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Abstract—Many satellite operators are currently planning
to deploy non-geostationary-satellite orbit (NGSO) systems for
broadband communication services in the Ku-, Ka-, and V-band,
where some of them have already started launching. Conse-
quently, new challenges are expected for inter-system satellite
coexistence due to the increase in the interference level and the
complexity of the interactions resulting from the heterogeneity
of the constellations. This is especially relevant for the Ku-
band, where the NGSO systems are most diverse and existing
geostationary-satellite orbit (GSO) systems, which often support
critical services, must be protected from interference. It is
thus imperative to evaluate the impact of mutual inter-system
interference, the efficiency of the basic interference mitigation
techniques, and whether regulatory intervention is needed for
these new systems. We conduct an extensive study of inter-
satellite coexistence in the Ku-band, where we consider all
recently proposed NGSO and some selected GSO systems. Our
throughput degradation results suggest that existing spectrum
regulation may be insufficient to ensure GSO protection from
NGSO interference, especially due to the high transmit power of
the low Earth orbit (LEO) Kepler satellites. This also results
in strong interference towards other NGSO systems, where
traditional interference mitigation techniques like look-aside may
perform poorly. Specifically, look-aside can be beneficial for large
constellations, but detrimental for small constellations. Further-
more, we confirm that band-splitting among satellite operators
significantly degrades throughput, also for the Ku-band. Our
results overall show that the complexity of the inter-satellite
interactions for new NGSO systems is too high to be managed
via simple interference mitigation techniques. This means that
more sophisticated engineering solutions, and potentially even
more strict regulatory requirements, will be needed to ensure
coexistence in emerging, dense NGSO deployments.

Index Terms—satellite interference, NGSO
Ku-band

coexistence,

I. INTRODUCTION

With the ongoing demand for broadband services, network
operators have been diversifying the range of deployed wire-
less technologies and their applications. In this context, satel-
lite communication systems are being increasingly used for
e.g. backhaul infrastructure for on-board wireless connectivity
in airplanes [1] and integration with cellular 5G to offer
terrestrial broadband services [2f]. Recently, a large number of
satellite operators have applied to the US spectrum regulator
FCC for permission to launch new non-geostationary-satellite
orbit (NGSO) systems [3|]. These systems target spectrum
bands in the range of 10-52 GHz, i.e. the Ku-, Ka-, and V-

band [4], and some have already been approved and started
launching, e.g. SpaceX [35].

NGSO satellite deployments are thus expected to undergo
significant densification compared to existing systems. This
will lead to challenging inter-satellite coexistence cases in
shared bands due to (i) the increase in the interference level,
and (ii) the expected high heterogeneity of the NGSO satellite
systems, for which the current spectrum regulation is very
permissive, as e.g. enforced by the FCC in the US. In this
dynamic emerging satellite deployment landscape, it is impor-
tant to understand the interference interactions among different
NGSO systems and to what extent regulatory intervention may
be needed to ensure NGSO-NGSO coexistence.

The most challenging inter-satellite coexistence cases are
expected in the Ku-band, due to the very heterogeneous sys-
tems in terms of numbers of satellites (i.e. tens to thousands)
and geometric orbit properties (e.g. circular, elliptical) that are
set to operate in this band. Moreover, existing geostationary-
satellite orbit (GSO) systems also operate in the Ku-band and
must be protected from interference by NGSO systems, as
enforced by regulation in the US [6]], where applications for a
license for these new systems have been initiated. Given this
high heterogeneity and uncertainty about the exact parameters
of emerging deployments, it is not yet clear whether traditional
satellite interference mitigation techniques and existing regu-
latory requirements are sufficient to ensure coexistence with
the new NGSO systems.

Although there is some prior work on the impact of
interference and mitigation techniques for satellite systems,
most authors considered only interference between GSO-
NGSO systems, e.g. [7]], [8]. Moreover, these works consid-
ered NGSO legacy deployments with few satellites, where
NGSO-NGSO interference was not an issue, as expected
for emerging constellations. Importantly, NGSO-NGSO inter-
system interference has been largely unaddressed in literature,
with the notable exception of [9]], [10]. The authors in [9]]
considered only two low Earth orbit (LEO) constellations and
one medium Earth orbit (MEO) constellation, with a satellite
diversity technique to mitigate interference. This is different
to the emerging NGSO satellite deployments, where many
more systems with different design parameters are expected to
coexist. Consequently, it is not clear whether the interference
mitigation technique analysed in [9] is efficient for dense
deployments. The authors in [10] conducted an extensive
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Fig. 1. Illustration of inter-satellite co-channel interference among different

systems in the downlink, showing the GSO system (green) and three NGSO
systems (yellow, red, and blue). All ground stations are co-located on Earth
and each of them communicates with a single available satellite from its
corresponding constellation. For each given link, all other links (in different
colors) are interfering links.

study on the impact of NGSO-NGSO co-channel interference
in terms of throughput for new NGSO constellations with
interference mitigation techniques like look-aside and band-
splitting in the Ka- and V-band. However, in these bands
there are no GSO satellite systems and no NGSO systems
with elliptical or geosynchronous orbits. By contrast, in the
Ku-band, we expect such more challenging coexistence cases.
Consequently, it is imperative to thoroughly analyse inter-
system coexistence for satellite deployments in the Ku-band,
due to the highly heterogeneous NGSO constellation proper-
ties and NGSO-GSO interference interactions.

