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Abstract— High-rate satellite communications among hun-
dreds and even thousands of satellites deployed at low-Earth
orbits (LEO) will be an important element of the forth-
coming sixth-generation (6G) of wireless systems beyond
2030. With millimeter wave communications (mmWave,
~30 GHz-100 GHz) completely integrated into 5G terrestrial
networks, exploration of its potential, along with sub-terahertz
(sub-THz, 100 GHz-300 GHz), and even THz (300 GHz-3 THz)
frequencies, is underway for space-based networks. However,
the interference problem between LEO mmWave/THz satellite
cross-links in the same or different constellations is undeservedly
forgotten. This article presents a comprehensive mathematical
framework for modeling directional interference in all key pos-
sible scenario geometries. The framework description is followed
by an in-depth numerical study on the impact of cross-link inter-
ference on various performance indicators, where the delivered
analytical results are cross-verified via computer simulations. The
study reveals that, while highly directional mmWave and, espe-
cially, THz beams minimize interference in many cases, there are
numerous practical configurations where the impact of cross-link
interference cannot be neglected and must be accounted for.

Index Terms— Low-Earth orbit (LEO) satellites, interference,
satellite constellations, terahertz communications, millimeter
wave communication, directional antennas.

I. INTRODUCTION
NE of the key advancements on the path from 5G
through 5G-Advanced to 6G systems is the seamless
integration of high-rate satellite communications into the cel-
lular networking environment [2], [3]. Specifically, massive
constellations of low-Earth orbit (LEO) satellites are seen as
crucial facilitators for pervasive, high-speed communication
around the world [4]. These near-Earth systems complete
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the “connectivity triad” by complementing wireless local area
networks and cellular networks in providing high-rate and low-
latency Internet access for users on land, sea, and air [5].

To reach the anticipated 6G-grade performance levels, the
utilization of highly-directional transmissions over wide bands
in millimeter-wave (mmWave, ~30 GHz—-100 GHz, including
the Ka band [6]), sub-THz (100 GHz-300 GHz [7]), and even
terahertz (THz, 300 GHz—-3 THz) frequencies is anticipated [8],
[9]. Given the long propagation distances, both satellite-to-
ground links (uplink and downlink) and inter-satellite links,
also known as cross-links, require the use of such directional
high-rate connectivity. Additionally being actively considered
for cross-links is the optical spectrum, which offers rates
greater than even THz channels, and could complement them
when the adequate channel conditions are given [10], but
is greatly constrained by potential pointing losses due to
extremely thin (i.e., laser-formed) beams [11], [12].

Utilizing mmWave radio for both access and cross-links
offers the advantage of partial hardware reuse, resulting in
simpler, lighter, and more cost-effective satellites. Although
a compact, power and energy-efficient THz radio remains
a long-term objective [13], this band is already being
actively employed in satellite systems for sensing and imag-
ing purposes [14], [15]. Conversely, THz communications
are progressing rapidly, supported by recent standardization
initiatives [16] and successful demonstrations of multi-
kilometer-long THz links [17], while the estimated link
budget for satellite-to-airplane communication is deemed suf-
ficient [18]. Another benefit of mmWave and THz space-based
cross-links is the reduced impact from terrestrial limitations,
such as signal absorption by the atmosphere [13].

A significant hurdle in the advancement of mmWave and
THz satellite communications pertains to the potential inter-
ference these solutions might introduce to the existing wireless
systems, encompassing networks, radars, Earth exploration
satellites, and more [19], [20]. Despite many existing works
in the field of satellite interference characterization and mit-
igation, which are reviewed in the following section, to the
best of the author’s knowledge, there is no study on the
modeling of the interference among mmWave or THz satellite
cross-links. As illustrated further in this article, interference
between directional satellite cross-links needs to be carefully
accounted for, when aiming for reliable data exchange within
a single satellite constellation, as well as efficient co-existence
of several LEO constellations in neighboring orbits.
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A. Related Work

When analyzing satellite-based wireless systems, inter-
ference is one of the key factors considered in literature.
Particularly, numerous studies focus on the interference
between ground communication networks and satellite-based
wireless systems. Here, Sharma et al. [21] present one of the
early attempts to capture the interference between a terres-
trial base station and a satellite terminal, as well as review
possible interference mitigation techniques. This work is fol-
lowed by many further studies, including the recent ones by
Zhang et al. [22], presenting the interference-aware resource
allocation for C-band (4 GHz—8 GHz), Abdu et al. [23], intro-
ducing a demand-aware resource allocation solution for
interference-limited scenarios, and a survey of interference
mitigating techniques by Peng et al. [19].

Among other methods, stochastic geometry (SG) has been
identified as a particularly useful tool to model dense
LEO constellations, where a terrestrial receiver is agnos-
tic of the satellites’ orbital parameters, as highlighted by
Wang et al. [24]. Wang et al. [25] further use SG to analyze
the coverage and data rate of an airplane receiver from a
LEO network, and Okati et al. [26] utilize SG to model the
total downlink performance of LEO constellations, among
multiple other studies. Both works recognize the following:
while SG offers a computationally efficient analysis tool,
it typically yields approximate, time-averaged statistical results
of performance in the presence of interference, ignoring any
essential time-related dependencies the system may have.

Going higher in frequency to mmWave and sub-THz spec-
trum, Xing and Rappaport [27] model potential interference
between terrestrial and satellite-based systems operating over
100 GHz, followed by Kumar and Arnon [28] delivering an
upper bound on ground-to-satellite channel capacity in W-band
(100 GHz-110 GHz). Recently, dynamic spectrum sharing
among terrestrial and satellite-based sub-THz wireless systems
was experimentally demonstrated by Polese et al. [29]. While
many of the analytical models discussed above consider a
single satellite, there have been several studies explicitly
capturing the interference produced by a group of satellites,
including but not limited to [30], [31], and [32]. Still, the
key focus of these works is on the interference between the
satellite-based systems and terrestrial networks.

As the total volume of satellites keeps rapidly growing, the
potential interference among the satellites themselves becomes
an issue. Particularly, Fortes and Sampaio-Neto studied the
interference between a LEO satellite and a Medium Earth orbit
(MEO) satellite back in 2003 [33]. Since then, dozens of stud-
ies have been presented for cross-orbit interference in S-band
(2GHz-4GHz) [34] and Ka-band (27 GHz-40 GHz) [35],
[36]. Some latest studies, including [37] and [38], focus on
LEO-LEO satellite interference at 2.4 GHz and 20 GHz.

Importantly, to the best of the authors’ knowledge, while the
density of the satellite communication networks passed already
several tens of satellites per orbit in deployed or announced
constellations [39], [40] and keeps growing rapildy [41],
there is no comprehensive mathematical model that studies
the interference among LEO satellite cross-links operating at
mmWave and THz frequencies. Most of the prior works are
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limited to either: (i) ground-to-satellite interference ([19], [21],
[22], [27], [28], [29], [30], [31], [32] among others), (ii) lower
frequencies ([37], [38] among a few others), or (iii) simulation-
based studies ([34], [35], [36] among others). Meanwhile,
existing interference models for mmWave and THz networks
([42], [43], and [44] among others) are not directly applicable,
as they model terrestrial setups and do not account for the
specific satellite systems’ scenario geometry and other impor-
tant peculiarities of cross-link operation. By expanding our
preliminary work [1], we aim to address this gap in the present
article.

