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Abstract 

This deliverable has been created as part of the work in the project 5G-ALLSTAR Work 
Package 3 (WP3) on Spectrum Sharing. It reports the findings of the interference analysis 
for terrestrial-satellite spectrum sharing by using different approaches for the co-channel in-
terference such as outage probability based, stochastic geometry-based, QuaDRiGa based 
and ray-tracing based, in addition to an interference analysis of the adjacent channel inter-
ference. Possible interference situations are described and certain situations are selected 
for the analyses. 
The selected interference situations can be further shortlisted based on the findings of this 
report, in order to increase the focus on the most severe cases for the following task of de-
signing interference mitigation techniques. 
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Executive Summary 
This deliverable presents the findings of the interference analysis for terrestrial-satellite spec-
trum sharing. It discusses possible interference situations and selects the most important cases 
for the analyses. In general, it can be differentiated between the interference that is caused by 
the non-terrestrial system onto the terrestrial system and the interference that is caused by the 
terrestrial system onto the non-terrestrial system. Further, the interference can be categorized 
into co-channel and adjacent channel interference. 

The analysis of co-channel interference is based on the channel models that were developed 
in the beginning of the project. In addition, an outage probability analysis and a stochastic ge-
ometry-based analysis was conducted. 

The theoretically derived outage probability analysis for the considered scenarios could be ver-
ified by simulations. The stochastic geometry-based analysis investigates the interference 
caused by terrestrial base stations (BSs) onto the satellite earth stations (SESs) based on an-
tenna orientation of the SES and the distance between these nodes. 

The ray-tracing based analysis investigates the impact of rain onto the interference at satellite 
UEs and cellular UEs caused by terrestrial BSs and satellites, respectively. In addition, the ge-
ometric-stochastic approach based on QuaDRiGa examines the interference situations also in 
two frequency bands that are currently envisaged for the deployment of a satellite 5G system, 
i.e. S-band and Ka-band. 

Finally, the adjacent channel interference analysis studies the need for additional signal pro-
cessing at the waveform level in order to mitigate interference at satellite UE caused by terres-
trial gNBs. 
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1 Introduction 
The introduction of spectrum sharing techniques between terrestrial and satellite systems re-
quires investigations in the interference that these systems cause to each other. In case of 
severe inference, mitigation strategies have to be put in place in order to support the 5G-ALL-
STAR vision of a mobile communication network that comprises a terrestrial radio access as 
well as a satellite radio access part.  

In Section 2, the report first discusses the interference situations that are considered in this 
project. Types of interferers and victims are introduced and the interference categorization into 
co-channel and adjacent channel interference is motivated. 

A small introduction about metrics commonly used in interference analyses is given in Section 
3, in addition to some more general assumptions in the context of non-terrestrial networks. 

The main part of the document (Section 4) focuses on the analysis of co-channel interference 
utilizing the channel models that were developed in the beginning of the project and are de-
scribed in [27]. Both developed models, i.e. the ray-tracing based channel model and the sto-
chastic geometry-based channel model (QuaDRiGa) are used for this purpose. In addition, the 
outage probability is analysed based on a theoretical approach. 

Finally, the adjacent channel interference is analysed in Section 5, assuming a Cyclic-Prefix 
Orthogonal Frequency Division Multiplexing (CP-OFDM) system considering the 5G New Radio 
(NR) numerology as well as 5G NR Modulation and Coding Schemes (MCSs). 
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2 Considered interference situations 

2.1 Interferer and victim types 

The interference of interest that shall be investigated occurs between satellite (i.e., non-terres-
trial) and cellular (i.e., terrestrial) communication systems. The satellite can be either Geosta-
tionary Earth Orbit (GEO) or Low Earth Orbit (LEO) satellites, summarized as follows: 

 GEO satellites are located in a geostationary orbit (at an altitude of 35,786 km in the 
equatorial plane), and are seen from the Earth as if they are fixed in a specific location 
in the sky since the angular velocities of the Earth’s self-rotation and the satellite match. 
Hence, there is no Doppler shift induced by the satellite motion. 

 LEO satellites rotate around the Earth at a much lower orbit (less than 2,000 km), and 
are seen to be moving fast from the Earth’s view (at an orbital period of a few hours) 
[5], leading to very high Doppler shift even for the stationary UE on the ground. The 
Doppler shift value depends on several factors: carrier frequency, Earth radius, satellite 
altitude, and satellite angular velocity. Due to the above effects, the interference from/to 
LEO is much more intense and dynamic compared to its GEO counterpart.  

 

The system consists of base stations (BSs), UEs, satellites (Sats) and Satellite Earth Stations 
(SESs). Possible interference situations are shown in the following table. 

 

Table 2-1: Considered interference cases 

 Interfering transmitter 
BS1 BS2 UE1 UE2 Sat1 Sat2 SES1 SES2 

re
ce

iv
e

r 
si

d
e 

BS1   
Figure 2-1b Figure 2-1d  

BS2   
UE1 

Figure 2-2b 
 Figure 2-1a 

Figure 2-1c  
UE2 Figure 2-2a  
Sat1 Figure 2-2d, 

Figure 2-5 
Figure 2-2c 

  
 

Sat2   
SES1 

Figure 2-3   
  

SES2   
 
Legend: Self-interference 

 
The first interference type is the satellite-to-cellular interference, i.e. interference from satellite 
devices to cellular devices. As shown in Figure 2-1, more specific classification is possible in 
terms of interferer and victim. The interferer can be either a satellite UE (a UE that is served by 
a satellite), as shown in Figure 2-1a and Figure 2-1b, or a satellite itself, as shown in Figure 
2-1c and Figure 2-1d. The victim can be either a cellular UE (a UE that is served by the terrestrial 
system), as shown in Figure 2-1a and Figure 2-1c, or a cellular gNB, as shown in Figure 2-1b 
and Figure 2-1d. Summarizing the above, there are four specific scenarios regarding the inter-
ference from the satellite link to the cellular link: 

 Interference from satellite UE to cellular UE is shown in Figure 2-1a. This scenario oc-
curs when the satellite link operates in the uplink direction while the cellular link oper-
ates in the downlink direction. The interference distance can be short, potentially lead-
ing to a significant impact to a cellular UE if the beam directions are aligned with each 
other. 
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 Interference from a satellite UE to a cellular gNB is depicted in Figure 2-1b. This sce-
nario occurs when both the satellite and cellular links operate in the uplink. The inter-
ference distance can be short, potentially causing a significant interference onto the 
cellular gNB. 

 Interference from satellite to cellular UE as depicted in Figure 2-1c. This scenario oc-
curs when both the satellite and cellular links operate in the downlink. Due to a much 
longer distance of the satellite link, it is expected that the interference experienced by 
the cellular UE will be not significant. 

 Interference from satellite to cellular gNB as depicted in Figure 2-1d. This scenario oc-
curs when the satellite link operates in the downlink direction while the cellular link op-
erates in the uplink direction. Similar to the above case, the interference will not be 
significant due to the much longer distance of the satellite link. 

 

 

Figure 2-1: Satellite-to-cellular interference scenarios: a) From satellite UE to cellular UE; b) 
From satellite UE to cellular gNB; c) From satellite to cellular UE; d) From satellite to cellular 

gNB 

 
The second type of the interference is the cellular-to-satellite interference, i.e. interference from 
cellular devices to satellite devices. In this case, the interferer can be either a cellular UE, as 
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shown in Figure 2-2a and Figure 2-2c, or a cellular gNB, as shown in Figure 2-2b and Figure 
2-2d. The victim can be either a satellite UE, as shown in Figure 2-2a and Figure 2-2b, or a 
satellite itself, as shown in Figure 2-2c and Figure 2-2d. Similar to the above satellite-to-cellular 
interference counterpart, there are four specific scenarios regarding the interference from the 
cellular link to the satellite link: 

 Interference from cellular UE to satellite UE as depicted in Figure 2-2a. This scenario 
occurs when the satellite link operates in the downlink direction while the cellular link 
operates in the uplink direction. A significant interference impact is expected due to the 
short distance of the interference link. 

 Interference from cellular gNB to satellite UE as depicted in Figure 2-2b. This scenario 
occurs when both the satellite and cellular links operate in the downlink directions. A 
significant interference impact is expected due to short distance between the interferer 
and the victim. 

 Interference from cellular UE to satellite as depicted in Figure 2-2c. This scenario oc-
curs when both the satellite and cellular links operates in the uplink directions. A less 
significant interference impact is expected due to the long distance of the interference 
link and the lower transmit power of the cellular UE. 

 Interference from cellular gNB to satellite as depicted in Figure 2-2d. This scenario oc-
curs when the satellite link operates in the uplink direction while the cellular link oper-
ates in the downlink direction. Due to very long interference link distance and the rela-
tively weak transmit power of the cellular gNB, the interference is expected to be much 
less significant. 
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Figure 2-2: Cellular-to-satellite interference scenarios: a) From cellular UE to satellite UE; b) 
From cellular gNB to satellite UE; c) From cellular UE to satellite; d) From cellular gNB to satel-

lite 

 
Figure 2-3 illustrates the spectrum sharing model consisting of a satellite and a terrestrial system, 
in which the satellite Earth station receives the desired signal from the satellite while being 
interfered by BSs. 
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Figure 2-3: Cellular-to-satellite Earth station interference scenario 

 

2.2 Co-channel and adjacent channel interference 

The interference situation can be categorized into co-channel interference and adjacent inter-
ference depending on the frequency location and bandwidth of each system, as shown in Figure 
2-4. 

 

Figure 2-4: Co-channel interference and adjacent interference 

 
Co-channel interference occurs in a situation where the different systems occupy the same 
portion of the spectrum. In a co-channel interference scenario, the signal reception within the 
overlapped spectrum is possibly deteriorated at both systems. This kind of interference is most 
of the time caused by undesirable sidelobes of the transmit or receive antennas. For example, 
co-channel interference from the terrestrial network onto the satellite system – Figure 2-2 d) –  
may be caused by undesired sidelobes of transmit gNB antennas, like illustrated in Figure 2-5 
left; and interference from the satellite network onto the cellular system – Figure 2-1 d) –  may 
be caused by undesired sidelobes of receive gNB antennas, like illustrated in Figure 2-5 right. 
 
 

주파수

시스템 B 시스템 C

동일 채널 간섭 인접 채널 간섭

System A

System B System C

Co-channel 
interference

Adjacent 
interference
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Figure 2-5: Illustration of interference due to undesirable side lobes of cellular antennas, [25]. 
Left: case of Figure 2-2 d); right: case of Figure 2-1 d). 

Co-channel interference may also be caused by a too low separation distance between the 
receiver and the interfering system. This may be the case for example in Figure 2-2 a) and b) 
where the satellite UE is too close to the cellular receiver, i.e. within the interfering main beam 
(see also Figure 4-3).  
 
Adjacent interference occurs in a situation where the spectrum of the different systems does 
not overlap but are located next to each other. The spectrum near the adjacent part will be 
affected by the adjacent interference. Hence, the smaller the guard band between both systems, 
the higher the spectral efficiency. 

 This kind of interference may occur when the satellite system shares the bandwidth with 
the terrestrial system in a coordinated way, i.e. spectrum holes are elaborated in the 
satellite band so that the terrestrial system benefits from these frequency resources. The 
width of the holes and their location may be decided by a resource management system, 
based on several elements like the required Quality of Service (QoS) of terrestrial and 
satellite users for example. 

 A similar situation may also be found in cognitive systems, where the terrestrial system 
opportunely takes advantage of portions of the band that are not used at a given time 
by the satellite system. 

 Carrier Aggregation (CA) may also be the source of adjacent channel interference, e.g. 
the spectrum between carriers may be used by another system, like shown in Figure 
2-6. 
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Figure 2-6: Carrier Aggregation in GEO Fixed Satellite Service (FSS) forward link, [28] 

 
Emissions in the adjacent bands can be reduced or nulled thanks to the use of analogue filter-
ing at the output of the RF chain. Nonetheless, in all the situations described above, the multi-
plicity of the bandwidths would require multiple filters, which is not feasible in practice. 
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3 Common interference metrics and assumptions 
The following list shall give an overview about commonly used metrics in the context of interfer-
ence analyses in general: 

 Signal-to-Noise Ratio (SNR or S/N): the ratio between the desired signal power and 
the noise power. 

