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ABSTRACT In this study, a new method is proposed to confirm the possibility of coexistence between
the existing satellite services and potential fifth-generation (5G) cellular services in the millimeter-wave
band according to the frequency-designation agenda of International Mobile Telecommunications (IMT)-
2020 for 5G. To evaluate the accumulated interference power of numerous 5G systems distributed globally
at a satellite receiver, we extend the satellite’s interference reception area to the entire coverage area,
from which only the land area is extracted using the geospatial terrain data of Earth in three dimensions.
This enables more accurate interference assessment than conventional methods that only consider the
footprint of the satellite’s 3-dB beamwidth. We also place the IMT-2020 (5G) systems in the coverage area
using the IMT-2020 parameters and modeling documents for the International Telecommunication Union’s
coexistence study. The propagation loss is modeled considering the clutter loss, building entry loss, and
attenuation from atmospheric gases. Subsequently, we analyze the interference power received by a fixed
satellite service (FSS) satellite operating in the same band and an Earth exploration satellite service (EESS)
passive sensor operating in an adjacent channel. Our simulation shows that the FSS satellite receives up
to 7.9dB more interference than that obtained from the existing method. Although this is a substantial
difference, we find that the protection criteria is still satisfied. However, all EESS passive sensors do not
meet the protection criteria in most scenarios, and additional frequency separation or interference mitigation
techniques are required to protect these sensors. The proposed method is also applicable to the analysis of
non-terrestrial network interference from airships, balloons, unmanned aerial vehicles, etc.

INDEX TERMS Coexistence, earth exploration satellite service, fixed satellite service, international mobile
telecommunications-2020, non-terrestrial network, radio interference, 5G.

I. INTRODUCTION
A. BACKGROUND AND MOTIVATION
According to a market research report, global mobile data
traffic is expected to increase to 49 exabytes (EB) per month
by 2021 owing to the increase in the number of smartphone
users, the Internet of Things, and real-time streaming [1].
The easiest way to meet the increasing traffic is to use a
wide frequency bandwidth. However, it is currently difficult
to secure additional frequencies in the International Mobile
Telecommunications (IMT) advanced frequency band. The
millimeter-wave (mmWave) band has attracted attention as
a solution [2]. The radio wave of mmWave band has strong
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straightness compared to the IMT advanced frequency band
due to the short wavelength. Therefore, mmWave propagation
loss is large and sensitive to the atmospheric environment,
which is a critical disadvantage in mobile communications.
However, the mmWave band has a wide bandwidth and can
be equipped with more antennas because the antennas can
be made smaller and lighter. Therefore, many research insti-
tutes have conducted research on beamforming technology to
increase antenna gain by usingmultiple antenna arrays, which
is one of the most important technologies resulting from
IMT-2020 [3].

In 2015, the World Radiocommunication Conference
(WRC-15) adopted WRC-19 Agenda item 1.13 to find an
appropriate frequency for 5G IMT-2020 in the mmWave band
and presented a total of 11 candidate frequency bands in
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TABLE 1. International frequency allocation status.

the 24.25–86-GHz band [4]. Therefore, to determine the fre-
quency band for IMT-2020, coexistence studies with existing
services allocated to candidate bands must be undertaken.
Table 1 lists the types of services currently allocated in the
candidate bands of IMT-2020. A wide variety of services
are allocated to the candidate bands of IMT-2020; therefore,
Agenda 1.13 requires very complex coexistence studies on
various scenarios compared with the coexistence studies pre-
viously conducted by the International Telecommunication
Union (ITU).

As shown in Table 1, there are many services using satel-
lites in the candidate band. We thus focus on the coexistence
of 5G with fixed satellite service (FSS) and earth exploration
satellite service (EESS), based on the parameter and model-
ing documents of IMT-2020 proposed by the ITU radiocom-
munication sector (ITU-R) [5], [6].

B. PREVIOUS STUDIES AND CONTRIBUTIONS
Recently, research on the possibility of coexistence between
millimeter wave band IMT-2020 candidate technology and
other existing radio services has been actively conducted. The
cochannel sharing between IMT-2020 and fixed service (FS)
systems are studied in [7]–[10]. Jo et al. [11] proposed
the analytical expression of the frequency-dependent rejec-
tion (FDR) of CP-OFDM, windowed OFDM, and filtered
OFDM for assessing the interference of IMT-2020 to the
incumbent radar systems.

Interference analysis between the IMT and satellite ser-
vice has already been performed several times [12]–[19].

However, most studies focus on analyzing the interference
between the IMT and satellite Earth stations and either post-
pone or do not address the issue of interference received
by satellite systems [12]–[17]. This is because one may
expect that because satellite systems are located at high
altitudes, interference from the IMT is very small and thus
no interference problems occur in satellite systems. How-
ever, satellites receive interference aggregated from numer-
ous terrestrial IMT-2020 systems distributed over large areas,
and the total inference could be severe for satellite systems
that are sensitive to interference. Therefore, to achieve com-
plete coexistence of the two services, interference power
received by the existing satellite systems needs to be
estimated.

Previous studies analyzing the interference received by
satellites in the mmWave band used two methods to calculate
the interference. The first method is to calculate the inter-
ference power received by a satellite system from a single
IMT system and then multiply it by the number of IMTs
distributed within the footprint of the satellite’s main beam
[18]. The other method is to implement a single cell of an
IMT network with hexagonal cells, calculate the interference
received by the FSS satellites from this network, and find
the maximum number of networks that meet the protection
criteria [19].

The advantage of these methods is their ability to predict
the interference power received from multiple IMT systems
in a short time by multiplying the coverage area after con-
sidering interference only on IMTs distributed in a single or
very small area. However, they also have a limitation that
the cumulative interference power received from a very wide
range cannot be calculated accurately. The reasons are as
follows.

First, the method of distributing only a single IMT or
a single IMT network cannot fully consider probabilistic
factors of interference power such as antenna orientation,
three-dimensional beamforming, and uplink power control.
In particular, the mmWave IMT system performs three-
dimensional narrow beamforming toward the other end of
a transceiver pair to compensate for severe path loss, and
accordingly, the interference power generated by the 5G sys-
tem varies greatly depending on the direction.

