in-
stalled on a stratospheric platform such as a balloon, solar-
powered airship, or other aircraft [1], [2], that flies in the
stratosphere at the altitude of approximately 20 km where
low wind speeds are expected to yield stable flight as shown
in Fig. 1. HAPS has the potential for mobile communica-
tions using the same systems as terrestrial networks such as
4G LTE or 5GNR [3], [4]. As its 20 km altitude is lower than
that of communication satellites, a HAPS can directly con-
nect smartphones to mobile communication services with-
out needing special equipment such as satellite communica-
tion terminals.

In order to design HAPS cell configurations that effi-
ciently support mobile communications, we need a radio
wave propagation model that takes into consideration the
terrain [5], the vegetation [6]-[11], urban areas, suburban
areas [12], [13], building entry loss [14] and human body
shielding [15], [16], etc., as shown in Fig.2. [17] proposed
a HAPS propagation loss model for urban and suburban ar-
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Fig.2 HAPS propagation environment.

eas, and high elevation angle measurements were carried out
using a helicopter to simulate assumed HAPS propagation
environments. Regarding the HAPS system, some studies
such as the system design of Gigabit, the cell configuration
study, the cylindrical Massive MIMO system, and a cylin-
drical antenna design with beamforming method have been
proposed and published in recent years [18]—-[23].

Since rural areas have open swathes of land that have
few homes or other buildings (i.e. there are few reflective
objects around the mobile station (MS)), they are generally
assumed to be multipath-sparse environments. Therefore,
when the direct wave between a base station (BS) and MS is
shielded by buildings, trees, human bodies, etc., the received
power may be greatly degraded. Given this issue, it is neces-
sary to clarify the characteristics of diffracted waves/waves
scattered by isolated buildings, vegetation, and the human
body.

New agenda item 1.4 for World Radiocommunica-
tion Conference (WRC) 23 was approved at WRC 19 for
HAPS [24]. This agenda item requires consideration of the
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use of high-altitude platform stations as IMT base station
(HIBS) in the mobile service in certain frequency bands be-
low 2.7 GHz, already identified for IMT, with global or re-
gional studies of the bands 694-960 MHz, 1710-1885 MHz,
and 2500-2690 MHz. The loss characteristics due to vege-
tation have been standardized as Recommendation ITU-R
P.833-9 [6], however, the region and kinds of trees consid-
ered are limited. Also, there are few studies that address the
seasonal characteristics of vegetation loss. The arrival an-
gle characteristic in vegetated environments shows that the
wave, coming from the direction of the transmitting antenna,
is scattered as it passes through vegetation [8].

In this paper, we measure and analyze the vegetation
loss of 1.47, 3.35, and 5.77 GHz at high elevation angles in
different seasons in Japan. From the measured results, we
clarify the relationship between transmission frequency and
season in terms of vegetation loss and also propose a new
vegetation loss model that can take account of the relation-
ship between frequency and season. Moreover, in order to
extend the lower limit of the frequency, we carry out field
measurements using the 700 MHz band in the actual strato-
spheric environment in Kenya; the results predicted by the
proposed model are compared to the measured results. The
comparison shows that the proposed model is sufficiently
valid in various areas including a stratospheric environment.
To account for seasonal changes in vegetation and vegeta-
tion depth, we develop a statistical vegetation model from
the proposed model.

2. Propagation Measurements

We measured excess loss due to vegetation and seasonal
characteristics of vegetation loss in two vegetated areas in
Japan and the total measurement points are 105. All mea-
surements were carried out after stopping the measuring ve-
hicle. Table 1 shows the field measurement parameters for
the environment (1) and (2). Base on the measured results
from the environment (1), we proposed a new vegetation
loss model. An additional measurement in the environment
(2) was carried out to confirm the validity of the proposed
model that can be applied to other seasons. This section
will introduce the measurement of the environment (1) and
Sect. 3.3 will show the analyzed results of the environment
2).

According to the environment (1), the transmission sig-
nal is CW, the measurement frequencies are 1.47, 3.35, and
5.77 GHz, with transmission powers of 20, 10, and 10 W, re-
spectively. The elevation angle is from 0.25 to 24.3 degrees
and the vegetation depth is from 4.2 to 527.0 m, which can
be calculated by recorded information of the height of the
tree, hv, horizontal vegetation depth, di, and the distance be-
tween the MS and tree, dw, at each measurement point, the
definition of each parameter is shown in Fig. 3.