B. Claims and Contributions

Concerned by the lack of comprehensive frameworks
that capture the realistic impact of directional cross-link
interference in prospective mmWave/THz LEO satellite com-
munication systems, in this paper, we present a mathematical
framework and an extensive numerical study to model direc-
tional interference among mmWave/THz cross-links and its
impact on the key performance indicators (KPIs). The pre-
sented models, results, and conclusions should facilitate
further development and evaluation of possible constellation
designs for reliable high-rate mmWave and THz LEO satellite
networks, as well as the seamless co-existence of several
constellations deployed in the proximity of each other.

The contributions of this work are summarized as follows:

o Novel analytical methodology: An elaborate mathematical
framework is developed to model directional interference
among cross-links in mmWave/THz satellite communica-
tion networks. All the key configurations are considered,
including the interference coming from the same orbit,
a shifted orbit, and a co-planar orbit. The framework takes
into account all the major static and time-variant orbital
parameters of the involved LEO satellites, their mutual
orientation and mutual mobility, as well as the essential
radio link parameters.

o In-depth numerical study: A thorough investigation is
performed using the developed methodology of the direc-
tional mmWave/THz LEO satellite communication sys-
tem in the presence of cross-link interference. The study
highlights time-variant, statistical, and time-averaged lev-
els of interference power, as well as the impact of
cross-link interference on other KPIs, including the
signal-to-interference ratio (SIR), signal-to-interference-
plus-noise ratio (SINR), and link capacity. The study
particularly highlights the cases, where cross-link inter-
ference can be neglected and the setups where it should
not be ignored. The latter characterises the specific
deployment configurations that may benefit from inter-
ference mitigation techniques, including but not limited
to channelization and interference-aware channel access.

o Comprehensive simulation study: The results deliv-
ered with the mathematical framework are further
cross-verified by our in-house built simulator for satellite
wireless systems. The developed simulation framework
captures the design and mobility of the realistic constel-
lation of LEO satellites. The presented analytical results
demonstrate a close match to those delivered with the
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TABLE I
NOTATION USED IN THE INTERFERENCE ANALYSIS

Notation Description
Orbital parameters
Earth radius
Semi-major axis

Rg

a

0 Inclination
¢

Q

True anomaly
Right Ascension of the Ascending Node (RAAN)

h, hc, hs Orbital altitude (single, co-planar, shifted)

N, N¢, Ng Number of satellites per orbit (single, co-planar,
shifted)

N1 Number of interfering satellites in the orbit of interest

N Optimal number of satellites to maximize capacity

B Relative angular offset

AB Difference in relative angular offset between two orbits

A Bmax Maximum relative angular offset before redundancy

i, J Satellite indexes in the current orbit and the secondary
orbit
Radio and propagation parameters

Pry, Prx Transmit and received power

G Antenna gain

B Channel bandwidth

«@ Antenna radiation pattern angle (beamwidth)

fc Carrier frequency

A Carrier wavelength

k Boltzmann’s constant

T System temperature
Performance metrics

EI] Average interference power at the lawful receiver

r Signal-to-interference ratio

S Signal-to-interference-plus-noise ratio

C Channel capacity

simulation framework, thus confirming the accuracy of
our delivered models and the trustfulness of the obtained
numerical conclusions.

The rest of the paper is organized as follows. In Sec. II we
review the main parameters necessary to characterize the
satellite’s position and movement, we introduce the antenna
and network models for our study and we also outline the
selected deployment scenarios that are analyzed. The math-
ematical models of interference, SIR, SINR and channel
capacity are derived in Sec. IIIl. We evaluate numerical and
analytical results, as well as provide a detailed description of
the simulator in Sec. IV. Finally, key observations, conclu-
sions, and future work are outlined in Sec. V.

II. SYSTEM MODEL

In this section, the main assumptions for our model are
introduced. Table I summarizes the key notation.

A. Orbital Parameters

Figure 1 illustrates the considered scenarios. In this study,
we particularly focus on the orbits commonly used for LEO
satellites. These circular orbits are primarily determined by
four essential parameters, namely, the semi-major axis a, incli-
nation vy, true anomaly ¢, and right ascension of the ascending
node (RAAN), (), as in Figs. 1(b), 1(c), and explained below.
The semi-major axis a is the distance from the center of
the Earth to the satellite’s orbit, which is determined by the
orbit altitude above sea level, h, and the Earth’s radius, R,
as a = Rg + h. The inclination ¢ is the angle between
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Fig. 1. Interference modeling for LEO mmWave/THz directional cross-link
communications.

the orbital plane and the Earth’s equatorial plane. The true
anomaly ¢ is the angle between the satellite’s position and the
ascending node, which is the point where the orbit intersects
the Earth’s equator when moving from south to north. The
final parameter, the RAAN (2, determines the angular position
of the ascending node with respect to a reference direction,
which is typically determined by the vernal equinox. Satellites
on each orbit are evenly spaced from each other.

B. Selected Scenarios

The presented study aims to comprehend the interference
levels, sources of interference, and interference patterns over
time in directional satellite communications by breaking down
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the problem into mathematically tractable scenarios. We have
identified three practical sub-scenarios of varying complex-
ity that serve as the foundation for the upcoming satellite
mega-constellations currently being deployed or designed. Our
approach allows us to analyze each sub-scenario in detail and
gain insights into the overall interference problem in the next
generation of satellite mega-constellations. These identified
sub-scenarios, illustrated in Fig. 1 are:

1) Single orbit: The simplest option, one orbit with evenly
distributed satellites. Interference comes from the satel-
lites located in the same orbit.

2) Co-planar orbits: A more sophisticated case, an addi-
tional orbit in the same orbital plane but at a higher
altitude. This case is of particular importance to the
co-existence of multiple constellations with similar
parameters to offer competitive coverage but different
altitudes.

3) Shifted orbits: The most complex sub-scenario analyzed.
Multiple shifted orbits are typically combined to form a
grid pattern between various latitudes, giving rise to the
distinctive satellite “shells” of what are known as Walker
constellations [45].

We describe the three scenarios in more detail in Sec. III.

C. Propagation, Antenna and Routing Assumptions

Our research focuses on low Earth orbit (LEO) satellites that
are positioned at altitudes ranging from 500km to 2000 km,
where atmospheric absorption has a negligible effect compared
to spreading [18]. We assume that all the satellites transmit at
the same power level, Pr,, and utilize equivalent antenna sys-
tems for transmission and reception.l Therefore, the received
power, Pr,, depends primarily on the transmit power, antenna
gains, 2and spreading loss, which can be expressed as Pr, =
%. Here, Pr,, G, d, and ) represent the transmit power,
antenna gain, separation distance between the transmitter and
the receiver, and signal wavelength, respectively.

