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The purpose of this work was to investigate the air-to-air channel model (A2A-CM) for unmanned aerial vehicle- (UAV-)
enabled wireless communications. Specifically, a low-altitude small UAV needs to characterize the propagation mechanisms
from ground reflection. In this paper, the empirical path loss channel characterizations of A2A ground reflection CM
based on different scenarios were presented by comparing the wireless communication modules for UAVs. Two types of
wireless communication modules both WiFi 2.4GHz and LoRa 868MHz frequency were deployed to study the path loss
channel characterization between Tx-UAV and Rx-UAV. To investigate the path loss, three types of experimental channel
models, such as CM1 grass floor, CM2 soil floor, and CM3 rubber floor, were considered under the ground reflection
condition. The analytical A2A Two-Ray (A2AT-R) model and the modified Log-Distance model were simulated to
compare the correlation with the measurement data. The measurement results in the CM3 rubber floor scenario showed
the impact from the ground reflection at 1m to 3m Rx-UAV altitudes both 2.4 GHz and 868MHz which was converged
to the A2AT-R model and related to the modified Log-Distance model above 3m. It clear that there is no ground
reflection effect from the CM1 grass floor and CM2 soil floor. This work showed that the analytical A2AT-R model and
the modified Log-Distance model can deploy to model the path loss of A2A-CM by using WiFi and LoRa wireless modules.

1. Introduction

The numerous deployments of Internet of Things (IoT)
devices such as IoT-based WiFi IEEE 802.11 [1], LoRa-
based low power wide area network (LPWAN) [2], Narrow-
band IoT (NB-IoT) [3], or Sigfox [4] that uses in modern
applications such as healthcare [5], transportation [6], smart
farming [7], smart cities [8], and among others [9]. The
fundamental challenges of IoT communications are channel
modeling, connectivity, coverage, reliability, latency, and

energy efficiency. Especially, the propagation limitation of
IoT devices significantly impacts the coverage range and
reliability of communication systems. Therefore, it is neces-
sary to have an analytic channel modeling that can resolve
the IoT requirements for deep coverage, reliability, and
energy efficiency.

Likewise, the air-to-ground (A2G) channel modeling is
one of the challenges in the UAV-enabled wireless communi-
cation [10]. While the A2A channel modeling is newly chal-
lenging for vehicle-to-vehicle (V2V) networking [11]. Then,
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the channel modeling of UAV significantly requires for IoT
and 5G applications [12]. For IoT group devices, frying
UAVs likes the mobile Base Station (BS). The UAV-
enabled BS can effectively support IoT services in both uplink
and downlink scenarios across scattered geographical areas.
For the uplink, the UAV can dynamically move based on
IoT locations to collect the data in energy efficiency and reli-
ability. The applied work of UAV-enabled BS was presented
in [13]. For the downlink, the UAV BS can be optimally
deployed close to IoT devices and increased the coverage area
for IoT systems [14]. Clearly that, the use of UAVs and IoT
significantly requires the connectivity of wireless communi-
cation modules such as WiFi or LoRa modules.

The LoRa communication is clustered in LPWAN groups
as well as Sigfox and NB-IoT. Using the LoRa communica-
tion for UAVs is mostly discussed about the energy efficiency
of long-distance [15, 16]. Specifically, the performance
requirement for communications between multiple UAVs
and ground stations has been specified by swarm UAVs,
3GPP TS 22.261, TR 22.261, and TR 36.777 [17]. To deploy
the swarm UAVs, the A2A-CM needs to analyze in different
environments. Due to the large-scale propagation, the A2A-
CM are suffered from free space path loss, ground reflection,
dropper, and shadowing. Compared with the mobile wireless
channel, the UAV-based A2G channel and A2A channel will
often be more dispersive, incur larger terrestrial shadowing
attenuation, and change more rapidly. By using the LoRa
module, the UAV communication channel was presented
in [18]. The use of the LoRa module can stable the perfor-
mance of signal strength and high precision in long-distance.
Due to the Chirp Spread Spectrum (CSS) modulation, the
communication link in the air of the LoRamodule is more effi-
cient [19]. In addition, the channel model of LoRa at 433MHz
and 868MHz was presented in [20] based on ground-to-
ground (G2G) CM; the authors investigated the path loss-
based empirical measurement in the urban environment.
Aforementioned, the use of LoRa is beneficial for smart city
applications such as air pollution monitoring on UAV [21]
or smart agricultural application such as soil quality analysis
[22] and so on.

