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Abstract: The Beidou Radio Determination Satellite Service (RDSS) is an advantageous service of the
Beidou system. However, due to the weak landing power of Beidou RDSS signals and an operating
frequency close to the 5G frequency, the system is vulnerable to interference from ground signals. In
this paper, from the perspective of civil aviation safety, different evaluation indicators are used for the
takeoff and cruise phases, respectively, to study the impact caused by adjacent frequency interference
on airborne Beidou RDSS equipment. In the takeoff phase, accurate aircraft position information is
obtained by processing real trajectory files. Deterministic analysis methods are used to determine the
safety distance for the coexistence of the two systems. During the cruise phase, ground-based 5G
base stations have less influence on the airborne RDSS receiver due to the high flight altitude, so the
main consideration is electromagnetic compatibility between the airborne Beidou RDSS system and
the 5G ATG system. By establishing a Boeing 737-800 simulation model, the antenna isolation degree
is used as the evaluation index, and a reasonable antenna layout is given according to the evaluation
results. In this study, the theoretical simulation and real flight data are combined to summarise the
exact range of adjacent frequency influence during the takeoff phase and a reasonable antenna layout
during the cruise phase.

Keywords: 5G; RDSS receivers; adjacent frequency interference; antenna isolation degree

1. Introduction

The Beidou Radio Determination Satellite Service (RDSS) provides users with fast
positioning, position reporting and short message communication services [1]. When the
Beidou RDSS system is used for flight tracking, it can monitor and track an aircraft’s posi-
tion and status in the air, and use its short message function to send information such as the
aircraft’s current position, flight altitude and speed to the ground monitoring centre. If the
flight deviates from the route or other unexpected situations occur, the airline staff can ob-
tain relevant information in time and take necessary measures to improve flight safety and
efficiency [2,3]. Beidou RDSS uplinks are located in the L-band (1559-610 MHz); downlinks
are located in the S-band (2483.5-2500 MHz). According to 3GPP R16 TS38.104 [4], 5G is di-
vided into two main frequency bands: FR1 (410-7125 MHz) and FR2 (24,250-52,600 MHz),
of which the 5G band allocated to China Mobile is 2515 MHz. In addition, due to the
ionosphere and the long distance of space transmission [5,6], the landing power of Beidou
signals is around —160 dBW, which makes it somewhat vulnerable.red As the Beidou RDSS
system has not yet been used with 5G systems during the initial frequency design, the im-
pact of 5G out-of-band spurious emission on the Beidou RDSS had not been taken into
account. Consequently, the terrestrial 5G network could have an impact on the delicate
Beidou system’s performance. This might lead, in severe cases, to malfunctioning of the
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RDSS system receiver. Therefore, the electromagnetic compatibility of the two systems
will become an important factor of influence affecting the safe operation of civil aircraft.
A diagram of the interference between the two systems’ adjacent frequencies is shown
in Figure 1. The upper spectrum represents the transmitter power spectrum of the 5G
signal whereas the lower spectrum shows the power spectrum of the RDSS receiver adja-
cent to it, where f indicates the center frequency of the receiver or transmitter. Moreover,
the blue part represents the spurious radiation region of the 5G signal; if it falls within
the main flap range of the receiver power spectrum, both the interfering signal and the
useful signal will be detected by the receiver at the same time; thus, generating adjacent
frequency interference.

5G signal transmission f2 H i

power spectrum

>

»  RDSS Received 4 -
Power Spectrum

Figure 1. Diagram of adjacent frequency interference.