 Carrier-to-Noise Ratio (CNR or C/R): the same as the SNR of a modulated signal 
before demodulation. Practically, for CNR the power of the desired signal is measured 
on the useful band whereas for SNR it is measured on the whole band. 

 Signal-to-Interference-and-Noise Ratio (SINR): the ratio between the desired signal 
power and the interference plus noise power. 

 Carrier-to-Noise-and-Interference Ratio (CNIR): the same as the SINR of a modu-
lated signal before demodulation. 

 Signal-to-Interference Ratio (SIR or S/I): the ratio between the desired signal power 
and the interference power. 

 Carrier-to-Interference Ratio (CIR or C/I): the same as the SIR of a modulated signal 
before demodulation. 

 Geometry Factor: The geometry factor (GF) is the lower bound for the instantaneous 
SINR. It does not consider the effects of fast-fading and possible gains of scheduling in 
the frequency domain. It is defined as the average power ratio of the serving node to 
the average power of all interfering nodes plus noise. 

 Outage probability: The probability that Signal to Noise Ratio (SNR) (for interference-
free case) or Signal to Interference plus Noise Ratio (SINR) (for interference-prone case) 
is less than a predefined threshold. An outage event can be interpreted as a communi-
cation not satisfying a specific QoS due to a degraded received signal quality [9]. 

 

Currently assumed performance requirements for satellite access based on ongoing discus-
sions in 3GPP’s Service and System Aspects (SA) working group 1 (SA1) are shown in Table 
3-1. These requirements shall give an idea on the expected performance of a satellite access 
based 5G NR system. Five Scenarios are considered, i.e. pedestrian, vehicular, airborne, sta-
tionary and stationary IoT. Noticeable are the high data rates for vehicular, airborne and sta-
tionary scenarios, which may be explained by the highly directive antennas that are envisaged 
for these cases. Interesting for interference analyses is probably the anticipated user densities 
as well as the activity factors. 
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Table 3-1: Performance requirements for satellite access, [26] 

Scenario 
Experi-

enced data 
rate (DL) 

Experi-
enced data 
rate (UL) 
(note 1) 

Area traffic 
capacity 

(DL) 

Area traf-
fic capac-

ity 
(UL) 

Overall user 
density  

Activity 
factor 

UE speed UE type 

Pedestrian 
(note 2) 

2 Mbps 250 kbps 3 Mbps/km2 375 
kbps/km2 100/km2 1.5% Pedestrians Handheld 

Vehicular 
connectivity 

50 Mbps 25 Mbps TBD TBD TBD 50% 
Up to 250 

km/h 
Vehicle 

mounted 
Airplanes 

connectivity 
(note 3) 

360 Mbps 180 Mbps TBD TBD TBD N/A 
Up to 1000 

km/h 
Airplane 
mounted 

Stationary 
(note 4) 

50 Mbps 25 Mbps 
50 Mbps 

/km2 
25 Mbps 

/km2 
20/km2 N/A Stationary 

Building 
mounted 

IoT connec-
tivity 

2 kbps 10 kbps 8 kbps/km2 
40 

kbps/km2 
400/km2 1% Stationary IoT 

Note 1: Area capacity is averaged over a satellite beam. 
Note 2: Data rates based on extreme long-range coverage in low density areas 
Note 3: Assumption is 120 users per plane and 20% activity factor per user 
Note 4: Assumption is 5 users per building and 20% activity factor per user 
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4 Co-channel interference analysis 
The co-channel interference will be analysed in the following subsections by using different 
approaches. The first approach analyses the outage probability due to interference from BSs 
onto satellite UEs. A stochastic geometry-based approach to analyse the interference from BSs 
onto the satellite Earth station follows. Based on the channel models that were developed in the 
beginning of the project, the last two subsections present the simulations based on the QuaD-
RiGa model and the ray-tracing model, respectively. 

4.1 Outage probability analysis 

The interference scenario depicted in Figure 2-2b is considered in the following. The satellite 
UE is deployed on a car driving on a road. The desired signal is the satellite downlink signal 
from the satellite and the interference is the terrestrial downlink signal from the gNB. 

Directional beamforming is assumed for both, satellite and terrestrial transmitter-receiver pairs, 
where a beam is formed with a directivity gain 𝐺 and a beamwidth 𝐵𝑊 in an arbitrary 3D direc-
tion at each transceiver. However, the specific directivity gain and beamwidth values are differ-
ent between satellite and terrestrial systems, namely 𝐺୲ୣ୰୰ and 𝐵𝑊୲ୣ୰୰ for terrestrial gNB/UE and 
𝐺ୱୟ୲ and 𝐵𝑊ୱୟ୲ for satellite UE, respectively. 

As a beam pattern model, a spatial filtering in form of a rectangular mask as defined in the 3GPP 
5G channel model is employed [1]. Assuming a boresight direction of 𝜙 = 0°, the antenna beam 
pattern is given by 

 𝐹(𝜙, 𝐵𝑊) = ൜
𝐺, |𝜙| ≤ 𝐵𝑊/2
0, otherwise.

  (4-1)

The above rectangular mask is depicted in Figure 4-1. 

 

 

Figure 4-1: Actual beam pattern (blue solid line) and its approximated model based on the rec-
tangular mask model (red dashed line) 

 
For large-scale fading, a standard path loss model is used with a path loss exponent 𝛼 > 2. The 
channel gains due to small-scale fading follow Nakagami-𝑚 fading, which can characterize the 
multi-path channel having both Line of Sight (LOS) and Non LOS (NLOS) components. Rayleigh 
fading (𝑚 = 1) and AWGN (𝑚 → ∞) are the two extreme cases. By carefully selecting the 𝑚 
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value, the fading characteristics of both satellite and terrestrial channels can be well character-
ized while keeping the analytical tractability. The corresponding channel power gain follows a 
Gamma distribution with the probability density function (PDF) [6]: 

 𝑓௫(𝑥) =


()
𝑥ିଵ𝑒ି௫.  (4-2)

The satellite and terrestrial gNB are assumed to transmit with a constant power 𝑃ୱୟ୲ and 𝑃୲ୣ୰୰, 
respectively [7], [8]. 

 

4.1.1 Interference condition 

Considering very high carrier frequencies, which is the case for mmWave bands, it is assumed 
that interference is effective if and only if there is a LOS link between the interfering transmitter 
and the interfered receiver and if their transmit and receive beams are aligned with each other, 
i.e., the interfering transmitter is located within the beamwidth of the receive beam and the in-
terfered receiver is located within the beamwidth of the transmit beam. 

Figure 4-2 shows the interference situation of a terrestrial gNB interferer and a satellite UE 
victim in top view. Assuming a GEO satellite, the satellite UE’s receive beam always points to 
the satellite in the horizontal plane. The terrestrial gNB’s transmit beam on the other hand points 
to a random direction in the horizontal plane. Hence, the satellite UE is only affected by the 
interferer that is located within the beamwidth of its receive beam and also points its transmit 
beam towards the satellite UE in the horizontal plane. 

Considering the above-mentioned factors, the probability that the satellite UE experiences in-
terference from the terrestrial gNB in the horizontal domain is given by: 

 Prob୧୬୲, =
𝐵𝑊୲ୣ୰୰

360°
⋅

𝐵𝑊ୱୟ୲

360°
 (4-3)

 

 

Figure 4-2: Terrestrial-to-satellite interference situation (Top view) 

 

Figure 4-3 shows the interference situation of a terrestrial gNB interferer and a satellite UE 
victim in side view. A car, equipped with the satellite UE, is assumed to be moving on a road. 
The elevation angle of the satellite from the car’s perspective is almost constant, due to the very 
large distance between the car and the GEO satellite and the relatively short distance covered 
by the car. Thus, the vertical direction of the receive beam of the satellite UE is always the same 
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regardless of the location of the car. On the other side, the terrestrial gNBs are fixed and point 
to a specific vertical direction. Hence, as the car moves, the satellite UE can be affected by the 
interference within a specific region (between 𝑙 and 𝑙ଵ in Figure 4-3) given that the interference 
condition in the horizontal domain is met. 

 

 

Figure 4-3: Terrestrial-to-satellite interference situation (Side view) 

 
The values of 𝑙 and 𝑙ଵ depend on the tilt angle 𝜃୲୧୪୲ of the terrestrial gNB, the elevation angle 
𝜃ୣ୪ୣ୴ of the satellite UE, and the height difference 𝛥 between the terrestrial gNB and satellite 
UE, as given by: 

 𝑙 =
𝛥

tan ቀ𝜃୲୧୪୲ +
𝐵𝑊୲ୣ୰୰

2
ቁ
 (4-4)

 
𝑙ଵ =

𝛥

tan ቀ𝜃ୣ୪ୣ୴ −
𝐵𝑊ୱୟ୲

2
ቁ
 (4-5)

Then, the probability that the satellite UE located at 𝑙 experiences interference from the terres-
trial gNB in the vertical domain is given by 

 Prob୧୬୲,௩ = Pr{𝑙 ≤ 𝑙 < 𝑙ଵ}. (4-6)

4.1.2 Outage probability 

Considering the above interference condition, the outage probability can be defined as 

 Prob୭୳୲ = E[Pr{𝑆𝑁𝑅 ≤ 𝑇} Pr{𝑙 < 𝑙, 𝑙 ≥ 𝑙ଵ} + Pr{𝑆𝐼𝑁𝑅 ≤ 𝑇} Pr{𝑙 ≤ 𝑙 < 𝑙ଵ}], (4-7)

where 𝑇 is the threshold for SNR or SINR. Meanwhile, the SNR and the SINR can be expressed 
as 
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 𝑆𝑁𝑅 =
ℎ𝑟ିఈ౩౪𝐺ୱୟ୲𝑃ୱୟ୲

𝑁
, (4-8) 

 𝑆𝐼𝑁𝑅 =
ℎ𝑟ିఈ౩౪𝐺ୱୟ୲𝑃ୱୟ୲

𝑔𝑙ିఈ౪౨౨𝐺୲ୣ୰୰𝑃୲ୣ୰୰ + 𝑁
, (4-9)

where ℎ and 𝑔 are channel power gains for the desired (i.e., satellite) and interference (i.e., 
terrestrial) links, respectively. 𝑁 is the noise power density. 𝑟 is the distance between the sat-
ellite and the satellite UE, which can be calculated according to [3] with: 

 𝑟 = ට𝑅ா
ଶ sinଶ 𝜃ୣ୪ୣ୴ + ℎ

ଶ + 2ℎ𝑅ா − 𝑅ா sin 𝜃ୣ୪ୣ୴. (4-10)

where 𝑅ா denotes the radius of the Earth and ℎ denotes the altitude of the satellite. 

