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Abstract
Currently, aeronautical communications is under-

going a modernization process from analog to digital
technology. The L-band Digital Aeronautical Com-
munications System (LDACS) is the upcoming digital
data link for air-ground communications and is being
standardized within ICAO as well as EUROCAE at
the moment. A wireless communication system can
be interrupted by intended or unintended jamming
signals. Therefore, the robustness of wireless systems
is crucial. In this paper, we investigate the use of
beamforming in LDACS to improve its performance
and robustness. We analyze different antenna array
designs and assess their performance to find the most
suitable configuration for LDACS. Accordingly, the
chosen antenna array design is evaluated for different
flight scenarios considering a realistic LDACS link
budget. We show that the chosen phased antenna
array design improves the signal-to-noise-ratio of the
LDACS reverse link by over 10 dB. Hence, using
beamforming, the robustness of LDACS can be en-
hanced and higher data rates can be achieved by
applying the built-in LDACS adaptive coding and
modulation capabilities.

Introduction
Global standardized air traffic management

(ATM) systems manage all aircraft in controlled
airspace to ensure efficient traffic flows and safety
of flight. The current ATM works properly; however,
the demand for air transportation is continuously
growing. The increasing number of flights is a chal-
lenge and the current ATM systems are expected to
reach their capacity in some world regions within
the coming years [1]. To ensure sustainable growth
and safety of air transportation, the air-ground (A/G)
infrastructure is undergoing modernization [2], [3].
Accordingly, the very high-frequency (VHF) analog
air-ground communication system as well as the VHF
Date Link Mode 2 (VDL Mode 2) are expected to
complemented by LDACS in the coming years [4].

Wireless communication systems are vulnerable
to attacks and interferences caused by other operat-
ing systems. Therefore, the robustness of the ATM
operations is crucial for the systems supporting the
safety of life applications. According to the OSI
layer model, a digital communication system can be
split into multiple layers with different functionalities
where each layer depends on its underlying layers.
The physical layer is the bottom layer. If the physical
layer is disrupted, data transmission is not possible
regardless of the security implemented in the upper
layers [5].

One technique to increase the physical layer’s
robustness is beamforming. Beamforming is a method
for adjusting the antenna radiation pattern. It can be
used to increase the signal power to the chosen direc-
tion and reduce the antenna gain to other directions. A
phased antenna array enables beamforming by com-
bining multiple antenna elements, where each element
can be fed with different phase shifts. By steering the
radiation of an antenna to the target, the signal can
be delivered with a higher power and a higher signal-
to-interference-plus-noise-ratio can be achieved at the
receiver. Moreover, less potentially interfering power
is emitted towards other radio systems. The concept of
antenna arrays with adaptive beampatterns is not new
and has its origins in the field of radar. The intensive
research on beamforming started in the 1990s. It
has been applied to many wireless communication
applications for imporving the performance [6].

Beamforming techniques for VHF A/G com-
munications have been investigated in 2008 by Yao
Lu, [7], [8]. His work shows an improvement in
bit error rate performance. In 2013, multi-antenna
systems were studied by Bai [9] and Xie [10] for L-
Band A/G communications. They focused on space
division multiple access technology in their work to
increase spectral efficiency. Lastly, Zhang proposed a
two-dimensional circular antenna array layout for a
better capacity in aeronautical communications [11].
However, an antenna array design considering its



suitability for LDACS, has not been investigated yet.

The objective of this paper is to analyze the ap-
plication of beamforming in LDACS. In this study, we
consider that the antenna array is located at the ground
station (GS) and analyse the benefits of beamforming
in the reverse link (RL). The airborne station (AS)
uses an omnidirectional antenna as initially proposed
for LDACS. We evaluate the beampatterns of different
designs and find the most suitable configurations for
LDACS. Subsequently, we consider different flight
scenarios with a realistic LDACS link budget to
calculate the signal-to-noise ratio (SNR) improvement
and compare it with the performance of the initially
proposed omnidirectional antenna.

The paper is structured as follows: We first
discuss the potential challenges. Secondly, the funda-
mental parameters of antennas are explained. Then,
the system model is introduced, state-of-the-art ar-
ray designs are explained, and their performances
assessed. The results are then presented and discussed
before concluding the paper.