In 2012, there was a case of interference with GPS system caused by terrestrial com-
munication systems (LightSquared) in the USA [7]. For instance, O’Driscoll et al. used
experimental data to demonstrate that LightSquared’s LTE signals could affect GPS system
in the L1/E1 band and Galileo civil signals [8]. In a study concerning the compatibility
issues between both systems, Godet et al., of the European Commission’s Galileo Archi-
tecture Support Team, used the interference coefficient and the equivalent carrier-to-noise
ratio as metrics to analyze the intersystem and intra-system interference [9]. Moreover,
in 2014, Marco Rao et al. of the European Commission’s Joint Research Centre, pointed out
that interference from LTE signals can have an impact on pseudo-range error and position
errors and suggested that the receiver RF front-end plays an important role in protecting
GNSS signals from interference [10]. Furthermore, in 2017, Zhang Xingjian et al. from the
Civil Aviation Institute of Science and Technology of China, carried out a performance
test of the Beidou RDSS general aviation operational surveillance service, and the sub-
sequent results verified that Beidou RDSS could be able to provide equivalent services
under different flight phases and latitude regions [11]. Subsequently, research regarding
the interference between LTE signals and Beidou RDSS signals was initiated. For example,
in 2019, the Beijing Satellite Navigation Centre proposed a countermeasure strategy for
4G interference with Beidou RDSS considering the RF system [12]. In addition, Beijing
University of Posts and Telecommunications has also successively carried out research
on adjacent frequency interference between satellite navigation systems and terrestrial
wireless communication services in different frequency bands. Moreover, they launched,
in specific scenarios, an analysis of the interference between the uplink of the terrestrial
communication systems and Beidou terminals. Therefore, they developed the Max-ACIR
resource scheduling algorithm, and obtained a closed-form solution to determine the iso-
lation distance based on its analysis using a Gaussian function fitting the base station
[13,14]. Later on, as 5G entered a rapid development stage, researchers began to study the
compatibility between 5G signals and satellite navigation signals. In 2021, Beijing Satellite
Navigation Centre analyzed, once more, the impact of 5G signals on Beidou RDSS from
the signal perspective [15], and in 2022 Xi’an University of Posts and Telecommunications
analysed the impact of 5G signals on the CNO-loss, communication and positioning of
Beidou RDSS from the system perspective [16]. However, the above studies mostly focus
on analyzing the capture performance, carrier-tracking performance, code-tracking perfor-
mance, and demodulation performance of BeiDou signals under interference conditions
from a signal perspective. Moreover, they establish the relationship between relevant
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assessment parameters and the equivalent carrier-to-noise ratio, along with providing the
calculation method. However, this method only evaluates the interference impact based on
the signal perspective; hence, it does not provide the exact impact range for this study and
cannot be applied to the actual civil aviation field. Therefore, in this paper an interference
assessment is mainly conducted from the system perspective, that combines the simulation
model with the actual flight data, obtains the specific influence range of the 5G system
interference on the Beidou RDSS system, and applies the compatibility opinion from a
practical application perspective.

To sum up, based on an analysis of the coexistence of the 5G system and RDSS system
compatibility, this paper adopts a differentiated approach by selecting different evaluation
indexes for the takeoff and cruise phases. The aim is to evaluate the compatibility of
Beidou RDSS airborne equipment with the 5G system while focusing on the perspective
of aviation safety. In Section 2, three models are introduced, namely the RDSS signal
model, the 5G base station model, and the 5G base station distribution model around
the airport as they provide a reliable system model for the subsequent interference as-
sessment. In Section 3, the takeoff approach phase is mainly evaluated. During this
phase, the aircraft is at a low altitude above the ground, and the main considerations are
the 5G antenna model, the propagation channel, and the base station distribution mode,
etc. The aggregate interference is chosen as the evaluation index to study the impact of
the interference on the RDSS receiver caused by the combined effect of 5G base stations
near the airport ground. In Section 4, it is mainly evaluated in the cruise phase. When
the aircraft enters the cruise phase, the flight altitude reaches a stabilized level between
8000 and 12,500 m. Due to the high flight altitude, the impact of ground-based 5G base
stations on the RDSS receiver becomes negligible. In this phase, antenna isolation is used as
a parameter to assess the electromagnetic compatibility of both airborne systems, and the
Boeing 737-800 acts as a carrier to study the impact of factors such as airborne antenna
layout and different Radio Frequency (RF) indicators of airborne equipment on the as-
sessment results. Finally, In Section 5, based on the research content and the simulation
data results, we provide a systematic summary and analysis, and suggest further ideas to
increase the compatibility between the 5G system and the Beidou RDSS system in the full
flight segment. The assessment results can provide reference for airworthy installation and
promote the application of Beidou and 5G ATG systems in civil aircraft.

2. System Models

This section introduces three main parts. The separate sections are RDSS signal mod-
elling, 5G base station antenna model and simulation analysis of 5G base station distribution
around the airport to provide support for later aggregate interference simulation.