 

The Nakagami fading parameters are assumed to be 𝑚 for the terrestrial link and 𝑛 for the sat-
ellite links, respectively. Then, the individual outage probability for the non-effective interference 
case in (4-7) yields 

 

Pr{𝑆𝑁𝑅 ≤ 𝑇} = Pr ൜ℎ ≤
𝑇𝑁𝑟ఈ౩౪

𝐺ୱୟ୲𝑃ୱୟ୲
ൠ 

=
𝛾 ൬𝑛,

𝑛𝑇𝑁𝑟ఈ౩౪

𝐺ୱୟ୲𝑃ୱୟ୲
൰

Γ(𝑛)
, 

(4-11) 

where 𝛾(⋅,⋅) denotes the incomplete Gamma function and Γ(⋅) denotes the Gamma function, 
respectively. Meanwhile, assuming interference-limited scenario (i.e., 𝑔𝑙ିఈ౪౨౨𝐺୲ୣ୰୰𝑃୲ୣ୰୰ ≫ 𝑁), 
the individual outage probability for the effective interference case in (4-7) can be rewritten as 

 Pr{𝑆𝐼𝑁𝑅 ≤ 𝑇} = Pr ൜
𝑔

ℎ
≥

𝑙ఈ౪౨౨𝐺ୱୟ୲𝑃ୱୟ୲

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰
ൠ. (4-12) 

 

After substitution of 𝑧 = 𝑔/ℎ, employing the property of the function of two random variables [10] 
and then using (3.326) of [11], the PDF yields 

 

𝑓௭(𝑧) = න 𝑦𝑓(𝑦𝑧, 𝑦)𝑑𝑦
ஶ



 

=
𝑚𝑛𝑧ିଵ

Γ(𝑚)Γ(𝑛)
න 𝑦ାିଵ𝑒ି(௭ା)௬𝑑𝑦

ஶ



 

=
Γ(𝑚 + 𝑛)𝑚

Γ(𝑚)Γ(𝑛)𝑛

𝑧ିଵ

ቀ1 +
𝑚
𝑛

𝑧ቁ
ା. 

(4-13) 

 

Then, (4-12) can be rewritten as 

 

Pr{𝑆𝐼𝑁𝑅 ≤ 𝑇} = Pr ൜𝑧 ≥
𝑙ఈ౪౨౨𝐺ୱୟ୲𝑃ୱୟ୲

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰
ൠ 

=
Γ(𝑚 + 𝑛)𝑚

Γ(𝑚)Γ(𝑛)𝑛
න

𝑧ିଵ

ቀ1 +
𝑚
𝑛

𝑧ቁ
ା 𝑑𝑧.

ஶ

ഀ౪౨౨ீ౩౪౩౪
்ഀ౩౪ ౪ீ౨౨౪౨౨

 
(4-14) 

 

The integration can be solved with the help of (3.194.2) in [11]: 
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Pr{𝑆𝐼𝑁𝑅 ≤ 𝑇} =
Γ(𝑚 + 𝑛)𝑛ିଵ

Γ(𝑚)Γ(𝑛)𝑚 ቆ
𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝑙ఈ౪౨౨𝐺ୱୟ୲𝑃ୱୟ୲
ቇ 

                                      × ଶ𝐹ଵ ቆ𝑚 + 𝑛, 𝑛; 1 + 𝑛; −
𝑛

𝑚

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝑙ఈ౪౨౨𝐺ୱୟ୲𝑃ୱୟ୲
ቇ, 

(4-15) 

where  ଶ𝐹ଵ(⋅,⋅;⋅;⋅) is the hypergeometric function [11]. 

 

Assuming 𝑙 is uniformly distributed between 0 and 𝐿, the outage probability in (4-7) can be ex-
pressed as 

 
Prob୭୳୲ = Pr{𝑆𝑁𝑅 ≤ 𝑇} ൬

𝑙 + 𝐿 − 𝑙ଵ

𝐿
൰

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
୰୭ୠ౫౪,బ

+ Prob୧୬୲, න Pr
భ

బ

{𝑆𝐼𝑁𝑅 ≤ 𝑇}𝑑𝑙
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ

୰୭ୠ౫౪,భ

. 
(4-16) 

 

The interference-free part of the outage probability Prob୭୳୲, can be obtained using (4-11): 

 Prob୭୳୲, = ൬
𝑙 + 𝐿 − 𝑙ଵ

𝐿
൰

𝛾 ൬𝑛,
𝑛𝑇𝑁𝑟ఈ౩౪

𝐺ୱୟ୲𝑃ୱୟ୲
൰

Γ(𝑛)
. (4-17) 

 

The interference-prone part of the outage probability Prob୭୳୲,ଵ is given by 

 

Prob୭୳୲,ଵ = Prob୧୬୲,

Γ(𝑚 + 𝑛)𝑛ିଵ

Γ(𝑚)Γ(𝑛)𝑚 ቆ
𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝐺ୱୟ୲𝑃ୱୟ୲
ቇ 

                       × න 𝑙ିఈ౪౨౨  ଶ𝐹ଵ ቆ𝑚 + 𝑛, 𝑛; 1 + 𝑛; −
𝑛

𝑚

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝑙ఈ౪౨౨𝐺ୱୟ୲𝑃ୱୟ୲
ቇ

భ

బ

𝑑𝑙. 
(4-18) 

 

Using the identity of ∫ 𝑥ఉିଵ 𝐹 ቀ൫𝑎൯; ൫𝑏൯; 𝑥ቁ 𝑑𝑥 =
௫ഁ

ఉ
 ାଵ𝐹ାଵ ቀ൫𝑎൯, 𝛽; ൫𝑏൯, 𝛽 + 1; 𝑥ቁ in [12], 

the closed-form expression of (4-18) can be obtained as 

 

Prob୭୳୲,ଵ = Prob୧୬୲,

Γ(𝑚 + 𝑛)𝑛ିଵ

Γ(𝑚)Γ(𝑛)𝑚

൬
𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝐺ୱୟ୲𝑃ୱୟ୲
൰

1 − 𝛼୲ୣ୰୰𝑛
 

      × 𝑙ଵ
ଵିఈ౪౨౨ ଷ𝐹ଶ ൬𝑚 + 𝑛, 𝑛, −

1 − 𝛼୲ୣ୰୰𝑛

𝛼୲ୣ୰୰

; 1 + 𝑛, 1 −
1 − 𝛼୲ୣ୰୰𝑛

𝛼୲ୣ୰୰

; −
𝑛

𝑚

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝐺ୱୟ୲𝑃ୱୟ୲

𝑙ଵ
ିఈ౪౨౨൰ 

        − 𝑙
ଵିఈ౪౨౨ ଷ𝐹ଶ ൬𝑚 + 𝑛, 𝑛, −

1 − 𝛼୲ୣ୰୰𝑛

𝛼୲ୣ୰୰

; 1 + 𝑛, 1 −
1 − 𝛼୲ୣ୰୰𝑛

𝛼୲ୣ୰୰

; −
𝑛

𝑚

𝑇𝑟ఈ౩౪𝐺୲ୣ୰୰𝑃୲ୣ୰୰

𝐺ୱୟ୲𝑃ୱୟ୲

𝑙
ିఈ౪౨౨൰൨. 

(4-19) 

 

4.1.3 Results 

The analysis done for finding outage probability of shared spectrum access between satellite 
and terrestrial networks is verified by simulation. For the analysis and simulation, the following 
parameters are assumed: 

 Altitude of GEO satellite: ℎ = 35786 km 

 Earth radius: 𝑅ா = 6371 km 

 Elevation angle: 𝜃ୣ୪ୣ୴ = 45° 

 Inter-site distance: 𝐿 = 0.1 km 
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 height difference between terrestrial gNB and satellite UE: 𝛥 = 23.5 m 

 Tilt angle: 𝜃୲୧୪୲ = 20° 

 Path-loss exponent: 𝛼ୱୟ୲ = 2.1, 𝛼୲ୣ୰୰ = 3 

 K-factor: 𝐾ୱୟ୲ = 10 dB, 𝐾୲ୣ୰୰ = 5 dB 

 Transmit power: 𝑃ୱୟ୲ = 20 W, 𝑃୲ୣ୰୰ = 0.1 W 

 Beamforming gain: 𝐺ୱୟ୲ି୲ = 58.5 dBi, 𝐺ୱୟ୲ି୳ୣ = 20 dBi, 𝐺୲ୣ୰୰ = 20 dBi 

 Beamwidth: 𝐵𝑊 = 30° 

The analysis and simulation results are depicted in Figure 4-4. For the simulation, 1,000,000 
iterations are carried out. It shows that the analysis and simulation results coincide each other. 
It is also observed that the existence of the interference yields higher outage probability espe-
cially in low SNR/SIR threshold region. 

 

 

Figure 4-4: Outage probability vs. SNR/SIR threshold 

 

4.2 Stochastic geometry-based analysis 

Stochastic geometry is a well-known study on the random spatial patterns in mathematics [13]. 
Since the stochastic geometry can represent the geometric correlation among randomly gener-
ated points in spatial domain, it has been widely used for analysing the performance of wireless 
communication networks by reflecting random location of base stations (BSs) and user equip-
ment (UEs), cell sectorization, antenna model, directional antennas, multiple antennas, hetero-
geneous cell-layout, path-loss characteristics, multi-user scheduling, shadowing effect, mobility, 
cooperative operation among BSs, etc [14], [15], [16], [17], [18], [19], [20], [21]. 

In addition, several studies on mutual interference between the terrestrial wireless network and 
the satellite system have been conducted, but they are based on deterministic geometry of BSs 
or UEs [22], [23]. This section provides the interference analysis framework based on stochastic 
geometry. The interference of interest is the one from the BSs to the satellite Earth station. 
Through the stochastic geometry-based analysis, statistical properties of mutual interference 
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between the satellite system and the terrestrial 5G systems can be analysed. 

4.2.1 Interference analysis 

In general, the stochastic geometry is used to analyse various performances of wireless network 
such as interference characteristics, throughput, and coverage probability, etc. Recently, vari-
ous communication scenarios have been investigated based on the stochastic geometry in 5G 
networks [14], [15], [16], [17], [18], [19], [20], [21]. 

1. Ultra-dense networks 

In heterogeneous ultra-dense networks, inter-cell interference is a major technical chal-
lenge. In the heterogeneous ultra-dense networks, a large number of BSs are expected 
to be deployed in a certain area and they have dissimilar characteristics in terms of 
deployment density, transmit power, antenna gain, multiple access technique, etc. It 
has been shown that the locations of heterogeneous BSs are well modelled with the 
stochastic geometry, and many attempts have been made for modelling, analysing, and 
simulating heterogeneous ultra-dense networks with stochastic geometry in literature 
[14]. 

2. mm-Wave bands 

In many countries, mm-Wave bands are used for hot spots or very high capacity mobile 
services in 5G. The channel characteristics of mm-Wave frequencies are significantly 
different from lower frequencies at around 700 MHz or around 3.5 GHz, although they 
are highly correlated in terms of their LOS/NLOS condition. In addition, the LOS and 
NLOS characteristics severely depend on distance and obstacles between the commu-
nication nodes. In general, massive multiple input multiple output (MIMO) and hybrid 
beamforming techniques are exploited to improve signal strength and mitigate interfer-
ence in mm-Wave bands. By considering the LOS/NLOS condition and beamforming 
techniques, the signal-to-interference-plus-noise (SINR) has been analysed based on 
the stochastic geometry [15]. In particular, the stochastic geometry-based coverage 
probability analysis has been evaluated by considering a realistic mm-Wave channel 
model, practical antenna radiation patterns, beamforming misalignment effect, etc. [16]. 

3. Directional antennas & hybrid beamforming techniques 

In 5G systems, both BS and UE are equipped with multiple antennas, and transmit and 
receive beamforming techniques are exploited. In particular, planar or linear antenna 
arrays are expected to be implemented at the BS and the UE, respectively, especially 
for mm-Wave bands. Therefore, 5G systems can be regarded as directional wireless 
networks where both transmitter and receiver operate with directional antennas (or 
equivalently directional beamforming techniques via multiple antennas). The directional 
antennas help increase signal strength and reduce interference at the same time. The 
directivity (or spatial domain selectivity) is defined either in two-dimensional or three-
dimensional space based on the geometry of the array antenna and the radiation pat-
terns of the individual antenna elements. The stochastic geometry with a simplified two-
dimensional antenna gain pattern was also used for modelling and analysing the per-
formance of such a directional wireless network, where the effect of beam misdirection 
or misalignment on performance including coverage and throughput was investigated 
as well [17]. 