Challenges of Applying Beamforming in
LDACS

This section discusses the possible challenges of
applying beamforming in LDACS A/G communica-
tions. First of all, LDACS is at a late development
stage. The LDACS specification assumes the use of
non-steerable antennas. Adjustment in the antenna
installation at the GS might require modifications in
some LDACS protocols and services as well.

One of the foreseeable problems is going to arise
during the cell entry. The entry of an airplane into a
cell of a cellular system is always a critical process
since, at this point, there is no mutual knowledge
between the two communication partners, i.e., the GS
and the AS. As the airplane enters into a cell, the AS
should listen to all possible forward link frequencies
and initiate the communication. If the GS uses an
antenna array to receive AS transmissions in the RL,
it might fail at hearing signals coming from the new
user because it might be only listening signals coming
from specific directions, i.e., where the registered
users are [12].

In case the GS cannot recognize a new user,
the Resource Allocation Authority will not allocate

Figure 1. Radiation pattern

required network resources, and it would endanger
the safety of flight. In a typical cellular system, the
Random Access Channel (RACH) is used to initiate
communication between both stations. Therefore, the
omnidirectional antenna should be kept at the GS
to make sure that the random access message in
the RACH can be received by the GS. After the
handshake procedure between the AS and GS is com-
pleted, the adaptive antenna array can be employed
for the rest of the communications.

Fundamental Parameters of Antennas
In this section, definitions of various parameters

are explained to describe the performance of antennas.
A typical radiation pattern of an antenna is shown in
Figure 1 as a polar plot in linear units. The various
parts of the radiation pattern can be sub-classified into
main and side. The main lobe consists of the direction
of maximum radiation. A side lobe is any radiation
lobe steered in any direction other than the target. θ
denotes the angle between the vertical line and the
target, and φ denotes the angle between the x-axis
and the projection of the target to the ground.

The Half-Power Beamwidth (HPBW) is the an-
gle between two sides of the main beam in which the
radiation intensity is one-half the maximum value of
the main lobe [13]. The main lobe of the antenna can



Figure 2. Geometric setup

be focused in both directions, i.e., transmission and
reception.

The radiation intensity U(θ, φ) is the power
radiated from an antenna per unit solid angle. It can
be calculated from the far-zone electric field E(r, θ, φ)
of an antenna by [13]

U(θ, φ) =
r2

2η
|E(r, θ, φ)|2 (1)

where η is the instrinsic impedance of the medium
and r is the distance.

The gain G(θ, φ) of an antenna can be obtained
by [13]

G(θ, φ) =
ecdU(θ, φ)

U0
(2)

where U0 denotes the radiation intensity of an
isotropic source, and ecd is the antenna efficiency. If
the direction of the gain is not given, it implies the
direction of the main lobe.

System Model
An omnidirectional antenna and a phased an-

tenna array are placed at the GS for the reception
of the RL signal. The omnidirectional antenna will
be employed for the RACH; once the handshake
procedure is completed, the phased array is used for
the communications with the airplane.

Geometry
The geometry of the model is illustrated in

Figure 2. Dz denotes the altitude of the airplane, the
distance between the airplane and the GS is denoted
by Dd, and the distance between the projection of the
airplane on the ground to GS is denoted by Dx. θ0 is

the angle between the airplane and an z-axis located
at the GS. The cell size is 120 nautical miles (NM),
the position of the airplane changes according to the
considered scenario.

In case there are multiple airplanes in the cell, the
beamforming could be switched between airplanes,
or multiple main lobes can be shaped; however, these
scenarios have not been addressed in this paper. For
simplicity, we first consider a single airplane in the
cell.

Scenarios
In this section, we explain three flight scenarios

to evaluate the performance of the beamforming ap-
proach. In each scenario, the GS steers the main lobe
toward the AS as it moves:

• Firstly, we evaluate the performance of the com-
munication when the airplane is furthest away
from the GS, i.e., at the border of the cell. The
cell border is one of the vulnerable points of
A/G communications due to the high path loss
between the AS and GS. We analyze the relation
between the number of elements in the array and
their beamwidths. The trade-off between cost,
size, and antenna gain is discussed.