To analyze interference in a satellite constellation, certain
assumptions need to be made about the routing strategy
used. In our study, we assume that satellites transmit to their
immediate neighbors in the same orbit whenever possible. This
approach is feasible for the modeled scenarios, as global cov-
erage can be achieved with first-neighbor links, avoiding the
need for excess output power to reach farther neighbors [46].
While inter-orbit cross-links may also be needed, our prelim-
inary study of the scenario geometries and dynamics revealed
that their impact on the total interference is of secondary
importance compared to direct in-orbit links. Therefore, these
types of links are excluded from our first-order study for the
sake of tractability of the resulting mathematical framework
and clarity of the key numerical results. However, the model
elements we developed can be recombined to account for
different topologies and routing protocols. We also assume

'In a homogeneous satellite network performing half-duplex or full-duplex
wireless communications over cross-links, it is most realistic to assume
that the same or identical antenna modules are used for both transmission
and reception. The developed framework can be extended further to model
different antenna gains (Gtx 7 GRrx) and/or different radiation patterns with
e.g., different beamwidths at the transmitter and receiver sides.
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that all communicating nodes use an analytical cone-shaped
antenna radiation pattern with a main lobe gain given by
G = 2/(1 — cos(a/2)), where « is the pattern directivity
angle/beamwidth [44]. The delivered framework can be further
tailored to other radiation patterns, both with or without strong
side lobes.

D. Metrics of Interest

The main emphasis of our study is to examine the
average power of interference that occurs at the intended
receiving node, which is denoted as E[I]. Our analysis
takes into account the combined impact of all the feasible
satellite sources that could potentially cause interference.
Additionally, we compare the estimated interference value
with both the strength of the received signal and the power
of the Johnson-Nyquist thermal noise, using the signal-to-
interference ratio (SIR) and the signal-to-interference-plus-
noise ratio (SINR), respectively. Lastly, we examine the overall
channel capacity, C, calculated as C' = Blog,(1 + SINR).

III. INTERFERENCE ANALYSIS
A. General Approach

Despite their deterministic nature marked by orbital physics,
the geometries of LEO satellite constellations feature notably
complex and, importantly, time-dependent mutual location
and orientation of the individual satellites with non-trivial
interactions among each other. Therefore, for tractability,
we first have to decompose the overall setup of a typical
Walker constellation [47] into reduced sub-parts of the overall
constellation and analyze those separately.

We characterize the interference originating from satellites
in the same orbit as the target receiver in Section III-B, while
analyzing the theoretical performance limits in Section III-C.
Next, we investigate the interference caused by satellites
positioned in a co-planar orbit in Section III-D. Subsequently,
in Section III-E we present the model and analysis for inter-
ference arising from satellites in a shifted orbit, while in
Section III-F we extend this analysis to a shifted orbit at a
different altitude to a co-planar shifted orbit. Each section
collectively completes the general setup depicted in Figure 1.

B. Modeling Interference From the Same Orbit

Focusing on the interference coming from the same orbit
as the target receiver, the setup geometry is illustrated in
Fig. 2, along with a co-planar orbit setup analyzed in the
following subsection. Index 7 is used to number the satellites
in the orbit of interest (i € [0; N — 1]), where N is the total
number of satellites, and the link between satellites s = 1 and
1 =0 is considered as the link of interest (the signals coming
from other satellites ¢ # {0,1} that are captured at the
receiver, ¢ = 0, are considered as interference). Since the
satellites of a single orbit reside in the same orbital plane,
a 2D simplification of the problem can be considered when
analyzing the interference from that same orbit I.

In general, a transmitting satellite will cause interference to
the target receiver if and only if the three following conditions
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Legitimate
cross-link

Fig. 2. Modeling single and co-planar orbits interference.

are jointly satisfied: (i) the interfering satellite has line-of-
sight with the receiver, i.e., it is not blocked by the Earth,
(ii) the interfering satellite appears within the receiver beam,
and (iii) the receiver appears within the interfering satellite
beam as well. First, the interfering satellite is in line of sight
with the receiver if:

71' RE

0; > - — —_—

5 — arccos <RE 7

Second, given the radial symmetry presented in the single

orbit scenario depicted in Fig. 2, the second and third condi-
tions are satisfied if:

>7 i€[2,N]. (1)

9i>91—%, i€ [2,N]. )

Considering that the satellites are evenly distributed in
orbit, an expression for the angle 6; can be obtained using
trigonometry as:

™ ™

0, =5 iz i€ [LN]. 3)

Thus, substituting (3) into (1) and (2) results in a mathe-
matical expression of the set of satellites causing interference
to the target receiver:

N R N
i<;arccos <R15—1|€—h> A i<1—|—%047 i€[2,N].
“)

In other words, the total number of interfering satellites, Ny,
is set by the minimum of these two thresholds. Remembering
that satellite 7 = 1 is the transmitter in the link of interest and
not an interfering satellite, we obtain:

Ny = Lmin (];7 arccos <R]::R—l&5—h) , 1+ é\;a)J —1. (5

To calculate the signal power captured by the receiver, it is
also necessary to define the distance d; between the receiver
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and any other satellite 7. For satellites in the same orbit, this
distance will remain constant through time since satellites in
the same orbit travel at the same speed, i.e., their relative speed
is zero. Applying the Law of cosines in Fig. 2 leads to:

d? = 2(Rg + h)* (1 — cos 2”1) . (6)
N
From here, an expression for the average interference power
for the single orbit scenario, E[I1], can be derived by adding
all the individual contributions of the satellites that satisfy
the three initial conditions. Combining (6) and (5) with the
propagation model from Sec. II, we obtain:

Ni+1

ElL] = Z

1=2

A2 Pr,
872 (1 — cos %)2 (Re + h)? (1 — cos 274) '
By calculating the distance between the transmitter and the
receiver, d; in (6), the first metric of interest for the single
orbit scenario, that is, the SIR, can be analytically derived:
1
(1—cos %’)

Ni+1 1 '
iz (o)

It is important to note that many input parameters, such as
the Tx power or the orbital altitude, cancel in the numerator
and denominator, so the average SIR depends primarily on the
number of satellites in orbit. A further elaborated analysis is
provided in Sec. IV.

An expression for the SINR can thus be derived by consid-
ering the Johnson-Nyquist noise power Py = kT B, where
T is the system’s temperature, B is the bandwidth of the
communications system, and k is the Boltzmann constant:

)

Iy = ®)

AP

T
872(1—cos % )2(Re+h)?(1—cos3F)

ZN1+1 A2 Pry

i=2  8m2(1—cos$)2(Re+h)2(1—cos ZFi)

Sy = €))

+ kTB

C. Single Orbit: Theoretical Performance Limits

As in any communication system, a trivial solution to
maximize the SNR would be to reduce the distance between
the transmitter and the receiver, which in the case of an intra-
orbit cross-link would be directly related to deploying more
evenly spaced satellites in that orbit. Here, an interesting trade-
off arises: on the one hand, considering more satellites will
indeed increase the SNR by bringing the transmitter closer
to the receiver, while, on the other hand, more satellites will
increase the expected interference, thus degrading the SIR and
the overall performance of the link. Formalizing this trade-off
analytically:

Jim S1() = Jim Py
Ni+1 1
- nggo (1 — Cos QW“)/ Zz:; (1 — Cos ZWWZ)

1 1

= 1/2 e i 1.55 = 1.9dB (10)
=2 6

where we have utilized the Taylor series expansion cos(z) ~

2 . . . 6 .
1 — Z- and the infinite series > ;-, % = % — 1. This result
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implies that the cross-link channel capacity can not be arbi-
trarily increased by adding more satellites to the constellation,
but rather there is a limit for which the improvement in SNR
is compensated by the increase in received interfering power,
even if the received signal strength is well above the noise
floor (i.e. low SIR limits channel capacity even if the SNR is
high). This is an important theoretical result from our work
that is further elaborated on in Sec. IV.