4. Satellite & non-terrestrial networks 

To accommodate the explosively increasing number of wireless devices and data traffic, 
5G system is no longer limited to terrestrial networks and thus the integration between 
the conventional terrestrial cellular networks and non-terrestrial communication seg-
ments are being actively studied. For an important example, communication satellites 
can provide global coverage. In addition, they can connect remote communication 
nodes including airborne and seaborne platforms. Future Medium Earth Orbit (MEO) 



 

Document: H2020-EUK-815323/5G-ALLSTAR/D3.2 

Date: 31/12/2019 Security: Public 

Status: Draft Version: 0.1 

 

5G-ALLSTAR Public 18 
 

and LEO satellites are expected to provide improved communication capabilities with 
higher frequency reuse. Manned/unmanned aerial vehicles and drones will improve the 
terrestrial 5G network in terms of coverage, throughput, flexibility, etc. Recently, the 
stochastic geometry-based framework was also applied for analysing the performance 
of non-terrestrial networks [14], [18], [19], [20]. The conventional two-dimensional sto-
chastic geometry framework can only be used if the communication nodes are located 
at a relatively low altitude, ranging from a few meters to tens of meters. However, two-
dimensional stochastic geometry cannot be directly applied to the case where altitudes 
of aerial communication nodes range from several kilometres to more than 30,000 km. 
In this case, three-dimensional stochastic geometry models are required. Furthermore, 
the high altitude of the non-terrestrial communication nodes significantly affects the 
LOS probability of communication links and with that the corresponding interference 
analysis. 

4.2.2 Network model 

Let us consider a spectrum sharing scenario between the terrestrial 5G system and the satellite 
communication system. In the following, we focus on the downlink case for both systems and 
only consider the interference from the terrestrial 5G system (i.e., BSs) to a certain Satellite 
Earth Station (SES), as described in Figure 2-3. The interference from a corresponding satellite 
to the BSs indeed exists, but it can be neglected since the received signal power from the sat-
ellite is low and the antennas of the BSs are down-tilted in general. The stochastic geometry is 
used to analyse the aggregated interference at the SES. To be specific, the BSs are assumed 
to be located randomly according to a homogeneous Poisson point process (PPP) with density 
𝜆 in two-dimensional space (area). Figure 4-5 shows the location of BSs and the cell-boundaries, 
where 𝜆 is equal to 0.3/km2, 0.5/km2, and 1.0/km2, respectively. 

 

 

Figure 4-5: Location of BSs and cell-boundaries 

 

The SES is assumed to be located in the center of the two-dimensional area, 𝐴, and the cellular 
base stations are distributed according to PPP with the density of 𝜆 in the same area. In addition, 
if we set the circular exclusive zone with radius 𝑅ா around the satellite earth station, any BSs is 
located at least 𝑅ா radius away from the satellite earth station. Then, the area of the exclusion 
zone is given by 𝐴 = 𝜋𝑅

ଶ, and the resultant density of the BSs with exclusion zone is given by 

𝜆 =
ఒబ

(బିు)
. Figure 4-6 shows the network model consisting of the BSs with exclusion zone 

and the satellite earth station. 
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Figure 4-6: Location of the BSs with exclusion zone and the satellite earth station 

 

The height of the BSs is neglected for convenience since it does not significantly affect perfor-
mance in practice. The BSs are assumed to exploit azimuthal transmit beamforming techniques 
and thus the directional transmit beam pattern in azimuth angle domain is only considered for 
analysing the received interference at the satellite earth station. It is assumed that all BSs have 
the same ideal azimuth (horizontal) beamforming gain within the main-lobe beamwidth 𝜔େ, and 
its normalized azimuth gain is given as [17]: 

𝐺େ(𝜙) = ൝
𝑔ଵ,େ , if |𝜙| ≤

𝜔େ

2
𝑔ଶ,େ , otherwise

 

where 𝑔ଵ,େ and 𝑔ଶ,େ denote the gain of the main-lobe and the side-lobe of BSs, respectively, and 
ଵ

ଶగ
∫ 𝐺େ(𝜙)𝑑𝜙

గ

ିగ
= 1. 

𝑔ଵ,େ =
2𝜋 − 𝑔ଶ,େ(2𝜋 − 𝜔େ)

𝜔େ
 

On the other hand, the satellite earth station is typically equipped with a parabolic antenna and 
the receive antenna gain varies dynamically in three-dimensional space. In this document, how-
ever, we assume the receive antenna gain is given by [24] 

𝐺ୗ(𝜙, 𝜃) = ൝
𝑔ଵ,ୗ , if |𝜙| ≤

𝜔ୗ

2
 & |𝜃| ≤

𝜔ୗ

2
𝑔ଶ,ୗ , otherwise

 

where 𝜔ୗ denotes the beamwidth of the main-lobe, while 𝑔ଵ,ୗ denotes the constant antenna 
gain of the main-lobe 

𝑔ଵ,ୗ =
4𝜋 − 𝑔ଶ,ୗ ቀ𝐴ୱ୮୦ୣ୰ୣ − 𝐴ୱ୧ୢୣ(𝜔ୗ)ቁ

𝐴୫ୟ୧୬(𝜔ୗ)
 

and 𝑔ଶ,ୗ denotes the constant antenna gain of and side-lobe 
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𝑔ଶ,ୗ =
𝑃௦

𝐴ୱ୧ୢୣ(𝜔ୗ)
 

Further, 𝐴ୱ୮୦ୣ୰ୣ denotes the surface area of a sphere, while 𝐴୫ୟ୧୬(𝜔ௌ) and 𝐴ୱ୧ୢୣ(𝜔ௌ) denote 
the radiation area of main-lobe and side-lobe and depend on the beamwidth 𝜔ௌ. 

𝐴୫ୟ୧୬(𝜔ୗ) = න න sin 𝜙 𝑑𝜙𝑑𝜃
ఠ

థୀ

ఠ 

ఏୀ

 

𝐴ୱ୧ୢୣ(𝜔ୗ) = 𝐴ୱ୮୦ୣ୰ୣ − 𝐴୫ୟ୧୬(𝜔ୗ) 

The transmit antenna gain of the satellite is in general weaker than the receive antenna gain of 
the satellite earth station due to its large parabolic antenna, nonetheless we assume that the 
transmit antenna gain of the satellite is the same as the receive antenna gain of the satellite 
earth station, 𝐺ୗ(𝜙, 𝜃), for convenience. We assume that both, the satellite and the satellite 
earth station are perfectly aligned with each other. 

Now, we introduce the geometric relationship between the terrestrial BS and the satellite earth 
station in detail to analyse the interference at the satellite earth station from the BSs. Both, the 
BS and the satellite earth station have highly directional antennas and thus the interference 
significantly varies according to whether the beams are aligned with each other or not. The 
orientation of the transmit beamforming at BSs is determined by the location of the cellular UEs 
in two-dimensional space with the azimuth angle, while the orientation of the receive directional 
antenna at the satellite earth station is determined by the direction towards the satellite given in 
azimuth and elevation angle. Therefore, the geometrical relationship between the 𝑖-th BS and 
the satellite earth station is shown as Figure 4-7. 

 

 

Figure 4-7: Geometry between the BS and the SES 

 
In Figure 4-7, 𝜙,ୗ denotes the angle between the horizontal direction of the 𝑖-th BS towards the 
satellite earth station and the horizontal beam direction of the 𝑖-th BS, while 𝜙ୗ, denotes the 
angle between the horizontal direction of the satellite earth station towards the 𝑖-th BS and the 
horizontal beam direction of the satellite earth station. Both 𝜙,ୗ and 𝜙ୗ, are assumed to be 
uniformly distributed over [−𝜋, 𝜋]. In addition, 𝜃ୗ denotes the elevation angle of the receive di-
rectional antenna at the satellite earth station and it is assumed to be uniformly distributed over 
[0, 𝜋/2 ] as well. The distance between the 𝑖-th BS and the satellite earth station is given by 𝑑. 

The transmit beamforming gain of the BS is determined by the angle 𝜙,ୗ. On the other hand, 
the receive beamforming gain of the satellite earth station is determined by the azimuth angle 
𝜙ୗ, as well as the elevation angle 𝜃ୗ. Note that all the interferences from the BSs to the SES 
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will experience side-lobe antenna gain at the satellite earth station, 𝑔ଶ,ୗ, if 𝜃ୗ ≥ 
ఠ

ଶ
 is satisfied. 

Thus, the condition of signal reception through the main-lobe antenna gain at the satellite earth 
station is that the received signal arrives within both the azimuth angle range and the elevation 
angle range of the main-lobe antenna gain at the same time. 

Considering a GEO satellite located at an altitude ℎୗ of about 36,000 km, the distance 𝑑ୗ be-
tween the satellite and the satellite earth station for a given 𝜃ୗ is given by 

𝑑ୗ =
36,000

sin(𝜃ୗ)
. 

Figure 4-8 illustrates the spectrum sharing model consisting of the satellite and terrestrial cellu-
lar systems. 

 

 

Figure 4-8: Spectrum sharing model between satellite and terrestrial cellular systems 

The interference power from the 𝑖-th BS to the satellite earth station is given by 

𝐼,ୗ = 𝐺ୗ൫𝜙ୗ,, 𝜃൯𝑑
ିఈ𝐺େ൫𝜙,ୗ൯𝑃௧,େ 

where 𝛼 and 𝑃௧,େ denote the path-loss exponent and the transmit power of the BS, respectively. 
The received power of the desired signal of the satellite earth station is given by 

𝑃ୗ = 𝐺ୗ(0,0)𝑑ୗ
ିఈ𝐺ୗ(0,0)𝑃௧,ୗ = 𝑔ଵ,ୗ

ଶ 𝑑ୗ
ିఈ𝑃௧,ୗ, 

where 𝑃௧,ௌ denotes the transmit power of the satellite. Hence, the aggregated interference 
from the all BSs at the satellite earth station is given by 

𝐼ௌ =  𝐼,ୗ

∀

 

and the received signal-to-interference ratio (SIR) is given by 

SIR =
𝑃ୗ

𝐼ୗ
. 
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4.2.3 Results 

In this section, the simulation results are shown in terms of cumulative density function (CDF) 
of the aggregated interference and the expected interference at the satellite earth station. The 
SIR is inversely proportional to the aggregated interference assuming constant satellite trans-
mit power. The parameters used in simulations are summarized in Table 4-1. 
 

Table 4-1: System Parameters in Simulation 

Area of 2D ground (𝐴) 10 × 10 kmଶ 
BS density (𝜆) 0.5/kmଶ 

Radius of the exclusion zone (𝑅) 1km 
SES beamwidth (𝜔ୗ) 20∘ 
BS beamwidth (𝜔େ) 60∘ 

SES elevation angle (𝜃ୗ) 60∘ 
Satellite transmit power ൫𝑃௧,ୗ൯ 20W 

BS transmit power ൫𝑃௧,େ൯ 5W 
SES antenna side-lobe gain ൫𝑔ଶ,ୗ൯ 0.1 
BS antenna side-lobe gain ൫𝑔ଶ,େ൯ 0.1 

 

Figure 4-9 shows the CDF of the aggregated interference at the satellite earth station for differ-
ent values of 𝜃ୗ while 𝜔ௌ = 20∘. In the spectrum sharing scenarios, the elevation angle of the 
satellite earth station is one of the most important factors to affect the interference characteris-
tics. As noted before, the main lobe may be steered directly toward the BSs if the elevation 
angle of the satellite earth station is less than 𝜔ୗ/2. Thus, when 𝜃ୗ = 60∘ where the elevation 
angle of the satellite earth station is greater than 

ఠ

ଶ
, all the interference from the BSs arrives 

over the side lobe of the SES and the aggregated interference is relatively low. On the other 
hand, for 𝜃ୗ = 5∘, the interference from the BSs can be received over the main lobe or the side 
lobe of the SES according to orientation angles of both, the BSs and the SES, leading to a much 
larger resultant aggregated interference than in the case if the elevation angle of the satellite 
earth station is less than 𝜔ୗ/2. Figure 4-10 shows the expected interference at the satellite 
ground station according to the elevation angle. In this figure, the expected interference has a 
stepped tendency for varying the elevation angle of the SES. 