In this paper we consider inter-satellite coexistence in the
Ku-band, conducting an extensive study on the impact of
both NGSO-NGSO and NGSO-GSO co-channel interference
on throughput. We adopt the methodology in [10], which
we extend to incorporate GSO systems and more diverse
NGSO architectures, i.e. highly elliptical orbit (HEO) and
geosynchronous constellations. We consider various traditional
interference mitigation techniques like look-aside and band-
splitting for several ground station locations in the US and
Europe. Our work is thus the first comparative analysis on
coexisting NGSO-NGSO and NGSO-GSO systems for a di-
verse set of scenarios, enabling us to derive insights about the
efficiency of interference mitigation techniques with respect
to different orbits, transceiver parameters, and ground station
locations on Earth.

Our results indicate that current spectrum regulation may
be insufficient to ensure efficient GSO protection from NGSO
interference. Furthermore, the most promising traditional
NGSO-NGSO interference mitigation technique is look-aside,
however, its performance is highly sensitive to constellation
properties and the locations of ground stations. This suggests
that more sophisticated engineering solutions and potentially
more strict regulatory constraints are required to ensure coex-
istence of emerging NGSO deployments.

The remainder of this paper is structured as follows. Sec-
tion [II| presents the system model. Section [[II| details the simu-
lation setup. Section [[V] presents and discusses the throughput
results. Section [V| concludes the paper.
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Fig. 2. Tllustration of the satellite diversity interference-mitigation techniques
(a) look-aside between NGSO systems (yellow and blue) and (b) GSO protec-
tion between an NGSO system (blue) and a GSO system (red). Angles 1 and
3 occur when no interference mitigation is applied, whereas w2 > 5° and
4 > 30° occur with the two respective interference mitigation techniques.

II. SYSTEM MODEL

This section presents the system model used to study the
impact of interference from NGSO satellite systems. We first
elaborate the considered interference types and scenarios in
Section [I-A] We then present the considered interference
mitigation techniques in Section our evaluation metric in
Section [II-C| and the satellite constellations in Section |[I-D

A. Interference Types & Scenarios

We focus on co-channel co-polarize(ﬂ interference among
NGSO-NGSO and among NGSO-GSO satellite systems op-
erating in the Ku-band in the downlink. This is illustrated
in Fig. |1 for different systems in terms of altitude, number
of available satellites covering a given Earth location, and
elevation angle of the selected satellite. There is one ground
station per NGSO constellation and one ground station per
GSO satellite, where all stations are co-located on Earth. We
thus consider the worst-case interference where the directional
antennas of an interfering system are pointed towards the vic-
tim system, if no interference mitigation technique is applied.
However, we expect our results to be relevant also for practical
separation distances, since [10] reported that ground stations
of NGSO systems operating in the Ka- and V-band could be
considered as co-located for spatial separations of up to 20 km,
and as nearly co-located for a separation of 100 km.

Each NGSO ground station communicates with a single
(available) satellite from its corresponding constellation and
we consider only inter-system interference; managing intra-
system interference is a less challenging case, due to the
existence of a single operator that owns and configures the
entire system. For GSO satellites, we also model GSO-GSO
interference, since every considered satellite is deployed by a
different operator; however, mitigating GSO-GSO interference
is outside the scope of this paper. In [[12] results were presented
also for the uplink, but since the parameters of the ground
stations are largely not yet specified by the NGSO operators,
most of whom have not yet applied for licenses for ground
stations, we omit these results here.

'We note that some satellite systems use cross-polarization to distinguish
different co-channel transmissions and thus to increase the link capacity [11].
This is outside the scope of this paper.
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Fig. 3. Illustration of all considered satellite constellations, showing the Earth (blue), the satellite orbits (red), and the satellites (black).

We consider three different scenarios: (i) baseline, where
each satellite system operates individually without inter-
system interference; (ii)) NGSO-NGSO interference, where
there are only NGSO systems; and (iii) NGSO-GSO inter-
Jference, where multiple NGSO systems and one GSO system
coexist. For the last two scenarios, inter-system interference is
considered both for pairs of systems, and as aggregate from all
other systems. In addition, we consider two sets of transceiver
parameters for the NGSO systems: the original parameters as
proposed by the operators in [3], and tuned parameters that
we adjust to achieve better harmonization between systems at
the same altitude (c¢f. Appendix).

B. Interference Mitigation Techniques

1) Look-Aside: This is a distributed satellite diversity tech-
nique which imposes a minimum separation angle between the
link of a victim satellite system and all interfering links from
other systems. We assume this angle to be at least 5, which
was found in [10] to achieve a good tradeoff between the
performance of large and small constellations. Fig. 2(a)| shows
the link selection between a satellite and a ground station
without interference mitigation, and for look-aside. Without
interference mitigation, the yellow ground station selects a
yellow satellite, such that the separation angle between the
victim and the closest interfering satellite in blue is ¢;. When
the look-aside mitigation technique is applied, the yellow
ground station selects a yellow satellite separated by ¢ > 5°
from the closest interfering satellite in blue. The link selection
process is discussed in more detail in Section [[TI-3]

2) Band-Splitting: This was introduced by the FCC in [13]].
Whenever the noise temperature at the victim or interfering
receiver is increased by 6%, band-splitting must be triggered,

so that the available bandwidth is equally split between the
operators. We note that this technique aims at managing strong
inter-system interference if no other engineering solutions
are found and is expected to have a strong impact on the
throughput, such that other interference-mitigation techniques
may be preferred in practice.