Second, the existing methods only consider the foot-
print, which is the area corresponding to the satellite’s 3-dB
beamwidth out of the satellite’s total interference reception
area. This means that the interference received in the area
corresponding to the satellite’s side lobes is ignored, which
can lead to significant differences from the actual interference
level. Furthermore, there is no distinction between the land
and sea in areas where terrestrial IMT systems are distributed.
The IMT systems are distributed over land, and the land
area ratio for the interference-receiving area depends on the
coordinates where the satellite system is located. Therefore,
if the cumulative interference power is calculated by sim-
ply multiplying the number of single IMT systems or local

VOLUME 8, 2020 163619



Y. Cho et al.: Coexistence of 5G With Satellite Services in the Millimeter-Wave Band

IMT networks, a cumulative interference power error occurs
because the sea area, in which the IMT system is not dis-
tributed, is included in the interference area.

Third, in a previous study, only free-space path loss (FSPL)
and simplified clutter loss were adopted when calculating the
propagation loss from IMT systems to a satellite. Propagation
loss is among the most influential factors in calculating inter-
ference power, and modeling the propagation phenomenon as
accurately as possible is essential for interference analysis.
In particular, because the mmWave band is sensitive to the
atmospheric environment, it is essential to realistically model
the propagation phenomenon. However, the propagation-loss
model used by existing methods alone does not take into
consideration various propagation phenomena occurring in
the mmWave band.

To improve upon these weaknesses, the authors perform
an initial study to calculate the interference of IMT-2020 at
the satellite for FSS using IMT-2020 modeling, propagation
loss, and terrain data proposed in ITU-R Recommendation
[20], [21]. As in previous studies, interference analysis is only
performed with an FSS satellite, but the interference received
by the EESS satellite allocated to the adjacent channel by
IMT-2020 is not considered.

In this paper, we propose a new method of interference
analysis to calculate the interference received from the IMT-
2020 by satellite systems.1 Unlike the conventional method,
it calculates the total coverage area where satellites receive
interference according to the altitude of the satellite by
considering the curvature of the Earth as well as distributes
the base station (BS) and user equipment (UE) of IMT-
2020 in different environments using the distribution method
proposed by ITU-R [22]. Subsequently, using the terrain
data and interpolation method, we remove the IMT-2020s
distributed in the marine area of the coverage area and
perform interference analysis considering only the IMT-
2020s distributed in the land area [24], [25]. This allows
similar modeling to the situation where satellites actually
receive interference from ground-based IMT-2020. We also
implement a three-dimensional beamforming pattern, one of
the core technologies of IMT-2020, using a newly proposed
modeling document for frequency-sharing analysis by ITU-
R [6]. Moreover, we apply the propagation-loss model by
considering various propagation phenomena occurring in the
actual mmWave band, such as clutter loss, building entry loss,
and atmospheric loss [26]–[28]. Subsequently, we calculate
the interference received by the FSS satellites assigned to the
same band and the EESS passive sensors assigned to adjacent
bands when the IMT-2020 is operating in the candidate band
using the proposed model. Then, the calculated interfer-
ence power is compared with the protection criteria of each
satellite to suggest the possibility of coexistence between
IMT-2020 and two satellite services. Finally, we perform
interference analysis with more various types of satellite
systems, including the results presented in previous papers.

1Part of the results were published in recent work [22].

TABLE 2. Key symbols and definitions of interference analysis.

In the case of the FSS interference scenario, the interference
received by the four types of FSS satellites is assessed. For
the EESS passive interference scenario, we calculate the
interference received by two types of passive sensors that scan
urban or suburban area. In addition, considering the future
development of array antenna design technology, we analyze
the interference power from the IMT-2020 with more antenna
elements as well.

The remainder of this paper is organized as follows.
Section II explains how to distribute the IMT-2020swithin the
satellite’s coverage area. Section III describes the radio prop-
agation model applied between the ground and the universe.
Section IV describes how to calculate the cumulative interfer-
ence power received by satellite. Section V and Section VI
detail the interference scenarios and simulation results to
evaluate the possibility of coexistence with satellite systems
and IMT-2020. We conclude the paper in Section VII.

Table 2 describes the key symbols and meanings defined
in this study. We considered various variables to perform the
interference analysis.

II. IMT-2020 MODELING FOR INTERFERENCE
ANALYSIS
A. IMT-2020 DISTRIBUTION OVER THE
EARTH’S SURFACE
Fig. 1 shows the interference scenario of the interference-
analysis model proposed in this paper. When the satellite
service operates uplink in the mmWave band, if IMT-2020 is
newly serviced in the same channel or an adjacent chan-
nel, the satellite system receives interference from a num-
ber of IMT-2020s placed on the land area. To calculate the
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FIGURE 1. Interference scenario that satellite receives from IMT-2020.

interference that the satellite system receives, we first calcu-
late the coverage area of the satellite and distribute the IMT-
2020 BS and UE therein. The coverage area S of the satellite
is as follows:

S = 2πR2 [1− cos (αmax)] , (1)

where R is the radius of the Earth and αmax is the central angle
between the satellite and the Earth, expressed as

αmax = cos−1 [R/ (H + R)] , (2)

where H is the orbit of the satellite. After calculating the
coverage area, IMT-2020 BS and UE are distributed in the
area. The number of IMT-2020s distributed in the satellite
coverage area is as follows:

NIMT = S · D · Ra · Rb · FNL · FTDD, (3)

where S is the coverage area from (1),D is the density of IMT-
2020 BSs or UEs, Ra is the ratio of hotspot areas to areas of
cities, built-up areas, and districts, Rb is the ratio of built-up
areas to the total area of the region, FNL is the network load-
ing factor, and FTDD is the time-division duplexing activity
factor [5].

Figs. 2 and 3 show the distribution of IMT-2020 BS and
UE. BSs are distributed assuming a uniform distribution
within the satellite’s coverage area using a spherical coordi-
nate system (R, θ, ϕ). When the satellite is located at (R+H ,
π /2, 0), the position of the BS is determined by two random
variables x1, x2, with a uniform distribution between 0 and 1,
and is expressed as

rBS = R,

θBS = π/2− arccos {1− x2 [1− cos ((αmax))]} ,

φBS = (2x1 − 1) · π. (4)

FIGURE 2. Base station distribution.

FIGURE 3. User equipment distribution.

