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Abstract
The presence of obstacles in the propagation path is a critical factor in air-to-ground (AG)
communication.Thebehavior ofwireless signal propagation depends on several variables, such
as frequency, building height, elevation angle, and street design. This paper aims to compare
the three established line of sight (LOS) probability model based on actual site data, including
the building geometry in suburban environment.The comparison between these three models
using the site data provide a guideline for selecting the LOS probability model based on the
optimistic and pessimistic predictions. The shadowing loss was evaluated at frequencies 2 and
3.5GHzwith an elevation angle of 20∘ in two suburban locations atUniversiti TunHusseinOnn
Malaysia.Three predictionmodels, ITU-RP.1410-5,Holis and Pechac, and Pang et al., available
in the literature were used to identify and compare the line-of-sight probability. By focusing on
the shadowing model in suburban area, the guideline for optimizing LOS communications
or navigation in these challenging environments can be developed. The finding highlights the
importance of considering building height in AG communication for network performance
evaluation and design.

Introduction

Recently, unmanned aerial vehicles (UAVs) have experienced significant growth in various
industries because of their mobility, ease of deployment, and low cost. Due to the maneuver-
ability of UAVs and blockage by ground structures such as buildings, the reliability of the line
of sight (LOS) air-to-ground (AG) communication link can be unpredictable [1]. UAVs can be
simply categorized as pertaining to the airborne layer, which falls into two types specifically, the
low-altitude platform (LAP) and high-altitude platform (HAP). LAPs can stay at a fewmeters to
tens of kilometers (km), whereas HAPs are made up of flying platforms like gas-filled balloons
or aeroplanes that operate in the stratosphere at an altitude of roughly 20 km. Consequently, it is
crucial to investigate the shadowing effect caused by the buildings and study the LOS probability
for AG communication system performance evaluation.

In wireless propagation, the channel link is affected by the obstacles that exist in the envi-
ronment. Man-made structures such as buildings, houses and towers, and vegetations such as
trees may block or scatter the signal, causing shadowing, and reflection [2]. Therefore, when a
network designers plan for a wireless network, the propagation condition between the trans-
mitter (Tx) and receiver (Rx) should be taken into account. The propagation condition can be
categorized into two main types: line-of-sight (LOS) and non-line-of-sight (NLOS). The LOS
condition refers to where no obstacles exist between two points whereas the NLOS condition
exists when there are obstacles between the Tx and Rx. The clearance between Tx and Rx can
be examined by computing the probability of LOS. In AG communication, most researchers
have studied airframe shadowing [3–6]. There are limited studies on the shadowing attenua-
tion caused by building structures. In [7], the shadowing and path loss are characterized by
considering the radio channel between UAVs and commercial long-term evaluation (LTE) base
stations at the 800 MHz band in rural and hilly scenarios. Nathan et al. [8] evaluated the shad-
owing attenuation at two frequencies: 915 and 5760 MHz in rural area. However, no research
has studied the effect of building structures on suburban setting at 2 and 3.5 GHz. Hence, this
article aims to compare the three established LOS probability model to provide a guideline for
selecting LOS probability model and the shadowing effect of building structures focused on
suburban setting at a frequency of 2 GHz for LTE and 3.5 GHz for 5G networks is investigated.
Since there is no comparison between these threemodels has been presented from the literature
and the intention of this paper is not to find out the accuracy of themodel but rather to compare
the models in terms of to finding out the sensitivity of the model.

The rest of the paper is organized as follows. Second section summarized the background
of the study, and the approaches and methodology used in this study are briefly explained in
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following section. The results and discussions of the LOS prob-
ability and shadowing attenuation are presented in next section.
Finally, conclusions are drawn in last section.