Regarding the potential of path loss modeling, several
works have been focused on optimally predicted path loss,
channel prediction. In [23], the authors presented A2A path
loss prediction based on machine learning. The simulation
model by using the ray-tracing method has been utilized to
formulate the data for the A2A channel. They assumed that
the Tx-UAV was equipped with a directional antenna and
Rx-UAV moved at a spacing of 2m with different of both
Tx-UAV and Rx-UAV altitudes. Then, the path loss results
were predicted by using kNN and random forest algorithms.
Although the results were satisfied by using a random forest
algorithm, there is no consideration under the realistic envi-
ronments of UAV communication channels. Then, the path
loss prediction model under the realistic environments was
presented by using kNN and random forest algorithm for
A2G-CM [24]. The results indicate that the random forest
algorithm outperformed the kNN for channel prediction.
The related works of path loss prediction modeling by using
machine learning algorithms were studied in [25, 26]. Afore-

mentioned in path loss prediction of A2A-CM and A2G-CM,
using machine learning can optimally predict the uncertainty
of path loss characteristics.

For A2A-CM, the comprehensive survey on UAV
channel modeling was described in [27] where the propaga-
tion channel of the high-altitude UAV A2A links depends
on the free space model and dropper shift, while the low-
altitude needs to consider the ground reflection and shadow-
ing. In general, the target of A2A communication is applying
UAVs as a relay networking for multihop communications.
In [28], the authors presented the A2A data link capable of
supporting addressed, multicast, and broadcast for multihop
communications. They proposed suitable methods such as a
medium access scheme, forward error correction codes, and
modulation scheme for the A2A data link. Meanwhile, the
propagation characteristics for the A2A channel were inves-
tigated in urban environments [29]. The authors described
the ray-tracing technique that can use to formulate the path
loss in a large-scale fading channel. It shows that the excess
fading loss (EL) and close-in free space (CI) can apply as a
simple tool for the A2A channel model. Afterward, the path
loss of the A2A channel for the flying ad hoc network
(FANET) was examined by using the SUI model [30]. The
simulation data considered path loss for flying over rugged
terrains. It can be seen that the results were uncorrelated with
the propagation environments. Indeed, the SUI model may
be unsuitable for the A2A channel model. Likewise, the
wideband A2A channel model has been simulated as a model
for the suitability of drone-to-drone communications [31].
The simulation results were accordant to the realistic propa-
gation mechanisms where the results reveal rich multipath
from the ground reflection. To describe the ground reflec-
tion, the angle-of-arrival (AOA) and angle-of-departure
(AOD) for ground scattering were presented for A2A chan-
nel modeling [32]. The authors proposed some methodolo-
gies that can conveniently analyze multiscattering cluster
scenarios such as the Three-dimensional (3D) wideband
nonstationary has been described for A2A-CM in [33, 34].
However, the consideration of the ground reflection condi-
tion under the realistic environments for drone-to-drone
communications or small UAVs is lacking.