2.1. RDSS Signal Model

The RDSS system is a frequency conversion and retransmission satellite system,
in which the downlink signal is sent from the main control station to the user termi-
nal via satellite. The Beidou RDSS signal is a short-burst spread spectrum signal with
a central frequency point of 2491.75 MHz and modulation method of Quad-Phase Shift
Keyed (QPSK) [17]. The Beidou-2 RDSS signal can be divided into p and g orthogonal
branch signals where each one can work independently. The Beidou-3 RDSS signal includes
both data and pilot channels [18]. The Beidou RDSS signal, acquired by the receivers, can
be expressed as follows:

S(t) = ACy(t)Dp(t) cos(27tfo + ¢o) + AC,(t)Dy(t) sin(27fo + ¢po) 1)

where A represents the amplitude, C(t) is the spreading code, D(t) indicates the navigation
message, ¢p presents the initial phase, and fj is the signal carrier frequency. Based on
Equation (1), a block diagram of RDSS signal modulation is given in Figure 2.
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Figure 2. RDSS signal modulation block diagram.

The sources of phase measurement error in the Phase Lock Loop (PLL) include the
phase jitter and the dynamic stress error. The phase jitter is further divided into three
main types of error: thermal noise, jitter in the oscillation frequency caused by mechanical
chatter, and Allan squared error. As for the dynamic stress errors, these are negligible as
they are very small compared to phase jitter errors when the equivalent carrier-to-noise
ratio satisfies the signal capture. Therefore, the mechanical chattering of the receiver unit
causes a jitter in the receiver reference oscillation frequency with a mean squared deviation
of approximately 2° [19]. The equation for estimating the mean squared deviation of
thermal noise is defined as follows [20]:

_180° [ B, 1
OPLL =~ \/C/NO (1+2TC/N0> @

By combining the three sources of phase jitter, the total phase jitter error mean squared
error can be estimated as follows:

0; = \/0% + 02+ 0] (3)

Br, represents the phase-locked loop noise bandwidth; T indicates the pre-detected
integration time; C/Nj is the carrier-to-noise ratio; ¢, represents the vibration-induced
oscillator jitter and ¢4 indicates the Allan variance induced oscillator jitter. In practice,
the source of PLL flutter may be transient, and only carrier-tracking errors, caused by
thermal noise are generally considered. Figure 3 shows the carrier-tracking error plot versus
the equivalent carrier-to-noise ratio for different pre-detection integration times where
the receiver carrier loop noise bandwidth By, is constant and equal to 20 Hz. The longer
the pre-detection integration time, the smaller the effect of interference on the carrier-
tracking performance.
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Figure 3. Carrier-tracking error varies with carrier-to-noise ratio.

2.2. 5G Antenna Model

5G systems use Active Antenna System (AAS) antenna technology (3GPP TR 37.842
2017) [21]. In the study of aggregate interference in the 2.5 GHz band, 5G base stations
are configured using beamforming antennas [22,23]. The purpose of beamforming is to
generate directional beams by adjusting the angle and the weight coefficient of each antenna
as a way to generate the antenna array gain. The antenna model is shown in Figure 4.

\/
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~ /\|
~/ ]
X

Figure 4. Geometry of the antenna model.

As the beamforming antenna is a combination of several array antennas, the gain of
the array antenna needs to be determined first. Therefore, the array antenna calculation
formula is shown below [24]:

2
Ag,H(@) = —min l12<q)) , A |, 9348 = 65°, A = 30dB ()
P3dB
. 6 —90\> .
Apyv(p) = —min | 12( — ,SLAv |,034p = 65°,SLAy = 30dB (5)
3dB
Ag(9,0) = Ggmax — min{—[Ag,H(9) + AEv(0)], Am} (6)

where Af ;(¢) and Ag y(6) are the horizontal and vertical gains of the array antenna, ¢3,5
and 63,5 are the horizontal and vertical 3 dB beamwidth of the array antenna, respectively.
Moreover, A;,; represents the front-to-back ratio of the array antenna, SLAy is the side flap
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level limit, Gg 4y is the maximum gain of the array antenna; all these values can be found
in 3GPP TR 37.842, both in dBi. In actual communication, the gain generated by each beam
can be obtained using the following equations:

Nu Ny 2
AA((p, 6) = AE(qJ, 9) + 1010g10 1+p Z Z Wi nOmn| — 1 (7)
m=1n=1
. dy dy . .
Omn = expli2r[(n— 1)7 cos(0) + (m — 1)7 sin(6) sin(¢)]
m = 1,2,.,Ny;n=m=1,2,..,Ny (8)