In this measurement, as shown in Fig. 4(a), the BS an-
tennas and measurement equipment were hung from an un-
manned aerial vehicle. Figure 4(b) shows that the MS an-
tenna was set on the measurement vehicle approximately
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Table 1  Field measurement parameters in Japan.
Environment (1)

Frequency [GHz] 1.47 3.35 5.77
Transmitter Power [W] 20 10 10

Sleeve Antenna
BS/MS Antenna (Omni-Directional)
Antenna Height [m] MS:3, BS:80-800
Transmitter Signal CW
Measured Season Summer (July)

Winter (Dec.)
Horizontal Distance
(from BS to MS) [m] 265 - 12601
Elevation angle [deg.] 0.25-24.3
Polarization V-V
Vegetation depth d [m] 4.2-527.0
Environment (2)

Frequency [GHz] 3.35
Transmitter Power [W] 10

Sleeve Antenna
BS/MS Antenna (Omni-Directional)
Antenna Height [m] MS:3, BS:325-365
Transmitter Signal CW
Measured Season Spring (March)
Horizontal Distance 1600
(from BS to MS) [m]
Elevation angle [deg.] 10.8 —12.2
Polarization V-V
Vegetation depth d [m] 20 - 220
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Fig.3  Vegetation loss environment.

3 m above the ground, and the BS antenna on the unmanned
aerial vehicle varied in height from 80-800m. All trans-
mitting and receiving antennas were horizontal omnidirec-
tional sleeve antennas. In order to consider the directivity
of the used antennas to precisely calculate the vegetation
loss in the analysis, the measurements were carried out in
an elevation angle from 0.25 to 24.3 degrees within the 3 dB
beamwidth of the antenna. For comparison, the measure-
ments were also carried out at various LOS points within
the same elevation range in the same area where the vegeta-
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Fig.4 Measurement Configuration: (a) BS antennas and measurement
equipment and (b) MS antennas on the roof of the measurement vehicle.

tion loss was measured. The results confirm that is consis-
tent with the free-space basic transmission loss and thereby
calculating the vegetation loss. Since the multipath fading
due to multipath propagation may distort and attenuate the
radio signal, it is required to eliminate the fading effect. In
the measurement, we moved the MS antenna more than 20
wavelengths in the horizontal direction for each frequency
by use of the traversing mechanism that is mounted on the
top of the vehicle and averaged the received power. In addi-
tion, as shown in Fig. 5, the measurements were carried out
in the same area in different seasons such as summer (July)
when the leaves were plentiful and winter (December) when
the leaves had already fallen.

3. Vegetation Loss Model

3.1 Recommendation ITU-R P.833-9 Vegetation Loss
Model

Figure 3 also shows a conceptual diagram of the vegetation
loss model from Recommendation ITU-R P.833-9. The dis-
tance over which the direct path between the BS and MS
passes through the vegetation depth is d[m], and the el-
evation angle is #[deg.]. The vegetation loss estimation
equation standardized in Recommendation ITU-R P.833-9
is written as Eq. (1):

L(dB) = Af2d“6 + E)° (1)
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Fig.5 Tree leaf state with seasonal variation: (a) in summer and (b) in
winter.

In the equation, f is the frequency [MHz], A, B, C, E, and
G are constants for the region and kinds of tree, and all are
dependent on frequency, f, and elevation angle, 6. Note that
Recommendation ITU-R. P.833-9 standardizes the values of
A, B, C, E, and G for Austrian pine, as follows, A = 0.25,
B=0.39,C=025E=0,G =0.05.

3.2 Measured Results

Figure 6 shows the measured results in the winter season and
summer season for elevation angles from 0.25 to 24.3 de-
grees. From the results, we can find that the vegetation loss
varies with elevation angle, season, and frequency. Figure 7
shows the measured values of vegetation loss at the same
point in summer and winter plotted against elevation angle,
0, defined using Recommendation ITU-R P.833-9, on the
horizontal axis. All measurement conditions are the same
except for the state of the leaves of the trees. Figures 7(a)—
(c) show the measured results at the measurement frequen-
cies of 1.47, 3.35, and 5.77 GHz. The following can be de-
rived from Fig. 7: (1) The estimation results of the Austrian
pine model standardized in Recommendation ITU-R P.833-
9 are very different from the measured results of Japanese
cedar. Thus, the model should be extended to cover dif-
ferent regions and kinds of trees. (2) Since the vegetation
loss is greater in summer than in winter, vegetation loss has
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Fig.6  Measured vegetation loss: (a) in the winter season, (b) in the sum-
mer season.

seasonal variation reflecting leaf quantity. (3) The dashed
line shows an approximate curve that represents the sum-
mer and winter measured results, respectively. It is found
that the difference in vegetation loss between summer and
winter is about 3dB at 1.47 GHz, about 8 dB at 3.35 GHz,
and about 11dB at 5.77 GHz. Therefore, the seasonal vari-
ation of vegetation loss depends on frequency. In addition,
the difference between summer vegetation loss and winter
vegetation loss is greater at higher measurement frequen-
cies; this is because the leaf cover has greater attenuation at
higher frequencies.