In this paper, an empirical path loss channel characteri-
zation of A2A-CM under the ground reflection model is
presented. Indeed, the path loss characteristic for the low-
altitude A2A-CM depends on free space loss, shadowing,
and the two-ray model. Thus, we consider the path loss
two-ray model by using the analytical A2AT-R model and
the modified Log-Distance model. The measurement is
investigated under the ground reflection scenario cases such
as CM1 grass floor, CM2 soil floor, and CM3 rubber floor,
respectively. The reasons for the consideration in grass floor,
soil floor, and rubber floor are the scenarios for smart
farming and stadium. Using both WiFi-based 2.4GHz and
LoRa-based 868MHz, the Tx-UAV and Rx-UAV are applied
because both the wireless modules are small IoTs that can be
equipped on the small UAV. The experimental results show
the path loss measured data, the analytical A2AT-R model,
and the modified Log-Distance model for CM1, CM2, and
CM3, respectively. To verify the measurement scenarios, we
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assume that these CM scenarios are set up as the case study of
ground reflection models of small UAV-enabled wireless
communications.

The remainder of this paper is organized as follows. The
analysis of path loss models describes in Section 2. In Section
3, the measurement setups in the different scenarios are pre-
sented. Section 4 describes the results and discussion for the
ground reflection model in UAV-enabled wireless communi-
cations. Finally, the conclusion is given in Section 5.

2. Analysis of Path Loss Models

2.1. Analytical A2AT-R Model. The geometric of the A2AT-R
model is shown in Figure 1. The total received E-field at
the Rx-UAV is EUðdcÞ, given that the direct line-of-sight
(LOS) component, Eðd′Þ, and the ground reflected compo-
nent, Erðd″Þ

EU dcð Þ = E d′
� �

+ Er d″
� �

: ð1Þ

Two propagation waves arrive at the Rx-UAV: the direct
wave that travels distance d′ and the reflected wave that
travels distance d″. Thus, dc is the separation distance
between Tx-UAV and Rx-UAV. The E-field due to the LOS
at the Rx-UAV can be expressed as

E d′
� �

=
E0d0
d′

cos 2πf c t −
d′
c

 ! !
, ð2Þ

and the E-field for the ground reflected wave, which has a
propagation distance of d″, can be expressed as

Er d″
� �

= ΓFloor
E0d0
d″

cos 2πf c t −
d″
c

 ! !
, ð3Þ

where f c is the carrier frequency, c is the velocity of the light,
and E0 is the free space E-field at a reference distance d0 from
the Rx-UAV, then d > d0. ΓFloor denotes the reflection coeffi-
cient from the floors.

The EUðdcÞ can be rewritten as

EU dcð Þ = E0d0
d′

cos 2πf c t −
d′
c

 ! !

+ −1ð Þ E0d0
d″

cos 2πf c t −
d″
c

 ! !
,

ð4Þ

where ΓFloor = −1 denotes the perfect ground reflection com-
ponent from the floor.

In term of received signal strength indicator (RSSI), we
obtain the received signal for the analytical A2AT-R model,
that rT−RðtÞ can be written as

rT−R tð Þ = λ

4π
rd ′ tð Þ + rd″ tð Þj j ⋅ ej2πf ct

� �
, ð5Þ

where

rd ′ tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GT ,d ′GR,d ′

p
d0

e−j2π
d0
λ ⋅ E d′

� ����
���
2
,

rd″ tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GT ,d″GR,d″

p
d0

e−j2π
d0
λ ⋅ Er d″

� ����
���
2
,

ð6Þ

where GT ,d ′ and GR,d ′ are the antenna field radiation patterns
of the Tx-UAV and Rx-UAV antennas in LOS direction,
respectively, and GT ,d″ and GR,d″ are the antenna field radia-
tion patterns of the Tx-UAV and Rx-UAV antennas along
the direction of the ground reflection path, respectively.

hTx‐UAV and hRx‐UAV are the heights of the Tx-UAV and
Rx-UAV, respectively. The propagation distance and the
phase difference by difference of the LOS path and the
ground reflection path are denoted by

Δd = 2hTx‐UAVhRx‐UAV
dc

,

Δθ =
4πhTx‐UAVhRx‐UAV

λdc
:

ð7Þ

The received signal power can be approximately calcu-
lated as follows:

PRx‐UAV dcð Þ ≈ PTx‐UAV
λ

4π

� �2 GTGR

d2c

4πhTx‐UAVhRx‐UAV
λdc

� �2

= PTx‐UAVGTGRh
2
Tx‐UAVh

2
Rx‐UAVd

−4
c ,

ð8Þ

where GT denotes the approximate value for GT ,d ′ and GT ,d″ .
GR is the approximate value for GR,d ′ and GR,d″ , respectively.