1 , dy . d .
TNy Splizrln = 1) Sin(Berie) — (m — 1) =F c0(Beti) Sin( Pescan)]

1,2,..,Nm;n=1,2,.., Ny )

where Ar(¢@,0) represents the gain of the array antenna in the horizontal or vertical di-
rection, A4 (¢@,0) indicates the gain of the beamforming antenna in the corresponding
direction (both variables are measured in dBi). Moreover, v, ; is the phase shift matrix
factor, wy, , is the weight coefficient, and 6,;i1;, @escan cOrrespond, respectively, to the down-
ward angle and horizontal angle of the antenna. The simulations gain diagrams of the 5G
base station beamforming antenna in the vertical and horizontal directions are shown in
Figures 5 and 6.
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Figure 5. Vertical gain diagram.
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Figure 6. Horizontal gain diagram.

After the calculation of the beamforming antenna gain directional diagram, it can
be determined that the gain of the 5G base station transmitting antenna will not exceed
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23.4 dBi. Therefore, within the simulations, the gain of the 5G base station transmitting
antenna can be reasonably within this range.

2.3. Base Station Distribution Modelling

The density of the 5G base stations, distributed around airports, depends on the
location of the specific airport and its regulations. In general, this density is high to ensure
the quality of communication for the people and equipment on board both the airport and
the aircraft. In the literature [25], it is stated that the deployment of the actual ground base
station is close to the Poisson Point Process (PPP), and the system is modeled using random
geometry, distributed over the simulated area using a random generation. The simulation
produces a 10 km x10 km area centred on the airport, as shown in Figure 7. The blue circles
show the base stations in the external area of the airport where the cellular cell density is
relatively high compared to the airport. In addition, the circled part indicates the airport
area and the internal red circles show the internal 5G base stations in the airport. According
to the regulations of the 5G base station construction in the airport area, the 5G base stations
are mainly concentrated in the airport terminal, the gates, and other areas with high traffic
flow and high communication demand; thus, the distribution is relatively concentrated.

10+ Actual BS ‘Io?ations in 5G Network

/Airport target area

o | &

Figure 7. Simulation of 5G base station distribution in and around the airport.

Each base station in Figure 7 uses the beamforming antenna model described in
Section 2.2. Since the impact of interference generated by 5G users is small, only the
aggregate interference generated by 5G base stations to aircraft within the target range is
considered in this paper.

3. Takeoff and Landing Phase Assessment
3.1. Interference Scene Building

A single point of interference is used during the takeoff phase to create the interference
scenario shown in Figure 8.

The dotted line in Figure 8 represents a virtual flight path established when the aircraft
takes-off from the location at an angle of about 10° with the horizontal. The position of the
aircraft departure point is related to the length of the airport runway, the takeoff weight,
the weather, and other factors. In the case of the Boeing 737-800, for example, the depar-
ture point is typically 50-60% of the runway length horizontally from the beginning of
the runway.
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Figure 8. Scenes of aircraft taking off with interference from ground base stations.

3.2. Interference Assessment Methods

This paper considers two different transmission paths to calculate transmission losses.
The worst-case scenario, assuming a propagation environment where the interfering signal
is not blocked by the buildings and the propagation path is the Line Of Sight (LOS) trans-
mission, uses a free-space propagation loss model as indicated in the following equation:

PLfyee = 20logyq f + 2010g,yd + 32.44 (10)

where, f represents the frequency in MHz and d indicates the distance from the aircraft to
the receiver in m. The second transmission path is the path loss model according to 3GPP
TR 36.873 and ITU-R M.2412 [26]. The propagation of 5G signals is divided into Urban
Macro (UMa) and Rural Macro (RMa) scenarios. Moreover, the transmission schematic
is shown in Figure 9. The airport construction environment requires a flat, obstacle-free
and wind-stable area to ensure safety during takeoff, landing and flight. Given these
comprehensive airport construction considerations, the 5G signals propagation model for
the airport field is selected as RMa. In addition, due to the airport’s terminal building,
and other building facilities, the signal propagation may be transmitted through reflection,
diffraction, and scattering processes to reach the receiver. Therefore, Non-Line Of Sight
(NLOS) is selected as the signal transmission method.