 



 

Document: H2020-EUK-815323/5G-ALLSTAR/D3.2 

Date: 31/12/2019 Security: Public 

Status: Draft Version: 0.1 

 

5G-ALLSTAR Public 23 
 

 

Figure 4-9: CDF of aggregated interference according to 𝜽𝐒 when 𝝎𝐒 = 𝟐𝟎∘ 

 

 

Figure 4-10: Expected interference according to 𝜽𝐒 when 𝝎𝐒 = 𝟐𝟎∘ 

 

Figure 4-11 shows the CDF of the aggregated interference at the satellite earth station accord-
ing to the radius of exclusion zone 𝑅. When the original BS density 𝜆 is fixed, i.e., 𝜆 = 0.5/kmଶ, 
the adjusted densities 𝜆  due to exclusion zone become 0.504/kmଶ , 0.516/kmଶ , and 
0.572/kmଶ if 𝑅 = 500m, 1000m, and 2000m, respectively. As expected, the aggregated inter-
ference decreases as the exclusion zone becomes larger. Figure 4-12 shows the expected ag-
gregated interference according to the radius of exclusion zone. The exclusion zone-based in-
terference management can be an effective solution. 
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Figure 4-11: CDF of aggregated interference according to 𝑹𝐄 

 

 

Figure 4-12: Expected interference according to 𝜽𝐒 

 

Figure 4-13 shows the CDF of aggregated interference at the satellite earth station according 
to the BS density, i.e., 𝜆 = 0.3/kmଶ, 0.5/kmଶ, and 0.7/kmଶ. As expected, the aggregated inter-
ference at the satellite earth station increases, as the BS density increases. 
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Figure 4-13: CDF of aggregated interference according to 𝝀 

 

Figure 4-14 shows the CDF of the aggregated interference at the satellite earth station accord-
ing to the BS beamwidth, i.e., 𝜔େ = 80∘, 60∘, and 40∘. As 𝜔େ becomes smaller, the variance of 
the interference at the satellite earth station increases, which implies the interference from the 
BSs with narrow beam varies dynamically according to whether the interference at the satellite 
earth station from a certain BS is sent by main lobe beam or by side lobe beam. 

 

 

Figure 4-14: CDF of aggregated interference according to 𝝎𝐂 
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4.3 QuaDRiGa based analysis 

The aim of 5G-ALLSTAR, besides implementing a radio propagation model for LEO and GEO 
satellites, is to support coexistence simulations between terrestrial and satellite systems. This 
is especially important for the 5G era, where the Ka-band (26.5 – 40 GHz) might be partially 
used by terrestrial mobile radio communication systems. Hence, it is important to study the 
impact that the terrestrial usage of this band has on the satellite systems and vice-versa. 

4.3.1 Simulation assumptions 

For the space segment, two configurations are considered: one in GEO and one in LEO. The 
orbital parameters are chosen in a way that, seen from Earth, the satellite elevation angle for 
GEO is at about 45 degree and for LEO at about 90 degree. This approach has been suggested 
in 3GPP TR 38.821 [4]. For this, the origin on the local coordinate system is placed in the center 
of Spain at -5 deg latitude and 38.85 deg longitude. An overview of all satellite parameters is 
given in Table 4-2. 

 

Table 4-2: Satellite parameters for stochastic simulations 

Satellite orbit GEO LEO 

Satellite altitude 35’786 km 600 km 

Orbit inclination 0 deg 63.4 deg 

Longitude of the ascending node 0 deg -28.8 deg 

Argument of periapsis 0 deg 44.55 deg 

True anomaly -5 deg 0 deg 

Orbital period 24 hours 1 hour 37 minutes 

Earth tangential plane origin -5 deg latitude, 38.85 deg longitude 

 

The satellite creates a hexagonal grid of 19 beams using a reflector antenna with 19 feeds. The 
terrestrial network is placed in the center beam, whereas the surrounding 18 satellite beams 
cause interference to both. Here, we consider frequency reuse 1. The satellite beam configura-
tion for S-band and Ka-band are shown in tables Table 4-3 and Table 4-4, respectively. Note 
that a carrier frequency of 25 GHz was chosen to simplify the simulations for uplink at 30 GHz 
and downlink at 20 GHz according to the assumptions by 3GPP [4]. 

 

Table 4-3: Satellite beam parameters for S-band simulations 

Satellite orbit GEO LEO 

Carrier frequency 2 GHz, 30 MHz bandwidth 

Satellite antenna aperture radius 11 m 1 m 

Satellite antenna gain 51 dBi 30 dBi 

3dB beamwidth 0.4011 deg 4.4127 deg 

Satellite beam diameter on Earth 250 km 50 km 

Satellite elevation angle 45 deg 90 deg 

Satellite EIRP density 59 dBW/MHz 34 dBW/MHz 

Satellite Tx power 190 W (52.8 dBm) 75 W (48.8 dBm) 
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Polarization RHCP RHCP 

UE location Outdoor LOS and NLOS 

UE antenna configuration Handheld 

 

Table 4-4: Satellite beam parameters for Ka-band simulations 

Satellite orbit GEO LEO 

Carrier frequency 25 GHz, 400 MHz bandwidth 

Satellite antenna aperture radius 2.5 m 0.25 m 

Satellite antenna gain 58.5 dBi 38.5 dBi 

3 dB beamwidth 0.1765 deg 1.7647 deg 

Satellite beam diameter on Earth 110 km 20 km 

Satellite elevation angle 45 deg 90 deg 

Satellite EIRP density 40 dBW/MHz 4 dBW/MHz 

Satellite Tx power 5.65 W (37.5 dBm) 0.15 W (21.5 dBm) 

Polarization RHCP RHCP 

UE location Outdoor LOS only 

UE antenna configuration VSAT 

 

The terrestrial network consists of 57 cells within the central satellite beam. Terrestrial cells are 
assumed adjacent to each other. Two cases are distinguished in the way the satellite beam 
covers the cluster of terrestrial cells depending on the relative positions of the satellite and the 
ground area containing the cluster of terrestrial cells. Note that in any case, within the beam 
footprint (the spot) UEs are under different elevation angles, from 10° to 90°. 

 

GEO - Central beam boresight direction com-
puted based on 45 degree elevation angle target 

LEO - Central beam center is considered at nadir 
point, i.e. directly below the satellite. 

  

Figure 4-15: Satellite beam bore sight direction definition 

 

The rationale behind the cell layout is the impact of the inter-cell interference. Terrestrial com-
munication systems are inherently interference limited due to the isotropic antenna patterns at 
the UE. For this reason, beamforming techniques (either by tilted BS antennas or by precoding 
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techniques at the BS) are used to minimize the interference caused by other BSs in the radio 
link. To capture and evaluate the impact of the interference, a cell layout consisting of a hexag-
onal grid with 19 sites is chosen. The UEs are placed only within the central area, which is 
covered by the first ring of BSs. The outer ring provides a realistic interference scenario. Two 
sets of parameters are chosen for the terrestrial network as listed in Table 4-5. For the S-band, 
we assume a typical urban-macrocell deployment with 500 m inter-site distance and 25 m BS 
height. For the Ka-band, we assume an urban-microcell deployment with 200 m inter-site dis-
tance and 10 m BS height. In both cases, UEs are assumed to be handheld devices with linear 
polarized omnidirectional antennas. However, for the Ka-band, we assume that the UEs must 
have a LOS connection to their serving BS, whereas in S-band, LOS and NLOS links are con-
sidered. 

 

Table 4-5: Terrestrials network parameters 

Satellite orbit  S-band (UMa)  Ka-band (UMi) 

Carrier frequency 2 GHz 25 GHz 

Bandwidth 30 MHz 400 MHz 

Cell layout Hexagonal grid, 19 sites, 3 sectors per site 

Inter-site distance 500 m 200 m 

BS antenna height 25 m 10 m 

BS antenna configurations 10 stacked elements, 0.5 lambda spacing, fixed beam 

BS antenna gain 17.3 dBi 17.3 dBi 

BS antenna electrical downtilt 12 deg 12 deg 

BS Tx power 25.1 W (44 dBm) 3.2 W (35 dBm) 

Polarization Linear : +/-45°X-pol Linear : +/-45°X-pol 

UE location Outdoor LOS and NLOS Outdoor LOS only 

UE antenna configuration Handheld Handheld 

 

We consider two configurations for the UE antenna: one for direct access to the UE which is 
used by all terrestrial links and satellite links in S-band (Handheld) and one for satellite access 
using a very small aperture terminal (VSAT) in Ka-band. The UE characteristics are listed in 
Table 4-6. 
 

Table 4-6: UE characteristics 

UE Type Handheld 

S-band / Ka-band 

VSAT 

Ka-band (UMi) 

Carrier frequency 2 GHz / 25 GHz 25 GHz 

Antenna type and configuration Dual-polarized omnidirec-
tional antenna elements 

Directional reflector antenna-
with 60 cm equivalent aper-

ture diameter 

Polarisation Linear : +/-45°X-pol RHCP 

Antenna gain 0 dBi per element 39.7 dBi 

Antenna temperature 290 K 150 K 

Noise figure 7 dB 1.2 dB 
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Tx transmit power 0.2 W (23 dBm) 2 W (33 dBm) 

 

4.3.2 Evaluation Metrics 

When several transmitters use the same time and frequency resources, they create interference. 
A receiver will not only receive the signal from its serving transmitter but also signals from other 
interfering devices as well. The correct prediction of the signal strength is therefore an important 
criterion for channel models. The geometry factor (GF) is the lower bound for the instantaneous 
SINR. It does not consider the effects of fast-fading and possible gains of scheduling in the 
frequency domain. It is defined as the average power ratio of the serving BS to the average 
power of all interfering BSs plus noise. 

𝐺𝐹 =  
𝑃[௦]

𝑃[௦] + 𝑃[௧]
. 

Due to handover, the UE is always assigned to the serving transmitter with the highest received 
power in its class (e.g. a cellular UE can only connect to BSs). The average received signal 
power is calculated as 

𝑃[௦] = 𝑃[௧௫] +  
1

𝑛௧
∙   ห𝑔,௧,ห

ଶ


ୀଵ



௧ୀଵ

ೝ

ୀଵ

, 

where 𝑟, 𝑡 and 𝑙 are the indices of the receive antenna element, the transmit antenna element, 
and the multipath-component, respectively. 𝑃[௧௫] is the total average transmit power of the serv-
ing gNB or satellite beam. The antenna gains are not calibrated out of the data since they have 
a tremendous influence on the GF. The thermal noise power 𝑃[௦] is calculated in dBm as 

𝑃[௦]
ୢ୫ =  −174 + 10 ∙ logଵ 𝐵 + NF , 

where B is the bandwidth in Hz and NF is the noise figure. 

 

4.3.3 Simulation steps 

In order to evaluate all 8 interference scenarios listed in Section 2.1, simulations are set-up in 
the following way: 

1. Generation of the cellular network 

The terrestrial network consists of 19 base-stations, each having 3 sectors. The resulting 
57 cells are assumed adjacent to each other. The BS antenna has a gain of 17.3 dBi 
and is electrically tilted by 12 degree. The intersite distance is set to 500 m in S-band 
and 200 m in Ka-band. No additional beamforming is assumed. The geometry of the 
terrestrial system in S-band is shown in Figure 4-16, where the GF in dB is shown as a 
background image. We assume that no frequency reuse (frequency reuse factor equals 
one) is applied. Hence, there is significant interference from other cells. 

2. Generation of the satellite network 

Two satellites are placed in orbit using the parameters from Table 4-2. The elevation 
target is set to 45 degree for GEO and 90 degree for LEO. The antenna characteristics 
are set as described in Table 4-3 and Table 4-4. Figure 4-17 shows the network geom-
etry for the GEO setup in Ka-band. Note that satellite cells are much larger (110 km 
diameter in the figure) compared to terrestrial cells. Hence, the entire terrestrial network 
fits into the center blue dot in Figure 4-17. Similar geometries are achieved for the other 
satellite network types but with different beam diameters. 

