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Abstract—The satellite networks are among the most promis-
ing platform to achieve true global connectivity. The millimeter
wave and THz frequencies on the other hand provide large data
rates needed particularly in backhaul and fronthaul networks.
This paper looks into the stochastic performance of +100 GHz
channels in satellite uplink and downlink cases. It is shown that
while SNRs can be quite good, there are still great challenges to
go around very large losses and the large outage probabilities
that those cause. This is particularly the case when we add
on the channel losses possible rain and cloud losses, antenna
misalignment losses, or any other losses that can occur in the
satellite channels.

I. INTRODUCTION

One of the greatest challenges of future networks is to bring
the internet to all and make it accessible to everyone [1].
Satellite networks are the obvious choice to achieve global
coverage and they are the only choice in many cases as
there are vast areas around the world that are difficult or
impossible to cover by terrestrial networks. The millimeter
wave (mmWave, 30-300 GHz) and THz band (>300 GHz)
are seen as very promising platforms for the applications
that need very high data rates [2], [3]. Although, technical
challenges with these frequencies have pushed them off the
first generation of 6G systems, the high frequencies are still
in the horizon in various applications. Controversially to their
usually short link distances, satellite networks are seen as one
potential application for high mmWave communications (100—
300 GHz) [4], [5].

THz band satellite systems have been studied in quite a
number of recent works [4]-[13]. These works have shown
that high frequency ultra long links are indeed possible. This
is especially the case with the high atmosphere applications,
such airplane to satellite links, because the atmospheric losses
therein are much smaller than on terrestrial communications.
In general, the non-terrestrial networks (NTNs) have become
active research field due to vast potential of the satellite-based
systems. Some downsides are large propagation distances
that also cause larger latencies. When talking about the high
mmWave frequencies, the biggest challenge is to provide large
enough antenna gains to overcome the large channel losses.
Starlink and various airplane internet providers have shown
that mmWave has a great future in global internet coverage.

This paper focuses on stochastic analysis of +100 GHz
satellite downlink and uplink applications. The main focus is
on analysing airplane to satellite links in the case of antenna
limitations and multiple serving satellites. There are some

works on stochastic modeling of the satellite links, such as
[14]-[16]. The closest to this paper is our previous paper on
the topic [5] where we derived the most of the models used
in this paper. It will be shown that the achievable SNRs are
very good if large aperture antennas are used. Antenna non-
idealities, e.g., limited field of view being one, can hinder the
performance of the system quite a bit. Furthermore, outage
probabilities can be very high even with sufficiently high SNRs
due to great variance in the signal levels. This suggests a
need for good amount of channel coding in all situations with
limitations on the usable modulation methods. Still, the high-
frequency satellite systems seem very promising, but many of
the system choices such as antennas will have an impact on the
overall system design and required densities of the satellites to
make the high frequency satellite systems viable and reliable
option to slower but more robust low frequency systems.

The rest of this paper has been organized as follows. The
system model, system geometry, and stochastic models are
given in Sec. II, the numerical results are given in Sec. III,
and conclusions are given in Sec. IV.

II. SYSTEM AND LINK MODELS

In this section, we go through the system model and its
geometry. Then we will give the stochastic propagation models
that allow calculation of the average signal power in various
satellite scenarios, such as satellite to airplane case or satellite
to Earth case. The utilized system model and the stochastic
models were given in our previous work in [5]. This work
mainly extends the analysis and adds a consideration of a
situations where the antenna beams cannot be directed to
see the entire horizon, but are limited in elevation angles.
Therefore, the general system model is presented here as there
are small changes to the model presented in [5] in order to
limit the visibility of the antennas.