• Secondly, we focus on the angle between the
airplane and an z-axis located at the GS, θ0.
The distance in between is kept constant in this
scenario. We analyze the difference in antenna
gain when the direction of the main beam is
varied and the resulting SNR with respect to the
different number of elements in the array.

• Lastly, we assume the airplane travels at a
constant altitude from the border of the cell
to the right above the GS. Thereby, θ0, Dx,
and Dd vary in this scenario. We examine the
variation of θ0 during the flight and its resulting
effect on SNR together with the path loss. We
compare the results of this case with the use of
an omnidirectional antenna for the same flight
scenario.

Link Budget
The link budget of the system is calculated

according to the LDACS specifications [14]. The only
difference is made at the receiver’s antenna gain.
The LDACS specification assumes an omnidirectional



Table 1. LDACS Link Budget for RL

TX Parameters
TX output power 42 dB
TX antenna gain 3 dBi
TX cable loss 3 dB
Duplexer loss 1 dB

RX Parameters
RX cable loss 2 dB
Duplexer loss 0 dB
Total RX noise power -108.03 dBm

antenna with 12 dBi gain in azimuth direction. Phased
arrays are mostly built using patch (microstrip) anten-
nas. An antenna consisting of a single patch typically
achieves a gain in the range of 6-9 dBi [15]. In this
paper, we assume 7 dBi. Phased arrays with several
patches can achieve considerable higher gains than
the standard LDACS antenna.

The mid-band frequency for the RL is 987 MHz,
the path loss, Lp, is calculated according to

Lp = 20log10

(
4πDdf

c

)
(3)

where f is the carrier frequency and c is the speed of
light. The rest of the parameters for the link budget
calculation are summarized in Table 1.

Antenna Array Design
The overall radiation pattern of an antenna array

can be shaped by five characteristics which are [13]:

• the relative pattern of the individual elements
• the geometrical configuration of the overall array

(linear, circular, rectangular, spherical, etc.)
• the relative displacement between the elements
• the excitation phase of the individual elements
• the excitation amplitude of the individual ele-

ments

The total electric field Et of the array is equal
to the electric field of a single element Es multiplied
by the array factor (AF) [13]:

Et = EsAF (4)

The gain of the antenna array is calculated using
(1) and (2). In this paper, the radiation pattern of
a single element is defined according to the cosine
exponent law, also called the cosine pattern. It is a
close estimation of a realistic patch antenna pattern
[16]. Moreover, the radiation pattern of a rectangular

Figure 3. Rectangular planar antenna array

planar array is evaluated in the following sections (see
Figure 3). The AF for a planar array is [13]

AF(θ, φ) =
Nx∑
m=1

Ny∑
n=1

wmne
j[(m−1)kdxsinθcosφ+(n−1)kdy sinθsinφ]

(5)
where k = 2π/λ is the wavenumber, λ is the carrier
wavelength, and wmn is the amplitude excitation of
each element. Nx denotes the antennas in each row
and Ny antennas in each column. In this paper, we
consider the number of elements in each row equal
to in each column Nx = Ny = N . The antenna
elements are separated by dx = dy = λ/2 to decrease
the mutual coupling between the elements. A larger
separation would cause unwanted beams with a high
directivity, so called grating lobes [16].

The main lobe can be steered in different direc-
tions by controlling the phase excitation difference,
β, between the antenna elements. In order to orientate
the maximum beam to (θ0, φ0) where 0◦ ≤ θ0, φ0 ≤
180◦, the phase excitation difference between the
elements needs to be as follows [13]:

βmn = −k(xmsinθ0cosφ0 + ynsinθ0sinφ0) (6)

The proper amplitude distribution (tapering)
from the middle to the side can be used to control
the beamwidth and side lobe. The smoother the taper
from the center of the array toward the edges, the
lower the side lobe level and larger the beamwidth.
On the contrary, when the amplitude distribution is
abrupt, it results in the highest side lobe level with
the narrowest beamwidth [13].
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Figure 4. Gain of the NxN antenna array

Assessment of Array Designs
This section evaluates and compares beampat-

terns of the different array designs. The performance
of each design is assessed considering the maximum
gain, side lobe level, and HPBW. Firstly, different
amplitude distributions are assessed for the changing
number of antenna elements at each edge. Secondly,
antenna arrays are steered in different directions, and
alterations in radiation patterns for varying θ0 are
analyzed.