The natural question then is what is the maximum number
of satellites per orbit after which the cross-link performance
starts degrading due to the interference them for a given
orbital altitude h and antenna beamwidth o? Although the
number of satellites to be deployed is typically found through
optimizing the global coverage and capacity of terrestrial
receivers, with the presented framework we can derive this
upper bound beyond which adding more satellites is detri-
mental to cross-link performance. This bound represents an
important constraint to consider in multi-parameter optimiza-
tion when designing next-generation satellite communication
networks with high-rate directional cross-links. Provided that
the system noise power Py is low enough to provide an SNR
higher than the limit of 1.9 dB, the maximum SINR will
be obtained with the maximum number of satellites that can
grant no unlawful transmissions reaching the receiver, that is
N; = 0. Further analyzing (5), we can derive this optimal
number of satellites to deploy, N*, by solving the inequality
N; < 1, which taking into account the two thresholds given
by the interference conditions results into:

2 2

(07

N* = max
Rg
Rg+h

(1)
)

arccos <

This result is further explored in Sec. IV as well.

D. Co-Planar Orbits

A co-planar orbit setup is also depicted in Fig. 2. This
scenario illustrates a situation in which two separate satellite
service providers have deployed part of their constellations
in the same orbital plane, at different altitudes, which is
the reason why we only consider links between satellites in
the same orbit. Given the current satellite communications
landscape, this scenario is likely to occur, since multiple LEO
service providers might be interested in giving coverage to
the same areas. A closer look at the geometry of the setup is
given in Fig. 3, with N satellites in the lower orbit and N,
satellites in the higher orbit. A pair of Cartesian axes x and y
is introduced to simplify the mathematical formulation using
vector notation.

In this case, as the two orbits have different altitudes,
they also have different orbital speeds. For this reason,
the time-dependent parameter Af3(t), referred to as relative
angular offset, is introduced. This parameter captures the
periodicity of the interference patterns over time due to the
difference in orbital periods, determined by Kepler’s third
law [48]. An accurate description of the relation between
ApB(t) and the duration of the interference patterns in a
two-orbit setup (not necessarily co-planar) is provided in
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1 Pointing
direction

Fig. 3. Geometry of a co-planar orbit interference setup.

Appendix. The time argument is omitted from the formulation
going forward for the sake of clarity.

Again, the three conditions from the previous subsection
have to be met for the satellite j to interfere with the receiver.
However, as for co-planar orbits h # hc, condition 2 and
condition 3 are now fulfilled separately. Following Fig. 3
formulation, Condition 1 is satisfied if:

) +/1> g—arccos (RER—T—h) . (12)

In their turn, mutual antenna alignment Conditions 2 and
3 are satisfied if [¢;| < § and [¢}| < &, respectively.
Using vector notation, we then derive the angle v; as:

¥ = arctan <||A_C' x AB||/(AC, A_B>) € {-m,n} (13)
where
A= (0, Rg+h), B=(Rg+hc)(sin0;, cosO;),
(14)
AB=B—A = ((Rg + he) sinQ;, (he — h)cosO;), (15)
AC = (sinA, —cosd), O; =AB(t)+2rj/Ne. (16)
With vector notation, angle A corresponds to the angle

¢ from the single orbit scenario as A = § — . Therefore,
(13) can be expanded into

1 =arctan (hC7h)COS%:OS,O{+(RE+hc) S.in? SinO:j .(17)
(Re+hc)cosg sinOj—(hc—h) sing; cosO;

The other important angle, w;-, which is only relevant in
absolute value, can therefore be obtained as:

v} = arceos ((BD, BA)/ || BD||- | BAll|),  a8)
where

BD=D-B, BA=A-B8, (19)

D = (Rg+ hc)(sinO;j_1, cosO;_1), (20)

Oj_1 = AB(t) +27/Ne((j — 1) mod (Ne —1)). (21)
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After deriving the main angles, 1; and v, the set of
interfering satellites C' = C1 N C2 N C3, which satisfy
Conditions 1, 2, and 3, respectively, can be defined as:

Cr= (G € 0N 1] | 4y > 7~ arecos ( 1)),
czz{je[owc—uuwf}
Co={je0.Ne—1] | 10}] < 3. 2)

The distance between the poss1ble interferer j and the target
receiver is now calculated. This distance corresponds to ||AB||,
according to the analysis above and the geometry in Fig. 3,
thus:

= (Rg + h¢)? sin? Oj + (he — h)? cos? Oj. (23)

Then, the average interference power received from the
higher orbit, E[I5], can be computed as follows:

>

JEC1NC2NC3
x ((Rg + hc)2 sin® Oj) +

2

ElL) = NPy, [[An (1 — cos %)

(hc — h)? cos® O;)],
(24)

By solving the following equation, we can also find the

minimum co-planar orbit altitude that ensures interference
isolation between orbits, h¢:

2
ELl= Y NP/l (1 — cos %)
JEC1NC3NCs
x ((Rg + hg)?sin® O;) + (he — h)? cos? 0;)]
=0, YO, (25)

If we now consider the total interference, both from the
lower and higher orbits, the signal-to-interference ratio for a
link in the lower orbit, I's, can be computed as:

Prx
1"‘2 — 71{
E[L] + E[I]

1
2(17cos QW”)

Ni+1

1 1

—+ > 2
27 . ~ (hc—h) A

=5 2(1—cos i) JECINC2NCs sin? O+ (pimy cos O

(26)

Analogously to section III-B, expressions for S; can be
obtained when considering the thermal noise at the receiver:
B Rx
E[Il] + E[IQ] + kTB
where expressions (7) and (24) are used for the calculation of

E[I] and E[l5] respectively.

An equivalent analysis can also be formulated to study the
metrics of interest for a cross-link in the higher orbit. The
resulting expressions for F[ls.], I'ac and Sac are, respectively:

2.

i€C1NC2NC3
x ((Rg + he)?sin® O;) +

Sy =

27)

_ 2 2(q _ o 2
Blly] = N2Pr, [An (1 cos 2)

(he — h)? cos? (A)z)],
(28)

1377
Fig. 4. Modeling interference from a shifted orbit.
r o PRxc
2C= S 7 o
E[I.] + E[I3]
B 1 R 1
2(1—c0s12\,”) =2 2(1—(:0812\,—’;]')
n 1
i€C1NC2NCs (sm Oi + % cos Oz)
(29)
P XC
Sac = - (30)

E[Ilc] + E[I2c] + kTB’

The main differences that modify the results slightly are:

o First, the relative angular offset, AS(t), grows in the
opposite direction. This causes the expected interference
time profile to have even symmetry w.r.t. the expected
interference time profile in the lower orbit.

« Second, the transmitter and receiver are further away from
one another, which results in lower useful signal power
at the receiver.

o Last, the interfering satellites located in the orbit of
interest are further away from the receiver too. This
causes the expected interference coming from the same
orbit, E[I;.], to be lower with respect to the lower orbit.

The effects of these changes are further explored in Sec. IV.