G~

P

A
\

h2 D

Figure 9. Diagram of 5G signal propagation.

The NLOS path loss model for the RMa scenario is calculated as follows:

PLy1os = (32(log(11.75hy7))? — 4.97) + (43.42 — 3.11og(hps)) (log(dsp) — 3)

+201log(fc) — (24.37 — 3.7(L)2) log(hps) + 161.04 4 7.51og(h) — 7.11log(W) (11)

hgs

where, f. represents the signal frequency in GHz; dyp shows the horizontal distance from
the antenna at the transmitting end of the base station to the antenna at the receiving
end of the user, d3p indicates the spatial distance between the two systems, /it and hpg
are, respectively, the actual user antenna height and actual base station antenna height,
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h represents the average height of the buildings, and W indicates the width of the street.
Note that all the above height quantities are in measured in m. The interference generated
by a single 5G base station at the airborne RDSS system can be calculated as follows:

In :Ptx+er_PL+Gtx_ACLR_er (12)

where Pi, represents the transmit power of the scrambled system (measured in dBm), Gy
and G,y are, respectively, the transmit antenna gain of the scrambled system and the receive
antenna gain of the disturbed system (measured in dBi), L,x shows the feeder loss of the
RDSS receiver in dB; PL presents the propagation path loss of the interference signal; ACLR
is the adjacent channel leakage ratio (measured in dB), whose values are available in 3GPP
TR 36.942 2018 [27]. The aggregate interference caused by 5G base stations to airborne
RDSS systems can be calculated as follows:

N
Inge = 101log( )" 10M/10) < Iy, (13)

n=1

Injayx is the maximum acceptable interference power level of the receiver, considered equal
to —127 dBm according to the BD420007-2015 [28].

3.3. Simulation Results and Analysis

In this paper, different routes are chosen for comparison, and the data are obtained
from the official FlightAware download, which includes real flight path files. To ensure
accurate and reliable data, interpolation is carried out to obtain the aircraft’s position infor-
mation per second. Moreover, the specific process is implemented as shown in Figure 10.

e coorflmate Choose flight path Antenna model
conversion

9 Aircraft location Base station

Interpolation 3 5 Y
information per distribution

process 5 .
second simulation

Path loss

Aggregate interference

Assessment results

Figure 10. Interference assessment analysis implementation process.

According to the 5G signal propagation methods, 5G antenna models and base station
distribution introduced in Section 3.2, the flight paths of Berlin to Washington UAL235
(EDDB-KIAD), New York to Los Angeles DAL482 (KJFK-KLAX) and Tianjin to Chengdu
CSC8861 (ZBTJ-ZUTF) are selected for analysis. Finally, the simulation of the variation
of the aggregate interference under different propagation environments is displayed in
Figure 11.

Since the 5G system is distributed in high density around the airport but with low
transmission power, and the beamforming technique used enables the main lobe signal to
be aimed at the user, the impact of interference is reduced on the RDSS system. Moreover,
the simulation results show that the total aggregate interference from the ground 5G signals
to the airborne RDSS receiver is related to the 5G signal propagation environment and
the flight altitude as well as the horizontal projection distance. The horizontal isolation
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distance of the aircraft’s projection on the ground from the centroid of aggregate interference
increases as the aircraft takes off and the altitude increases. Concurrently, the aggregate
interference continuously decreases. In particular, the total aggregate interference value
in the RMa NLOS scenario is slightly smaller than in the free space propagation due to
the consideration of building shading equal to the factor. Since some routes in China lack
ADS-B data information during the takeoff phase, the following analysis focuses on the
aggregate interference data of EDDB-KIAD and KJFK-KLAX in Table 1.

5G System Aggregate Interference Simulation

-100

—@— EDDB-KIAD(Free Space)
—+#— 7ZBTJ-ZUTF(Free Space)
-120 %8 KJFK-KLAX(Free Space) | |

. —#— EDDB-KIAD(RMa)

ZBTJ-ZUTF(RMa)
—&— KJFK-KLAX(RMa)
Interference Threshold

Aggregate interference (dBm>

-200

Horizontal isolation distance (km)

Figure 11. Aggregate interference versus horizontal separation distance for different routes.

Table 1. Aggregate interference data analysis for EDDB-KIAD and KJFK-KLAX.