Three typical amplitude distributions have
been evaluated in this paper: uniform, Dolph-
Tschebyscheff, and binomial. In uniform arrays, all
elements have equal amplitude excitations. In bi-
nomial and Dolph-Tschebyscheff arrays, amplitude
excitations are derived from the binomial expansion
and Dolph-Tschebyscheff polynomials, respectively
[13]. For the Dolph-Tschebyscheff array, the main to
minor lobe intensity ratio (R0) is set to 25 dB.

Amplitude Excitation
The maximum gain, side lobe level, and HPBW

of the three distributions are calculated for varying
antenna numbers in the range of 1 to 50 elements on
each edge. For N ≤ 2, all arrays have the same ampli-
tude distribution, thereby the same radiation pattern.
As it is plotted in Figure 4 and 5, the uniform array
achieves the highest gain and narrowest beamwidth,
followed by the Dolph-Tschebyscheff and binomial
arrays.

The beamwidth of the antenna is essential to
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Figure 5. HPBW of the NxN antenna array
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Figure 6. Side lobe level of the NxN antenna array

direct the signal in the intended direction and to avoid
interferences of the undesired signals coming from
other directions. The narrower the beamwidth, the
higher the gain of the main lobe. However, shaping
a too narrow beamwidth might also bring some dis-
advantages to A/G communications. First of all, the
GS will have to track the AS with a high accuracy to
ensure that the signal is directed to the target. Sec-
ondly, a narrower main lobe means fewer aircraft will
be located in that direction. Hence, fewer aircraft will
be able to benefit from the high gain communication
simultaneously, and the main beam will be needed to
be switched more often between aircraft. Therefore,
the beamwidth should be compromised in a way that
it can steer to a certain number of aircraft at once.

The ratio between the main lobe and side lobe
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Figure 7. Gain vs. θ0 for 15x15 antenna array

is essential for understanding how well the power
is directed in the intended direction [13]. Figure 6
demonstrates that Dolph-Tschebyscheff array accom-
plishes lower side lobe levels than the uniform array,
while the binomial array achieves no side lobes. Nev-
ertheless, it is impractical to use binomial arrays due
to large amplitude variations among the elements. It
is also an inefficient design because the magnitude of
the extreme elements is negligible compared to those
toward the center. As a result, Dolph-Tschebyscheff
is a compromise design that can achieve a low side
lobe level, a narrow beamwidth, and a high gain.

Phase Excitation
Considering the increment at the gain regarding

the number of antenna elements, the evaluation of the
steering capability is decided to be done for Nx =
Ny = N = 15.

The gain and HPBW of the array designs are
calculated for φ0 = π/2 and 0◦ ≤ θ0 ≤ 90◦. As it
can be seen in Figure 7 and 8, as θ0 increases, the
gain decreases and the beamwidth of the main lobe
widens. The change in the radiation pattern is due to
scanning loss: an increase in θ0 causes a reduction in
the sensitivity of the array [16]. This effect widens
the beamwidth accordingly. In Figure 8, the decrease
in the beamwidth after a certain θ0 value is because
the beam is too close to the horizontal line and the
ground cuts a part of it.
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Figure 8. HPBW vs. θ0 for 15x15 antenna array

Results
After evaluating the radiation patterns of the

antenna array designs, we consider the Dolph-
Tschebyscheff array for the realistic LDACS commu-
nications scenario. Since the directivity of the array
does not enhance significantly for N ≥ 20, we
consider up to 20 elements at each edge.

The first scenario analyzes the performance of
the array with respect to the SNR and the beamwidth
when the airplane is at the border of the cell. The
altitude of the airplane is Dz = 10 km and the angle
between the airplane and the GS is θ0 = 87◦. In
Figure 9, we evaluate the SNR for varying number
of antenna elements and compare it with the SNR of
the current LDACS implementation. For N < 3, the
current LDACS provides a better SNR. The reason
is that the gain of the LDACS receiver antenna is
12 dBi. In comparison, the gain of a single patch
antenna is assumend to be 7 dBi. The gain of the
phased antenna array increases as the number of
patch antenna elements increases. According to the
results, the array should have at least 3x3 antenna
elements to be able to improve the performance of
of LDACS as assumed in its specification. Moreover,
the SNR increases logarithmically as the number of
elements at each edge increases. However, adding
another antenna element to each edge of the array
increases the number of elements exponentially since
the number of antenna elements equals N2. More
antenna elements also mean a larger array size and
a higher cost. In Figure 10, we evaluate the HPBW
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Figure 10. HPBW for NxN antenna array