E. Shifted Orbits

The third part of the model addresses the situation where
the interference, E[I3], originates from an orbit with the
same inclination and height as the orbit containing the link
of interest, but a different 2. Figure 4 depicts this scenario
schematically, where A refers to the angular shift between
the orbits. Typical Walker constellations combine multiple
shifted orbits of this nature to provide continuous coverage
between the latitude range [—v,~] [45], as shown in Fig 1(a).
In this scenario, the need for a 3D coordinate system is clear,
since satellites in the shifted orbits are not always within the
same 2D plane. In particular, we use a Geocentric Equatorial
Coordinate (GEC) system fixed with respect to the background
stars. The z-axis is the axis of rotation of the Earth, the x-axis
is the direction of the vernal equinox, and the y-axis follows
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a right-handed convention with the other two. We can identify
the positions and pointing directions of each satellite using this
coordinate system as 3-element vectors, which also allows us
to calculate the angular separation between them.

We start by determining the location of each satellite within
its own orbital plane for a given satellite j out of Ng in
orbit 2 (orbit 1 contains the lawful transmitter and receiver).
Concretely, we begin by computing its real anomaly (angular
position within the orbital plane) as follows:

¢; =Ap ;2

Vj € [0,Ns — 1], 31)

Ng J,
It is important to note that this time the relative angular offset
Af is a constant parameter across time since both orbits have
the same altitude and, consequently, the same orbital period.
Typically, AS is treated as a constellation design parameter
and it is fixed to a value that grants no collision between
satellites at the orbit crossings.

The position of the satellite in its own orbital plane, 7%;,
can then be obtained as:

(Rg + h)(cos ¢;,sin ¢;,0).

To convert the position of the satellite relative to the orbital
plane, 7;, to its coordinates in the GEC system, 7}, the
following conversion matrix is utilized:

Toj = (Toj, Yoj, 205) = (32)

cosQy  —sin Qg cosy sin () sin 7y
M, = |sinQy cos Qy, cosy —cosQgsiny|, (33)
0 sin y cos 7y

where sub-index k£ € 1,2 is used to identify the orbit with
the link of interest and the shifted orbit, respectively. v is
the orbit’s inclination, and €2 is the orbit’s RAAN. As 7; =
M},7;, we can then calculate the position of the jth satellite
in the GEC system in orbit k. The same method is used to
validate the interference conditions by finding the transmitter’s
and receiver’s position vectors, 7, and 7'r,, respectively.

In this scenario, the possible blockage by the Earth is
analyzed with the rise and set function [49] between the
potential interfering satellite, 7;, and the lawful receiver, 7'r,,
as follows:

Rj = (7, 7rz)” = I7511%||7Re 1
+ (17511 + 17e |*) RE — 2RE(T), TRa),  (34)
thus establishing the set of visible satellites as:
Cy={j€0,Ns—1] | R; <0}. (35)

To find the sets Cy and C3, we calculate the distance vector
between the receiver and the interfering satellite, and their
respective pointing directions, as:

FRmﬂj = Fj - FRI7 (36)
FR:&HT:& = FT:n - FRI) (37
Tjmj—1 = Tj—1 = Tj. (38)
and angles v; and 1/)3» are computed as:
TRz—js TRz—T
1 = arccos (TRa—j, TRe—~Tx) (39)

17Rz—j |l - PRz 72|l
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(Tj—j=1,Tj—Rz)

Y} = arccos (40)

17— —1ll - 17— ra |
where 7 Rz = —TRz—;-

The sets of satellites satisfying Conditions 2 and 3, C'; and
Cs, respectively, are then:

Co={j€[0.Ns =1 mod (Ns) | || <5}, (D)

: Q
C3;={j€[0,Ns—1] mod (Ns) | |1/J;| < 5} 42)
Finally, the total expected interference originating from the

shifted orbit can be derived:

B3] =
FECINC2NCs 42 (1 — COS *) 17"Re—; H

and taking into account the interference from the orbit of
interest and the thermal noise, expressions for I's and S5 can
also be derived:

Pry B 1
E[L] + E[I3]

'N1+1 N,

1
/2 2(Re +h) Z |er||

st (1 —COSQN )

FSZ 277)/

(1 —cos

(44)
Prx
E[L)+ E[I5] + kTB’
where, again, expressions (7) and (43) are used for the
calculation of E[I;] and E[Is] respectively.

S3 = (45)

F. Co-Planar Shifted Orbit

A special extension of the analysis presented in the previous
subsection is the model for the case where the shifted orbit is
at a different altitude than the orbit with the target receiver,
essentially consisting of a co-planar shifted orbit, as depicted
in Fig. 1(c). This is needed to model possible multi-altitude
constellations designs, but more importantly, to properly model
the interference among two different LEO constellations at
neighbor altitudes (i.e., deployed by two different operators).

Importantly, the approach presented in the previous
subsection allows to do this by modifying (32) and including
the interfering orbit altitude there, hg, instead of the altitude
of the orbit with the target receiver, h:

(Rg + hs)(cos ¢;,sin ¢, 0).

It is important to note that because of the different alti-
tudes, the relative angular offset between the target orbit
and the shifted co-planar orbit will change over time obey-
ing the dynamics derived in Appendix, as for co-planar orbits.
The rest of the shifted orbit analysis stays the same.

Toj = (Toj, Yoj, 205) = (46)

IV. NUMERICAL RESULTS

The numerical analysis of the mathematical models elab-
orated above is presented in this section. In addition to the
results for each of the studied sub-scenarios (Sec. IV-B to
IV-D), in Sec. IV-E we leverage the presented framework to
analyze the numerical results when all three sub-deployments
are combined as a single constellation.
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TABLE II
PARAMETERS UTILIZED IN THE ANALYSIS FOR EACH FREQUENCY BAND
Parameter mmWave (K, Band) sub-THz
Pr, 60 dBm [51] 27 dBm [52]
B 400 MHz [51] 10 GHz [53]
T 100 K [54] 100 K [54]
fc 38 GHz [51] 130 GHz [52]

Moreover, our numerical study focuses on two wireless
communication bands. The first is millimeter wave (mmWave),
which uses frequencies similar to those of 5G NR in terrestrial
networks and is envisioned as a possible choice (by just adapt-
ing the existing hardware components design for space) for
integrating Non-Terrestrial-Networks (NTNs) into the cellular
infrastructure.

The second technology involves using the unlicensed
sub-THz band to achieve ultra-broadband inter-satellite com-
munication, which is becoming increasingly important as
demand for higher data rates and the number of connected
devices continues to grow. The selected modeling parameters
for both bands are detailed in Table II.

A. Cross-Check via Computer Simulations

To ensure the accuracy of the delivered numerical results
and the developed conclusions, the analytical models have
been validated across computer simulations of the selected
scenarios using an in-house developed satellite communica-
tions framework first utilized in [50]. Our simulation platform,
implemented in Python 3.8, carefully models the geometry,
mobility, and orbital dynamics of moving satellites in defined
constellations [48]. It also captures the peculiarities of LEO
orbital mmWave and THz wireless cross-links by following
the models and assumptions from Sec. II.

Our simulation platform is implemented in Python 3.8 and
carefully models the geometry, mobility, and orbital dynamics
of the moving satellites in defined constellations [48]. The
tool also captures the peculiarities of LEO orbital mmWave
and THz wireless cross-links by following the models and
assumptions from Sec. II. Additionally, the tool can model
satellite-to-ground and ground-to-satellite communications fol-
lowing the International Telecommunication Union (ITU)
Recommendations ITU-R P.676-12 [55] and ITU-R P.835 [56].
It also allows for simulations involving non-trivial antenna
radiation patterns and orientations, including the cone-plus-
sphere (CPS) antenna pattern with multiple sidelobes pointing
into different directions utilized in [44] and several other stud-
ies. We utilize this more advanced CPS model for comparison
purposes further.

