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Small- and medium-sized unmanned aerial vehicles (UAVs) can fly for a short distance (<2 km) from a control station in a
nonsegregated air space (altitudes < 100m). It is of great interest to model the propagation channel under such condition, where
there is an important influence from the environment.This paper presentsmultiplemeasurements carried out in low altitudeswith a
medium-sized UAV flying over a semiurban environment. Path loss exponent is given based on the measurements done at different
altitudes and a height-dependent Rician 𝐾 factor model is proposed. The results clearly reveal the existence of two propagation
zones with very distinct channel characteristics. The breakpoint indicates the height where the condition of the channel changes
rapidly. At low altitudes, the obstacles generate a large amount of multipath and the propagation is greatly affected, while at higher
altitudes the influence mitigates. Our results are useful for the modeling of low altitude air-to-ground (AG) propagation channels
and the performance analysis of UAV-enabling AG communication systems, such as the channel capacity and the throughput.

1. Introduction

The usage of unmanned aircraft systems (UASs) has been
increasing significantly in recent years, and a strong growth
of commercial applications is expected in the coming years
[1].Themajority of UASs are expected to be small andmicro-
UASs, which are also called “drones.” Most commercial
drones are usually multiple rotor copters with a structure
different from that of airplanes, which allows them to easily
take off without a long runway. Drones are slow but more
flexible and have high mobility dynamics with the ability to
fly in all directions in 3D space. In most countries, these
UASs are facing more and more regulations. For instance,
in the USA and Europe, civil drones can only fly without
exceeding the regulated altitude (100m) and distance (<1 km)
in nonsegregated air spaces and must be under direct visual
line of sight of the operator [2, 3].

For civil applications, UAVs are promising in numerous
areas such as agriculture, industry, scientific surveys, emer-
gency communications, safety and rescue, package trans-
portation, and video filming. These applications raise high

requirements on high quality communication links for con-
trol and high capacity links for the transmission of payload
information. Also, UASs must be operative in complex
environments such as urban areas and industrial scenarios.
For those communication scenarios, part of the L-band
(1–1.2 GHz) is currently being proposed for the control link
and the C-band (4–6GHz) for the payload [4]. Thus, it is
necessary to carefully model the air-to-ground (AG) channel
at low altitudes in these frequency bands.

The AG channel has been extensively modeled and char-
acterized inmultiple experiments. Generally, the AG channel
has been treated as either a free-space channel or a two-ray
channel [5] that adds a reflection from the earth’s surface
to the direct or line-of-sight (LoS) component. Conven-
tional AG channel measurements and modeling were made
with large aircraft at high altitudes using fixed wing airplanes
[6], balloons [7], or airships [8]. However, the heights and
flight dynamics of those measurements are different and
inadequate to describe the influence of the ground environ-
ment on the propagation channel at low heights. Only a few
measurements conducted at low altitudes can be found in
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the literature [9], yet the altitudes are still higher than 200
m. Therefore, it is necessary to investigate and model the
propagation channel of small UAVs at heights from 0 to
100m. In this range of heights, the propagation is seriously
affected by the environment and the heights of the adjoining
obstacles. There is an increase of the average path losses
due to deep fast fading. Some reports concerned with this
phenomenon at low altitudes have been given [8, 10] and
simulations made by ray tracing methods [11] can explain
the effects of the reflection, diffraction, and scattering of the
environment on low altitude AG channels.

In [12], the author conducted measurements at different
distances and altitudes with a small UAV using 802.11 net-
works, where an interesting phenomenon of the impact of
height on the propagation channel was observed. In [13], a
height-dependent model based on ray tracing methods has
been proposed. However, more literature focuses on the ele-
vation angle of the link distance of UAVs. In [14], the aircraft
was flying circularly around the base station to investigate
the impact of the angle. In [11, 15], ray tracing methods
were applied to investigate the propagation channel in urban
environments, and in [16] wideband measurements were
conductedwith aUAVbeing fixed at a certain position, which
depicts the influence of the ground. In [17], narrowband and
wideband channel measurements were introduced using LTE
signals. In general, there is still limited literature onmodeling
at ultralow altitude for small UAVs.