3) GSO Protection Technique: In order to protect GSO
from NGSO systems as required by the FCC [6] and
ITU-R [14], we apply a satellite diversity technique similar
to look-aside, as predominantly proposed in [3]]. Specifically,
an NGSO satellite is allowed to communicate with its ground
station only if there is a separation angle of at least 30 from
all GSO satellites. Fig. 2(b)] illustrates an example of link
selection when the GSO protection technique is applied. The
light blue NGSO satellites are too close to the GSO satellite
(¢3 < 30°) and they are thus not allowed to communicate with
the blue NGSO ground station. Only the dark blue satellites are
allowed to communicate with the blue ground station, where
wq > 30°.

C. Evaluation Metric

We consider the throughput degradation AR with respect
to a fixed reference value as our evaluation metric, consistent
with [13]. First, the carrier-to-interference-plus-noise ratio
C/(I + N) is determined at the victim receiver as

C/(I+ N) = —-10log,, ((N/C)lm + Z(Ii/c)lm> [dB],

i=1

()
where (N/C)yn and (I;/C) iy are the multiplicative inverses
of the carrier-to-noise ratio C'/N from the victim satellite
system and the carrier-to-interference ratio from the i-th
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Fig. 4. Ground track of one satellite from Space Norway, showing the part
of the ground track when the communication payload is active (blue) and the
part when the communication payload is switched off (red).

interfering satellite system C/I;, in linear scale. Terms C'/N
and C/I; depend on the respective free-space path loss Lrg
and atmospheric attenuation A7 [10].

We assume that adaptive coding and modulation is im-
plemented, where the actual spectral efficiency SF 4. that
corresponds to C/(I + N) is determined according to the
specifications of the DVB-S2X standard [16]. Finally, AR is
calculated as

BWAct X SEAct
BWpuu X SERes’

where BW . is the actual bandwidth, BWpg,; is the
full available bandwidth, and SEg.y is the reference spec-
tral efficiency equal to the maximum spectral efficiency
of the DVB-S2X standard of 5.90 bits/s/Hz. We note that
BW pot=BWpgy,;, except for triggered band-splitting [|10].

AR=1- 2)

D. Satellite Constellations & Earth Locations

We consider eight NGSO systems which have already been
approved or are waiting for approval from the FCC to operate
in the Ku-band, i.e. OneWeb MEO, OneWeb LEO, SpaceX,
Kepler, Theia, Karousel, Space Norway, and New Spectrum
Satellite (NSS), and one GSO configuration, as illustrated
in Fig. 3] Further system parameters are summarized in the
Appendix.

The considered NGSO satellite systems cover a wide range
of constellation types in terms of altitude and orbit geometry,
i.e. LEO, MEO, HEO, and geosynchronous. Furthermore, the
size of the constellations are very different, where SpaceX
is the largest constellation with 4,425 satellites and Space
Norway is the smallest constellation with 2 satellites. The
considered LEO, MEO, and geosynchronous constellations are
designed to cover Earth locations at latitudes between 55S
and 70N. By contrast, the HEO constellations have different
coverage areas, e.g. Space Norway intends to cover only Earth
locations at latitudes above 55N (as shown in Fig. @), and NSS
plans to cover Earth locations at latitudes above 42N and above
428S. For other locations, the communication payload of these
satellites is expected to be off.
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Fig. 5. The average number of visible satellites for all NGSO constellations,
i.e. SpaceX, OneWeb (OW), Kepler, Theia, Karousel, Space Norway (SN),
and NSS, over Miami (USA), Aachen (Germany) and Tromsg (Norway).

We consider the GSO satellites Intelsat-21, Star One C1,
Star One C2, Intelsat-16, SES AMC 6, Intelsat Galaxy 28,
Intelsat 30, SES 1, and ANIK F1R [3]]. We assume that
these satellites form a configuration with a separation angle
of approximately 6 between two adjacent satellites in the
equatorial plane, consistent with the regulatory requirement
of a separation angle of at least 6 between two adjacent
GSO satellites [14]]. For the interested reader, results for
separation angles of 10 and 20 were presented in [12]], where
the interference impact was found to be lower than for 6.

Given the diverse covered regions on Earth of different
satellite systems, we consider several locations for the ground
stations, which we consider representative for studying in-
teractions among different systems: Miami (USA), Aachen
(Germany), and Tromsg (Norway). We note that Miami is
suitable for studying interactions among most NGSO systems
and between NGSO-GSO, whereas Aachen and Tromsg are
practically not affected by GSO system operation, but are
relevant for HEO constellations like NSS. Fig. [5] shows the
average number of available satellites from the NGSO systems
at the three considered locations. OneWeb MEO provides the
highest number of available satellites for all locations, due to
the large total number of satellites, i.e. 2,560, and the higher
orbital altitude than for LEO systems. SpaceX, the largest
considered constellation, also provides many satellites over
the three considered locations. By contrast, OneWeb LEO,
Kepler, and Theia cover better locations at high latitudes,
e.g. Tromsg, compared with other locations. This is due to
the (nearly) polar orbits that they use. Additionally, the small
constellations, i.e. Kepler and Theia, only provide a very small
number of available satellites over Aachen and Miami.