Figures 8(a) and (b) plot the estimation error obtained
by subtracting the estimated value calculated according to
Recommendation ITU-R P.833-9 from the measured vege-
tation loss at all measurement points in summer and winter,
respectively. The elevation angle, 6, in the measurements
is from 0.25 to 24.3 degrees. From Fig. 8(a), the median
estimation error in summer is about 5 dB regardless of fre-
quency. These results confirm that the Austrian pine pa-
rameters standardized in Recommendation ITU-R P.833-9
cannot be applied to the vegetation loss created by Japanese
trees. Figure 8(b) shows that the median estimated error
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Fig.7 Measured vegetation loss: (a) 1.47 GHz, (b) 3.35GHz and (c)
5.77 GHz.

values of vegetation loss in winter are 5dB at 1.47 GHz,
—3dB at 3.35GHz, and —5dB at 5.77 GHz. A comparison
of Figs. 8(a) and (b) confirms that there is seasonal variation
in vegetation loss. Also, the estimation error in winter is
large, this is because the estimation equation in Recommen-
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Fig.8 Estimation error given by Rec. ITU-R P.833-9 (Austrian Pine):
(a) in the summer season and (b) in the winter season.

dation ITU-R P.833-9 does not take into account seasonal
changes which is frequency dependent. Therefore, it is nec-
essary to develop a new model that can correctly estimate
seasonal and frequency characteristics.

3.3 New Vegetation Loss Model Considering Seasonal
Variation

Figure 9 shows the comparison of the vegetation loss from 0
to 30 degrees in the winter season between measured results
(red dots), the predicted results by Recommendation ITU-R
P.833-9 (red line) and the proposed model (blue line), we
can find some different points, for instance: when the el-
evation angle is less than 5 degrees, the predicted results
are lower than measured results; when the elevation angle
is more than 5 degrees, the predicted results are higher than
measured results. Also, a particular issue is that no signifi-
cant decrease in predicted results, when the elevation angle
is more than 15 degrees. In fact, as the elevation angle in-
creases, the d becomes smaller that also causes the vegeta-
tion loss to decrease, the image is shown in Fig. 3. However,
according to the Recommendation ITU-R P.833-9, the veg-
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Fig.9 Comparison of the vegetation loss in the winter season.

etation loss does not decrease significantly with the increase
of elevation angle. The blue line shows the predicted re-
sult by use of the proposed model when d is expressed by
log,(d), which is in a good agreement with the measured re-
sults. It is observed that the vegetation loss decreases when
the elevation angle is more than 15 degrees, meaning the
proposed model can accurately reproduce the phenomena
as we mentioned above. By changing d to log;,(d) and fine-
tuning other parameters, the proposed model can fully re-
produce the environment with high elevation angle. Based
on these results, we propose a new model that establishes a
relationship between frequency and season. The proposed
estimation equation is given as Eq. (2):

L(dB) = Af8log,,(d)(@ + E)° — 4 )

where:
f: frequency (MHz, 1400-6000 MHz);
d: vegetation depth (meters, 4.2-527.0 meters);
0: elevation (degrees, 0.25-24.3 degrees);
kh = |Month — 6.5|;
Month =1,2,...,12;
A =1.87,
B = (0.302 — 0.0036kh)(f/1000)0-0013-0.026kh),
E =0.01;
G =-0.12.

Where the process of creating the proposed model is de-
scribed in Appendix.

The key feature of the proposed model is that it can
express the difference in seasonal variation (and its depen-
dence on frequency) without greatly changing Recommen-
dation ITU-R P.833-9. The number of leaves is assumed to
maximize in mid-June (i.e. Month = 6.5) in Japan. Since
seasonal characteristics of vegetation loss depend on fre-
quency, B is a function of f. It is possible to cover the
southern hemisphere by swapping summer and winter in the
seasonal term kh. Figure 10 shows the modeled estimation
equation and the estimated error of the measured vegetation
loss. Figure 10 confirms that the proposed model can well
estimate the vegetation loss in the peak leaf summer season
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Fig.11  Estimation error between the proposed model and measured re-
sults in the spring season.

and no leaf winter season such as in Japan.