Aggregate Interference

Dissemination Environment Flight Altitude (m) Horizontal Distance (m) (dBm)
75.31 50.8 —121.85
EDDB—KIAD Free Space 89.62 158 —127.87
103.93 251 —131.39
27.5 84.6 —119.67
KJFK—KLAX Free Space 47 171.6 —125.69
66.50 258.5 —129.21
75.31 50.8 —126.60
EDDB—-KIAD RMA 89.62 158 —141.03
103.93 251 —149.47
27.5 84.6 —126.17
KJFK—KLAX RMA 47 171.6 —140.60
66.50 258.5 —149.04

Considering the signal propagation environment, the horizontal isolation distance
between both routes without interference effects is approximately 50-180 m, with slightly
variations depending on the type of aircraft and the departure airport environment. Ac-
cording to the ICAO runway category A-F, the runway length of civil airports is within the
range of 2000-4000 m. Furthermore, airports are constructed with a certain safety spacing
to ensure the safety of aircraft during takeoff and taxiing. Before aircraft enter the runway,
they need to wait for takeoff instructions on the taxiway. No large base stations can be
built within the entire airport site to avoid any adverse impact on the operational safety.
Therefore, combined with the above real airport construction environment, the interference
between both systems is negligible under the influence of the real airport environment
and no additional isolation measures are necessary. To sum up, this simulation method
can be analogous to assess interference during the landing phase ensuring that the results
maintain their generality.
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4. Cruise Phase Assessment
4.1. Interference Scene Building

5G ATG is an air-to-ground communication method based on fifth-generation mobile
communication technology, i.e., ground base stations are deployed along the flight path
to transmit radio signals into the air, and high-bandwidth communication services are
provided to airborne aircraft using ground-to-air communication links [29,30]. The propa-
gation of ATG base stations and aircraft is shown schematically in Figure 12. According to
the regulations of civil aviation ATG, the ATG system is only turned on during the cruise
phase. When the aircraft is in the cruise phase, because of the high flight altitude, there is
less possibility for the ground 5G base station to cause a safety threat to the RDSS receiver;
therefore, the main factor that affects safety after the aircraft enters the cruise phase is
interference between the airborne RDSS system and the 5G ATG system. Furthermore,
the ATG base stations, shown in Figure 12 cover cells with a radius of 100-200 km, and the
cell overlap band is about 20% [31].

Flight path

Airborne antennas /
/
/
/
» Yy
(=)
(. >0 A
A __5G ATG station / A 56 ATG station
5G ATG station 56 ATGstation

Figure 12. 5G ATG system layout by aircraft route.

4.2. Interference Assessment Methods
4.2.1. Fuselage Modelling

In this paper, geometric modelling is used to simulate the overall airframe architecture of
an aircraft. The Boeing 737-800 model is deployed as the carrier for the cruise phase evaluation,
and the degree of antenna isolation is utilized as an index to assess the electromagnetic
compatibility of airborne systems and to analyze the effect of antenna layout on its isolation
degree. The Boeing 737-800 model parameters and profiles are displayed in Figure 13.

(@) Boeing 737-800 Simulation Model. (b) Boeing 737-800 profile.

Figure 13. Parameter information of Boeing 737-800.
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In the antenna modelling process, the coordinate origin is centered at the midpoint of
the fuselage axis. The positive direction of the Y-axis is set from the origin to the left wing
whereas, for the Z-axis, it is along the fuselage axis towards the tail. Finally, the positive
direction of the X-axis is determined using the right-hand spiral rule. According to the
position requirements of the two antenna installation, the airborne RDSS receiving antenna
installation position is determined first.

In order to protect the on-board antenna’s ability to receive satellite signals, the RDSS
receiving antenna should be installed on the top of the aircraft fuselage, to avoid turning or
tilting during the flight and obscuring the satellite signal path. For the ATG communication
system, the antenna polarization method uses vertical polarization, so the installation
location can only be in the belly section of the aircraft. In this paper, different parts of the
aircraft belly are selected for the antenna installation locations to assess the impact of the
installation location on the antenna’s performance.

4.2.2. Airborne Antenna Isolation Calculation

Antenna isolation degree is an important parameter for defining the electromagnetic
compatibility of the two airborne systems, and the isolation between antennas is directly
related to the reliability of the aircraft communication and navigation equipment [32].
In addition, airborne antenna isolation refers to the degree of interference between antennas
when multiple ones share a common platform or equipment. In avionics, better onboard
antenna isolation leads to less mutual interference between the different antennas.