The antenna direction of the BS is determined as a ran-
dom direction in the azimuth and has an additional 10◦

mechanical downtilt [22]. The distribution of the UE is
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determined by the BS position and the antenna direction.
First, the virtual BS communication with the UE is dis-
tributed and given the antenna direction of the BS. Then,
as shown in Fig. 3, it is distributed between ± 60◦ in the
azimuth direction based on the antenna direction of the BS.
The distance from the BS follows the Rayleigh distribution
[22]. The antenna direction of the UE is determined in a
random direction in the azimuth. The BSs all assume an
outdoor environment, and in the case of the UE, an out-
door or indoor environment is assumed according to a given
probability.

B. IMT-2020 SAMPLING USING TERRAIN DATA
In this study, we extended the coverage area of the satellite
to the entire area, accounting for the satellite’s side lobes,
and distributed IMT-2020s within it. However, in this case,
because there is no distinction between land and sea, a prob-
lem arises in that IMT-2020, which should be distributed
only on land, is also distributed in the sea region. This
allows the satellite to receive interference from more IMT-
2020s than it actually does; therefore, using this assump-
tion does not allow for calculation of the exact cumulative
interference power. To solve this problem, we adopted a
method that considers only IMT-2020 distributed over land
area according to the position of satellites using map data and
interpolation [23], [24].

As shown in Fig. 2, IMT-2020 BSs are placed assuming
that the satellite is located on the z axis. This is because when
the satellite is located on the z axis while IMT-2020 is dis-
tributed within the satellite’s coverage area using the spher-
ical coordinate system, φ can be set easily to a value with a
uniform distribution between -π and π . Thus, we could easily
distribute the IMT-2020s on the Earth’s surface. However,
we do not know the latitude and longitude of IMT-2020s
located in the coverage area according to the geographi-
cal location of the satellite. Therefore, to use the sampling,
we use a coordinate transformation and a rotation matrix to
move the distributed IMT-2020s to the satellite’s coverage
area according to the coordinates of the satellite’s geographic
location.

First, we transform the distributed IMT-2020s from a
spherical coordinate system to a Cartesian coordinate system
through a coordinate transformation. Then, using the rotation
matrix, we rotate the distributed IMT-2020s 90◦ clockwise
about the y axis and convert them back to the spherical coor-
dinate system through the coordinate system transformation
matrix. In this case, the azimuth and elevation of IMT-2020 is
composed of a spherical coordinate system that represents
longitude and latitude coordinates of the IMT-2020 present
in the coverage area when the satellite’s longitude and lat-
itude are origin. Finally, we set the coordinates of IMT-
2020 distributed in the satellite’s coverage area by shifting
the azimuth and elevation angles of IMT-2020 positions by
the latitude and longitude of the satellite. This process can be

FIGURE 4. Terrain height data of Earth [18].

expressed as rIMT
θLa t
φLon


=

A× B× A−1 ×

 rIMT
θIMT
φIMT

+
 0

LatSat
LonSat

 ,
A =

 sin θIMT cosφIMT sin θIMT sinφIMT cos θIMT
cos θIMT cosφIMT cos θIMT sinφIMT − sin θIMT
− sinφIMT cosφIMT 0

 ,
B =

 0 0 −1
0 1 0
1 0 0

 , (5)

where A is a transform matrix that converts a Cartesian
coordinate system to a spherical coordinate system, and B is
a rotation matrix that rotates the coordinates 90o clockwise
about the y axis. rIMT, θIMT, and φIMT are the spherical coor-
dinates of IMT-2020s and Latsat and Lonsat are the latitude
and longitude of the satellite, respectively.

Then, we sample the IMT-2020s using terrain data and an
interpolation method. Fig. 4 shows the height above sea level
(HASL) at the latitude and longitude coordinates using the
terrain data provided by ITU-R P.836. The HASL is given
at 0.5◦ intervals, and the values in between 0.5 degree are
calculated by the interpolation methods described in ITU-
R P.1144: bi-linear interpolation using 4 grid points and
bi-cubic interpolation using 16 grid points. The bi-cubic
interpolation is able to estimate the HSAL value for more
locations among the given coordinates, whereas the bi-linear
interpolation simple and exact enough to only differentiate
land area from the entire coverage area. Therefore, a simple
bi-linear interpolation method is used to calculate the HASL
in the region where each IMT-2020 is located. The HASL
of the IMT-2020 is calculated using the grid points [(Lat0,
Lon0), (Lat1, Lon0), (Lat0, Lon1), and (Lat1, Lon1)] closest
to the coordinates of the IMT-2020 in the given terrain data,
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FIGURE 5. Interpolation grid points [19].

as shown in Fig. 5. When IMT-2020 is located at (Lat, Lon),
the HASL X (Lat, Lon) of IMT-2020 is given as

X (Lat,Lon) = (1− s) (1− t)X (Lat0,Lon0)

+ (1− s) t X (Lat1,Lon0)

+s (1− t)X (Lat0,Lon1)

+t s X (Lat0,Lon1) , (6)

where s and t are given by

s =
Lon− Lon0
Lon1 − Lon0

, (7)

t =
Lat − Lat0
Lat1 − Lat0

. (8)

We calculate the HASL according to the position of IMT-
2020 distributed in the coverage area and remove the IMT-
2020 where the HASL is zero. Thus, we can perform more
accurate interference analysis by considering only the land
areas present within the coverage area of the satellite system.

C. IMT-2020 ANTENNA MODELING
In this paper, we assumed that the IMT-2020 used the
mmWave band we consider a potential IMT-2020 system
in mmWave band. The mmWave has a fatal disadvantage
for wireless communication: it has high straightness due
to the short wavelength, which is the cause of high path
loss and atmospheric loss. To compensate for these draw-
backs, IMT-2020 uses the advantage of antenna miniaturiza-
tion to improve the directivity between communication links
through three-dimensional beamforming technology using
multiple antenna arrays.

The transmitting antenna gain of the IMT-2020 is calcu-
lated as the sum of the antenna element gain and the beam-
forming gain. The antenna element gain is determined by
the azimuth and elevation angles between the antenna’s main
beam direction of IMT-2020 and that of the satellites and is
given by

AE (ϕ, θ)=GE,max−min
{
−
[
AE,H (ϕ)+AE,v (θ)

]
,Am

}
,

(9)

where GE,max is the maximum antenna element gain of IMT-
2020, AE,H (ϕ) and AE,V (θ) are the antenna radiation pat-
terns in the horizontal and vertical directions, respectively,
and Am is the front to back ratio of horizontal and vertical
parameters. AE,H (ϕ) and AE,V (θ) are expressed as

AE,H (ϕ) = −min

[
12
(
ϕ

ϕ3dB

)2

,Am

]
, (10)

AE,V (ϕ) = −min

[
12
(
θ − 90
θ3dB

)2

, SLAv

]
, (11)

where ϕ3 dB and θ3dB are the 3-dB beamwidths of the hori-
zontal and vertical patterns, respectively [6].