In our case, we have investigated the variations of the
propagation channel within the flying range of small- and
medium-sized UAVs. Measurements of different flight routes
in a semiurban complex environment have been done to
obtain data of different positions. The analysis of measure-
ment results shows that small-scale fading has high depen-
dency on the flying height instead of the elevation angle or
the distance. The structure of this paper is organized as
follows. Section 2 introduces the measurement equipment
configuration and details of themeasurement campaign. Sec-
tion 3 analyzes the data and proposes a path loss model and
a height-dependent Rician 𝐾 factor model. Then, Section 4
gives a simulation of the model proposed. Conclusions are
given in Section 5.

2. Measurement

2.1. Measurement System. The testbed is composed of a light
continuous wave transmitter installed at the lower part of a
medium-sized UAV. The test transmitter can work in L- and
C-bandswith amaximum transmitting power of 30 dBm.The
frequencies used for measurements are 1200MHz for L-band
and 4200MHz for C-band, respectively. The transmitting
antennas used on the UAV are two cloverleaf antennas,
working in L- and C-bands, respectively. These antennas
have circular polarization with an omnidirectional radiation
pattern on the horizontal plane and a 3 dB beamwidth of 60∘
for L-band and 55∘ for C-band. The antennas were installed
on the bottom of theUAVpointing straight down as shown in
Figure 1 tominimize interferences from theUAV structure. In
our case, the UAV used has a very good azimuthal stability
so that we could have used even linear polarization in

Tx

Rx

UAV

Figure 1: UAV and the test environment.

Building 2

Building 1

Building 3

Containers

Rx
V2

V3
V4

V1

Figure 2: Measurement environment from Google Earth.

the UAV with a minimum error. Nevertheless, cloverleaf
circularly polarized antennas are widely used for small UAVs
and we can minimize the polarization errors using circular
polarization in the UAV and linear polarization in the ground
station.

The receiving system consists of two antennas of type
MGRM-WHF with 20 cm separation. The antenna is ver-
tically polarized with a gain of 3–5 dB and its half-power
beamwidth in elevation is 50∘. The antennas were installed
on a 1.5m mast. The Rx was a standard portable spectrum
analyzer with customized software to record measurements
at a speed of 10 measurements per second. The receiver has
two channels and each was connected to one antenna. Both
channels received the same signal.

The UAV is a hexacopter of 3 kg weight, which is able to
carry a 2 kg payload and has 20 minutes of flying endurance.
The system was controlled with a 2.4GHz link and was
monitored with a ground station where the telemetry data
of height, speed, and position were received. The flights were
made with computer-assisted control software to guarantee
the accuracy of the trajectories.

2.2. Measurement Campaigns. The measurements were con-
ducted in a suburban open environment as depicted in
Figure 2, where there are many buildings, metal containers,
and trees. This environment is a multipath-rich environment
so that we can easily distinguish the influence of the flying



Wireless Communications and Mobile Computing 3

Table 1: Measurement trajectory details.

Trajectory Direction Distance Height
V1 Vertical 20m 0–25m
V2 Vertical 40m 0–50m
V3 Vertical 60m 0–50m
V4 Vertical 100m 0–100m
H1 Horizontal 20–90m 10m
H2 Horizontal 20–90m 30m
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Figure 3: Flight trajectories.

height on the propagation. Measurements were made with
vertical and horizontal flights. Vertical flight trajectories, as
shown with yellow lines in Figure 3, were conducted at an
altitude from 0 to 100m with the UAV taking off and landing
at several fixed distances from 20m to 100m away from the
Rx, and the horizontal position was stabilized. Vertical flights
guarantee that the influence of the environment remains
constant and can accurately model the influence of the height
with negligible influence from the antennas. Several horizon-
tal flights were also made with the UAV starting at a position
20m away from Rx, following a straight line forward with
constant altitude at 10m and 30m, and landing at a position
90m away from the Rx.