The framework follows time-driven simulation approach.
Specifically, at each timestep, the simulator propagates the
orbit of all satellites in the constellation to their respective
positions and computes the desired metrics of interest. Upon
completion of the simulation, the results are stored for further
post-processing and visualization.

B. Single Orbit

We begin by examining the effects of the interference on
the transmitted signal to isolate the signal impairments solely
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caused by interference in the system, and not thermal noise.
Figure 5(a) depicts the SIR for a single orbit setup, I';, as a
function of the number of satellites in orbit, V. Even though it
may be unrealistic to consider so many satellites in an actual
deployment, values of up to 200 satellites are analyzed to
show the asymptotic behavior of the metric.”> A dashed line
is included at the theoretical bound derived in (10) (1.9 dB)
for reference. The orbit altitude is set to 500 km, although as
observed in (8) and later confirmed with simulations, the orbit
altitude, h, does not impact the average SIR, as the altitude-
dependent parameters cancel each other.

The figure shows that, despite the reduction in transmitter-
to-receiver distance, more satellites typically result in more
interference and, as a result, lower SIR for a fixed beamwidth,
a. The trade-off between link distance and number of inter-
fering satellites in LOS is reflected in the non-monotonic
behavior of the curves. Although the SIR gets slightly better
as the distance between Tx and Rx is reduced, i.e., more
satellites are considered, Fig. 5(a) shows precise drops in
SIR from k to k + 1 satellites. These points occur when the
number of interfering satellites rises as a result of growing
the number of satellites. Noteworthy, the perceived drops are
smaller as N increases. For instance, the curve o« = 40°
exhibits a drop in SIR from 24 to 25 satellites of >1.5dB,
while the corresponding SIR decrease from 73 to 74 satellites
is <0.2dB. As N is increased, all the curves eventually
converge to the 1.9dB bound denoted by the black dashed
line.

We also note that satellite deployments are consistent with
the intuitive relationship between SIR increasing with antenna
directivity (confirmed in [42] and [44], among other works).
Nonetheless, even for 5° narrow-beam links, the SIR can be
as low as 6 dB, posing a threat to the cross-link’s performance
and reliability if not adequately addressed.

In addition to the simulated results, which closely match
analytical predictions, we incorporate two further simulations
adopting a more realistic antenna radiation pattern in Fig. 5(a).
We modified the simulation tool to also model a pessimistic
radiation pattern with uniform sidelobe power loss (CPS
antenna radiation pattern used in [44] and other works).
In theory, this may lead to additional interference through
sidelobes (thus lower SIR curves) than our model predicts.

However, after a careful study, it appears that any notable
deviations (still fractions of dB) only appear when over 99% of
the signal power starts coming from the sidelobes for oo = 5°
and when over 80% of the signal power comes from the
sidelobes for o = 40°. In practice, this translates to numerous

2 Although the existing constellations are still not reaching such densities
today, there is a clear trend among the main LEO satellite service providers in
growing the number of satellites per orbit, eventually reaching these transition
points if the process continues as of today. For instance, Starlink genl already
has a set of polar orbital planes with 58 satellites per orbit [39], while SpaceX
has planned 120 satellites per orbital plane for Starlink gen2 [41]. OneWeb
initially planned 40 [57], and recently updated that number to more than
70 satellites per orbit for the complete constellation [57], [58]. Project Kuiper
System has planned 3,239 satellites operating in 98 orbital planes, resulting in
at least 33 satellites per plane if they are evenly distributed [40]. In China, the
government and some companies are also planning to complete two massive
constellations soon, code-named GW-2 [59] and GW-A59 [60], with more
than 30 and 50 satellites per plane each, respectively.
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Fig. 5. Single orbit constellation at A = 500 km.

sidelobes equally spread in all directions with only 13dB
and 8dB weaker gains compared to the center of the main
beam. This is a very pessimistic assumption reflecting a poor
antenna design with very low spatial isolation. For instance,
the widely adopted ITU model for interference studies [61]
utilizes the antenna model where sidelobes have ~30 dB lower
gain compared to the main beam.

Hence, the non-negligible deviation in the curves behaviour
in our study only appears with antenna models featuring
17dB or more stronger sidelobes that recommended by the
ITU, while also pointing these sidelobes into all the possible
directions. Therefore, we observe that in the ovewhelming
majority of practical setups, the presented analysis gives a
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good first-order estimations for SIR and SIR-dependent KPIs,
while additional sidelobes (or other antenna radiation patterns)
can still be considered if needed in follow up in-depth studies.

Further, in Fig. 5(b) we incorporate the effect of the thermal
noise into the analysis by studying the SINR in a single
orbit deployment, S, and provide the corresponding channel
capacity in Fig. 5(c). We first observe that, indeed, increasing
the number of satellites N effectively improves the link
performance by reducing the distance between the transmitter
and receiver only when there is no interference. For instance,
the curves corresponding to THz depict a smooth increasing
behavior because they are either not affected by interference
(o = 1°), or because the effect of noise is dominant over the
interference (o = 3°,5°), for any considered value of N.

In general, due to the higher output power, we observe
a better SINR of mmWave over THz, even though broader
beams are considered. For instance, at the lower range of
values of N, the performance for a link at mmWave with
o = 5° is unmatched. However, the performance of that
link is clearly compromised by interference at higher values
of N. We observe a drop of more than 35dB in SINR at
N = T2 satellites, which is caused by the first interfering
satellite appearing in LOS of the receiver. Therefore, in this
setup (h = 500km and mmWave cross-links with @ = 5°),
N* =71 is the optimal number of satellites to be deployed
to maximize the link performance, as obtained in (11). Fur-
thermore, as IV increases, we again observe that the SINR is
eventually bounded by the SIR limit of 1.9dB, as obtained
in (10).

This bound is translated to an achievable capacity of around
600 Mbps at mmWave and 15Gbps at THz, both indicated
with black dashed lines respectively. From Fig. 5(c) we deduce
that the mmWave links fall in a bandwidth-limited regime,
despite having a better SINR, which means that the capacity
is also constrained by bandwidth. For example, even if no
interference was present in the mmWave link with o = 5°
(black dashed line), the channel capacity would still be lower
than at THz despite having a considerably larger SINR. On the
other hand, the channel capacity at THz rapidly increases when
abandoning the power-limited regime (low [NV), achieving
channel capacities of up to 80 Gbps.

C. Co-Planar Orbits

Extending the single orbit scenario, a two co-planar orbits
setup is analyzed next.

1) Time-Dependent Interference: In this setup, the SIR,
as well as the other metrics of interest, change over time as
a result of the satellite’s relative motion and orientation in
different orbits. In Fig. 6, two co-planar orbits with N = N¢
and altitudes of 500km and 510km (thus, with only 10km
separation distance) are used to demonstrate this effect for
two different antenna beamwidths.

First, we observe that despite the relatively close distance
between the orbits, the average SIR, I's and I'yc, exhibit
periodic variations between 0dB and —25dB, with sharp
jumps when a new interfering satellite appears in LOS.
We notice that the period changes depending on the number of
satellites in the orbits, becoming much shorter as the number
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Fig. 6. Two co-planar orbits at A = 500km and hc = 510 km, respectively.

of satellites increases. This is due to the fact that a higher
number of satellites per orbit translates to a smaller angular
separation between them, resulting in a shorter relative rotation
required to reach a redundant satellite position. The same
effect is present in the co-planar orbit, which also exhibits
even symmetry with its lower altitude counterpart. Notably,
in addition to the moments where I's ~ I'5c, there are instants
at which I'y < I'sc, which could be used as transmission
windows by an intelligent routing algorithm. Furthermore,
we notice that the beamwidth is crucial once more because
curves for narrower beamwidths consistently outperform the
broader beam curves.