The antenna array of IMT-2020 is NH ×NV and the beam-
forming gain is calculated as

ABeam (ϕ, θ) = 10 log10

∣∣∣∣∣
NH∑
m=1

NV∑
n=1

wn,m · vn,m

∣∣∣∣∣
2 , (12)

where v is the superposition vector and w is the beamforming
weight. Here, v and w are represented as

vn,m

= exp

j · 2π
 (n− 1) ·

d
λ
· cos (θ)

+ (m− 1) ·
d
λ
· sin (θ) sin (ϕ)


 , (13)

Wn,m

=
1

√
NH · NV

× exp

j · 2π
(n− 1) ·

d
λ
· sin (θetilt)

−(m−1) ·
d
λ
· cos (θetilt) sin (ϕescan)


 ,
(14)

where d , λ, ϕi,escan and θi,etilt are the radiating element spac-
ing, wavelength, horizontal and vertical angles between the
antenna direction of IMT-2020 and the direction of beam-
forming [6].

Fig. 6 shows the single-element antenna pattern of IMT-
2020, and Fig. 7 shows the beamforming pattern of IMT-
2020 for 4× 4, 8× 8, and 16 × 16 antenna arrays. In Fig. 7,
as the number of antenna elements increases, higher antenna
directivity is obtained; the gain in the main beam direc-
tion increases, whereas the gain in the side lobes decreases.
Using (9)–(14), we calculate the transmitting antenna gain of
IMT-2020 to the satellite direction according to the antenna
and beamforming direction of the distributed IMT-2020.

III. PROPAGATION-LOSS MODEL
The total propagation loss between the IMT-2020 and the
satellite system is calculated by considering the losses due
to various propagation environments between the Earth and
space. The total propagation loss occurs when the interfering
signal of IMT-2020 reaches the satellite system is expressed
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FIGURE 6. Element antenna pattern of IMT-2020.

FIGURE 7. Beamforming pattern of IMT-2020 according to the antenna
array.

as

PLtotal = PLfree + Lclutter + Lbuilding + Aag
+LBS + Lpol + Lbody, (15)

where PLfree, Lclutter, Lbuilding, Aag, Lbs, Lpol, and Lbody are the
FSPL, clutter loss [26], building entry loss [27], attenuation
due to atmospheric gases [28], beam spread loss, polarization
loss, and body loss, respectively.

FIGURE 8. Clutter loss (f = 30 GHz).

A. FREE-SPACE PATH LOSS
FSPL is used to predict the strength of the received signal
in a line-of-sight (LOS) environment, where there are no
obstacles between the transmitting and receiving stations.
Because most of the paths from IMT-2020 to satellites are
free space, the total propagation loss is calculated by adding
the propagation loss from the Earth based on the FSPL. If the
distance is d km and the frequency is f GHz, it can be
expressed as

PLfree = 20 log10 (f · d)+ 92.45 [dB]. (16)

B. CLUTTER LOSS (ITU-R P.2108)
The ITU-R P.2108 [26] describes clutter as obstacles such as
ground buildings or vegetation. Normally, clutter close to the
receiving terminal has a strong influence on propagation, but
clutter distance is affected by the characteristics of the clutter
and the propagation parameters. P.2108 proposes a method
to calculate clutter loss in the ground path and the Earth-to-
space path for 10–100 GHz. In this paper, the clutter-loss
model that occurs in the Earth-to-space path is used. When
the elevation angle is θ in the path between IMT-2020 and
the satellite and the percentage of location does not exceed
p%, clutter loss is given by

Lclutter =
{
−93

(
f 0.175

) [
ln
(
1−

p
100

)]
·

cot
[
0.05

(
1−

θ

90

)
+
πθ

180

]}[0.5(90−θ)/90]
−1− 0.6Q−1

( p
100

)
[dB], (17)

where Q−1
( p
100

)
is the inverse complementary normal dis-

tribution function. Fig. 8 shows the clutter loss at 30 GHz
according to the elevation angle and percentage of the loca-
tion, where the clutter loss increases as the elevation angle
decreases and the percentage of the location increases. In this
study, θ is determined by the distribution of IMT-2020 and
the satellite position, and p assumes that all IMT-2020s have
random values between 0 and 100%.

C. BUILDING ENTRY LOSS (ITU-R P.2109)
If the IMT-2020 is deployed in an indoor environment, the
loss incurred as the signal passes through the building walls
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FIGURE 9. Building entry loss (f = 30 GHz).

should be considered. ITU-R P.2019 [27] provides a model
for building entry loss. In general, it is necessary to use
various building data, such as the wall thickness, the medium,
and so on, to calculate the building entry loss. However,
characterizing different types of buildings is not appropriate
for general applications, such as spectral sharing studies,
because it requires many data and computations. There-
fore, the P.2019 document proposed a model for calculating
probability-induced building penetration losses in the range
from 0.08 to 100 GHz, based on the measurement data col-
lected from Report ITU-R P.2346 [29], which is expressed as

Lbuilding=10 log10
(
100.1A(P)+100.1B(P) + 10−0.3

)
[dB],

(18)

where A(P) and B(P) are given as

A (P) = F−1 (P) σ1 + µ1

B (P) = F−1 (P) σ2 + µ2, (19)

where P and F−1(P) are the probability that a certain loss
is not exceeded (0 % < P < 100 %) and the inverse
cumulative normal distribution as a function of probability.
Furthermore, σ1, σ2, µ1, and µ2 are given in the ITU-R
P.2109 document and include the median loss for horizontal
paths, correction for the elevation angle of the path at the
building facade, and variables according to the building type.
Fig. 9 shows the building entry loss according to P and the
elevation angle when the frequency is 30 GHz. The building
entry loss is applied only to the IMT-2020 deployed in indoor
environments, and the building penetration loss is calculated
using a random P value between 0 and 100%.

D. ATTENUATION DUE TO ATMOSPHERIC
GASES (ITU-R P.619)
In (15), Aag stands for the attenuation due to absorption by
atmospheric gases such as oxygen, water vapor, and carbon
monoxide. The higher the frequency of the signal, the more it
is affected by atmospheric gases. In addition, the attenuation
increases as the path elevation angle decreases due to the
longer path in the atmosphere.