The vertical ascending speed was monitored on the
ground station as 0.7m per second and the horizontal
forward speed was around 1.2mper second.The same flights
were made for L-band and C-band measurements. All flights
ensure that the LoS link between the Tx and the Rx is within
the range of the antenna radiation patterns. Details of the
measurement trajectories are shown in Table 1. To be clear,
we use “V1,V2, . . .” to represent the specific measurement
trajectory in the rest of this paper.

2.3. Calibration. In this section, the radiation patterns of
antennas were measured in an anechoic chamber of 6 × 3 ×
3m3, in order to calibrate the antenna’s influence on the
complete site.

The UAV was installed on a rotating positioner with
the transmitting antennas placed on the bottom of it. Both
azimuth and elevation planes were measured for the two
cloverleaf antennas, one for 1.2 GHz and one for 4.2GHz,
respectively. Depicted in Figure 4(a) are the measured
radiation patterns. It can be observed that the elevation
radiation patterns of these antennas have more than 60∘
of 3 dB beamwidth with a uniform response and have not

Table 2: Path loss exponent 𝑛.
C-band L-band

Height 10m 30m 10m 30m
𝑛 2.7631 2.6433 3.3464 2.9889

been influenced by the UAV. In Figure 4(b), we present
the measurements of the base station antennas, which are
commercial antennas. We present only measurements of the
elevation planes with the base station antennas installed on
themast we used. As we can see, the radiation patterns can be
usedwithminor error for directionswith elevations up to 60∘.

Therefore, we can postulate that the measurements are
accurate until 60∘ elevation angle for the UAV. In fact, the
maximum elevation that we consider in the campaign is up
to 45∘, which is much less than 60∘. The results also show
that the antenna radiation patterns exhibit smooth gains in
the azimuth-elevation ranges considered for acquiring the
data, and thus the measured channel properties are mainly
with respect to the propagation characteristics with negligible
impact from the antennas.

3. Data Analysis and Results

3.1. Path Loss Modeling. The horizontal measurements are
used to determine the path loss exponent (PLE) 𝑛 of the
conventional path loss model in this environment, in which
PL(𝐷) results as follows:

PL (𝐷) = PL (𝐷0) + 10𝑛 log10 ( 𝐷
𝐷0) + 𝑋𝜎 (𝐾) , (1)

where𝐷0 denotes the reference distance and𝐷 represents the
link distance between the Tx and the Rx. 𝐷 equals √𝑑2 + ℎ2,
where 𝑑 is the horizontal distance between Tx and Rx and
ℎ is the height of the UAV. 𝑋𝜎(𝐾) is the small-scale fading
following Rician distribution with different 𝐾. The values of
𝑛 are given in Table 2.

Hence, the fittings of the path loss model based on
horizontal flights at 10m (measurement H1) and at 30m
(measurement H2) for L-band/C-band are given in Figure 5.
The PLEs 𝑛 are from 2.64 to 3.35, which are typical values for
suburban areas.

It is interesting that the value of 𝑛decreaseswhen theUAV
height increases, which is also observed in measurements V3
and V4 shown in Figure 6. It is noted that, in [18], the PLE is
also found to decrease with the increase of the relative height
of the base station in railway viaduct scenarios, and in [19]
the PLE 𝑛 is measured and found to be less than 2 and is
close to free space when UAV is at an altitude higher than
500m in a suburban environment.Thus, we consider that the
path loss has a tendency to declinewith the increasing ofUAV
heights at low altitude, while at a high altitude it approaches
free space.This phenomenon could be the consequence of the
reduction of multipath during the ascending process of the
UAV.

3.2. Analysis of the Vertical Measurements. We have observed
that the properties of the channel remain stable when the
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Figure 4: Radiation patterns of the antennas.

UAV flies within short ranges at a constant height. Thus, ver-
tical measurements were made to investigate the propagation
channel with respect to height.