III. SIMULATION SETUP

We adopt the simulation approach and tool applied in [[10]
for NGSO interference in the Ka- and V-band, extending them
for the NGSO and GSO systems in the Ku-band. Monte
Carlo simulations were conducted with the simulation tool
implemented in MATLAB for satellite deployments with co-
channel inter-system interference. For all simulations, the total
number of Monte Carlo iterations was set to 60,000. In the
following, the simulation procedure and parameters within one
Monte Carlo iteration are presented.



1) Selection of Satellite Positions: For the NGSO systems,
the position of the satellites in the different constellations is
first selected at a random moment. For the satellites in circular
orbital planes, the satellite positions and the rotational position
of the Earth are selected independently of each other, due to
the short orbital period and the similar ground track for each
subsequent orbital period. Consequently, a random satellite
position and a random rotational position of the Earth always
occur in practice after a certain amount of time. More detailed
calculation steps can be found in [[17].

This is different for the considered satellites in elliptical
planes, for which only few ground tracks are possible and
are repeated after one or several orbital periods. As such,
the satellite position and the Earth rotation cannot be selected
independently. For example, Fig. ] shows the ground track of
one satellite from Space Norway, which is repeated after three
orbital periods. Therefore, for the satellites in elliptical planes,
one possible position on their orbits is randomly selected
and then the corresponding rotational position of the Earth
is calculated based on Kepler’s equation [[17]. The positions
of the GSO satellites with respect to the Earth locations are
always the same.

2) Selection of Available Satellites: For NGSO systems, the
available satellites for a given considered ground station loca-
tion are determined as the satellites that are above a preferred
or at least above a minimum elevation angle from the point of
view of the ground station. These angles are specified by each
NGSO operator in [3[], where the minimum elevation angles
range from around 10 for small NGSO constellations to 40-55
for large constellations. The available satellites are determined
by calculating the slant range between the considered ground
station location and the satellite position [18]]. We assume that
each GSO satellite is active and has one associated ground
station at a considered Earth location.

3) Link Selection: For each victim NGSO constellation,
one satellite from the victim constellation and one satellite
from each interfering NGSO constellation are selected out
of those available. For the victim constellation, one random
available satellite is selected when no interference mitigation
technique is applied. For the look-aside mitigation technique,
one random available satellite out of those which have a
separation angle of at least 5 to all interfering satellites is
selected, if possibleE] When the GSO protection technique is
used, one random available satellite out of those which have
a separation angle of 30 to all GSO satellites is selected. We
note that for band-splitting, the link selection is similar to the
case where no interference mitigation technique is applied.

Since it is not clear how many NGSO satellites will actually
be active in practice, only three satellites for each interfering
constellation are considered as active interferers for a given
victim satellite system, as found reasonable in [10]]. These
three satellites are randomly selected from those available.
Furthermore, we assume that only one of these three actively

21f no victim satellite fulfils this requirement, the available satellite with
the separation angle closest to 5 is selected.

TABLE I
EXAMPLE OF ATMOSPHERIC ATTENUATION FOR DIFFERENT EARTH
LOCATIONS, FOR A FREQUENCY OF 12 GHZ, A SATELLITE ELEVATION
ANGLE OF 50, AN ANTENNA DIAMETER OF 0.45 M, AND AN
UNAVAILABILITY PROBABILITY OF THE COMMUNICATION LINK OF 0.1%.

Atmospheric

Location Latitude | Longitude attenuation
Tromsg (Norway) 69.7N 18.9E 0.9 dB
Aachen (Germany) 50.8N 6.1E 1.7 dB
Miami, FL (USA) 26.8N 80.2W 4.8 dB

interfering satellites forms a link with a ground station that is
co-located with the ground station of the victim system [10].
To this end, the actively interfering satellite that causes the
strongest interference to the selected communication link of
the victim satellite system is selected. Therefore, the closest
actively interfering satellite to the victim satellite in terms of
angular separation is selected’f] [[18]]. For the GSO configuration
we assume that all GSO satellites communicate simultaneously
with their corresponding ground stations.

4) Link Budget Analysis: The received power (useful or
interference) at the ground stations in the downlink is

Pgs = fen(EIRPDg, Lrs, Ar,Gas, Tas,Vas),  (3)

where FIRPDg is the effective isotropically radiated power
density of the satellite, Lrg is the free-space path loss [11],
Ar is the atmospheric attenuation, Ggg is the gain of the
receive antenna at the ground station, Tg is the ground
station receiver noise temperature, and gg is the 3 dB
beamwidth of the ground station receiver. We set the downlink
frequency to f=12 GHz [[10] and we model Ap with the
“ITU-R Propagation Models Software Library” [19], which
takes into account rain, cloud, gas, and scintillation models.
Table [I| summarizes examples of atmospheric attenuation for
the considered ground station locations, where Miami has the
poorest atmospheric conditions due to its specific climate. For
each link we consider a random and uniformly distributed
unavailability probability in the interval (0,1).

The required satellite transceiver parameters for different
operators are available in [3]], for the transmitter (EIRPDg,
antenna gain, EIRP) and receiver (antenna gain, G/T, saturation
flux density). By contrast, in [3]] there is less information about
their ground stations (only the antenna diameter), except for
SpaceX (specifying the antenna gains and EIRPD), which has
already applied for ground station licences. As such, for the
ground stations of other operators we calculate the antenna
gain G g of the user terminals as

7TA( ia 2
Gas = Agfr X (Cif> , )

where Ay is the antenna efficiency set to 80% [10], Agiq
is the antenna diameter, and c is the speed of light [I1].
Further, a noise temperature of Tgs=140 K is assumed [20].