FIGURE 10. Attenuation by atmospheric gases.

ITU-R P.619 Attachment C to Annex 1 proposes a model
for power attenuation due to atmospheric gases [28]. This
model calculates atmospheric losses by considering various
variables, such as HASL, IMT-2020 antenna height, elevation
angle, water vapor volume, air pressure, and temperature.
Fig. 10 shows the attenuation due to absorption by atmo-
spheric gases according to the frequency and elevation angle
if the vapor density is 7.5 g/m3 and the altitude is 1 km above
sea level. This shows that the higher the frequency band and
the lower the elevation angle, the greater the attenuation of
the signal by atmospheric gases.

E. OTHER LOSSES
In addition to the four propagation losses described above,
we also considered beam spread loss, polarization loss, and
body loss. Beam spread loss Lbs is represented as

Lspread = ±10 log10(B), (20)

where B is given in [28] and depends on the value of the
elevation angle. Polarization loss Lpol and body loss Lbody
are assumed to be constants, and 3 dB and 4 dB are also
considered. In the case of Lpol, the same applies to all IMT-
2020s. However, Lbody only applies to the UEs because it
represents the loss of the UE signal passing through the
body [5].

IV. INTERFERENCE POWER CALCULATION
The interference power received by the satellite from the ith
IMT-2020 is calculated as follows:

Isingle,i = Pt,i + GIMT,i
(
φi, φi,scan, θi, θi,tilt

)
−PLtotal,i + GSS,i (ψ)− OTR, (21)

where Pt , GIMT, PLtotal, GSS, and OTR are the transmitting
power of the IMT-2020, transmitting antenna gain of IMT-
2020 introduced in Section II, total propagation loss intro-
duced in Section III, receiving antenna gain of the satellite,
and on-tune rejection (OTR), respectively.

We apply the power control algorithm of UE and the
unwanted emission pattern of IMT-2020 to determine Pt.
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We assumed a fixed maximum power of the BS. How-
ever, the UE adjusts its transmission power through a power
control algorithm according to the environment with the
serving BS [6]. The power control algorithm of UE is
given as

PUE=min
(
Pm, 10 log10 (MRB)+PRB+Fbal · CL

)
, (22)

where Pm is the maximum transmitting power of UE. MRB
and PRB are the number of allocated resource blocks (RBs)
and the transmitting power per RB, repsectively. Fbal is the
balancing factor for UEs with bad or good channels, and CL
is the coupling loss in dB for the UE from its serving BS,
given as [30]

CL = GBS + GUE − PLIMT, (23)

where GBS, GUE, and PLIMT are the receiving antenna’s
gain of BS, transmitting antenna’s gain of UE, and
path loss between BS and UE. Note that the antenna
gain in GBS and GUE indicates the antenna gain in the
communication link.

Because the IMT-2020 performs beamforming in the direc-
tion of the communicating system, the beamforming gain is
assumed to be maximum when calculating GBS and GUE.
PLIMT is calculated using the modeling document proposed
by 3rd generation partnership project (3GPP) [30]. This doc-
ument describes the physical layer modeling method of the
IMT-2020, and we determine the LOS or NLOS channel
stochastically according to the distance between the BS and
the UE and calculate the path loss accordingly.

In addition, if IMT-2020 and the satellite systems are
operated on the same channel, the satellite system receives
the complete interference from IMT-2020. However, if both
services operate on adjacent channels, we used the unwanted
emission mask of IMT-2020 to determine the transmitting
power of the IMT-2020 that the satellite system receives.
Therefore, we calculate the emission level of IMT-2020
according to the carrier frequency of IMT-2020 and the
frequency separation from the satellite system and applied
to Pt . IMT-2020’s unwanted emission mask depends on
IMT-2020’s service band and is presented in the ITU
Recommendation [5].

The antenna gain GSS received by the satellite is deter-
mined by the orbit, maximum gain, 3dB beamwidth, antenna
model of the satellite system, off-axis angle 9 between the
main beam direction of the satellite and IMT-2020, etc. ITU
proposed various satellite parameters and antenna models
for spectrum sharing research. Therefore, we calculate GSS
by applying the appropriate parameters and models, depend-
ing on the type of satellite that performs the interference
analysis. In the following section of this paper, we use the
proposed interference-analysis method to calculate the inter-
ference power received by the FSS satellite and the EESS
passive sensor. To calculate the GSS of the FSS satellite and
the EESS passive sensor, we adopted the parameters and
antenna model of the FSS satellite and the EESS passive

sensor proposed by ITU-R, and more details are described in
each chapter.

OTR is the rate of decrease in transmit power owing to
the difference between the bandwidth of the transmitting and
receiving system. When the receiver bandwidth is greater
than or equal to the transmitter bandwidth, the receiver
receives the transmission power of the transmitter completely.
In the opposite case, however, the transmit power is reduced
by the ratio of the transmitter bandwidth to the receiver band-
width, as the transmit power received outside the receiver’s
bandwidth is ignored. Therefore, OTR is expressed as (24)
when the transmitter bandwidth is BT , and receiver band-
width is BR [31], [32].

OTR =

 0, for BT ≤ BR

10 log10
BT
BR
, for BT > BR

(24)

We calculate the total received interference power by
aggregating all of the IMT-2020 individual interferences. The
interference is expressed as

Itotal = 10 log10

(∑NIMT

i=1
10(Isingle,i/10)

)
. (25)

V. INTERFERENCE ANALYSIS BETWEEN IMT-2020
AND SATELLITE SERVICES
In this section, we use the interference-analysis model pro-
posed earlier to perform interference analysis with existing
satellite services allocated to the same or adjacent bands
when IMT-2020 is serviced in a candidate band. IMT- 2020 is
modeled using the parameters in Table 3 and simulations are
performed by applying parameters and antenna patterns for
each satellite.

A. INTERFERENCE SCENARIO BETWEEN IMT-2020
AND FSS SATELLITE
FSS satellites always operate in a fixed position because they
move at the same speed as the Earth’s rotational speed. The
FSS uplink is currently allocated to the 24.25–27.5 GHz
band and the 81–86 GHz band, which is identical to the
candidate band of the IMT-2020. Therefore, in order for the
IMT-2020 to operate in the candidate band, it is necessary
to confirm that the FSS satellite is safe from interference
from the IMT-2020 to protect the existing allocated service.
FSS satellites are located at a high orbit. Therefore, they
have a large coverage area, so they receive the interfer-
ence power from the IMT-2020 in both urban and suburban
areas.