Illustrated in Figure 6 are the results of measurements
V3 and V4. It is observed that the vertical measurements
conducted at different distances away from Rx show high
similarity. Strong fading is observed in both horizontal and
vertical measurements at low altitudes, which shows high
dependency on UAV’s heights. As observed in Figure 6, there
are two obvious propagation zones.There are deep fading and
extra losses in zone 1, while in zone 2 the power is more
similar to free-space channel. Therefore, we have divided the
channel into two zones defined by a “breakpoint” BP, which
is around 45m in our test environment.

It is noted that the observations about BP in narrowband
measurements in this paper are different from the prelim-
inary work in [17]. This is because the height of the base
station antennas applied in the preliminary work was around
50 cm, which was so low that there was an influence of the
first Fresnel zone. However, in this work, the antennas were
installed on a 1.5m high mast, and thus the effect of the first
Fresnel zone was minimized. Of course, there were other
minor things; that is, the signal-to-noise (SNR) ratio in the
preliminary work was not so high, which also could result in
such differences.

In this work, the measurement equipment was well
calibrated and the influence of antennas has been considered.
Also, the measurements have been repeated several times in
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band.
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Figure 6: Comparison of the vertical measurements and the free-
space model for L-band/C-band.

order to rule out the impact of the randomness.Thus, a more
thorough investigation can be conducted compared to the
works presented in [17].

Figure 7 illustrates the fast fading of measurements V3
and V4, where large-scale fading has been removed by
subtracting a 20-wavelength moving average power from the
received signal.

As mentioned earlier, the measurement site in our case
has many scattering obstacles (i.e., containers, buildings, and
lots of trees). According to our measurement results, we
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Figure 7: Fading behavior with respect to height.

notice that the propagation channel at ultralow altitude is
easily affected by those obstacles on the ground. The signal
received is considered as a composition of a large number
of waves originated from the LoS path, multipath, scattering,
and even diffractions.This will challenge the communication
for commercial UASs to carry out multiple missions in com-
plex environments with strict regulations on flying distance
and height.

In L-band/C-band, the fading depths and fading periods
are different, which indicates that the decay of multipath is
also related to the carrier frequency. The modeling of the
small-scale fading is introduced in the following section using
Rice statistics tomodel Rician𝐾 factor with respect to height.

3.3. Small-Scale Fading. The Rician 𝐾 factor is an important
parameter to describe the signal behavior, which has a
significant influence on the channel capacity. It is a measure
of the severity of fading where there is a LoS path from the
Tx to the Rx. Generally, the Rician 𝐾 factor is modeled either
as a temporal variation on the fixed wireless links [20] or as
distance-dependent [21].

3.3.1. Estimation of Rician 𝐾 Factors. Rician distribution is
normally used to describe the small-scale fading when there
is a dominant component such as a LoS path. In our case, the
UAV is in LoS during the whole measurements, and thus the
Rician𝐾 factor is suitable to evaluate the fading behavior. Fig-
ure 8 gives the probability density functions ofmeasurements
V4 and H2 for L-band/C-band using data normalized by a
20-wavelength root mean square [21], which are well fitted in
Rician distributions.𝐾 factor is estimated using themoment-
method approach [22].

𝐾 =
𝜉2𝜎2

𝜉2 = [𝐺𝑎2 − 𝐺V
2]1/2

𝜎2 = 𝐺𝑎 − 𝜉2 ,
(2)
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where𝐺𝑎 is the firstmoment of the power gain (𝐺) (which can
be calculated by finite data) and𝐺V is the secondmoment of𝐺
about 𝐺𝑎 indicating the root mean square (RMS) fluctuation.
The RMS is set at a length of 20 wavelengths. 𝐾 factor is
calculated every 5m, which contains around 60 samples in
average and is considered large enough to obtain correct
results in our test environment [23].

3.3.2. Rician 𝐾 Factors Modeling. In [24], the author pro-
posed a Rician 𝐾 factor model for a UAV channel based on
measurement at altitudes from 500 to 2000m. The model
considers the 𝐾 factor as a linear function of distance and
the author states that the 𝐾 factor is nearly constant in his
measurement.