Based on the analysis of the two antenna mounting positions in Section 4.2.1, an equiv-
alent model of the aircraft fuselage is established. Idealizing the aircraft fuselage as a
smooth cylindrical surface of pure metal, fixing the position of the onboard RDSS receiving
antenna, and adjusting the position of the ATG antenna to move on the cylindrical surface
are key factors to obtain the relationship between both antenna positions as shown in
Figure 14.

Figure 14. Equivalent fuselage model and antenna position relationship.

If considering only a pair of transmitting and receiving antennas on an aircraft, the two
antennas are in the far-field region of each other and propagate mainly through the radiation
of electromagnetic waves. The far-field conditions are: > 2Dt2 /Arand r > 2D3 /Ay, where
r is the distance between the two antennas, D, and D; are the equivalent diameters of the
receiving and transmitting antennas, A, and A; are the wavelengths of the receiving and
transmitting signals, respectively. The isolation between antenna far fields in free space is
shown as follows:

CP=P/P (14)

where, P, is the received power of the receiving antenna and P is the interference power of
the transmitting antenna. When the interference power at the transmitting antenna is P
and the gain is G;, then the power density at the receiving antenna increases to

Pt Gr

Sr = (47tr)2 (15)
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The effective aperture of the receiving antenna is expressed as follows:

G2
Ae =~ (16)

When considering the polarization matching factor between the transmitting and re-
ceiving antennas, the received power of the receiving antenna can be represented as follows:

b P,G,GA?S
" (4mr)?

where S represents the polarization matching factor. Taking the above formula into the
equation for isolation degree gives the following:

(17)

G,GiA%S

] (18)

Due to the large size of the aircraft, the large amount of metal and electronic equipment
loaded inside, the partial blocking of the surrounding radio signals by the aircraft itself,
and the attenuation effect of the radio signals bypassing the fuselage, it is necessary to
consider the effect of the shielding characteristics of the aircraft on the isolation level. Thus,
the introduction of the shielding factor yields the following [33]:

M

AC:_T]M-F@’ (19)

where:
27 5476 x 1073, M < 26 0.5083, M < 26
= { ¢ = { (20)

_ 2 [="
M =00\ 33" = 13340 x 103, M > 26 05621, M > 26

where, p represents the radius of the cylinder (measured in m); 8 represents the angle of the
two antenna installation position (measured in radians). After considering the shielding
coefficient, the isolation degree is expressed as:

G,GiA%S

]+ A (21)
The interference power level, received by the RDSS receiver antenna port, can be
expressed as follows:

I = EIRP 4 10log(B,/B;) 4+ G, — Loss (22)

EIRP = P, + G (23)

where, EIRP is the transmitting equivalent omnidirectional radiated power of the ATG
(expressed in dBm); B, and B; are, respectively, the receiving bandwidth of the RDSS
and the transmitting bandwidth of the ATG (measured in Hz). Loss represents the total
propagation loss from the ATG transmitting antenna to the RDSS receiving antenna, mainly
including free space propagation loss Ly, transmitter feeder loss Ly, polarisation loss
L, and loss due to aircraft fuselage shielding effect A. The calculation formula is shown
as follows:

Loss = Lbf—f—Lf]-l-Lp-i-A (24)

Neglecting the effect of the ground environment as well as the radiation on the
airborne antenna, the propagation environment can be considered as free space propagation;
therefore, it is usually expressed as follows:

Lys = 3244 +20log f +20log d (25)
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where, f is the signal frequency (measured in MHz); d is the propagation path distance
(measured in km).

4.3. Simulation Results and Analysis

In this paper, the aircraft fuselage is idealized as a pure metal smooth cylindrical
surface. In practice, such factors will also increase the actual isolation of both antennas
due to variations in the shape of the fuselage surface, such as the recessed seams and the
convex pegs. Figure 15 represents the simulation of fuselage shielding losses for antenna
positions located in different areas of the belly with clamping angles ranging between 10°
and 80°, whereas the loss values vary between 10 and 25 dB.

40

35

Fuselage(m)
= — n n w
=] o S & =]
=
Fuselage shielding attenuation{dB)

(3

=}
e,

0 10 20 30 40 50 60 70 80
Angle(degree)

Figure 15. Shielding attenuation values at different locations on the belly of the aircraft.