The path loss expression of the A2AT-R model is given
by

PLA2AT‐R dBð Þ ≈ 10 log10
1

4GTGR

4πdc
λ

� �2
⋅

2πhTx‐UAVhRx‐UAV
λdc

� �" #
:

ð9Þ

2.2. The Modified Log-Distance Model. The modified Log-
Distance model for the channel modeling of UAV

Ground reflection, floor

Tx-UAV

𝜃

Rx-UAV

E(d)

E(d)

hRX-UAV

hTX-UAV

Figure 1: The geometric of analytical A2AT-R model.
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communications can be extended from the conventional
Log-Distance model [35] as

PLf = K
dc
d0

� �α

, ð10Þ

where K denotes the unit-less scaling factor and α is the path
loss exponent. Then, the path loss in dB scale is given by

PLf dBð Þ = K dBð Þ + 10α log10
dc
d0

� �
: ð11Þ

For the modified Log-Distance model, one form closely
similar to the general form of the Log-Distance model is
the floating intercept model given by

PLf dBð Þ = 10α hRx‐UAVð Þ log10dc + β hRx‐UAVð Þ, ð12Þ

where α and β are usually jointly determined by minimiz-
ing the mean square error between the model and the
empirical measurements. The hRx‐UAV denotes the height

Battery

WiFi module at 2.4 GHz

(a) UAV-enabled WiFi module

Battery

LoRa module at 868 MHz

(b) UAV-enabled LoRa module

Figure 2: Illustration of UAV-enabled wireless communication modules.

Tx-Wireless module

Rx-Wireless module

33 cm

33
 cm

42 cm

Figure 3: Top view of the Tx-UAV and Rx-UAV [36].
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of Rx-UAV, and αðhRx‐UAVÞ and βðhRx‐UAVÞ determined
based on measurement are given by

α hRx‐UAVð Þ =max 3:9 − 0:9 log10 hRx‐UAVð Þ, 2ð Þ,
β hRx‐UAVð Þ = −8:5 + 20:5 log10 min hRx‐UAV, hFSPLð Þð Þ,

ð13Þ

where hFSPL is the height where free-space propagation
loss (FSPL).

Finally, the modified Log-Distance model which the
antenna characteristics, certain propagation environment,

and frequency term are considered. The expression is
given by

PL dBð Þ = PLf dBð Þ + 10α hRx‐UAVð Þ log10
dc
d0

� �

− 10 log10
hmin
Δh

� �
+ Cl + 10 log10 1 + f cð Þ,

ð14Þ

where Δh = jhRx‐UAV − hminj, hmin is the minimum height
of the Rx-UAV that gives the lowest path loss for a given
environment, and Cl is a constant polarization loss from
UAV antenna orientations.

Tx-UAV Rx-UAV

LOS

Reflection

Grass floor

1 m
altitude

1 m
altitude

(a)

10 m altitudes

1 m altitude

1 m altitude

Grass floor

Rx-UAV

Tx-UAV

(b)

Figure 4: Test of path loss characteristics in CM1: the A2A ground reflection model from the grass floor (left) and the measurement setup
scenario (right) [36].