3. Interfering UEs 
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The UEs on the ground can either communicate with the terrestrial network (cellular UE), 
the GEO satellite (GEO UE) or the LEO satellite (LEO UE) or they cause interference. 
In order to estimate the interference caused by these UEs, we need to make assump-
tions about their placement, orientation and resource allocation. For the sake of simplic-
ity, we randomly place 300 interfering UEs into the center ring of BSs as shown by the 
blue dots in Figure 4-16. These UEs are subdivided into the 3 classes: 100 cellular UEs, 
100 GEO UEs and 100 LEO UEs. In S-band, they are all equipped with handheld an-
tennas having omnidirectional antennas. Hence, their orientation is unimportant. How-
ever, in Ka-band, the GEO and LEO UEs use VSAT antennas pointed towards the sat-
ellite. Each UE uses the full bandwidth (30 MHz in S-band or 400 MHz in Ka-band) and 
transmits with full power. The effects of different traffic patterns and resource allocation 
schemes such as scheduling are not considered here and might be subject to further 
study. 

4. Receiving UEs 

600 UEs are randomly placed into the center ring of the terrestrial BSs as receivers. As 
for the interfering UEs, these are divided into cellular UEs, GEO UEs and LEO UEs. 
Additional 19 receivers are collocated with the BSs. These are for calculating the inter-
ference levels seen at the BSs. They have 6 antennas in a dual-polarized set-up resem-
bling a 3-sector configuration.  

5. Scenario assignment 

Each link gets assigned a scenario as listed in Table 4-7. 
 

Table 4-7: Scenario Assignment for QuaDRiGa simulations 

Node A Node B Band Scenario 

Satellite UE S 5G-ALLSTAR D3.1 Suburban LOS and NLOS, [27] 

Satellite UE Ka 5G-ALLSTAR D3.1 Suburban LOS, [27] 

Satellite gNB S / Ka Free space 

gNB UE S 3GPP UMa LOS and NLOS, [1] 

gNB UE Ka 3GPP UMi LOS, [1] 

UE UE S / Ka QuaDRiGa UD2D LOS and NLOS 

 

The results are presented and discussed in Section 4.3.4. 
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Figure 4-16: Terrestrial Network Geometry in S-band 

 

 

Figure 4-17: GEO Satellite Network Geometry in Ka-band 
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4.3.4 Results 

This section presents the results for the eight interference scenarios introduced in Section 2.1. 
Simulations are done for the two frequency bands: S-band and Ka-band and for two satellite 
types, one in GEO and one in LEO. The simulation assumptions are described in Section 4.3.1. 

The first step was to estimate the achievable SNR taking into account the transmit power, trans-
mit antenna gain, orientation, path loss, receive antenna gain and noise figure for each combi-
nation of transmitter and receiver. The median values are listed in Table 4-8 for the S-band and 
in Table 4-9 for the Ka-band. Median values were chosen since the values can be easily con-
verted from dB to linear scale while keeping their meaning as opposed to mean values. Values 
highlighted in bold font are for the intended link. Values in green indicate a “good” combination 
of parameters (i.e. high serving link budget, low interference), values in red indicate the opposite. 

Table 4-8: Median SNR (dB) in S band 

Transmitter Receiver 

 Cell. gNB GEO Sat. LEO Sat. Cell. UE GEO UE LEO UE 

Cell. gNB - -5 -25 42 42 42 

GEO Sat. -22 - - 6 6 6 

LEO Sat. -26 - - 17 17 17 

Cell. UE 21 -18 -3 - 50 50 

GEO UE 21 -18 -3 50 - 50 

LEO UE 21 -18 -3 50 50 - 

 

In the S-band, all UEs are equipped with omnidirectional antennas, i.e. there is no gain in certain 
directions. This can be seen in Table 4-8, where all 3 UE types experience the same SNR for a 
selected transmitter type. The gNB has a 17.3 dBi antenna gain, 44 dBm transmit power and 
500 m inter-site distance (ISD). This combination achieves a median SNR of 42 dB at the UEs. 
This seems to be too high for practical purposes. The interference experienced by the satellite 
UEs is enormous. They could establish a link with the satellite (at 6 dB SNR for GEO and 17 dB 
for LEO), but only if there were no BSs or UEs using the same frequency band. In the uplink, 
the missing antenna gain of the satellite UEs combined with the 23 dBm transmit power for 
handheld UEs leads to a negative SNR when the UEs use the full bandwidth, especially for 
GEO UEs.  

Table 4-9: Median SNR (dB) in Ka-band 

Transmitter Receiver 

 Cell. gNB GEO Sat. LEO Sat. Cell. UE GEO UE LEO UE 

Cell. gNB - -40 -59 28 -6 0 

GEO Sat. -62 - - -36 9 -114 

LEO Sat. -78 - - -36 -128 10 

Cell. UE 16 -44 -29 - -10 -13 

GEO UE -14 4 -117 0 - -84 

LEO UE -8 -119 21 -9 -86 - 

 

In Ka-band, the satellite UEs use directional antennas with 39.7 dBi gain pointed towards the 
satellite. This significantly reduces the interference levels. Satellite UEs can significantly reduce 
the interference from gNBs but this might still not be sufficient considering the lower transmit 
power at the satellite compared to the terrestrial network.  
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In the following, results for the 8 interference scenarios are presented and discussed. An over-
view is given in Table 4-10 for the S-band and Table 4-11 for the Ka-band. The tables list the 
median values and the 10% quantile (Q10) of the empirical CDF, i.e. the minimum value that 
the worst 10% of the UEs have to cope with. Interference is caused by the communication 
system itself and by an additional external interferer. If the external interferer is “off”, the GF is 
calculated for interference within the same system only, i.e. cellular UEs experience interference 
from other cellular gNBs. If the external interferer is “on”, the additional interference is added, 
i.e. cellular UEs experience interference from other cellular gNBs and from satellite UEs using 
the same frequency band. Hence, external interference will always lead to a lower GF. 
 

Table 4-10: Geometry Factors (dB) in S band 

    GEO (Med) LEO (Med) GEO (Q10) LEO (Q10) 

Scen. Rx Tx Interferer off on off on off on off on 

1a Cell UE Cell gNB Sat UE 3.8 -6.1 3.8 -8.8 -2.0 -25.4 -2.0 -25.1 

1b Cell gNB Cell UE Sat UE -4.8 -25.1 -4.8 -25.1 -24.2 -43.3 -24.2 -41.8 

1c Cell UE Cell gNB Satellite 3.8 3.8 3.8 3.8 -2.0 -2.0 -2.0 -2.0 

1d Cell gNB Cell UE Satellite -4.8 -4.8 -4.8 -5.8 -24.2 -24.2 -24.2 -24.2 

2a Sat UE Satellite Cell UE 10.2 -46.9 14.8 -33.8 7.4 -60.3 13.8 -43.8 

2b Sat UE Satellite Cell gNB 10.2 -38.1 14.8 -26.8 7.4 -60.4 13.8 -45.9 

2c Satellite Sat UE Cell UE -18.3 -24.3 -3.5 -23.4 -20.4 -26.3 -5.1 -25.1 

2d Satellite Sat UE Cell gNB -18.3 -19.5 -3.5 -3.5 -20.4 -21.6 -5.1 -5.2 

 

Table 4-11: Geometry Factors (dB) in Ka-band 

    GEO (Med) LEO (Med) GEO (Q10) LEO (Q10) 

Scen. Rx Tx Interferer off on off on off on off on 

1a Cell UE Cell gNB Sat UE 3.4 3.1 3.4 3.1 -1.6 -2.1 -1.6 -2.2 

1b Cell gNB Cell UE Sat UE 3.2 -0.9 3.2 -5.8 -4.3 -11.9 -4.3 -19.6 

1c Cell UE Cell gNB Satellite 3.4 3.4 3.4 3.4 -1.6 -1.6 -1.6 -1.6 

1d Cell gNB Cell UE Satellite 3.2 3.2 3.2 3.2 -4.5 -4.5 -4.5 -4.5 

2a Sat UE Satellite Cell UE 7.8 6.0 8.7 7.2 4.2 -3.0 5.8 -3.7 

2b Sat UE Satellite Cell gNB 7.8 5.2 8.7 5.1 4.2 -4.5 5.8 -15.6 

2c Satellite Sat UE Cell UE 4.0 4.0 21.2 19.9 0.0 0.0 17.8 16.4 

2d Satellite Sat UE Cell gNB 4.0 4.0 21.2 21.2 0.0 0.0 17.8 17.8 

 

Case 1a - From satellite UE to cellular UE 

The cellular gNB serves the cellular UE in the downlink. Satellite UE use the same frequency 
band for their uplink communication towards the satellite. This causes interference at the cellular 
UE. The empirical CDF of the geometry factor in this case are shown in Figure 4-18.  

The S-band UEs use omnidirectional antennas. Hence, they radiate their signals in all directions 
causing massive distortions for nearby cellular UEs. The GF drops from a median value of 3.8 
dB to -6.1 dB when satellite UEs are active. Cellular UE most likely will not be able to tolerate 
this interference. In the Ka-band, satellite UEs use directional VSAR antennas with 39.7 dBi 
gain. They are pointed directly towards the satellite. The interference caused for the cellular 
UEs is minimal. 
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Figure 4-18: Geometry factor CDF for case 1a - satellite UE to cellular UE 

 

Case 1b - From satellite UE to cellular gNB 

The cellular UE transmits towards the cellular gNB in the uplink. For the calculation of the GF, 
we assume that the UE uses the whole bandwidth in the uplink. This is not realistic for LTE or 
5G deployments where a more sophisticated resource allocation scheme is used. The interfer-
ence of neighbouring terrestrial cells is estimated by using the average power of all UEs as-
signed to this cell. Satellite UE use the same frequency band for their uplink communication 
towards the satellite. This causes additional interference at the cellular gNB. We assume that 
100 satellite UEs transmit with full power at the same time. 

 

 

Figure 4-19: Geometry factor CDF for case 1b - satellite UE to cellular gNB 

 

In the S-band, the cellular system achieves a median GF of only -4.8 dB without interference 
from satellite UEs. This is not a realistic value since in practice, we need to account for the fact 
that UEs use a much smaller uplink bandwidth and hence achieve a better power-spectral den-
sity. Further studies need to take this into account. For more realistic results, we also need to 
consider that inter-cell optimization is done to reduce the interference levels from neighbouring 
cells. However, when adding uncoordinated interference from 100 satellite handheld UEs, we 
can observe a 20 dB lower GF compared to the standalone cellular system. 
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In Ka-band, the shorter range of the terrestrial communication system improves the situation for 
standalone terrestrial communication, leading to a similar GF as in the downlink. However, sat-
ellite UEs create significant interference despite their directional antennas. This might come 
from the fact, that the BSs are at an elevated position and that significant energy from the sat-
ellite UEs feeds into the high-gain BS antennas. 

Case 1c - From satellite to cellular UE 

This case considers interference from the satellite at the cellular UE. However, there is none. 
The satellite signals are too weak compared to the signal received from the cellular gNB to have 
any impact on the cellular network performance. 

 

 

Figure 4-20: Geometry factor CDF for case 1c - satellite to cellular UE 

 
Case 1d - From satellite to cellular gNB 

Similar to case 1c, this case considers the interference of the satellite signal on the uplink trans-
mission in the cellular system. As for the downlink, there is no significant impact on the cellular 
network. 

 

 

Figure 4-21: Geometry factor CDF for case 1d - satellite to cellular gNB 

 
Case 2a - From cellular UE to satellite UE 

The satellite serves the satellite UE in the downlink. The satellite signals are very weak. Without 
terrestrial interference, all satellite links have a GF above 4 dB with median values around 10 
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dB in S-band and 8 dB in Ka-band. Cellular UEs use the same frequency band for their uplink 
communication towards the gNB. This causes interference at the satellite UE. 