If the Keplerian elements of the constellation are known,
as is the case in Fig. 6, the time dependence of the inter-
ference in this configuration can be well captured by the
orbit dynamics. The two orbits could, however, belong to two
separate satellite operators who have little to no knowledge of
each other’s satellites’ whereabouts at any given time. In this
case, it is appropriate to consider the expected interference at
each operator’s constellation as a uniformly distributed vari-
able across time which has an associated probability density
function (PDF). Fig. 6(c) depicts such PDFs at one of the
orbits for different beamwidths o and number of satellites IV,
revealing the trade-off between N and « for this setup.

Here, the effect of directivity is reflected as a higher
interference at narrower beamwidths, although the resulting
SIR is compensated by the corresponding increase in signal
strength, as seen in Fig. 6. Interestingly enough, the shape
of the different PDFs is similar, with low interference values
showing the largest probability, leading to the conclusion that
transmission windows are more likely than outage periods.
Remarkably, the shape of the PDFs is also affected by the
constellation parameters, with the largest variance at a low
number of satellites and broader beams (o« = 30 and N = 50).
The small distance between orbits, however, has an important
impact on these findings.

2) Time-Averaged Interference: To explore the impact of
the separation distance between orbits, in Fig. 7 we average
the results across the period of observation, focusing on the
final metrics of interest, i.e. SINR and channel capacity.
Once more, we see that for THz links, communication in
either of the two orbits is unaffected by interference due to
the narrower beams necessary for closing the link budget.

(b) SIR for a beamwidth o = 30°

(c) Interference probability density

On the other hand, the mmWave links suffer degraded per-
formance at low orbit separations due to interference from the
co-planar orbit. Moreover, a crossing of the pair of curves with
the same beamwidth at mmWave can be observed depending
on the constellation parameters. For « 10°, the SINR
for N 100 rapidly increases as the orbit separation is
higher, eventually only capturing inner-orbit interference and,
therefore, achieving a constant maximum just below 5dB.
On the other hand, the SINR for N = 50 has a slower growth
but reaches a larger SINR maximum when the link of interest
is only affected by satellites in the same orbit.

Interestingly, this crossing is not present in the mmWave
curves for o 30. This effect is a consequence of the
single orbit results and can be explained through Fig. 5(b).
In the figure, the mmWave curve for & = 10° curves over
the horizontal asymptote and eventually converges to it from
above, decreasing as N grows after the local maximum.
Contrarily, a mmWave curve for a wider beamwidth, i.e.
o = 40°, remains below the asymptote due to a constrained
SNR. This results in a monotonically increasing curve as N
grows until it also converges to the asymptote, but from below.

This trend is better captured in Fig. 8, which explores
the minimum required orbit separation, Ahy,;, = h& — h,
for complete interference isolation between the two orbits,
obtained through solving (25). Moving from left to right in
the figure, we note that broad beams necessitate a large orbit
separation for interference isolation. For example, for o« =
30°, an altitude separation of over Ah = 1000 km is required
for the lowest satellite count, potentially extending beyond the
standard LEO range (hc < 2000 km). With narrower beams,
such as a = 1°, the required separation distance significantly
decreases, often to less than 10 km, thus reducing the need for
interference mitigation strategies in such setups and allowing
for a full reuse of frequency channels among those two
co-planar constellations.

Interestingly, we found that the minimum orbit separation
for avoiding interference decreases as the number of satellites
increases. For a beamwidth of o = 3°, the required separation
drops by nearly 1000 km when the number of satellites in
orbit increases from 10 to over 100. This reduction is due to
the change in satellite pointing directions towards the orbit’s
tangent, creating a larger angular separation from satellites in
the adjacent orbit. In summary, while adding more satellites
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to a constellation may increase inner orbit interference, it can
also enhance protection against interference from co-planar
orbits of different operators.

Finally, because of the abundant bandwidth and sufficient
directivity to close the link budget and avoid interference with
significantly less power than at mmWave, the channel capacity
for THz lines is once more unmatched, as detailed in Fig.7(b).

D. Shifted Orbits

We proceed by numerically modeling the interference from
a shifted orbit/orbits.
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1) Time-Dependent Interference: As in the co-planar setup,
the relative motion between satellites at different orbits causes
time variations in the captured interference. Of special impor-
tance in this scenario are the moments where the two orbits
cross, which result in performance degradation, as shown in
Fig. 9(a). The figure depicts the SIR for a setup with a 3°
inclination, N=Ng, and o = 30°, and a time span equal to two
orbital periods. Similar to the single orbit scenario, the SIR in
this case is frequently only impacted by satellites in the same
orbit. However, we observe brief outage periods during the
time periods associated with the orbital crossings, and through-
out which transmission should be avoided. We again observe
periodicity in the curves, with two distinct SIR decreases per
cycle (four in the figure, since the interference cycle matches
one orbital period).

Interestingly, the time span of the SIR drops is narrower as
the number of satellites in orbit increases. This reflects that
despite having more satellites in LOS, the shorter distance
between transmitter and receiver allows for a longer sustained
SIR period and a slightly more gradual drop in SIR when
getting closer to the satellites in the opposite orbit.

2) Time-Averaged Interference: To study the impact of the
constellation parameters on the metrics of interest, the results
have been averaged over time once more. Fig. 9(b) depicts
the SINR, S5, as a function of the beamwidth « for the
two considered bands. As expected, the SINR at mmWave is
consistently higher than at THz because of the larger available
power, although as seen before, larger SINR does not translate
into larger capacity. Moreover, despite the lower number of
satellites considered, the mmWave links get rapidly affected
by interference. A grey line corresponding to the SNR for
N = 50 is added for reference to reflect the impact of
the SINR drop around o« = 7°. Even though the resulting
SINR is still acceptable, the limitation in the bandwidth of
the mmWave links results in a considerably lower channel
capacity. In contrast, the THZ links exhibit considerably lower
link performance, outlining again the necessity of directional
links to close the link budget with decent SINR values. The
smoothness of the THz curves is due again to either the lack
of interference (SINR=SNR) or the huge impact of noise
masking that of the present interference (SINR~SNR).

The effect of increasing the number of satellites in orbit
is also explored in Fig. 9(c) for different beamwidths, «,
and orbit inclination, . Compared with Fig. 5(c) from the
single orbit scenario, the curves for the THz band are identical
since they are unaffected by interference, even at the lowest
inclination angle possible. On the contrary, the mmWave links
suffer slight performance degradation due to the presence of
the shifted orbit, especially with broad beamwidths, e.g. with
a = 40°. Of special interest is the ripple effect that starts to
appear because of the shifted orbit presence. The origin of
this effect is found in the drops in SIR shown in Fig. 9(a).
We observe that small increments in the number of satellites
directly affect the shape and depths of the drops, causing the
“ripple” effect in the time-averaged results. Overall, however,
the effect of a shifted orbit in the cross-link interference
can be considered minimal compared with the interference
from the same orbit, which confirms the usefulness of
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per Table II).

shifted orbits as the building block for Walker constellations
shells.