According to the parameter information of Boeing 737-800, the fixed airborne RDSS
receiver is located at position coordinates A (3,0,3). By adjusting the ATG antenna to move
in the belly part of the aircraft, the relationship between the free space path loss and the
antenna isolation concerning the position change between antennas can be derived when
the distance between the receiving and transmitting antennas is greater than three meters
as shown in Figure 16.

-
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@
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Free space path loss(dB)
P
&
F O ]
&

~E

IS
S
Effect of antenna layout on isolation(dB)

40
0

20

y(m) 2 0 2(m) y(m) ) 2 0
(@) Free space propagation loss. (b) The effect of antenna layout on isolation.
Figure 16. Simulation of free space loss and antenna isolation with antenna position.

There exist limitations of the aircraft platform size and the relative concentration of
the avionics equipment in the forward belly of the aircraft in the electronics bay. Therefore,
the installation distance between the two antennas is largely limited. When the distance
between the Beidou RDSS receiving antenna and the ATG antenna is greater than 3 m,
the free space propagation loss ranges between 44.57 dB and 71.68 dB. Moreover, the an-
tenna isolation values range between 40.03 and 69.61 dB. Different antenna layouts directly
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affect the isolation degree between these antennas, where the free space path loss and the
airframe shielding loss represent the main impact term.

According to BD420007-2015, the maximum acceptable interference power level for
RDSS is —127 dBm, where the polarization loss is set at 20 dB, and the feeder loss is equal
to 3 dB. From a theoretical point of view, the transmitter power can be very large, refer
to Gogo company transmitter, the transmitting power is 49 dBm. Considering the ATG
transmitting EIRP of 40 dBm, 49 dBm, and 52 dBm, respectively, simulating the additional
isolation required for the two systems antenna compatibility case leads to the results shown
in Figures 17-19.

EIRP=40dbm (dB)

IS
o

B
IS
=)

35

Additional isolation(dB)
w
=]

Figure 17. Additional isolation required for EIRP = 40 dBm, L, f= 3dB, L, =20dB.

EIRP=49dbm (dB)

o
o

I3
=}

Additional isolation(dB)

Figure 18. Additional isolation required for EIRP =49 dBm, L, f = 3dB, L, =20dB.

EIRP=52dbm (dB)
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Figure 19. Additional isolation required for EIRP = 52 dBm, L, = 3dB, L, =20dB.
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From the above simulation diagram, the additional isolation required is related to the
installation position of the two antennas and the transmitting power when the compatibility
is satisfied. The additional isolation required decreases as the installation position of both
antennas becomes larger, where the additional isolations required are less than 42.39 dB,
51.31 dB, and 54.31 dB, respectively.

5. Conclusions

In this paper, we scientifically assess the impact of a full-flight 5G system on the
Beidou RDSS system from the perspective of civil aviation safety. The key conclusions are
as follows:

By combining the read real trajectory files with the simulation model, the aggregate
interference of different routes is obtained. The results show that the aggregate interference
value in the RMa NLOS scenario is slightly lower than the free space propagation. Moreover,
according to the ICAO regulations for runway lengths of class A-F airports, the required
distance separation can be offset by the runway and taxiway lengths. Considering the
actual airport runway construction environment, the practical interference impact of the
two systems can be neglected.

When the aircraft enters the cruise phase, the influence of the ground 5G base station to
the RDSS receiver is no longer considered, and the electromagnetic compatibility between
the onboard 5G ATG system and the RDSS receiving antenna is used to evaluate the object
in this phase. The Boeing 737-800 model is chosen as the carrier and the simulation results
show that the 5G ATG antenna can cause harmful interference to the RDSS antenna if no
additional isolation measures are considered. The EIRP of the transmitting antenna should
be reasonably controlled where the larger the EIRP, the higher the antenna additional
isolation required. Optimising the layout of the two antennas can effectively improve the
antenna’s isolation between the two systems.

Finally, the ATG system airborne antennas should be installed on the belly of the
aircraft in the tail area as far as possible to maintain a large antenna isolation and avoid
electromagnetic interference with the RDSS receiving antennas of adjacent frequencies.
However, in practical application, the installation type, installation method and antenna
type should also be considered to avoid interference with other avionics and reduce safety
threats to civil aviation operation.
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