 

 

Figure 4-22: Geometry factor CDF for case 2a - cellular UE to satellite UE 

 

The S-band UEs use omnidirectional antennas. Hence, they radiate their signals in all directions 
causing massive distortions for nearby satellite UEs. The GF drops from a median value of 10 
dB to -46 dB (GEO) when satellite UEs are active. Satellite UEs will not be able to tolerate this 
interference. In the Ka-band, satellite UEs use directional VSAT antennas with 39.7 dBi gain. 
They are pointed directly towards the satellite. For most UEs, the interference caused by ter-
restrial handheld UEs is tolerable. However, there are some UEs that suffer significantly. 10% 
of the UEs experience a GF drop of 7 dB or more. 

 
Case 2b - From cellular gNB to satellite UE 

The satellite serves the satellite UE in the downlink. Cellular gNBs use the same frequency 
band for their downlink communication towards the handheld UEs. The situation is similar to the 
one in case 2a: S-band UEs are not able to tolerate the interference at all. Their GF drops by 
more than 40 dB. In the Ka-band, the situation is improved by the directional VSAT antennas 
that are pointed towards the satellite. However, the cellular gNB are at an elevated position, 
directing their signals towards the handheld UEs on the ground. This leads to a significant drop 
in performance for roughly 40% of the Ka-band satellite UEs. The situation is slightly better for 
LEO UEs which point their antennas straight up. 
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Figure 4-23: Geometry factor CDF for case 2b - From cellular gNB to satellite UE 

 

Case 2c - From cellular UE to satellite 

The satellite UE transmits towards the satellite in the uplink. For the calculation of the GF, we 
assume that the UE uses the whole bandwidth in the uplink and only one UE is active at any 
time. There is no interference from UEs in neighbouring satellite beams since the simulation 
layout does not consider this. However, the satellite GF in Figure 4-17 indicates the uplink GF 
should have values of up to 10 dB when UEs are in the center of the beam. This is similar to 
downlink SNR.  

In the S-band, handheld UEs have no antenna gain and their transmit power is limited to 23 
dBm. That leads to extremely poor performance with an average interference-free GF of only -
18 dB for GEO UEs and -3 dB for LEO. Additional interference from cellular UEs lowers these 
values to around -25 dB. Establishing a communication link under these conditions will be chal-
lenging. In the Ka-band, the situation is much better. The 39.7 dBi gain of the VSAT antenna 
combined with the 33 dBm transmit power leads to a stable uplink connection. The antenna 
gain also combats the interference from the cellular UEs efficiently. 

 
 

 

Figure 4-24: Geometry factor CDF for case 2c - cellular UE to satellite 

 
Case 2d - From cellular gNB to satellite 

In the last case, the satellite UE transmits towards the satellite in the uplink and interference is 
caused by terrestrial gNBs communicating with the handheld UEs in the downlink. The same 
performance limitations apply in the S-band as describes in case 2c. However, since the gNB 
uses directional antennas pointed towards the ground, little interference is experienced by the 
satellite. However, this might not be the case when very low elevation angles are considered as 
well. 
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Figure 4-25: Geometry factor CDF for case 2d - cellular gNB to satellite 

 

4.4 Ray-tracing-based analysis 

4.4.1 Simulation assumptions 

For the ray-tracing based approach, we consider the interference at the UE side in two environ-
ments, i.e. urban and highway, both located in Seoul, Korea. The carrier frequency for both 
systems, terrestrial and satellite, is set to 22.6 GHz with a bandwidth of 1 GHz. 

For urban scenario, the Tx is placed on top of a building at a height of 25 m. For the highway 
scenario, the Tx is placed on a traffic light at a height of 10 m. As shown in Figure 4-26, the Rx 
is placed on top of a bus at a height of 3.2 m (bus height: 3 m) located 0.1 m from the rear. The 
travel distance of the bus is 500 m for both, urban and highway scenarios. The bus is assumed 
to be served by the terrestrial system and hence considered as cellular UE. 

 

 

Figure 4-26: Rx location at a bus for terrestrial system 

 
In addition to the cellular UE, a second UE in form of an SUV is placed in the scene. The com-
munication scenario and the travel track are the same as for the bus. The SUV is assumed to 
be served by a satellite, making it a satellite UE. As a realistic example we assume Koreasat 6 
as the serving satellite. Koreasat 6 is a GEO satellite, positioned at 116 ∘ E 35786 km above 
the equator. The distance from the satellite to the target area in Seoul is approximately 37470 
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km. As shown in Figure 4-27, the Rx is mounted on top of it at a height of 2.4 m (SUV height: 
1.75 m) located 1.48 m from the rear. 

 

 

Figure 4-27: Rx location at an SUV for satellite service 

 
Table 4-12 and Table 4-13 describe the scenario configurations for the assumed terrestrial and 
satellite systems. The communication scenarios for both systems are almost the same. The 
main differences are the locations of the Tx and the selected antennas for Tx and Rx. The ray-
tracer considers the direct path, as well as reflected, scattered, diffracted, and refracted paths. 
 

Table 4-12: Scenario configuration for terrestrial system 

Frequency 22.1 – 23.1 GHz 

Bandwidth 1 GHz 

Antenna Directional antenna 

Tx 

Power 20 dBm 

Maximum antenna gain 16 dBi 

Antenna beamwidth 20 degrees 

Height 
Urban scenario 25 m 

Highway scenario 10 m 

Rx 

Maximum antenna gain 22 dBi 

Antenna beamwidth 20 degrees 

Height 3.2 m 

Travel distance for urban scenario 500 m 

Travel distance for highway scenario 500 m 

V2I path 
D1: Rx on the Lane 3 (4-lane urban street) 

D2: Rx on the Lane 5 (8-lane highway) 

Vehicle type Bus Shown in Figure 4-26 
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Table 4-13: Scenario configuration for satellite link 

Frequency 22.1 – 23.1 GHz 

Bandwidth 1 GHz 

Antenna Directional antenna 

Tx 

Power 40.6 dBm 

Maximum antenna gain 53 dBi 

Antenna beamwidth 1 degree 

Approximate distance to Rx 37469.3 km 

Rx 

Maximum antenna gain 32 dBi 

Antenna beamwidth 3 degrees 

Height 2.4 m 

Travel distance for urban scenario 500 m 

Travel distance for highway scenario 500 m 

V2I path 
D1: Rx on the Lane 3 (4-lane urban street) 

D2: Rx on the Lane 5 (8-lane highway) 

Vehicle type SUV Shown in Figure 4-27  

 

Frequency reuse and interference are a set of indivisible themes. Due to the fact that the ter-
restrial and the satellite system use the same spectrum in this task, co-channel interference 
exists between the satellite network and the terrestrial network. Co-channel interference means 
the carrier frequencies of the desired signal and the interference signal are the same and are 
received by the receiver without discrimination, which increases the difficulty in detecting the 
desired signal. 

 

 

Figure 4-28: Co-channel interference situations in urban and highway scenarios: a) BS-to-satel-
lite UE interference; b) Satellite-to-cellular UE interference 

 
Based on the simulation, two kinds of co-channel interference situations in urban and highway 
scenarios need to be considered, as presented in Figure 4-28, where (a) represents the inter-
ference from the terrestrial system to the satellite system and (b) represents the interference 
from the satellite system to the terrestrial system. The 4 cases are summarized in Table 4-14 
for clarity. 
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Table 4-14: Co-channel interference analysis cases 

Scenario Carrier Interference 

Seoul urban1 
SA2SaUE BS2SaUE 
BS2VeUE SA2VeUE 

Highway 
SA2SaUE BS2SaUE 
BS2VeUE SA2VeUE 

 

4.4.2 Results 

The carrier-to-interference ratio (C/I) is the quotient between the carrier received power and 
interference received power, as defined in Section 3. The results of C/I for all the interference 
cases defined in Table 4-14 are shown in Figure 4-29 and Figure 4-30. 

 

 

Figure 4-29: Cellular interference to the satellite system 

 

Figure 4-29 shows the C/I CDF of the considered interference cases. The red dotted lines rep-
resent the minimum C/I in rainy day. The blue solid lines represent the C/I in the sunny day. 
Since the rain attenuation of the satellite link is more significant, the C/I will increase as the rain 
attenuation decreases. 
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Figure 4-30: Satellite interference to the terrestrial system 

 

However, when treating the terrestrial system downlink as the carrier and the satellite downlink 
as interference, then the influence of rain attenuation on the interfering link is much greater than 
that on the carrier. As shown in Figure 4-30, the C/I will decrease as the rain attenuation dimin-
ishing. 

Comparing Figure 4-29 and Figure 4-30, following conclusions can be drawn: when treating the 
satellite downlink as the carrier and the terrestrial system downlink as the interference, the C/I 
is often less than 0 dB (as shown in Figure 4-29). When the terrestrial system downlink is the 
carrier and the satellite downlink is the interference, the C/I is basically larger than 20 dB (as 
shown in Figure 4-30). This indicates that the satellite downlink has almost no impact on the 
terrestrial system downlink, but the interference of the terrestrial system downlink on the satellite 
downlink is significant. Therefore, it seems most beneficial to develop interference mitigation 
techniques for reducing the impact of the link from BSs to satellite UEs. 
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5 Adjacent channel interference analysis 
In this section, the adjacent channel interference scenario is considered, see Figure 2-4: inter-
ference of system B on system C. As most of the interference is concentrated in the edges of 
the spectrum, the most impacting factor is the out-of-band rejection capability of the waveform: 
the performance of Cyclic Prefix OFDM (CP-OFDM) in this context are assessed. 

More specifically, case c) of Figure 2-1, gNB to satellite UE interference is studied. This case is 
of major interest, as demonstrated in Figure 5-1, extracted from [27]: the power received at the 
satellite UE from the gNB (the interference) is much higher than the power received from the 
satellite. 

 

 

Figure 5-1: Received power at the satellite UE, highway (left) and urban (right) scenarios, [27] 

 
Based on [27] the parameters of the simulation are derived, see Table 5-2: 

 The waveform is CP-OFDM; the goal of this study is to assess the performance of this 
waveform in a context of spectrum sharing without any filtering stage. CP-OFDM will be 
compared to waveforms using filtering techniques in deliverable 3.3. 

 The carrier frequency, 22.5 GHz, is consistent with the simulations from [27]. 

 The terrestrial system uses numerology 2; for the satellite system numerologies 2 and 3 
are assessed. For each 5G NR numerology, the inter-carrier spacing ∆𝒇, the OFDM 
symbol duration 𝑇௨

µ, the cyclic prefix duration 𝑇
µ  and the number of slots per frame 

 𝑁௦௧
,ఓ

 are recalled in Table 5-1.  

Table 5-1: 5G NR numerologies 

𝝁 
∆𝒇 

[𝒌𝑯𝒛] 
𝑻𝒖

µ  
[𝝁𝒔] 

𝑻𝑪𝑷
µ

 𝒏𝒐𝒓𝒎𝒂𝒍 [𝝁𝒔]  

𝒍 = {𝟎, 𝟕 · 𝟐𝝁}* 𝒍 ≠ {𝟎, 𝟕 · 𝟐𝝁}* 𝑵𝒔𝒍𝒐𝒕
𝒇𝒓𝒂𝒎𝒆,𝝁 

0 15 66.66 5.21 4.69 10 
1 30 33.33 2.86 2.34 20 
2 60 16.66 1.69 1.17 40 
3 120 8.33 1.11 0.59 80 
4 240 4.16 0.81 0.29 160 

* 𝑙 is the OFDM symbol number in a subframe (1 ms). 

 In adjacent channel systems, the interference is maximal on the spectrum edges; we 
can therefore expect the performance to vary with the width of the bandwidth. The per-
formance are then evaluated with two bandwidths, see Figure 5-2: 15.36 MHz and 30.72 
MHz. 

 The terrestrial Modulation and Coding Scheme (MCS) is #22 (64-QAM rate 666/1024). 
A range of MCS are assessed for the satellite system, the most robust MCSs for the 
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urban scenario are #2 (QPSK 193/1024) and #5 (QPSK 379/1024); and #5, #10 (16-
QAM 340/1024) and up to #15 (16-QAM 616/1024) for the highway scenario. 