In order to confirm the validity of the proposed model
that can be applied to other seasons, an additional measure-
ment in the environment (2) was carried out. The mea-
surement parameter is shown in Table 1. The frequency
is 3.35GHz. The vegetation depth is from 20 to 220 me-
ters and the elevation angle is from 10.8 to 12.2 degrees.
To vary the vegetation depth and the elevation angle, the
BS antenna is installed underneath the unmanned helicopter
which is lifted from the top of the mountain and flies over
the forest on the mountain slope. From Fig. 11, it is found
that the proposed model can be applied to the spring sea-
son because the estimated error is 0 dB at the median value.
Since we confirm the proposed model is applicable in the
middle season that is between the peak leaf season and no
leaf season, the proposed model can estimate the whole year.
Figure 12 shows examples of estimated values of vegetation
loss. Here, f = 2 GHz, and Month is 1 or 12, 4 or 9, and 6
or7.
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Fig.12  Examples of estimated values of vegetation loss.

Table2  Field measurement parameters in Kenya.

Frequency [GHz] 0.7

Antenna Height [m] MS:2, BS:16400-18400

Transmitter Signal LTE

Measured Season Summer (Feb.)

Horizontal Distance

(from BS to MS) [m] 1340-16900

Elevation angle [deg.] 39.8-84.0

Vegetation depth d [m] 4.7-20.5
Stratosphere =7

Fig.13  Measurement in the stratosphere.

4. Propagation Measurements in Stratospheric Envi-
ronment

In order to further validate the proposed model, we carried
out measurements in Kenya with the help of project Loon
[25]. Kenya is a different environment from the area where
the model was created. The total measurement points are
33. The field measurement parameters are shown in Ta-
ble 2. Figure 13 the MS antenna was set approximately 2
meters above the ground, with the BS antenna on a balloon
in the stratosphere. The received power was measured in the
700 MHz band while moving the MS antenna in the horizon-
tal direction to eliminate the effect of fading. The received
power was also measured at various elevation angles. As
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Fig. 14

Example of the measurement environment.
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Fig.15  Measured vegetation loss in Kenya.

Sect. 2 mentioned, to precisely calculate the vegetation loss
in the analysis, it is required to consider the directivity of
the used antennas. Since the elevation angle in the measure-
ment is higher than the measurement which was carried out
in Japan, we measured the received power in NLOS points
and then compare with the results that were measured in
LOS points where the environment and the elevation angle
are the same as the NLOS point, and thereby calculating the
vegetation loss, that means the effect of the directivity can
be eliminated. Figure 14 shows an example of the measure-
ment environment. Figure 15 shows the measured results
for the elevation angles from 39.8 to 84.0 degrees. From the
results, the vegetation loss decreases when the elevation an-
gle approaches 90 degrees. Figure 16 shows the estimation
error between the measured values and the estimated values
calculated by Eq. (2) using the following values of empirical
parameters A, E, and G:

A: 1.5;

E: 0.01;

G: -0.12.

In order to avoid negative values, a value of —4 is also
used as a correction term in Eq. (3). Moreover, just chang-
ing parameter A of Japanese cedar from 1.87 to 1.5 for the
proposed model can make estimation equation to well fit the
measured results in Kenya. Here, the month is February.
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Fig.16  The estimation error of predicted results for the proposed model
in Kenya.
Table 3  Vegetation parameters.
Tree type A E G
Japanese cedar 1.87 0.01 -0.12
Kenyan juniperus 1.5 0.01 -0.12

The measured areas in Kenya were in the southern
hemisphere. For the value of kA, in the southern hemisphere,
kh = 6 —|Month—6.5| is used instead of |Month —6.5|. Since
the median value of the estimation error is 0 dB, which con-
firms that the proposed model is valid for the stratospheric
environment, the applicable range of the high elevation an-
gle to 84.0 degrees and extension of the lower limit of the
frequency range to 700 MHz is proposed. Therefore, the
proposed vegetation model for both Japan and Kenya is as
follows:

L(dB) = AfBlog,,(d)(@ + E)° — 4 3)

where:

f: frequency (MHz, 700-6000] MHz);

d: vegetation depth (meters, 4.2-527.0 meters);

0: elevation (degrees, 0.25-84.0 degrees);

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

Month =1,2,...,12;

B = (0.302 — 0.0036kh)( f/1000)©-0013-0.0262kh),

A, E, G: empirical parameters are shown in Table 3.