E. Combined Realistic Deployment: Lessons Learned

As a final part of the numerical study, the interfer-
ence in a complete constellation deployment is analyzed in
Fig. 10 by combining all four major sources of interference:
from the same orbit (“single orbit”), from a co-planar orbit
(“co-planar”), from shifted orbits (“shifted”), and from shifted
co-planar orbits (“shifted co-planar”). While each of the
subsections below aims to provide an in-depth study of the
impact and dynamics of particular interference sources (e.g.,
from the same orbit or a co-planar orbit), Fig. 10 presents all
these sources together in a realistic large-scale deployment,
also comparing the impact of different sources against each
other at a high level.

A schematic view of a realistic constellation is given in
Figure 1(a), where only two orbital planes are considered for
illustrative purposes. For this study, a practical-size constella-
tion is modeled consisting of 10 evenly spaced orbital planes
at an inclination of 50° and an altitude of 500 km. Each of
the orbits features from 10 to 500 small satellites, making it
from 100 (low density) to 5000 satellites (extreme case) per
constellation. Additionally, a similar constellation is deployed
at a 10 km higher orbit (510 km altitude), hence modeling

possible co-existence between two full satellite constellations
(e.g., by two different operators). We model both sub-THz
and mmWave radio setups as per Table II and focus on the
achievable capacity for a cross-link as a function of the number
of satellites per orbit.

Starting from sub-THz results, we observe that the use
of narrow THz beams (o = 1°) allows to keep the setup
completely interference-free all the way until 350 satellites
per orbit. Then, the interference from the same orbit appears
and causes the deviation between the theoretical results for
interference-free regime (capacity based on SNR) from a
more realistic setup, where the capacity limit is determined
by the SINR. Importantly. the only non-negligible source of
interference from 350 to 500 satellites per orbit with 1°-wide
sub-THz beams is from the same orbit (single orbit setup).
Following the scenario geometry, other sources of interference
(shifted, co-planar, and shifted co-planar) appear only with
very high number of satellites per orbit (over 1000). Hence,
when modeling narrow-beam sub-THz and THz cross-links,
it is important to account for the interference from the same
orbit, while all other sources of cross-link interference may be
ignored for first-order analysis in many cases.

Continuing further with mmWave radio setup and o = 5°
beamwidth, a similar relation between “No interference” and
“Single-orbit” results is noted, yet curve deviations occur at
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a lower density (around 70 satellites per orbit). Importantly,
in mmWave cross-links, interference isn’t limited to same-orbit
satellites. Particularly, the interference from shifted orbits is of
secondary importance in high inclination scenarios, but must
be taken into account for low-inclination setups (e.g., with
v = 3°). Moreover, with only 10 km separation between two
orbits, the co-planar interference becomes a major issue pre-
venting the capacity of the mmWave cross-link from growing
over 0.8 Gbit/s, which is insufficient for prospective high-
rate-centric satellite networks. Hence, the interference from
a co-planar orbit must be accounted for in designing efficient
policies for constellation deployments, spectrum allocation,
and static/dynamic spectrum sharing among different satellite
constellations or different satellite network operators.

V. CONCLUSION AND DISCUSSION

As a crucial component of 5G-Advanced and 6G networks,
broadband directional cross-links over mmWave and future
THz bands are key technological enablers for high-rate LEO
satellite communication services. This paper introduces an
analytical framework for modeling cross-link interference in
such systems. The framework is utilized to model three
tractable scenarios that are the key building blocks of future
LEO constellations, and their combination in realistic multi-
constellation deployments. All results have been validated by
extensive simulation using our in-house developed simulator.

For the studied scenarios, we have characterized the impact
of the antenna directivity and the constellation parameters on
the aggregate interference, SIR, SINR, and channel capacity
in massive satellite deployments. Key findings include:

1) Cross-link interference significantly affects KPIs in real-
istic deployments and therefore cannot be neglected.

2) The primary source of interference arises from satellites
within the same orbit, which will require special consider-
ation from satellite operators planning to deploy extensive
LEO satellite constellations.

3) The relative motion and orientation of satellites in dif-
ferent orbits cause the interference to vary over time,
offering opportunities for intelligent routing algorithms
to exploit periods of temporarily reduced interference.

4) There is a trade-off between utilizing mmWave and THz
bands for ultra-broadband cross-links. MmWave systems
feature higher output power, which eliminates the need
for extremely narrow beams (< 5°) and the associated
pointing challenges. MmWave band is particularly bet-
ter for a smaller number of satellites per orbit, where
cross-links are hundreds of kilometers long. In contrast,
when range is not an issue (hundreds of satellites per
orbit), narrower sub-THz beams offer larger bandwidth
and are much less vulnerable to interference from other
cross-links, thus resulting in superior channel capacity.

Besides the key findings and observations from our
first-order analysis, the developed mathematical framework
presents an important building block for further in-depth
studies focused on a specific scenario or setup. Possible future
work directions in this area may include: (i) tailoring the
antenna radiation model to a specific type of antenna in use
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(e.g., horn, lens, array, or reflecting surface); (ii) accounting
for inter-orbit cross-links; and (iii) modeling available inter-
ference mitigation techniques and advanced deployments (e.g.,
by using channelization or coordination among the satellite
transmissions), among other promising extensions.

In this context, this article also facilitates a new research
avenue, particularly in developing intelligent routing and
medium access protocols, due to the time-dependent nature of
interference. Additionally, exploring the identified trade-offs in
standardization, policy, and regulatory contexts could lead to
solutions for interference-free coexistence in next-generation
high-rate satellite communications.

APPENDIX
RELATIVE ANGULAR OFFSET BETWEEN ORBITS

The relative angular offset A3 is defined as the relative
angular position of the satellites in two different orbits, which
in the case of circular orbits, corresponds to the difference in
the mean anomaly of the closest pairs of satellites in different
orbits. In a setup where the two orbits have the same altitude,
the relative angular offset is constant through time, since both
orbits rotate at the same speed. However, if the two orbits
have different altitudes, the relative angular offset between
them will change over time, Af3(t), since both orbits will have
different periods. Concretely, we can obtain AS as:

Aﬂ(t) = (wl — WQ)t, (47)
where w; and w- are the angular speeds from the two different
orbits, respectively, which for circular orbits are assumed to
be constant. We can express the two orbital angular speeds
as a function of the rotational period (w = 2%) and relate
the period to the orbital parameters with Kepler’s Third
law:

(Re+h)*/T? = p/Ax?, (48)
where p ~ 3.986 x 10'* m2s~2 is the Earth’s standard
gravitational parameter. For a two-orbit setup, the periodicity
of the relative position between the satellites in each orbit and,
therefore, the periodicity of the expected interference patterns,
corresponds to a relative angular offset equal to the minimum
angular distance between satellites, that is:

Afmax = min (27 /Ny, 27 /Na) , (49)
where, in this case, N; and N, correspond to the number
of satellites in orbits 1 and 2, respectively. We can therefore
obtain a closed expression for the period duration of the
expected interference patterns by including (49) and (48)
in (47). Solving for ¢ we obtain:

min (Nfl,Ngl)
VI ((RE +h1)"% — (Re + hz)fg)

TABmax = ) (50)

where h; and h; are the orbital altitudes for each of the
considered orbits, respectively.
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