A. System Model and Geometry

The system is illustrated in Fig. 1. We base the system
model on imaginary spherical caps that surround a user.
For instance, if a user (e.g., an airplane) at altitude h, can
beamform to all directions in its horizon, all the visible
satellites are on a spherical cap suspended by the altitude of
the user and the orbit height A of the satellites. This spherical
cap has an area

Agp = 27(R + hy)?(1 — cos(6)), (1)



where R is the radius of Earth and 6 is the angle suspended
between the edge of the spherical cap and the core of Earth.
This angle can be given as

0 =cos™! (};iza> 2)

If we would imagine that the user cannot see from horizon to
horizon, but the visibility is limited to some maximum angle
[ about the zenith (as seen in Fig. 1), then the user would see
a spherical cap that would have an area

Ay, =2n(R + hL)%(1 — cos(0")), 3)
where
B, = hg + Tmin cos(B), 4)
and
0" =cos™! (Zi;z::) , &)
where rmin = hs — hg is the minimum distance between

the satellite and the user. Then stochastically, a network of
same density of satellites is thinned by a factor A{,/Ag,. The
impact of this thinning is shown via stochastic geometry in the
numerical results. In order to calculate the other losses, such as
free space path loss, we also need the distance from the user
to satellite, as well as the atmospheric structure in order to
calculate the atmospheric losses (molecular absorption loss).
The details are given in [5]. Distance from the satellite to
airplane is given by

ras(0) =

V(R+ho)2+ (R+ hs)2 —2(R+ ho)(R+ hy) 005(9),(6)

and the path through the atmosphere is give by
Tam(0, ) = (R + hg) cos(e)

1
+ 5\/(72(1{ + hg) cos(€))? — 4((R+ ha)? — (R + 2)2),
(N
where z is the vertical path through the atmosphere, and € is
the angle between Earth’s core and satellite looked from the
airplane

€=180° — a — 0, (8)

where « is the angle between the satellite and the airplane
looked from the satellite

o = sin™ ! ((R+ha)sm@> ) 9)
Tas(0)

The latter terms will have to adjusted with ¢’ and h], if the

user has limited beamforming. This could be, for instance

because of mechanical limitations of the antenna system, or

just limitation to the antenna radiation pattern.

Fig. 1.

System model and geometry utilized in this paper.

B. Static link loss

The signal power at the receiver can be given similarly as
in [4], [5]

CQPTXGTXGRX 7}!1 Ka (fyram(0,2))dx
S(f’ TGS(Q)) = W@ a ,

where Pry is the transmit power, Grx and Ggrx are the Tx
and Rx antenna gains, f is the frequency, c is the speed
of light, h; is the upper limit of the atmosphere, which we
assume to be above the satellite orbits in this work causing
this limit to be the satellite orbit altitude, and k. (f,r) is the
absorption coefficient. The absorption coefficient in satellite
systems is given, e.g., in our previous work in [4] including
the atmospheric composition. It can also be calculated, e.g., via
ITU-R models [17]. Other losses are assumed to be negligible,
although those are shortly discussed in the numerical results
and would be easy to add in the above equation if wanted.
Lastly, we assume parabolic antennas due to their large gain
at high frequencies. The gain of those is given by

o= 4. (")

where A, is the aperture efficiency, d4 is the diameter of
the reflector, and ) is the wavelength. The parabolic antennas
will require mechanical beamsteering and most likely multiple
antennas to connect and search for the next satellite simulta-
neously.

(10)

(1)

C. Stochastic received power

Given the above geometry, we can give the stochastic path
loss and received power, respectively, as [5]

PLye(f) = 1= COS(CZ))(47Tf)2 X
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TABLE I
THE SIMULATION PARAMETERS

Parameter Value
Total transmit power | 1 W
Bandwidth 1 GHz
Rx noise figure 7 dB
Rx temperature 300 K
Sat. antenna diam. 1m
User antenna diam. 0.5 m
and
Sr (f) _ C2NPTXGTXGRX «
mel) = T cos(@)) (4 /)2
hy (13)

0
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where N is the number of serving satellites at any given
time. We will look into the impact of the number of serving
satellites in the numerical results, although, their impact in
stochastic sense is quite straightforward. In reality, multiple
serving satellites would require multiple antenna systems at
the user location, since at high frequencies the beamforming
is mostly done via mechanical antennas. However, on lower
mmWave bands antenna arrays are even commercially used
option (e.g., Starlink).

III. NUMERICAL RESULTS

The stochastic performance of +100 GHz satellite systems
via the above presented tools is done by applying parameters
given in Table I. These are assumed in all the results unless
otherwise stated.