However, because we cannot distinguish between urban
and suburban areas, we assumed a uniform distribution in the
coverage area of the satellite after adding the total number
of IMT-2020s distributed in the urban and suburban areas.
Table 4 shows the parameters of the FSS satellites [33]. The
IMT-2020 and FSS satellites operate in the same band. There-
fore, when calculating the interference power, the satellite
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TABLE 3. IMT-2020 parameters [5].

TABLE 4. FSS satellite parameters [33].

receives the full interference power of the IMT-2020 with-
out attenuation of the transmission power by the unwanted
emission mask.

In (21), to calculate the interference power, GSS represents
the receiving antenna’s gain of the FSS satellite. We adopted

FIGURE 11. Antenna pattern of FSS satellites.

the antenna model of the FSS satellite proposed by the ITU-R
to calculate GSS, which is given by [34]

GSS (ψ)

=



Gmax − 3 (ψ/ψ0)
2 , (ψ0 ≤ ψ ≤ aψ0)

Gmax + L0, (aψ0 ≤ ψ ≤ bψ0)

Gmax + L0 + 20
−25 log (ψ/ψ0) , (bψ0 ≤ ψ ≤ ψ1)

0, (ψ1 ≤ ψ),

(26)

where Gmax, ψ0, ψ1, and Lo are the maximum gain in the
main lobe, 3-dB beamwidth, value of ψ when G(ψ ) in (26)
is equal to 0 dBi, and the required near-in-side-lobe lever (dB)
relative to the peak gain. a and b are given in the references
as constant values determined by Lo [33]. Fig. 11 shows the
antenna pattern of each satellite system according to the off-
axis angle. The antenna pattern for Carrier #18 satellites has
a higher maximum antenna gain and is sharper than other
antenna patterns. This is to compensate for the high propa-
gation loss caused by using higher frequency bands. When
performing the simulation, we assumed that all the satellites
were located at 9◦ E. furthermore, the main beam directions
are (50◦ E 45◦ N), (36.6◦ E 53.6◦ N), (50◦W10◦ S), and (75◦

E 45◦ N) for satellites operated in the 27-GHz band, and (50◦

E 45◦ N), (36.6◦ E 53.6◦ N), and (50◦W 10◦ S), for satellites
operated in the 81-GHz band.

Figs. 12 and 13 show the receiving antenna’s gain of
the satellite along the main beam direction of both satellite
systems. In these figures, the orbits of Carriers #06, #08,
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FIGURE 12. Receive antenna gain according to position and main lobe
direction of Carrier #06 satellite.

and #13 and satellites #08 and #13 have larger coverage areas
than that of Carrier #08. In this case, the number of IMT-
2020s is about 1,518,000 for the satellites of Carriers #06,

FIGURE 13. Receive antenna gain according to position and main lobe
direction of Carrier #18 satellite.

#08, and #13 and 980,000 for the Carrier #18 satellite. In addi-
tion, satellites operating in the 27-GHz band have a larger
footprint because the beamwidth is wider than that of Carrier
#18. However, Carrier #18 satellites have a higher maximum
antenna gain than satellites operating in the 27-GHz band.
Therefore, Carrier #18 satellites receive much more interfer-
ence in the footprint than satellites operating in the 27-GHz
band. The overall interference power is also highly dependent
on the interference received in the footprint.

After calculating the interference power received from
each IMT-2020, we calculate the cumulative interference
power received by a satellite according to (25) and compare
that with the protection criteria to determine the possibility
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FIGURE 14. IMT-2020 distribution when the sensor scans urban area.

FIGURE 15. Antenna pattern of EESS passive sensors.

of coexistence. According to the ITU-R document on pro-
tection criteria, the protection criteria for FSS satellite are
presented in the form of an interference-to-noise ratio (INR)
[35]. Therefore, the interference power allowance criterion of
the satellite system is expressed as

Ith = INRth + N , (27)

where N is the noise of the satellite and is given as

N = 10 log10 (k · T · BWV ) , (28)

where k , T , and BWV are the Boltzmann constant,
noise temperature, and bandwidth of the satellite system,
respectively.

B. INTERFERENCE SCENARIO BETWEEN IMT-2020
AND EESS PASSIVE
EESS is a wireless communication service defined in the
ITU-R and is one of the low-Earth orbit (LEO) satellites oper-
ating in orbit of about 800 km. Its main purpose is to monitor
the condition of the Earth and the atmosphere, and it carries
active and passive sensors. Among them, the passive sensor
is a receive-only service in which information is obtained
by the reception of radio waves of natural origin such as
terrain, air pressure, and temperature. It is very sensitive to
interference because it receives weak radio waves of natural
origin [36].

EESS passive service is currently allocated in the
23.6–24 GHz band, which is adjacent to the 24.25–27.5 GHz
band, one of the candidate bands of IMT-2020. Therefore,

FIGURE 16. Receive antenna gain of EESS passive sensor according to
main lobe direction.

we need interference analysis between IMT-2020 and EESS
passive to confirm whether EESS passive can be protected
from IMT-2020 operating in the adjacent channels.

In the case of EESS passive, it collects information
according to a certain path. Thus, it receives interference from
IMT-2020 deployed in various environments such as rural,

VOLUME 8, 2020 163629



Y. Cho et al.: Coexistence of 5G With Satellite Services in the Millimeter-Wave Band

FIGURE 17. INR CDF of FSS satellites.

suburban, and urban areas. We take this into account and cal-
culate the interference power that the passive sensor receives
from the IMT-2020when it scans the urban or suburban areas.

Fig. 14 shows the interference scenario when the pas-
sive sensor is aimed toward an urban area. The area
within 1000 km2 of the main beam position of the sensor
is assumed to be an urban area and the remaining area is a
suburban area. We set the residential area ratio Rb to 100% in
the urban area and 5% in the suburban area [22].

Table 5 shows the parameters of the EESS passive sen-
sor [37] and uses Tables 2 and 4 to calculate the interfer-
ence power received by the passive sensor in the same way
as is done in the FSS interference scenario. In this case,
we assumed that the main beam directions of the sensor
are directed toward Germany (6.88◦ E 50.5◦ N), the United
Kingdom (2.3◦ W 53.23◦ N), and the coastlines of Korea
(126.5◦ E, 34.5◦ N), respectively.