of the antenna arrays when the airplane is at the
border of the cell. For N ≥ 12, we observe that the
beamwidth does not significantly decrease anymore.
The second scenario focuses on the angle θ0 between
the airplane and the antenna array for a constant
distance in between. This scenario is evaluated for
N ∈ {5, 10, 15, 20}. In Figure 11, we observe the
beam broadening effect. As θ0 increases, the SNR
decreases and the beamwidth widens. In Table 2, for
each N value, the SNR for θ0 ∈ {0, 90} and the
difference between them, the SNR range, are given.
The SNR range increases for larger arrays. Therefore,
incrementing the number of antenna elements leads to
more drastic variations in the SNR as the θ0 changes.
In Table 2, we also see that the SNR difference for
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Figure 11. SNR vs. θ0 for NxN antenna array

Table 2. SNR vs. θ0

N SNR [dB] SNR range
[dB]

Antenna
size [m2]θ0 = 0◦ θ0 = 90◦

5 27.87 22.89 4.98 0.612

10 34.09 27.47 6.62 1.362

15 37.72 30.12 7.59 2.132

20 40.3 32.59 7.70 2.882

N = 10 and N = 15 is approximately 3 dB. In other
words, the signal power doubles, and the number of
antenna elements increments by 125 from 10x10 to
15x15. The SNR difference for N = 15 and N = 20
is approximately 2.5 dB, where the number of antenna
elements increases by 175, from 15x15 to 20x20.
However, according to Figure 10, both N = 15 and
N = 20 provide the same beamwidth at the border
of the cell. To sum up, considering the results of
the first two scenarios, 15 antenna elements at each
edge of the antenna array suggest a good compromise
for the performance, i.e., 225 antenna elements and
2.13 m x 2.13 m antenna size.

In the last scenario, the airplane travels at a 10
km altitude from the border to the center of the cell.
This time, both θ0 and Dx are changed (see Figure
2). This scenario is evaluated for N = 15. In Figure
12, the left vertical axis shows the SNR and the
right vertical axis shows θ0 with respect to Dx. In
82% of the path, θ0 ∈ [77, 87]. In Figure 11, it is
shown that for N = 15 and 75◦ ≤ θ0 ≤ 87◦, the
SNR only slightly alters. Therefore, the variation in
the SNR during the airplane’s travel is mostly due
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to the change in the path loss, which is the same
when using an omnidirectional antenna. As a result,
the SNR is improved for the entire path compared
to the antenna assumed in the LDACS specification.
In 82% percent of the path, the phased antenna array
with N = 15 improves the SNR by approximately 10
dB compared to the antenna assumed in the LDACS
specification. In the rest of the path, when Dx ≤ 40
km, θ0 decreases dramatically. Therefore, the gain
of the antenna array increases abruptly (see Figure
11). Consequently, the SNR increases even further,
above 20 dB. This increment in the SNR enhances the
robustness of the LDACS physical layer and enables
it to achieve higher data rates by using its adaptive
coding and modulation capability.

Conclusion
In this paper, we investigate applying beamform-

ing in the LDACS RL to enhance the reception at
the LDACS GS. We first discuss possible challenges
and assess different antenna array designs considering
their radiation pattern. Accordingly, the most suitable
antenna array design is evaluated in different scenar-
ios of interest for LDACS A/G communications. It
is shown that by using a 15x15 Dolph-Tschebyscheff
antenna array, the SNR in the RL can be increased
by over 10 dB. Hence, beamforming can improve
the robustness of the physical layer and enable the
system to achieve higher data rates by applying the
built-in LDACS adaptive coding and modulation ca-
pabilities. Moreover, it is shown that a phased antenna
array can achieve a narrower beamwidth compared
to an omnidirectional antenna. Thus, any interference

coming from other directions is less likely to affect
LDACS communications. In our future work, we
will evaluate the increase in data rate achievable by
using beamforming combined with adaptive coding
and modulation for LDACS.
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