Tx-UAV Rx-UAV

LOS

Reflection

Soil floor

1 m
altitude

1 m
altitude

(a)

10 m altitudes

9 m altitudes

1 m altitude

Soil floor

Rx-UAV

Tx-UAV

(b)

Figure 5: Test of path loss characteristics in CM2: the A2A ground reflection model from the soil floor (left) and the measurement setup
scenario (right) [36].
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3. Measurement Setup

This section describes the measurement setup in different
scenarios for the proposed ground reflection model. The
quadcopter drone as a Tx-UAV and Rx-UAV is used to ana-
lyze the channel characterization in UAV-enabled wireless
communication. The UAV-enabled wireless modules where
the WiFi module is set up by using EPS8266 microcontroller
at 2.4GHz as shown in Figure 2(a), while the LoRa module at
868MHz is shown in Figure 2(b). Both the wireless modules
are supplied by using the battery 1,800mAh of the power
consumption. The weight of the UAV was 0.5 kg and the
flight time is limited to 15min. Figure 3 illustrates the top
view of Tx-UAV and Rx-UAV where the dimension of
UAV was 42 cm in length of UAV frame, and the propeller
is the 10-inch length.

In the experiment, the height of Tx-UAV hTx‐UAV at 1m
altitude is fixed, and the height of Rx-UAV hRx‐UAV from 1m
to 10m altitudes is varied. The separation distance dc between
Tx-UAV and Rx-UAV is 10m. Figure 4 shows the experiment
of path loss characteristic in CM1 grass floor where the A2A
ground reflection model from the grass floor (left) and the
measurement setup scenario (right). Likewise, the measure-
ment setup in CM2 soil floor and CM3 rubber floor is shown
in Figure 5 and Figure 6, respectively. To evaluate the path loss
characteristics, we collected the RSSI data from the Rx-UAV
via an application program interface (API) by using a blink
application for the WiFi module. Besides, the LoRa NodeJS
software application is used for the LoRa module. For the LoRa
module setup, the Tx-UAV side is set as a LoRa gateway and set
as a LoRa endpoint for the Rx-UAV. The measurement setup
parameters are listed in Table 1.

4. Results and Discussion

In this section, the results of measurement data from the dif-
ferent CM scenario cases, the analytical A2AT-R model, and

the modified Log-Distance model are described. For the
experiment of the WiFi module at 2.4GHz frequency, the
path loss characteristics are shown in Figure 7. Figure 7(a)
shows the path loss versus the Rx-UAV altitudes in the
CM1 grass floor. It can be seen that the analytical A2AT-R
path loss model is from 89.31 dB to 99.35 dB. On the other
hand, the modified Log-Distance path loss model ranges
from 76.23 dB to 87.74 dB where the constant polarization
loss Cl was 1.5 dB. It can be observed that the path loss of
the analytical A2AT-R model is higher than the modified
Log-Distance model to 11.61 dB. Nevertheless, the path loss
of measurement data in this scenario case ranges from
78.32 dB to 90.12 dB which is related to the modified Log-
Distance model along with the increasing of Rx-UAV
altitudes.

Figure 7(b) shows the path loss characteristics in the
CM2 soil floor scenario. The measurement data is from
77.45 dB to 91.21 dB along with the increase of Rx-UAV alti-
tudes. It can be seen that the measurement data of path loss

Tx-UAV Rx-UAV

LOS

Reflection

Rubber floor

1 m
altitude

1 m
altitude

(a)

10 m altitudes

5 m altitudes

1 m altitude

Rubber floor

Rx-UAV

Tx-UAV

(b)

Figure 6: Test of path loss characteristics in CM3: the A2A ground reflection model from the rubber floor (left) and the measurement setup
scenario (right) [36].

Table 1: Measurement setup parameters.

Parameters Values

Carrier frequency 2.4GHz, 868MHz

Power transmit (WiFi module) 20 dBm

Power transmit (LoRa module) 20 dBm

Tx-UAV height 1m

Rx-UAV height 1-10m

Flight time 15min

Separation distance 10m

Antenna gain (WiFi module) 2.1 dBi

Antenna gain (LoRa module) 3.5 dBi

Data rate (WiFi module) 1Mbps

Data rate (LoRa module) 37.4 kbps
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depend on the modified Log-Distance model. Meanwhile, we
observe that the path loss characteristics in the CM3 rubber
floor scenario case are shown in Figure 7(c). The propagation
affected from the ground reflection is encountered at 1m to
3m. With the result of this situation, the path loss level has
closely fluctuated to the analytical A2AT-R model. When
the Rx-UAV over at 3m altitudes, it can observe that the path
loss characterized is still be correlated with the modified Log-
Distance model.