Research background

The literature shows several methods available to determine the
LOS probability.The standardized channel model 3GPP TR 38.901
[9] introduced the LOS probability calculation based on the mas-
sive measurement results. This model is available for different sce-
narios, including indoor and outdoor building environments. On
the other hand, the ITU-R P.1410-5 [10] model suggested another
approach, but it does not include the factor of buildingwidth. Since
it has covered the range of UAV altitude and support the network-
ing devices, such as the aerial base station, aerial relay, or aerial
server, this model can be utilized for UAV communications even
though it is general and valid for transmitter and receiver at any
height [11]. Both 3GPP and ITU-R models have covered urban,
suburban, and rural scenarios. Holis and Pechac [12] proposed
another approachwhere the LOSprobabilitywas fittedwith respect
to the elevation angle for HAPs. Worth noting that only the high-
altitude scenario with a height more than 1000 m was appropriate
for this model. Pang et al. [13] derived a height-dependent LOS
probability model that takes into account of geometric elements,
including terminal placements, building height distribution, build-
ing width, and building space. In spite of that, this model does
not include the factor of antenna pattern. Although this model
is suitable for use at both low and high altitudes, but it performs
better at high altitude. In [14], a geometry-based stochastic proba-
bility model was proposed. However, this model is more complex
than the model proposed by Pang et al. [13] because it involved
stochastic altitude-dependent and frequency-dependent probabil-
ity models in the computation. Moreover, frequency-dependent
LOS probability was also introduced by Xiang et al. [15] and Cui
et al. [16] by considering frequency-related beamwidth. However,
this method utilized numerical simulation of 4D environment
which is more complicated to identify the LOS probability within
the LOS clearance zone as compared to the previously mentioned
existing models in [10, 12, 13], which depends on 2D and 3D envi-
ronment.The details of each parametricmodel are explained in the
following subsections.

3GPP TR 38.901 Model [9]

As mentioned earlier, the LOS probability model proposed by
3GPP is available for different environments, such as urban, sub-
urban, rural, indoor hotspot factory, and indoor factory. For a
suburban environment, the LOS probability, PLOS, depends on the
horizontal distance between the Tx and Rx, d2D as given in equa-
tion (1). It is noted that this model was proposed based on an
antenna height of 10 m in their measurement for a suburban
environment.

PLOS = {
1, d2D ≤ 18m

18

d2D
+ exp(− d2D

36
) (1 − 18

d2D
) , 18m < d2D

. (1)

ITU-R P.1410-5 Model [10]

According to International Telecommunication Union (ITU), the
probability that a LOS link exists between a given Tx and Rx posi-
tion is calculated by adding the probabilities that each building

in the propagation path is lower than the height of the link inter-
connecting the Tx and Rx at the point where the link crosses the
building. The height of the link connection at any point between
Tx and Rx, hLOS, is related as:

hLOS = htx − dLOS (htx − hrx)
drx

, (2)

where dLOS is the distance from the Tx to the obstacles, drx is the
horizontal distance between Tx and Rx, htx and hrx represent the
height of Tx and the height of Rx, respectively. Furthermore, three
main parameters are required in this model, which are the ratio
of land area covered by buildings to the total land area, 𝛼 which
ranges from 0.1 to 0.8, themean number of buildings per unit area,
𝛽 ranges from 750 to 100, and the randomvariable determining the
building height distribution, 𝛾. The number of buildings between
two points, br can be approximated as given in (3) if it is considered
that structures are generally evenly spaced apart. Hence, the prob-
ability of LOS link exists at a location, PLOS, d, can be computed
as (4):

br = floor (drx√𝛼𝛽) , (3)

PLOS, d =
i

∏
j=0

Pj i ∈ {0, … , br − 1}

= 1 − e− h2i
2𝛾2

(4)

where hi is the height of the building that would obstruct the LOS
link and can be calculated using the same equation of hLOS given
in (2).Details of the LOSprobability computation of the ITUmodel
can be found in [10]. Nevertheless, the LOS probability model is
highly dependent on the height of Tx. This can be explained fur-
ther with the graph displayed in Fig. 1. For instance, if the Tx is
at a lower height, such as 1 km, the probability of LOS drops to
0% at a 77∘ elevation angle. This means that as the elevation angle
increases, the number of buildings that obstructed the LOS link
has become 1 in which the building is near to the Rx and the link is
completely blocked by the structure. However, when the height of
the Tx increases to 15 km, the link eventually would not be affected
or blocked by the building.

Figure 1. LOS probability affected by Tx height carried out with ITU model.
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Table 1. Empirical parameters for LOS probability calculation of Holis and
Pechac model [12]

Environments a b c d e

Suburban 101.6 0 0 3.25 1.241

Urban 120.0 0 0 24.30 1.229

Dense urban 187.3 0 0 82.10 1.478

Urban high-rise 352.0 −1.37 −53 173.80 4.670

Table 2. Empirical parameters for LOS probability calculation of Pang et al.
model [13]

Environments a1 b1 c1 a2 b2

Suburban 1.698 1.082 30.07 38.63 0.4911

Urban 0.3891 1.098 23.92 21.31 0.4770

Dense urban 0.3475 1.018 20.15 18.87 0.4461

Urban high-rise 0.1885 0.9723 17.31 15.70 0.4106

Holis and Pechac Model [12]

An elevation-dependent probability model was proposed based
on simulations using a randomly generated urban environment.
This model targets mobile applications at 2, 3.5, and 5.5 GHz. The
LOS probability as a function of elevation angle with empirical
parameters based on environments can be written as:

PLOS (𝜃) = a − a − b

1 + ( 𝜃−c

d
)
e , (5)

where PLOS is the LOS probability in percent, 𝜃 is an elevation angle
in degrees, and a, b, c, d, e represent the empirical parameters of
typical environments as given in Table 1.