3Thus, we assume that the other two actively interfering satellites from
each interfering constellation do not strongly interfere the victim system [[10].



We note that we consider only small user terminals as ground
stations of NGSO systems, since more user terminals than
Earth stations are expected in practice, so the risk of inter-
ference is higher for user terminals. The considered antenna
patterns for all the NGSO and GSO satellite and ground station
antennas (including the 3 dB beamwidth) are based on ITU-
R recommendations in [21]]. For the GSO satellite system,
we consider dish antennas for the ground stations, where we
analyse both user terminals (diameter: 0.75 m) and Earth
stations (diameter: 3.7 m). The most important satellite and
ground station transceiver parameters are summarized in the
Appendix.

For the NGSO and GSO systems we first consider the orig-
inal transceiver parameters proposed in [3]]. For the satellite
transceivers of NGSO constellations in circular LEO and MEO
planes and for all the NGSO ground station transceivers, we
also consider a tuned set of parameters aiming at harmoniza-
tion among systems based on their altitudes, cf. Appendix.

IV. RESULTS

This section presents and discusses a representative selec-
tion of our performance evaluation results for co-channel, co-
polarized interference among the considered NGSO-NGSO
and NGSO-GSO satellite systems. Extended results were
presented in [[12]. We quantify the interference impact in
terms of throughput degradation (c¢f. Section [[I-C)), where we
present results as a complementary cumulative distribution
function (CCDF) for the 60,000 Monte Carlo iterations. We
note that this representation is consistent with the charts for
risk-informed interference assessment in [[15]. In the following,
simulation results for the original and tuned transceiver param-

eters are presented in Section and [IV-BJ respectively.

A. Original NGSO Transceiver Parameters

We present NGSO-GSO and NGSO-NGSO interference
simulation results generated for the original NGSO transceiver
parameters as proposed by the satellite operators in [3]] and
summarized in the Appendix. We first focus on the scenario
where NGSO and GSO systems coexist. Fig. [6] shows the
distribution of the throughput degradation for a GSO user
terminal belonging to Intelsat-16, for the GSO configuration
coexisting with all considered NGSO constellations in the
downlink in Miamif] We note that Miami is selected as a
representative example of a location that is covered by GSO
satellite systems. This figure shows the results for coexistence
among all and between pairs of GSO-NGSO satellite systems,
for the case of no interference mitigation and for the GSO
protection technique. Furthermore, results for the baseline
scenario of the standalone GSO system, i.e. only GSO-GSO
interference, are also shown.

The throughput degradation for the baseline is in most
cases very low (i.e. the throughput degradation exceeds 2%
in only 1% of the cases), which shows that the impact of
GSO interference and propagation and atmospheric attenuation

4We note that Space Norway and NSS are expected to be turned off above
Miami, so they are not considered for this location.
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Fig. 6. Distribution of throughput degradation at the GSO ground station of
Intelsat-16 in Miami, where all NGSO systems that cover this location are
interferers in the downlink. Results are shown for the GSO baseline, and for all
or pairs of GSO-NGSO coexisting systems, without interference mitigation
and for the GSO protection technique. The GSO ground station is a user
terminal and the NGSO systems apply the original transceiver parameters.

on the GSO system is negligible. The highest throughput
degradation is observed when the GSO system coexists with all
NGSO systems that do not apply any interference mitigation
technique, i.e. a median throughput degradation of 27%. This
is expected since the level of interference at the GSO ground
station is higher. For coexistence between pairs of GSO-
NGSO systems, the median throughput degradation is lower
(even without interference mitigation), i.e. between 2% and
20%, where Kepler causes the highest degradation that is only
7 percentage points (pp) lower than for the case where all
NGSO systems coexist. This is due to the originally proposed
transceiver parameters for Kepler (c¢f. Table [[II), where the
satellites of Kepler have the highest EIRPD of all LEO and
MEO systems (i.e. -21.4 dBW/Hz), although they are LEO
satellites operating at a low altitude of 600 km. Importantly,
this shows that Kepler is the dominant interfering system.
Furthermore, when the NGSO systems apply the GSO protec-
tion technique, the median throughput degradation decreases to
11% when all NGSO systems are active and is between 2—11%
for coexistence with a single NGSO system. We emphasize
that, for this case, Kepler causes a throughput degradation
as high as that caused by all NGSO systems. This is an
important result and shows that although the GSO protection
technique reduces the interference from NGSO at the GSO
system in the downlink, Kepler still causes a rather high
throughput degradation, whereas interference from all other
NGSO systems is negligible. This suggests that in practice,
the current spectrum regulation to protect GSO systems in the
Ku-band may be insufficient. We note however, that for GSO
configurations with a larger angular separation, i.e. 10 and
20, or for Earth stations (instead of user terminals) a lower
throughput degradation was observed [[12]]. These results are
not shown here for brevity.
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Fig. 7. Distribution of throughput degradation at the ground station of
SpaceX in Miami, where all other NGSO systems that cover this location
are interferers in the downlink. Results are shown for the SpaceX baseline,
and for all or pairs of NGSO-NGSO coexisting systems, without interfer-
ence mitigation and for look-aside. The NGSO systems apply the original
transceiver parameters.