For the experiment of the LoRa module at 868MHz fre-
quency, the path loss characteristics are shown in Figure 8.
Figure 8(a) shows the path loss versus the Rx-UAV altitudes

in the CM1 grass floor. As a result, the analytical A2AT-R
path loss model ranges from 85.01 dB to 94.65 dB; addition-
ally, the modified Log-Distance path loss model ranges from
70.04 dB to 83.66 dB. Comparing the path loss values, the
LoRa module at 868MHz is smaller than the WiFi module
at 2.4GHz approximately as 4.30 dB for the A2AT-R model
and 6.19 dB for the modified Log-Distance model. The mea-
surement data in Figure 8(a) is still be correlated with the
modified Log-Distance model. The path loss of measurement
data ranges from 75.04 dB to 86.23 dB for this scenario case.

Figure 8(b) shows the path loss characteristics in the
CM2 soil floor scenario case. The path loss of measurement
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Figure 7: Path loss characteristics of A2A channel modeling by using WiFi module at 2.4GHz.
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data is varied from 74.24 dB to 87.43 dB, and then, the prop-
agation effect of the ground reflection is uncorrelated. In this
scenario case, the path loss measurement data is dependent
on the modified Log-Distance model along with the increas-
ing of the Rx-UAV altitudes. Likewise, the path loss measure-
ment data in the CM3 rubber floor scenario case is shown in
Figure 8(c) which is affected by the ground reflection. At the
Rx-UAV 1m to 3m altitudes, the data closely fluctuates to
the analytical A2AT-R path loss model. In this scenario, the
path loss measurement data are correlated to the modified
Log-Distance model after the Rx-UAV is higher than 3m
altitudes.

To discuss the measurement scenario cases, it can be
seen that the propagation affected from the ground reflec-
tion is encountered in the CM3 rubber floor scenario, in
particular, when the Rx-UAV hovered at 1m to 3m. The
path loss characteristics are closely related to the analyti-
cal A2AT-R model. Besides, it can be observed that the
path loss measurement data over the Rx-UAV 3m alti-
tudes was correlated with the modified Log-Distance
model along with the separation distance between Tx-
UAV and Rx-UAV. Moreover, it clear that there is no
ground reflection effect from the CM1 grass floor and
CM2 soil floor.
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Figure 8: Path loss characteristics of A2A channel modeling by using LoRa module at 868MHz.
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5. Conclusions

In this paper, we presented the empirical path loss channel
characterization of A2A ground reflection channel modeling
for small UAVs-enabled wireless communications. Under
the condition of different ground reflection scenarios, the
path loss characteristics from WiFi-based 2.4GHz and
LoRa-based 868MHz wireless communication modules have
been investigated by using simulation and experimental data.
Moreover, the simulation of the A2AT-R model and the
modified Log-Distance model where CM1 grass floor, CM2
soil floor, and CM3 rubber floor have studied the condition
of different ground reflection scenarios. It can be shown that
the impact of ground reflection is encountered in CM3 from
the rubber floor; in the same way, there is no ground reflec-
tion effect from the grass floor and soil floor, by using WiFi
and LoRa modules. To summarize the study of this work,
the analytical A2AT-R model can simulate path loss charac-
teristics based on the separation distance of UAVs, the height
of UAVs, the antenna gains of UAVs, and the impact of
ground reflection. While the modified Log-Distance model
can provide the path loss characteristic based on the depen-
dency of free space loss, the separation distance of UAVs,
the height of UAVs, the polarization loss, and the empirical
measurement for A2A-CM. In future work, the path loss
characteristic will be investigated by using the modified
Log-Distance model in the long-range communication at
least 1 km of the separation distance between Tx-UAV and
Rx-UAV for A2A-CM with LoRa 868MHz module.
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