5. The Statistical Model

The proposed model described in Sect. 4 is a model in which
the season and the vegetation depth are specified. On the
other hand, if the proposed model is to be developed into
a statistical model, it is necessary to take into account the
seasonal changes and the vegetation depth that varies from
the position. The proposed statistical model based on Eq. (4)
is as follows:



1216
100
=)
S 80 ]
o
i
2 60 ]
-]
B}
] o =10 [deg.]
o 40 o =20 [deg.] [
& ° §=30[deg]
= x @=40 [deg.]
=] + 0=50 [deg.]
20 &1 H
g
@]

1 = §=80 [deg.]
0 & i i T T
0 5 10 15 20 25 30

Vegetation Loss [dB]
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L(dB) = Af%log,,(d)(@ + E)° — 4(p/100) + 0.4 (4)

where:

f: frequency (MHz, 700-6000 MHz);

0: elevation (degrees, 1.0-84.0 degrees);

d = 243(p/100)(0 + 1)7093047 4 1;

kh = 5.5 — 5(p/100); [Note: The function is determined
by the type of vegetation such as de-
ciduous broadleaf forest. |

B = (0.302 — 0.0036kh)(f/1000)(0-0013-0.0262k%),

A, E, G: empirical parameters.

p is the probability including the time rate considering
the season and the location rate considering the vegetation
depth, d. For example, the vegetation loss is high when the
season is in leafy seasons and d is large. On the other hand,
the vegetation loss is low when the season is in not leafy
seasons and d is small. A, E and G are determined for each
area. For example, the values of Japanese cedar in Table 3
can be used for deciduous broadleaf forests such as those in
Japan. Figure 17 shows an example of the vegetation loss
calculated by the statistical model at varying elevation an-
gles at 2 GHz.

6. Conclusion

In this paper, we measured the vegetation loss in sum-
mer and winter at 1.47, 3.35, 5.77 GHz, and in spring at
3.35GHz in a Japanese rural area. It was confirmed that
there was a seasonal variation in the vegetation loss due to
the difference in the leaf state of Japanese deciduous trees
and that the seasonal variation in vegetation loss was fre-
quency dependent. Based on the measured vegetation loss
characteristics, we developed a new vegetation loss model
that considers seasonal variation and its dependence on fre-
quency. We confirmed that the proposed model can estimate
vegetation loss accurately for Japanese deciduous trees.
Further, we carried out field measurements in the
stratospheric environment and compared the results pre-
dicted by the proposed model against the measured results.

IEICE TRANS. COMMUN., VOL.E105-B, NO.10 OCTOBER 2022

The comparison showed that the proposed model is valid in
various areas.

Additionally, we proposed a statistical vegetation
model based on the proposed model. The proposed model
is valid from 0.7 to 6 GHz, which covers almost the entire
frequency band of WRC 23 AIl 4.
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Appendix: The Process of Creating the Proposed
Model
1) Before developing a new vegetation model, we check

2)

3)

4)

5)

6)

whether Rec. ITU-R P.833-9 can reproduce the mea-
sured results or not. Estimation error by Rec. ITU-R
P.833-9 is about 2dB at median value in the summer
season as shown in Fig. 8(a).

After fine-tuning the parameter A, B, and so on, the es-
timation error is to be 0 dB at the median value, which
means the measured results in the summer season can
be reproduced as shown in Fig. A- 1.

However, if the value of the parameter is applied to the
winter season, the estimation error at median value will
be shifted as shown in Fig. 8(b).

From Fig. 8(b), we can know that the shift of the es-
timation error for each frequency is different. For in-
stance, after fine-tuning parameter B which is a fre-
quency coeflicient, we can find that the estimation error
(blue) at 5.77 GHz becomes 0 dB as the best case.

Figure A-3 shows the optimal B for each season and
frequency. From the results, we can find that B is a
function of f and kh, and also the function form is a
power function.

Since, the function form of B was confirmed, the
other parameters were adjusted. C was merged into
A. For the reasons mentioned above, d was changed

Fig.A- 1
the summer season.
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to log,(d), and the proposed model was developed by
use of the correction term —4 and other parameters that
were fine-tuned. Here, this model is assumed to apply
to target frequencies from 0.7 to 5.7 GHz and target el-
evation angle from 0-90 degrees. It is also assumed
that the vegetation loss decreases to close to zero when
the elevation angle is large. To ensure this and avoid
negative values, a value of —4 is used as a correction
term. When the correction term is constant, the results
for 1.5-5.7 GHz show a good agreement with the pre-
dicted results. This result also agrees well with the re-
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sults at 0.7 GHz. From the above results, we set —4 as
a constant.
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