Let us now consider the impact of NGSO-NGSO inter-
ference. Fig. shows the distribution of the throughput
degradation at a ground station of SpaceX in Miami when
all NGSO constellations coexist (SpaceX, OneWeb LEO,
OneWeb MEO, Kepler, Theia, and Karousel) without any
interference mitigation technique, or with look-aside. The
throughput degradation for the baseline scenario is rather high,
e.g. the median degradation is 22%, which shows that the
impact of propagation and atmospheric attenuation on SpaceX
is much stronger than on the GSO system in Fig. [6] due to the
lower EIRPDg used by SpaceX. Furthermore, when coexist-
ing with other NGSO systems, the ground station of SpaceX
is strongly interfered with and predominantly by Kepler, e.g.
a median throughput degradation of 55% when coexisting
only with Kepler compared with 60% when coexisting with
all constellations, without interference mitigation. Moreover,
the throughput degradation is not decreased by look-aside
when SpaceX coexists only with Kepler. This is consistent
with the results for the GSO ground station in Fig. [6] and
confirms that Kepler is a strong interferer also for NGSO-
NGSO coexistence, due to its satellite transmitter parameters.

Furthermore, the throughput degradation of SpaceX when
coexisting with all NGSO constellations for the look-aside
mitigation technique is slightly larger than when interference
is not mitigated, e.g. 65% median throughput degradation
with look-aside vs. 60% without interference mitigation. By
comparing the results when SpaceX coexists with only one
other NGSO system in Fig. we observe a similar trend
(of larger degradation for look-aside vs. no interference mit-
igation) only for coexistence with OneWeb MEO, e.g. a
median degradation of 37% for look-aside and of 34% without
interference mitigation. This is due to the fact that the ground

station of SpaceX selects a satellite at a quite low elevation
angle, i.e. on average 48.6, when applying look-aside and
coexisting with OneWeb MEO, since OneWeb MEO is a large
constellation and SpaceX needs to select a satellite that is 5
away from all OneWeb MEO satellites. By contrast, SpaceX
uses a satellite at an average elevation angle of 58 without
interference mitigation, which results in a lower path loss than
for the lower elevation angle with look-aside. These results
show overall that using look-aside does not always improve the
overall satellite throughput performance, especially for cases
where the path loss has a dominant effect over NGSO-NGSO
interference.

The results in Figs. [6] and [7] show overall that Kepler is
the strongest interfering constellation in the downlink and
causes significant interference to both GSO systems and other
NGSO systems, even when interference mitigation techniques
based on satellite diversity are applied. Since this is chiefly
due to the satellite transmitter parameters that were originally
proposed for Kepler in [3]], in the following section we present
results for tuned NGSO transceiver parameters, which enable
us to harmonize the impact of the transceiver parameters
EIRPDg and G. We can thus study in more detail the impact
of the constellation design in terms of number of satellites,
satellite elevation angles, or orbit geometryE] Moreover, this
also enables us to investigate whether the GSO system could
indeed be protected (as the current FCC regulation requires)
via the simple satellite diversity technique with a minimum
separation angle between NGO-GSO of 30, as proposed by
different operators in [3].

B. Tuned NGSO Transceiver Parameters

We present and discuss the simulation results for tuned
NGSO transceiver parameters summarized in the Appendix.
Let us first consider the GSO system. Fig. shows the
distribution of the throughput degradation at a GSO ground
station in Miami, where all NGSO systems are interferers and
apply the tuned transceiver parameters. We note that these
results correspond to those in Fig. [6] where the original NGSO
transceiver parameters were applied. The highest throughput
degradation is observed when all systems coexist without any
interference mitigation technique, e.g. a median degradation
of 28%, due to the high aggregate level of interference, as ex-
pected. By comparing the results for pairs of coexisting GSO-
NGSO satellite systems, we observe that SpaceX and OneWeb
LEO are the main interfering systems resulting in a median
degradation of 8% and 10%, respectively. However, when the
GSO protection technique is applied, the median throughput
degradation is reduced to 5% when all considered NGSO
satellite systems cause interference to the GSO ground station,
and the degradation exceeds 10% only for a negligible number
of cases. This shows that the GSO protection technique is

5We note however, that for NGSO constellations in elliptical planes, i.e.
Theia, Space Norway, NSS, and Karousel, we always apply the original
satellite transceiver parameters, since these constellations do not operate at
a fixed altitude and would thus require e.g. power control for parameter
harmonisation based on the altitude.
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Fig. 8. Distribution of throughput degradation at the GSO ground station of
Intelsat-16 in Miami, where all NGSO systems that cover this location are
interferers in the downlink. Results are shown for the GSO baseline, and for all
or pairs of GSO-NGSO coexisting systems, without interference mitigation
and for the GSO protection technique. The GSO ground station is a user
terminal and the NGSO systems apply the tuned transceiver parameters.

more efficient in the downlink when the NGSO systems
apply the tuned set of transceiver parameters compared to the
original transceiver parameters (cf. Fig. [6), but interference
from NGSO systems is not completely mitigated at the GSO
user terminal.