 The guard band, see Figure 5-2, ranges from 0 kHz to 960 kHz. 

 In order to reflect the differences between the terrestrial and the satellite received pow-
ers (see Figure 5-1), the parameter ΔP, see Figure 5-2, is set to {45, 10, 5, 0} dB. 

 The channel models reflect the simulated environments: 

o For the highway scenario, the terrestrial channel model is TDL-D 100 as defined 
in [1], and the satellite channel model is Vehicular Open Rural with a K-Factor of 
20 dB. The receiver speed is 110 km/h (the Doppler is simulated based on the 
sum of sinusoids method). 

o For the urban scenario, the terrestrial channel model is TDL-B 100 as defined in 
[1], and the satellite channel model is Vehicular Quasi-Open Rural with a K-Fac-
tor of 8 dB. The receiver speed is 50 km/h (the Doppler is simulated based on 
the sum of sinusoids method). 

 

 

Figure 5-2: Simulated scenario and parameters 
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Table 5-2: Adjacent channel interference parameters 

Parameter Highway Urban 

Waveform CP-OFDM 

Fc 22.5 GHz 

µ satellite {2,3} 

µ cellular 2 

Satellite bandwidth {15.36, 30.72} MHz 

Cellular bandwidth {15.36, 30.72} MHz 

MCS satellite {15, 10, 5}* {5, 2}* 

MCS cellular 22* 

Guard band {0,60,120,240,480,960} kHz 

Cellular on Satellite 
received power ΔP 

{45,10,5,0} dB 

Channel satellite Veh. open rural 
K=20 dB 

Veh. quasi-open rural 
K=8 dB 

Channel cellular TDL-D 100** TDL-B 100** 

Speed 110 km/h 50 km/h 
* MCS 2: QPSK 193/1024; MCS 5: QPSK 379/1024; MCS 10: 16-QAM 340/1024; MCS 15: 16-QAM 

616/1024; MCS 22: 64-QAM 666/1024 
** 3GPP TR 38.901 V14.2.0 (2017-09), [1] 

 

5.1 Evaluation metrics 

Two metrics are used for performance assessment: the Packet Error Rate (PER) at the satellite 
receiver and the throughput loss due to guard bands. The PER is defined as the ratio between 
the number of correctly decoded slots on the total number of transmitted slots. The numbers of 
slots per frame are recalled in Table 5-1. Due to the long Round Trip Time (RTT) in satellite 
systems, the retransmission of badly decoded packets using Hybrid Automatic Repeat Request 
(HARQ) may be not always possible. The PER at the first (and unique) transmission must there-
fore be very low. In this study we set the target PER to 10-3. 

5.2 Results 

For performance assessment, the Carrier to Noise Ratio (CNR) required to reach the target 
PER is first measured, without interference. Then the PER with interference for the same CNR 
is assessed, for different values of the guard band, and for different interfering received powers. 
The interference is simulated on both sides of the satellite spectrum, see Figure 5-2. 

5.2.1 Highway 

The performance in the highway scenario, see Table 5-2, are evaluated in this section. The 
CNRs required for reaching the target PER without interference are given in Table 5-3. 

 Whatever the numerology and the MCS, the required CNR is lower for the 30.72 MHz 
bandwidth than for the 15.36 MHz bandwidth (between 1.35 and 0.2 dB). This is due to 
the fact that the code word is twice as long in the former case than in the latter (therefore 
performance are better). 

 Whatever the bandwidth and the MCS, the required CNR for numerology 2 is a bit lower 
than for numerology 3 (between 0.75 and 0.1 dB): similarly to the previous case, the 
code word is twice as long for numerology 2 than for numerology 3. 
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Table 5-3: Required CNR for reaching target PER without interference, highway scenario 

MCS µ Bandwidth (MHz) CNR (dB) 

15 
2 15.36 19 

30.72 18.8 

3 15.36 19.8 
30.72 18.9 

10 
2 15.36 15.35 

30.72 14 

3 15.36 15.5 
30.72 14.7 

5 
2 15.36 10.25 

30.72 9.85 

3 15.36 11 
30.72 10.4 

 

Figure 5-3 shows the performance for MCS15, for 15.36 MHz (on the left) and 30.72 MHz (on 
the right) bandwidths. Even with a huge guard band (980 kHz), if the interferer received power 
is 10 dB (or more) higher than the satellite received power, the performance is dramatically 
affected (PER four times higher than target in the best case). Unfortunately, referring to Figure 
5-1, this situation happens most of the time. For ΔP=5 dB, the target PER is nearly reached only 
for numerology 2 and 15.36 MHz band, but with the maximal tested guard band. The only situ-
ation where the target PER is reached is when the received powers are equivalent and for 
numerology 2 / 15.36 MHz band. According to Figure 5-1, ΔP=0 dB only happens in dry weather 
and when the UE is far away from the interfering gNB. 

 

 

Figure 5-3: MCS 15, highway scenario. Left: 15.36 MHz band; right: 30.72 MHz band 

 
Figure 5-4 shows the performance for MCS10, for 15.36 MHz (on the left) and 30.72 MHz (on 
the right) bandwidths. For ΔP>10 dB, i.e. most of the time according to Figure 5-1, a very high 
guard band (960 kHz) is necessary – but not sufficient – to approach the target PER. If the 
interferer received power is 5 dB higher than the satellite received power, therefore it is possible 
to use numerology 2, but with a 480 kHz guard band. The only situation where the required 
guard band is reasonably small is for ΔP=0: 120 kHz are enough to reach PER=10-3, for the 
15.36 MHz band. 
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Figure 5-4: MCS 10, highway scenario. Left: 15.36 MHz band; right: 30.72 MHz band 

 
The results for the most robust MCS, #5, are presented in Figure 5-5. The impact of the inter-
ference is lower than for higher MCS, even if it is still mandatory that ΔP is lower than 10 dB. If 
ΔP=5 dB, a 240 kHz may be enough to nearly reach the target PER. The significant result is 
that for ΔP=0 dB and a 30.72 MHz band, even with no guard band the performance are compa-
rable to that without interference. 
 

 

Figure 5-5: MCS 5, highway scenario. Left: 15.36 MHz band; right: 30.72 MHz band 

 
The results for the highway scenario, shown in Figure 5-3 to Figure 5-5, suggest that the re-
ceived power from the interferer is at least 10 dB higher than the received power from the sat-
ellite. Hence, the impact of the interference cannot even be mitigated by the insertion of large 
guard bands. Unfortunately, this configuration happens most of the time. In presence of adja-
cent channel interference, a transmission to the satellite user is possible, by carefully choosing 
the MCS and the guard band, even if ΔP is below 5 dB. 
 

5.2.2 Urban 

The performance in the urban scenario, see Table 5-2, are evaluated in this section. The CNRs 
required for reaching the target PER without interference are given in Table 5-4. Similarly to the 
highway scenario, the CNR required for numerology 2 is lower than for numerology 3, due to 
the longer code word for the former. 
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Table 5-4: Required CNR for reaching target PER without interference, urban scenario 

MCS µ CNR (dB) 

5 
2 19.5 
3 21.5 

2 
2 15.65 
3 18.5 

 

Performance for MCS5 are shown on Figure 5-6. If ΔP≥10 dB the target PER cannot be reached, 
even it is approached for a 960 kHz guard band and numerology 2. If ΔP≤5 dB, a 240 kHz guard 
band allows the cancellation of the effect of interference. 

 

 

Figure 5-6: MCS 5, urban scenario. 15.36 MHz band 

 

Figure 5-7 presents the results for the most robust of all the assessed MCS. Once again ΔP 
must be higher than 10 dB. For ΔP=5 dB, 240 kHz guard band is enough. If the powers re-
ceived from the satellite and from the interfering gNB are equivalent, it is possible to transmit 
without guard band. 

 

 

Figure 5-7: MCS 2, urban scenario.15.36 MHz band 

 
The conclusions for the urban scenario are similar to the ones for the highway scenario: in any 
case, the power received from the interferer must not be more than 10 dB higher than the 
power of the signal of interest. In view of Figure 5-1, this situation is not very likely. 
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6 Conclusions 
The report discussed the interference situations that are considered in this project. It could be 
differentiated between the interference that is caused by the non-terrestrial system onto the 
terrestrial system and the interference that is caused by the terrestrial system onto the non-
terrestrial system. Types of interferers and victims were also introduced and the interference 
could be categorized into co-channel and adjacent channel interference. 

The analysis of co-channel interference was based on the channel models that were developed 
at the beginning of the project. In addition, an outage probability analysis and a stochastic ge-
ometry-based analysis was conducted. 

The theoretically derived outage probability analysis for the considered scenarios could be ver-
ified by simulations. In addition, the results show that the interference leads to higher outage 
probabilities, especially in the low SNR/SIR threshold region. 

The stochastic geometry-based analysis suggests that the elevation angle of the satellite earth 
station is one of the most important factors that affect the interference at the SES due to the 
nearby located BSs. It could also be shown that an increasing exclusion zone radius reduces 
the aggregated interference level, while an increasing BS density leads to an increased inter-
ference level. The BS beamwidth also has an effect on the interference at the SES, i.e. the 
lower the beamwidth the higher the variance of the interference level. 

The results of the ray-tracing based analysis show that the C/I at the satellite UE decreases 
with an increasing attenuation due to rain considering the interference caused by BSs in both 
considered environments, i.e. urban and highway. This effect is reversed when looking at the 
cellular UE that is interfered by a satellite. Furthermore, the results indicate that the satellite has 
almost no impact on the terrestrial system, while the impact from the terrestrial system onto the 
satellite UEs is significant. 

Interference simulations between satellite and terrestrial networks have been done using a ge-
ometric-stochastic approach based on QuaDRiGa. UEs could either be assigned to the satellite 
network or to the cellular network while the other system causes interference. In the S-band, all 
UEs are hand-held terminals whereas in the Ka-band, VSAT terminals with high-gain antennas 
are used for satellite access. S-band satellite terminals are severely affected by the interference 
from the cellular network. Without measures against this interference, coexistence will not be 
possible. With geometry factors below -25 dB, it might even be difficult to mitigate adjacent 
channel interference in some cases. On the other side, coexistence at mm-wave frequencies 
seems feasible due to the narrow beam of the VSAT terminals. However, there is some inter-
ference between satellite UEs and cellular gNBs that needs to be taken into account. This is 
due to the fact that gNBs are at an elevated position and receive more power from (some of) 
the satellite UEs communicating with their satellite counterpart. This might be more problematic 
for LEO access at elevation angels below 30° when the UE uses phased array antennas. How-
ever, further studies are required to take whole LEO networks with multiple satellites into ac-
count. 

The study of adjacent channel interference combined with the analysis of received powers from 
[27] highlights the need for additional signal processing at the waveform level. Considering a 
satellite UE polluted by a terrestrial gNB, most of the time, even with prohibitive guard bands, 
the interfering power is too high for a correct transmission. In a future deliverable, we will there-
fore study filtering techniques at the transmission, in order to mitigate the impact of adjacent 
channel interference. 

The results from this deliverable are expected to contribute to the ongoing and planned works 
in WP3, WP4, and WP5 of the 5G-ALLSTAR project with the following details: 

 WP3: The interference analysis results conducted in D3.2 can provide the design re-
quirement and criteria for formulating and developing specific interference mitigation 
techniques which will be done in T3.3 and T3.4. The channel model-based simulation 
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techniques which were further evolved in this deliverable can be reused for the evalu-
ation of the interference mitigation techniques to be developed in T3.3 and T3.4. 

 WP4: The implementation of the multi-connectivity algorithms can benefit from the in-
terference analysis results conducted in WP3. The potential severe interference situa-
tion between the satellite and terrestrial systems can be considered in the design of the 
load balancing algorithm. 

 WP5: The results provided in this deliverable will be considered for the system setup, 
frequency usage plan, and deployment of the PoC demonstration in WP5. 
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