𝐾 (𝑅) = 𝐾0 + 𝑛𝐾 (𝑅 − 𝑅min) + 𝑌, (3)

where 𝐾0 is a constant value for distance 𝑅min and 𝑌 is the
zero-mean Gaussian random variable with standard devia-
tion 𝜎𝑌. We fit the parameters of this model based on the
measurements at heights of 10m (H1) and 30m (H2), respec-
tively, for L-band/C-band. The results are given in Table 3.

Table 3: Fitting parameters of model in (3) based on horizontal
measurements (𝑅min = 30m).

Band Height 𝑛𝐾 𝐾0 𝜎𝑌 Average Estimation

L-band 10m 0.0055 4.29 3.40 4.46 3.60
30m 0.0082 7.28 4.13 7.50 7.25

C-band 10m 0.0805 3.52 2.88 5.80 3.03
30m 0.0136 9.62 3.15 9.98 11.42

The triangle dots in Figure 9 denote the statistic 𝐾 factors of
measurements H1 and H2, and the straight lines are fittings
of the model shown in (3). As observed, the 𝐾 factor is
almost constant during the horizontal flights. However, the
horizontal𝐾 factor varies at different heightswith a difference
of 3–8 dB.

According to the analysis of 𝐾 factor for different flying
trajectories, it is convincing that the fading behavior is more
related to the flying height instead of the distance at ultralow
altitude. When the altitude of UAV is very low, the scatterers
near the ground give strong multipath fading to the channel.
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When the UAV gets higher, the effects of scatterers mitigate.
Once the UAV reaches above BP, the channel gets rid of
the reflection from scatterers on the ground, and hence the
quality of the channel improves greatly and approaches the
free-space model. Considering that the fading characteristics
rely on height instead of the elevation angle or the distance,
a height-dependent Rician 𝐾 factor model is proposed as
follows:

𝐾 (𝑅) = {
{{

𝐶1 + 𝑛1ℎ + 𝑌1 ℎ < BP,
𝐶2 + 𝑛2ℎ + 𝑌2 ℎ > BP. (4)

The parameters fitted are given in Table 4.
𝐾 factor in the last column of Table 3 is estimated using

the proposed model in (4). Comparing it to the average 𝐾
factor calculated by horizontal measurements at 10m and

Table 4: Parameters of the proposed 𝐾 model at L-band/C-band.

Band Height < BP Height > BP
𝐶1 𝑛1 𝜎𝑌1 𝐶2 𝑛2 𝜎𝑌2

L-band 1.77 0.1829 2.65 9.52 0.0294 2.14
C-band −1.17 0.4195 3.68 14.38 0.0345 2.93

30m heights, we can observe that the estimation is good
enough and the error is very small.

The distributions of 𝐾 factor are depicted in Figure 10,
which clearly shows high dependency on height. It also shows
two tendencies in two zones, and the BP estimated is around
50m for L-band and 40m for C-band based on the least
square method. This is due to the lower propagation losses
at lower frequencies, which allows higher order reflections to
affect propagation.

The cumulative probability distributions of the 𝐾 factors
of all measurements are illustrated in Figure 11, which clearly
reveals the effect of height and the difference of the two
frequency bands. Generally, the 𝐾 factor in the C-band is
higher than that in the L-band and is increasing before BP,
while after BP it tends to be constant.

4. Validation of Measurements by Simulation

In this section a simulation was performed to explain the
underlying propagation mechanism of the “breakpoint,”
yet more measurements under different scenarios are still
necessary for further verification.

Assuming there exists a reflection from the sidewall of the
obstacle as depicted in Figure 12, we get a “reversed” two-ray
model, where 𝐻𝑏 is the height of the obstacle and ℎ𝑟 is the
height of the reflection point. During the ascent process of
UAV, the reflection point is synchronously moving up until
the UAV reaches a certain height, after which the reflection
point disappears. Such behavior can result in a decrease
of multipath components, which meets our observations in
measurements. Assuming the distance from the Tx and the
Rx to the reflecting plane of the obstacle is 𝑑𝑡 and 𝑑𝑟,
respectively, by ignoring the height of Rx, which is much
lower than the obstacle, ℎ𝑟 can be calculated as