Let us now focus on the impact of NGSO-NGSO inter-
ference for different satellite constellations. Fig. O] shows the
distribution of the throughput degradation at ground stations
from SpaceX, Kepler, and NSS, when all NGSO constellations
coexist in the downlink in Miami, Aachen, and Tromsgbﬁ
We first consider the throughput degradation at the ground
station of SpaceX in Fig. O(a)] The throughput degradation
for the baseline scenario is reduced to nearly zero for all
locations, in contrast to the original transceiver parameters
as shown in Fig. [/| This shows that carefully selecting the
transceiver parameters can compensate for the effects of path
loss and atmospheric attenuation. The throughput degradation
in Fig. O(a)| is rather low when all systems coexist without in-
terference mitigation, regardless of the location, i.e. the highest
median degradation is 2% in Tromsg. This result is consistent
with Fig. [5] which shows that SpaceX covers Tromsg with
fewer satellites than Aachen and Miami. Further, the look-
aside mitigation technique benefits SpaceX especially for the
higher range of throughput degradation, e.g. in Tromsg the
maximum throughput degradation is at most 45% with look-
aside compared with 100% without interference mitigation.
We note that look-aside benefits SpaceX for all considered
locations including Miami, unlike for the original transceiver
parameters in Fig. [7]] The results for SpaceX with band-
splitting in Fig. O(a)] show a significant increase in throughput
degradation, i.e. a median throughput degradation of at least
83% for all locations, which suggests that band-splitting will

SWe note that NSS does not cover Miami.
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Fig. 9. Throughput degradation at the ground stations of SpaceX, Kepler, and
NSS in Miami, Aachen and Tromsg, for tuned transceiver parameters. All
other NGSO satellite systems covering these locations are interferers. Results
are shown for the baseline, and for all NGSO-NGSO coexisting systems,
without interference mitigation and for look-aside, or band-splitting.

not be preferred in practice. Importantly, these results are con-
sistent for Kepler and NSS in Figs. [9(b) and respectively,
and confirm the results for the Ka- and V-band in [10]. As
an insight, we observe that band-splitting is triggered for all
cases (i.e. the degradation with band-splitting is always above
50%), although SpaceX does not always suffer from significant
interference (i.e. the throughput degradation is zero for at least
45% of the cases without interference mitigation). This is due
to the fact that band-splitting is also triggered when SpaceX
causes strong interference to another system and shows that
SpaceX is a strong interferer for other NGSO systems.

Fig. shows the distribution of the throughput degra-



dation at the ground station of Kepler. Unlike for SpaceX,
the baseline throughput of Kepler varies significantly for the
considered locations: the highest degradation occurs in Miami
(degradation larger than zero for 49% of the cases), a moderate
degradation is observed in Aachen (degradation larger than
zero for 30% of the cases), and the lowest degradation is
observed in Tromsg (degradation larger than zero for 8%
of the cases). This is a result of the constellation geometry.
Specifically, Kepler has rather few satellites and with polar
orbits, which benefit the locations at higher latitudes like
Tromsg. Consequently, Kepler uses satellites with different
average elevation angles of 44 and 30 in Tromsg and Mi-
ami, respectively, where smaller angles result in a higher
propagation attenuation. These results are consistent with the
average number of available satellites in Miami, Aachen, and
Tromsg (cf. Fig. ). For coexistence with the other NGSO
systems without interference mitigation, we observe the same
trend with respect to location: the highest throughput degrada-
tion occurs in Miami (e.g. a median degradation of 17%), and
the lowest in Tromsg (a median degradation of zero). For look-
aside, the throughput degradation for Kepler is significantly
increased compared with no interference mitigation, regardless
of the location, e.g. in Aachen the median degradation is 28%
with look-aside and 5% without interference mitigation. This
occurs due to the small number of available satellites, so the
ground station of Kepler must select a satellite with a very
low elevation angle when the look-aside mitigation technique
is applied. These results show overall that the throughput
performance of satellite systems and of look-aside are very
sensitive to the joint effect of the number of satellites, the
geometric properties of the orbits, and the location of the
ground stations.

Fig. shows the distribution of the throughput degra-
dation for the ground station of NSS. The baseline results
are similar for the two considered locations that are covered
by NSS, i.e. Aachen and Tromsg, with a median throughput
degradation of 10%. We note that for NSS, the communication
link is most affected when a satellite at a high altitude is
selected, where the altitude varies between 17,200 km and
26,700 km for NSS, due to its elliptical orbits. Despite this
large variation which affects the path loss, the same transceiver
parameters are specified in [3]. Power control could be a
solution to decrease the baseline throughput degradation in
this case. Importantly, without interference mitigation, NSS
is strongly interfered by the other NGSO systems, i.e. the
median throughput degradation is 54% and 49% in Aachen
and Tromsg, respectively. Look-aside decreases the throughput
degradation of NSS only marginally, and typically for the
range of large throughput degradation (i.e. above 50%). This
is due to the low number of available satellites, i.e. on average
5 and 6 available satellites over Aachen and Tromsg, respec-
tively. These results confirm that look-aside is not efficient at
mitigating interference for constellations with a small number
of satellites, so more sophisticated interference mitigation
techniques are required for such cases.

V. CONCLUSIONS & DISCUSSION

We presented an extensive inter-satellite interference study
for new NGSO systems coexisting in the Ku-band in the
downlink, where we also considered some existing GSO
systems. Our results showed that current spectrum regulation
is not always sufficient to ensure GSO protection from NGSO
interference, especially due to the large specified transmit
power of the already approved LEO Kepler constellation. This
suggests that the impact of inter-satellite interference is very
sensitive to the joint effect of the transceiver parameters and
the orbit type. Furthermore, this may also result in strong
downlink interference towards other NGSO systems, where
simple interference mitigation techniques like look-aside are
not sufficient. This opens the question of whether spectrum
regulators should impose restrictions on the satellite transmit
power based on the altitude and orbit type.