Pang et al. model [13]

A height-dependent LOS probability model was proposed based
on three-dimensional propagation characteristics of different envi-
ronments for AG communications. This model improved the pre-
diction method of the International Telecommunication Union
Radiocommunication (ITU-R) standard by taking into considera-
tion of geometric parameters and themeasurement is taken from 0
to 1000 m, so it is suitable for both LAPs and HAPs.The derivation
of this model is given in equation (6):

PLoS (dRX, h′) =min(a1h
′b1 + C1
dRX

, 1) ⋅ [1 − exp(− dRX
a2h

′b2
)]

+ exp(− dRX
a2h

′b2
) , (6)

with PLoS is the probability of LOS, dRX is the horizontal distance
from the Tx to the Rx, and h′ is the difference between the height
of Tx and the height of Rx (hTx − hRx). The empirical parameters
a1, b1, c1, a2, b2 are summarized in Table 2.

Theoretically, a signal propagating through an obstruction (or a
building as shown in Fig. 2) on the propagation path will introduce
a shadowing effect. Hence, it is important to study the shadowing
effect caused by the obstacle along the propagation link. Knife-edge
diffraction is a technique that is frequently used in propagation
research to measure the amount of signal that has been obstructed
within the shadowed region.Mountains or buildings are frequently

Figure 2. Model of simple building shadowing.

Figure 3. Knife-edge phenomenon.

depicted as knife-edges to evaluate the additional loss due to shad-
owing. Basically, knife-edge diffraction is a phenomenon when
the signal is traveling from Tx, some of the signals are diffracted
by the sharp edge of the obstacle to the shadow region. At the
same time, the signal that is not cut off by the edge will continue
to propagate. Figure 3 illustrates the phenomenon of knife-edge
diffraction.

An example of a simple building is the obstruction in Fig. 2
shows a signal transmitted from the right side to the left side of
the mobile receiver on the ground. The model of a building can be
represented by a screen as a protrusion on a knife-edge as shown
in Fig. 4 [2]. The screen has been divided into three contiguous
surfaces, namely Σ1, Σ2, and Σ3, before the double integral of the
Fresnel sine and Fresnel cosine function over the region can be cal-
culated individually.The details of double integral Fresnel function
can be found in [2]. The results of each integration will then be
summed up consistently. More detailed geometric parameters are
illustrated in Fig. 5 in order to have a clear understanding of the
geometric parameters that would be used to calculate the horizon-
tal, u, and vertical, v integration limits.These geometric parameters
are given by the expression in (7):

y0 − hRX
dd = tan (𝜃) , x0 = D tan (𝜑) , dd = D

cos (𝜑) (7)

Thus, resulting

y0 = D tan (𝜃)
cos (𝜑) + hRx , d2 =

y0 − hRx
sin (𝜃) (8)
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Figure 4. Model of a building as a protrusion [2].

Figure 5. Detailed geometric parameters [2].

Referring to Fig. 5, assuming that the distance, d1 from Tx to
intersection point O is larger than the distance, d2 fromRx to point
O. Therefore, the first Fresnel zone radius can be expressed as:

R1 = √𝜆 d1d2
d1 + d2

≈ √𝜆d2 . (9)

The calculation of integration limits for horizontal, u, and verti-
cal, v, parameters for each surface can be found in [2]. Besides, the
magnitude of the shadowing attenuation caused by obstacles in the
radio path will be calculated using normalized field strength, Enorm
which is given by:

Enorm =
j
2 (1 − j)

∞
∫
v1
exp(−j𝜋2 v

2) dv . (10)

According to Holis and Pechac [12], the shadowing loss can be
analyzed by using a statistical approach in the form of a cumulative
distribution function (CDF). It is expressed as:

P (Ls < x) = 1
2 [1 + erf (x − 𝜇

𝜎
√
2

)] (100 − PLOS) + PLOS, (11)

where P is the probability in percent, Ls and x represent shadow-
ing loss in dB, PLOS is the LOS probability at street level computed
from (5). The mean value, 𝜇, and standard deviation, 𝜎, in dB can
be approximated from the normal distribution by (12):

𝜇, 𝜎 =
g + 𝜃
h + i𝜃 , (12)

where 𝜃 is the elevation angle in degrees and g, h, i are empirical
parameters which can be obtained from Table 3 to Table 5 for dif-
ferent frequencies, respectively [12]. It is important to take note
that the empirical parameters are applicable for all environments.
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Table 3. Empirical parameters for 2 GHz frequency [12]

0∘ < 𝜃 < 10∘ 10∘ ≤ 𝜃 < 90∘

g h i g h i

𝜇 2.55 0.0594 0.0406 −94.20 −3.44 0.0318

𝜎 −12.96 −1.076 0.0780 −89.55 −8.87 0.0927

Table 4. Empirical parameters for 3.5 GHz frequency [12]

0∘ < 𝜃 < 10∘ 10∘ ≤ 𝜃 < 90∘

g h i g h i

𝜇 2.70 0.059 0.0376 −92.90 −3.14 0.0302

𝜎 −12.24 −1.006 0.0788 −89.06 −8.63 0.0921

Table 5. Empirical parameters for 5 GHz frequency [12]

0∘ < 𝜃 < 10∘ 10∘ ≤ 𝜃 < 90∘

g h i g h i

𝜇 2.636 0.0554 0.0352 −92.80 −2.955 0.0285

𝜎 −12.40 −0.998 0.0769 −89.54 −8.474 0.0900

Methodology

In this paper, two locations in a suburban environment are consid-
ered: they are Jalan Pembangunan 2 and Jalan Alfa 2 in Universiti
Tun Hussein Onn Malaysia (UTHM) as shown in Figs. 6 and 7,
respectively, were chosen to study the shadowing effects of build-
ing on NLOS connection. As discussed earlier in “Introduction”
section, previous studies on shadowing effects focused on LTE sig-
nal at 800, 915, and 5760 MHz in rural scenario. According to
Malaysian Communications Multimedia Commission (MCMC)
[17], the 5G network in Malaysia would operates at a frequency of
3.5 GHz.Therefore, 2 GHz for LTE signal and 3.5 GHz for 5G net-
work are chosen in this study.The CDF of shadowing loss has been
calculated using equation (11). This study was primarily focused
on the shadowing effects at the elevation angle of 20∘. Additionally,
based on the previous analysis of ITUmodel in Fig. 1 and the con-
sideration of worst-case scenario, thus, the Tx height at 15 km and
the minimum height of the Rx at 1 m were used in this study.

For the LOS probability model, three models that derived from
the theoretical derivation, they are ITU-R P.1410-5 model [10],
Holis and Pechac model [12], and Pang et al. model [13] were used
in this study. 3GPP model is not considered as it is derived based
on the measurement with specific parameters value which is not
comparable with the model derived geometrically. The three main
parameters of ITU-R model (𝛼, 𝛽, 𝛾) need to be obtained before

Figure 6. Location of the experiment site at Jalan Pembangunan 2: (a) real scenario and (b) Google map.

Figure 7. Location of the experiment site at Jalan Alfa 2: (a) real scenario and (b) Google map.
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Figure 8. Building arrangement at: (a) Jalan Pembangunan 2 and (b) Jalan Alfa 2.

the LOS probability can be calculated. The 𝛼 and 𝛽 can be eas-
ily obtained from the 2-dimension view in Google map, whereas
the parameter, 𝛾, is obtained from the site survey which com-
putes about 3.6 m per storey from the building. The information
and building arrangement of each experiment site were given in
Fig. 8(a) and (b).

Results and discussion

Figure 9 illustrates the LOS probability in a suburban environ-
ment. Simulation is computed for full angle elevation angle from
1∘ to 89∘ using ITU-R P.1410-5, Holis and Pechac model, and Pang
et al. model. The result shows that the probability of LOS increases
when the elevation angle increases. This indicates that the signal
is transmitted in clear LOS without obstacles from Tx to Rx at a
higher elevation angle. In addition, the LOS condition is met at an
angle of 15∘ when Pang et al. and ITU-R P.1410-5 models are used
whileHolis and Pechacmodel increases slowly and steadily from 0∘

and finally reached 100% LOS condition at an 80∘ elevation angle. Figure 9. LOS probability of suburban environment.
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Figure 10. Shadowing effect along Jalan Pembangunan 2 at the frequency: (a) 2 GHz and (b) 3.5 GHz.