ℎ𝑟 = 𝑑𝑟 ⋅ ℎ
𝑑𝑟 + 𝑑𝑡 . (5)

Modified from the flat earth two-ray (FE2R) model given in
[25], the multiray model for 𝑁 paths is calculated as

𝑃𝑟 = 𝑃𝑡 ( 𝜆
4𝜋)


√𝐺LoS

𝑙LoS +
𝑁

∑
𝑖=1

𝑅𝑖√𝐺NLoS𝑖𝑒−𝑗Δ𝜙𝑖
𝑙NLoS𝑖


2

, (6)

where 𝑃𝑡 is the transmitting power, 𝐺LoS and 𝐺NLoS are the
total antenna gain for LoS ray and for NLoS ray, respectively,
𝑙LoS is the traveling distance of the LoS path, and 𝑙NLoS is the
traveling distance of NLoS paths.



8 Wireless Communications and Mobile Computing

V1
V2

V3
V4

V1
V2

V3
V4

−5

0

5

10

15

20

25

K 
fa

ct
or

 (d
B)

−5

0

5

10

15

20

25

K 
fa

ct
or

 (d
B)

10 20 7040 50 60 80 9030 1000
Height (m), C-band

10 20 30 40 50 60 70 80 90 1000
Height (m), L-band

Figure 10: Rician𝐾 factor with respect to the heights for L-band/C-
band. Lines refer to the piecewise linear fitting of K factor.

In (6), 𝑅𝑖 is the reflecting coefficient for 𝑖 path which
depends on the impinging angle and dielectric constant 𝜀𝑟.

𝑅 = sin𝜙 − 𝑍
sin𝜙 + 𝑍, (7)

where 𝑍 is written as

𝑍 =
{{{{
{{{{{

√𝜀𝑟 − cos2𝜃
𝜀𝑟 for vertical polarization,

√𝜀𝑟 − cos2𝜃 for horizontal polarization.
(8)

The simulation results were computed based on the FE2R
model and multiray model given in (6).

Considering the fact that there are many obstacles in
our measurement environment, the power we received can
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Figure 11: The distribution of Rician 𝐾 factor for L-band/C-band.

be regarded as a composition of multiple propagation rays,
including the LoS component, the components caused by
ground reflection, and the reflections from obstacles as well
as the scattering and diffractions. Thus, four major obstacles
considered to contribute the most to the power received as
illustrated in Figure 13 are included in the simulation.

The major problem for the simulation is that it is difficult
to find the exact reflecting point of different objects, especially
for the containers since there were many containers and they
were moving during the days when the measurements were
conducted. It is noticed that, in the simulation, the distance
between the reflecting surface and the Tx/Rx as well as
the incident angle has a significant impact on the decaying
behavior of received power as depicted in themultiraymodel,
while the reflection coefficient determines the fading depth of
the interference.

The dielectric constants of the buildings are set according
to [26, 27]. The coefficient 𝜀𝑟 of the cement concrete, which
is the main material of buildings, can vary from 4 to 28.
Considering the aging process of buildings and the influence
of frequency on the dielectric constant, 𝜀𝑟 of building 1, build-
ing 2, and building 3 are all set to 7. Normally, the dielectric
constant 𝜀𝑟 of the grassland depends on the actual water
content and the thickness of the grass. In our environment,
the ground is a dry grassland which cannot serve as an ideal
reflection surface; therefore, the value of 𝜀𝑟 for the ground
reflection is set to 5 in our case.

As observed from the graph in Figure 6, the maximum
fading depth reaches 40 dB, which is the result of a very
high reflection coefficient. Our study shows that only if the
dielectric constant 𝜀𝑟 is set to more than 10000 can the fading
depth reach 40 dB. However, the ground and the buildings
in the environment cannot provide such a high reflection
coefficient, and thus it is postulated that such a phenomenon
was caused by the reflection from the metal containers
nearby. Since the dielectric constant of the ideal conductor
is close to infinity, the coefficient 𝜀𝑟 of the containers which
are made of steel can be very high.
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Figure 12: Sketch of the reflection from the sidewall.
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Figure 13: Sketch of the simulated environment.