For tuned NGSO transceiver parameters (i.e. aiming at bet-
ter harmonization among constellations at the same altitude),
the efficiency of the simple look-aside technique is strongly
coupled with the size and geometry of an NGSO system, and
with the location of the ground stations. For large systems
like SpaceX, look-aside reduces the throughput degradation
due to interference, regardless of the ground location, whereas
for small constellations with polar or elliptical orbits like
Kepler and NSS, it is sometimes even preferable to suffer
from interference than to apply look-aside. Furthermore, we
confirm the findings in [10] for the Ka- and V-band that
band-splitting among satellite operators significantly degrades
throughput, also for the Ku-band. Our results show overall
that there are reasons to worry about interference in emerging
dense NGSO constellations, since the complexity of the inter-
satellite interactions for these new deployments is too high to
be managed via the simple interference mitigation techniques
that have largely been applied so far. Consequently, more
sophisticated engineering solutions and potentially stricter
regulatory requirements are needed.
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APPENDIX

Tables [[MHIV] summarize the satellite constellation and
transceiver parameters. For the downlink, the satellite trans-
mitter and ground station receiver parameters in Tables
are relevant. The original transceiver parameters are based
on [3], [21f]. The tuned transceiver parameters of the NGSO
satellites were selected as reasonable values based on the
original parameters and such that there are large antenna gains
rather than a high transmit power [22], aiming for harmo-
nization across systems at different altitudes. For instance,
OneWeb LEO and SpaceX use the same tuned transceiver
parameters, since their satellites are at similar altitudes. The
tuned transceiver parameters of the NGSO ground stations are
selected with respect to the original parameters of SpaceX,
which is the only operator already specifying these parameters



TABLE II
PROPERTIES OF CONSTELLATIONS IN CIRCULAR AND ELLIPTICAL
ORBITAL PLANES FOR THE CONSIDERED NGSO SYSTEMS

TABLE IV

ORIGINAL (GREEN) AND TUNED (RED) TRANSCEIVER PARAMETERS FOR
NGSO GROUND STATIONS, AND SELECTED PARAMETERS FOR GSO

GROUND STATIONS, WHERE % IS THE 3 DB BEAMWIDTH

. No. of Altitude FCC
System Orbit satellites [km] approval Ant. Ground station Tx Ground station Rx
. | OneWeb MEO 2,560 8,500 pending System diam.| G EIRPD P G G/T P
% OneWeb LEO 1,980 1,200 partial (m) | (dBi)| (dBW/Hz) 0 (dBi) | (AB/K)| 0O
2 | SpaceX LEO 4,425 1,200 approved SpaceX 045 | 354 -40 1.7 ] 34 | 126 1.9
© | Kepler LEO 140 600 approved OW MEO | 045 | 354 | -334//-234 | 1.7 | 34 | 126 | 19
Theia LEO 12 gggg;{ %91 approved OW LEO | 045 | 354 | -179/-178 | 1.7 | 34 | 126 | 1.9
3 P Geo- " apoges: 40,002 p—— Kep}er 0.3 31.2 | -44.4//-13.4 | 2.5 | 30.6 | 9.1 2.9
2 u synchronous perigee: 31,569 pprov Theia 0.6 379 | -68.4//-454 | 1.3 | 36.6 15.1 1.5
g‘ apogee: 43,509 SN 1 42.4 -33.4//-8.5 0.8 41 19.6 0.9
S| SN HEO 2| perigee: 8,080 | @pproved NSS 045 | 354 513/313 [ 17 | 34 | 126 | 19
NSS HEO 15 apogee: 26,190 pending Karousel 0.6 | 379 -237/-37 | 13 | 36.6 | 15.1 1.5
perigee: 1,650 SpaceX 045 | 354 40 7] 34 | 126 .o
OW MEO 0.45 354 -31 1.7 34 12.6 1.9
OW LEO 0.45 354 -40 1.7 34 12.6 1.9
TABLE III Kepler 0.45 354 -42 1.7 34 12.6 1.9
ORIGINAL (GREEN) AND TUNED (RED) TRANSCEIVER PARAMETERS FOR Theia 0.6 37.9 369 13 | 366 | 15.1 15
NGSO SATELLITES AND ORIGINAL PARAMETERS FOR GSO SATELLITES SN 1 2.4 135 0.8 41 19.6 0.9
(YELLOW), WHERE EIRPD 1S THE MAX. EFFECTIVE ISOTROPICALLY NSS 045 | 354 243 1.7 34 12.6 1.9
RADIATED POWER DENSITY, AND G IS THE MAX. ANTENNA GAIN FeTonel 0.6 37.9 7169 13 1 366 | 15.1 15
- < Earth St. 3.7 53.7 -8.5 02 | 524 | 309 0.2
Satellite Tx Satellite Rx User Te. | 075 | 399| 135 T [ 385 | 17 12
System G | EIRPD G | (G/7)
(dBi) (dBW/Hz) (dBi) | (dB/K)
SpaceX 37.1 -47.1 37.1 9.8
OneWeb (OW) MEO 49.1 -25.6 50.6 237 L
OncWeb (OW) LEO 245 294 26.0 10 satellites,” Int. J. Satell. Commun. Network., vol. 34, no. 1, pp. 11-39,
Kepler 236 214 255 | 63 Jan /Feb. 2016.
Theia 343 575 384 175 [8] H Wang, C. Wang, J. Yuan, Y. Zhag, R. Ding, and W. Wang, “Coex-
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