Because the EESS passive receives interference from the
IMT-2020 located in the adjacent channel, when calculat-
ing Pt in (21), it calculates the transmitting power of the
IMT-2020 that leaks into the frequency band of EESS pas-
sive, taking into account the unwanted emission mask of

TABLE 5. EESS passive sensor parameters [37].

IMT-2020. In this interference scenario, it is assumed that
IMT-2020 is serviced in the 24.25–27.5 GHz band, where the
unwanted emission level of IMT-2020 is shown in Table 5.
In addition, GSS in (21) refers to the gain of the receiving
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antenna of the EESS passive sensor and is given as [39]

Gss (ψ)

=



Gmax − 1.8× 10−3
(
D
λ
ψ

)2

,
(
0o≤ψ≤ψm

)
max(Gmax − 1.8×10−3

(
D
λ
ψ

)2

,

−5 log
(
D
λ

)
− 25 log (ψ)),

(
ψm<ψ ≤ 69o

)
−13−5 log

(
D
λ

)
,

(
69<ψ≤180o

)
,

(29)

where D and λ are the antenna diameter and wavelength [37].
Fig. 15 shows the antenna patterns of the sensors. Fig. 16

shows the antenna gain according to the sensor’s main beam
position. In Fig. 16, the sensors all have the same antenna gain
distribution because they have the same elevation angle at all
main beam positions. However, because the area removed by
using the map data is different, the antenna gain distribution
depends on the geographic coordinates that the sensor scans.
In addition, EESS passive has a small coverage area because
the EESS passive service operates at a lower altitude than the
FSS satellite.

VI. SIMULATION RESULTS
Our simulation is basically based on a Monte Carlo simula-
tion to consider the randomness of interference power. The
cumulative interference power received by a satellite system
is determined by various random variables such as the loca-
tion, environment, antenna direction, and beamforming direc-
tion of the IMT-2020 (main beam of a BS points a desired
UE, and vice versa). Therefore, whenever the simulation
result is repeated obtained by repeating a snapshot of IMT-
2020 network with randomness, the same scenario with the
Monte Carlo simulation method, new random variables are
set, and the a variation of the interference power received by
satellite for each simulation snapshot is analyzed with regard
to expressed as a cumulative distribution function (CDF).
The simulation results are then compared to the protection
criteria of each satellite system to suggest the possibility of
coexistence between the IMT-2020 and the satellite system.

A. RESULTS OF FSS INTERFERENCE SCENARIO
Fig. 17 shows the simulation results of the FSS interfer-
ence scenario. In this figure, the dotted line is the result of
considering only the footprint that was used in the existing
interference-analysis technique, and the solid line is the result
considering only the land area in the entire coverage area
by considering the satellite’s side lobe and terrain data as
proposed in this paper.

The simulation results show that for the main beam
directed to (36.6◦ E 53.6◦ N), Carrier #06 in the 27-GHz band
and Carrier #18 in the 81 GHz receives an additional interfer-
ence up to 5.3 dB and 7.9 dB, respectively. This means that
when calculating the interference received by satellites, not

FIGURE 18. INR CDF of a FSS satellite for various interference-receiving
area.

only the footprint but also the interference received from the
side lobes must be considered for a more accurate calculation.
In addition, the simulation results show that the interference
power received by the satellite from the IMT-2020 depends
on the main beam direction of the satellite. The lower the
satellite’s elevation angle, the more interference the satellite
receives. The reason for this is that the lower the satellite’s
elevation angle, the larger the footprint, and the lower the
elevation angle of the IMT-2020 distributed in the footprint,
which increases the satellite’s receiving antenna’s gain and
the IMT-2020’s transmitting antenna’s gain.

In addition, when the main beam is directed to (50◦ E,
45◦ N) in the Carrier #18 satellite, we can confirm that the
resulting graph is different from the results of other main
beam directions. The reason for this can be seen in Fig. 13.
The antenna pattern of Carrier #18 in Fig. 13 has a lower orbit,
narrower 3-dB beamwidth, and higher maximum antenna
gain than do the other satellites. Thus, Carrier #18 satel-
lites have a relatively narrower footprint than other satel-
lites, and the maximum antenna gain is higher, resulting in
a greater impact from interference received from the foot-
print. In Fig. 13(a), we can see that when the satellite’s
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FIGURE 19. CDF of received interference power of the EESS passive sensors. (BS: 8 × 8, UE: 4 × 4).

main beam is facing (50◦ E, 45◦ N), the satellite’s footprint
is cut off by the Caspian Sea, which is located near the
main beam location. Unlike other satellites, which cut off
only a portion of the footprint, Carrier #18 satellites have
a narrow footprint, so most footprints are excluded by the
Caspian Sea. Therefore, when the main beam is directed at
(50◦ E, 45◦ N) in Carrier #18, we can see that the interference
is smaller than that with the method considering only the
footprint using the interference-analysis model proposed in
this paper.

If we put all the simulation results together, satellites in
the 27-GHz band receive, on average, more interference
than Carrier #18 satellite due to the large coverage area and
footprint, and have a lower propagation loss when compared
to Carrier #18 satellite. However, the Carrier #18 satellite is
located in a low orbit, so it has a relatively low elevation
angle if it has the same main beam direction as the other
satellites. In addition, the antenna array of the IMT-2020 in
the 81–86-GHz band is larger than the antenna array of the
IMT-2020 in the 24.25–27.5-GHz band, increasing the trans-
mitting antenna’s gain of the IMT-2020. Therefore, in the

worst case, Carrier #18 satellite may receive more interfer-
ence than satellites in the 27-GHz band. Nevertheless, the
interference received by satellite systems at both 27 GHz and
81 GHz satisfy the satellite’s protection criteria of−12.2 dB.
Therefore, even if the IMT-2020 is serviced in the same band,
it can be seen that the FSS satellite is not significantly affected
by the interference of the IMT-2020.