This difference is due to the fact that Pang et al.model is introduced
for both LAPs and HAPs, and ITU-R P.1410-5 model is intro-
duced for short path length propagation. On the contrary, Holis
and Pechac model is suitable for HAPs only. It is observed that the
Holis and Pechac model is more optimistic than ITU-R P.1410-5
model, followed by Pang et al. model at elevation angle less than
10∘. However, at an elevation angle greater than 10∘, Pang et al., and
ITU-R P.1410-5 model are closely to each other and they are more
optimistic than Holis and Pechac model as it has higher LOS prob-
ability. This means that Pang et al. and ITU-R P.1410-5 model can
be selected for best case scenario, while Holis and Pechac model
can be chosen when a worst-case scenario is considered.

The results of the NLOS shadowing effect for these two areas
operating at frequencies 2 and 3.5 GHz are shown in Figs. 10 and
11. It is observed that when the building height, hB is high, such as
7–8 m, the field strength is about −40 to −50 dB.The field strength
increases to −20 and −35 dB when hB is at 4 to 5 m. When hB is
3 m, the field strength is less than −20 dB. Moreover, the received
field strength is 0 dB when the signal is transmitted without being
blocked by the building or other obstacles. This means that it is
in LOS condition. In conclusion, the higher building will suffer
stronger signal attenuation than the lower building heights.

TheCDFof shadowing loss for frequency 2 and 3.5GHzwith an
elevation angle of 10∘, 20∘, 30∘, and 40∘ in a suburban environment
was presented in Fig. 12. The probability of signal suffered from
shadowing loss is high at the elevation angle of 10∘. As the eleva-
tion angle increases to 20∘, the probability of signal suffered from
shadowing loss is decreased to 8%. A high elevation angle such as
30∘ and 40∘ as shown in Fig. 12 shows less probability of shad-
owing effect, which is lesser than 5%. This means that no impact
of shadowing loss at a high elevation angle between Tx and Rx

due to higher LOS probability. Moreover, it can be observed that
the probability of signal suffered from shadowing loss at frequency
3.5 GHz is higher compared to the frequency at 2 GHz. However,
the results in [12] indicate that the shadowing loss in a dense urban
environment is still greater at an elevation angle of 50∘ to 60∘. This
indicates that the probability of LOS is lower, and resulting more
shadowing loss in a dense urban environment.

Conclusion

In this paper, we conducted a thorough examination of the
shadowing effects in the AG communication channel, focusing
specifically on a suburban environment in Malaysia. While it is
well-understood in the literature that building heights and eleva-
tion angles play a crucial role in determining the characteristics
of the shadowing effects, our research adds context-specific details
that are unique to the suburban setting we investigated.

We utilized three existing models: ITU-R P.1410-5, Holis and
Pechac, and Pang et al., to estimate the probability of line-of-sight
(LOS) connections between the transmitter (Tx) and the mobile
receiver (Rx). Our simulation results revealed notable differences
in the performance of these models. From the result, we can con-
clude that Pang et al. model achieved the LOS condition at lower
elevation angles and was applicable for both LAPs and HAPs. On
the other hand, the Holis and Pechac model was found to be
suitable only for HAPs, achieving LOS at higher elevation angles.
Lastly, the ITU-R P.1410-5 model presented a more optimistic
performance compared to the Holis and Pechac model.

We have also presented the shadowing attenuations, assessed
through the knife-edge diffraction technique, for two specific
suburban locations in Malaysia: Jalan Pembangunan 2 and
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Figure 11. Shadowing effect along Jalan Alfa 2 at the frequency: (a) 2 GHz and (b) 3.5 GHz.

Figure 12. CDF of shadowing loss for a suburban environment at frequencies of 2
and 3.5 GHz.

Jalan Alfa 2, across two frequencies, 2 and 3.5 GHz. Our results
indicated that the shadowing effect in the suburban environment
under study was significant when the elevation angle was less
than 30∘.

While our findings reinforce the existing knowledge about the
influence of building height and elevation angle on shadowing
effects, they also provide specific insights into these effects in
a unique, real-world context. As such, our study offers valuable
data for radio network designers who need to evaluate network

performance and optimize system design for AG communications
in similar suburban environments.
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