In the simulation, we only take into account the LoS and
the single-bounce reflections. The simulated environment is
in accordance with the test environment shown in Figure 2.
The heights are given in Table 6, and the dielectric constants
are listed in Table 5. The antennas used in the simulation
are omnidirectional and vertically polarized in the elevation
plane.

Assuming that the reflections from the obstacles grad-
ually decrease when the UAV ascends, then the disappear-
ing heights for reflections from containers and building 1,
building 2, and building 3 are 30m, 40m, 50m, and 60m,
respectively.

The simulation results for L-band/C-band are depicted in
Figure 14. The red dash-dotted line represents the received
power generated from typical flat earth 2-ray (FE2R) model,
while the blue solid line gives the result of superposition
of the LoS path, the ground reflection, and the single-
bounce reflections from containers, building 1, building 2,

Case 1: with ground reflection
Case 2: without ground reflection
Case 3: FE2R model

Case 1: with ground reflection
Case 2: without ground reflection
Case 3: FE2R model

−75

−70

−65

−60

−55

−50

−45
Re

ce
iv

ed
 p

ow
er

 (d
Bm

)

−90

−80

−70

−60

−50

Re
ce

iv
ed

 p
ow

er
 (d

Bm
)

0 12020 10040 60 80
Height (m), C-band

0 12020 10040 60 80
Height (m), L-band

Figure 14: Simulation results for L-band/C-band.

and building 3, respectively. Note that the black curve is
generated under the condition basically the same as case 3,
only without the ground reflection.

We can observe from Figure 14 a similar pattern of power
variation to the empirical results depicted in Figure 6. In the
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Table 5: The configurations of the simulation.

Coefficient 𝜀𝑟
Antennas

Ground (dry grass) Containers (steel)
Buildings 1, 2, and

3
(cement bricks)

5 10000 7 Omnidirectional, vertically polarized in
elevation

Table 6: The relative height of the objects neighborhood.

Building 1 Building 2 Building 3 Containers
14m 13m 30m 9m

simulation, the received power at first consists of the LoS and
the reflections from containers, building 1, building 2, and
building 3. When the UAV is above the disappearing altitude
of container reflection, the received power contains only
the LoS and the reflections from buildings. With further
increasing of UAV height, less and less reflection remains
until finally the LoS is the only path existing.

This simulation only considers an ideal simplified sce-
nario with objects with smooth surfaces. Multiple-bounce
reflections as well as diffractions are not taken into considera-
tion and therefore there are some inconsistencies between the
simulation results and measurements. However, the overall
tendencies of our simulation results show a high similarity to
the empirical measurement results: it can be observed that
two propagation zones with different fading characteristics
exist at both simulations and measurements. Nevertheless,
more measurements are necessary to investigate the details
of the mechanism leading to the “breakpoint” effect observed
here.

5. Conclusions

In this paper, a measurement campaign dedicated to charac-
terizing AG channels has been introduced. We have noticed
that the complex scatterers near the ground play an important
role in the characterization of the propagation channel. Mul-
tiple measurements on different positions were conducted,
and the analysis of the measurements indicates that the
channel shows an obvious dependency on the height instead
of the elevation angle or the distance. Path loss has been
modeled and small-scale fading has been investigated. The
path loss exponents reveal the channel’s dependency on
height which is previously seldom investigated. The fading
behavior is distinguished obviously in different ranges of
heights, and thus a height-dependent Rician 𝐾 factor model
is proposed, which will be useful in the modeling of UAV
channels and the performance analysis of the UAS wireless
communication systems such as the channel capacity and the
throughput.

An interesting change of the propagation channel after
the so-called “breakpoint” was observed, and a geometry-
based simulation was performed. However, more measure-
ments under different scenarios are necessary to accurately

investigate the underlying mechanism of the “breakpoint,”
which is considered to be useful for guiding the UAVs to find
the best communication altitude to avoid deep fading when
flying over a given environment.
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