In addition, Fig. 18 shows the INRCDF of Carrier #6 satel-
lite whose interference-receiving area is footprint, entire
coverage area, and the proposed map-based coverage area,
respectively. In Fig. 18, we performed the simulation under
the same conditions for all conditions except the main beam
direction of the satellite. In Fig. 18(a), the INR values are
clearly different for each receiving area, but in Fig. 18 (b),
there is no significant difference between the case of the entire
coverage area and the map-based coverage area. The reason
is that in Fig. 18(b), the map-based method removes only
the area for which the receiving antenna gain of the satellite
is low. Therefore, we confirm that a more accurate inter-
ference analysis is possible using the proposed map-based
approach.
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FIGURE 20. CDF of received interference power of the EESS passive sensors. (BS: 16 × 16, UE: 8 × 8).

B. RESULTS OF EESS PASSIVE INTERFERENCE
SCENARIO
Fig. 19 shows the simulation results of the EESS passive
interference scenario. To illustrate the worst-case scenario,
each sensor was assumed to have a minimum elevation
angle. In Fig. 19, (a) and (b) show the interference power
received when the main beam position of each sensor is in
the urban area, and (c) and (d) show the interference power
received when the main beam position of each sensor is in the
suburban area.

As a result of the simulation, when the main beam position
is directed toward Germany or the United Kingdom, the inter-
ference is increased compared to that only considering the
footprint in all scenarios, because it receives interference
from the side lobe as well as the footprint. However, if the
main beam position is directed toward the coastline of Korea,
sensors F3 and F5 show different results.

In the result of sensor F3, when the main beam position
is pointed toward Korea, the interference power received by
the sensor is higher than when only the footprint is taken

into account. However, sensor F5 does the opposite. The
reason for this is the difference in the antenna pattern of
the sensor. Sensor F3 has a small footprint because of its
narrow beamwidth. Therefore, even if the main beam position
is facing the shoreline, most footprints remain and additional
interference from side lobes is received, so it receives more
interference power than the result that considers only the
footprint. However, because sensor F5 has a wide beamwidth,
the footprint is large. Therefore, when themain beam position
faces the shoreline, most footprints are removed, resulting in
a significant decrease in the interference power received by
the sensor, which results in less interference than when the
result of the footprint is considered.

Additionally, (c) and (d) in Fig. 19 show the interference
power received by each sensor according to the main beam
position when the main beam position of the sensor is pointed
toward a suburban environment. In the suburban environment
interference scenario, each sensor receives less interference
than shown in (a) and (b) as a result of the urban environ-
ment scenario because the number of IMT-2020s deployed
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within 1000 km of the main beam location decreases by
0.05 times compared to the urban environment. As a result of
comparing the interference each sensor receives depending
on the urban environment, sensor F3 receives an average
of 13.6 dB and sensor F5 receives an average of 2.2 dB less
interference. For sensor F3, the maximum antenna gain is
high and the beam width is narrow. Thus, the interference
received from the IMT-2020 placed inside the footprint
accounts for a large part of the cumulative interference
power. Therefore, the cumulative interference power received
by sensor F3 varies greatly depending on the number of
IMT-2020s in the footprint. However, sensor F5 has a large
footprint due to its low antenna gain and wide beamwidth.
Therefore, unlike sensor F3, sensor F5 has a small difference
in the cumulative interference power received in urban and
suburban environments. Table 5 shows the probability of
meeting the protection criteria in each scenario using the
results of each simulation. In all scenarios, EESS passive sen-
sors have a high probability of failing to meet the protection
criteria.

Fig. 20 shows the cumulative interference power received
by the EESS passive sensor when the antenna array of BS and
UE is increased to 16× 16 and 8× 8, respectively. When the
number of antenna elements of the IMT-2020 increases, the
beamforming pattern of the IMT-2020 has higher directivity
and the side lobe gain decreases. Therefore, the interference
received by the sensor in all scenarios is reduced because the
transmit antenna gain in the direction of the sensor is reduced.
However, in urban area, F3 sensors still do not meet the
protection criteria in all scenarios, as shown in Fig. 20 (a), and
in F5 sensors are 84.2% (footprint), 54.4% (Germany), 62.2%
(UK), and 90.6% (Korea), respectively, for each scenario,
as shown in Fig. 20 (b). In addition, if the EESS passive
sensors scan the suburban area, the probability that the sensor
F3 meets the protection criteria is 91%, 72%, 72%, and
84.3%, respectively, and the sensor F5 is 91.6%, 68%, 74.8%,
and 95.3%, respectively. This satisfies the protection criteria
with a higher probability than the previous results but does not
guarantee the complete coexistence of IMT-2020 and EESS
passive.

VII. CONCLUSION
In this work, we proposed an interference-analysis modeling
method to check the coexistence of IMT-2020 and the existing
satellite services in the mmWave band in relation to the
IMT-2020 frequency-designation agenda. In addition, we per-
formed interference analysis and presented the coexistence
possibility of IMT-2020 and satellite services when IMT-
2020 is operated in the candidate bands using the proposed
methodology.

For accurate simulation, we modeled the IMT-2020 using
the modeling document proposed by ITU and distributed the
IMT-2020 with different environments in the entire coverage
area. Subsequently, IMT-2020 was sampled in consideration
of only the land area of the satellite’s entire coverage area
using map data, and interference analysis was performed

in consideration of the various kinds of propagation losses
occurring between the ground and space in the mmWave
band. Then, we verified the possibility of coexistence com-
pared with the protection criteria of each satellite system.

The simulation results show that the FSS satellite receives
interference from many IMT-2020s because it is located at a
high altitude. However, due to the high propagation loss and
protection criteria, the operation of the FSS satellite is not
affected, even when it operates in the same channel as the
IMT-2020 in both the 27–27.5 and 81–86 GHz bands.

However, the EESS passive sensor is so sensitive that the
low protection standards render it difficult to operate, even
if the IMT-2020 is serviced in adjacent bands. In particular,
when the main beam of the sensor is directed toward the
urban area, the interference of most passive sensors exceeds
the protection standard, which is a critical problem for the
EESS passive service operations. Therefore, to ensure the
coexistence of the two services, consideration should be given
to reducing the interference power of the IMT-2020, such
as additional frequency separation or interference mitigation
techniques.

The proposed interference-analysis method is not limited
to IMT-2020 and satellite systems, but can be extended to
various interference scenarios such as terrestrial network ser-
vices and aviation systems. Recently, satellite communication
technology utilizing low-orbit satellites has been develop-
ing rapidly, and LEO satellite-based mobile communication
services are expected to become common in 6th-generation
mobile communication. Our study can be applied to research
related to the construction of the ground-space integrated
communication network.
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