Let us begin by first looking into the average SNR obtained

b
Y Save(f )
Ny
where Ng = kgTW Ny, where kp is the Boltzmann constant,
T is the receiver temperature, W is the system bandwidth,
and Ny is the system noise figure. Figs. 2 and 3 show the
average SNRs for various antenna diameters at Tx and Rx.
We can see that the much lower absorption loss at high
atmosphere user (Fig. 2) omits quite a lot of the channels
losses compared to users on Earth (Fig. 3). In fact, on Earth,
the most of the frequencies above 150 GHz are hard to reach
due to large losses in the atmosphere. In contrast, the high
altitude system gain SNR when moving to higher frequencies.
This effect is shown in many results here and it is caused
by the fixed aperture antennas that generate the more gain
the higher is the frequency. In reality, the ability of the RF
electronics to generate power as a function of frequency would
not make it possible to utilize this gain fully, but the antennas
do theoretically generate more gain as a function of frequency
if the aperture is kept fixed.
Looking into limiting the antenna visibility angle in Figs.
4 and 5 it is straightforward to understand that limiting the

SNR = (14)
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Fig. 2. Average SNR of airplane-satellite link with 10 km airplane altitude
with different antenna diameters at the Rx and Tx as a function of frequency.
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Fig. 3. Average SNR of ground-satellite link with different antenna diameters
at the Rx and Tx as a function of frequency.

potential points of contact in the sky will in average degrade
the signal levels. This kind of limitations could be caused by
physical limitations of the antenna system or the beam patterns
of the antennas. Although the does not directly decrease the
signal levels if there serving satellites within the field of view
of the antenna(s), this kind of limitation may cause some
implications on the overall system design and network density
requirements to make sure there is always a satellites available.
This becomes a bigger issue at higher frequencies due to need
for ever higher gains when moving to higher and higher in
spectrum.

Finally, let us look into the outage shown in Figs. 6-8 for
QPSK, 16-QAM, and 64-QAM modulations, respectively. The
results herein were obtained by using 0.5 meter antenna at both
airplane at 10 km altitude and at satellite. The modulations set
the threshold for the outage probability

Py=1— P =P(S(f) > 6Ny), (15)
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Fig. 4. Average degradation of signal level when limiting the users antenna
visibility angle given a fixed satellite network density.
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Fig. 5. Average SNR degradation when limiting the users antenna visibility

angle given a fixed satellite network density as a function of frequency at an
airplane at 10 km altitude.

where P, is the outage probability, P, is the success prob-
ability, and ¢ is the set threshold. In the other words, the
threshold set the boundary for hte expected SNR (S(f)/No).
The QAM SNR limits were estimated by assuming rectangular
gray coded QAM modulation that have the SNR limit based
on the target bit error probability (BER)
2

(M-1) |,

log, (M) - BER
3logy (M)

1
1(1- )
where M is the modulation order. These yield SNR lim-
its given in Table II for target BER of 107%. The outage
probability does not have closed form expression and hence
the outages in 6-8 were studied with a simulation model by

using the geometry and loss models presented in the previous
section. We can see that the outage probabilities are rather

SNRoam = , (16)

TABLE 11
SNR THRESHOLDS FOR QAM MODULATIONS WITH TARGET BER 106

Modulation SNR limit
QPSK SNR limit 10.5 dB
16-QAM SNR limit 14.4 dB
64-Qam SNR limit 18.8 dB
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Fig. 6. The outage probability of airplane to satellite link using QPSK with
different numbers of serving satellites.
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Fig. 7. The outage probability of airplane to satellite link using 16-QAM
with different numbers of serving satellites.

high even if the average SNRs are quite good. This means
that we are on the edge of the SNR and we preferably would
like employ as large antennas as possible to stay at acceptable
SNR limits. There are a couple of notes to be made of these
results. Firstly, we do not consider any channel coding. A real
system would be more tolerant to errors via coding. Secondly,
throughout the results we assume clear sky. Rain and clouds
can bring anything from O to +20 dBs of extra losses [18],
[19]. Also, antenna misalignment losses may bring significant
losses on top of the considered ideal system [20]. This means
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Fig. 8. The outage probability of airplane to satellite link using 64-QAM
with different numbers of serving satellites.

that there is a lot of analysis still ahead when considering
very high frequencies for satellite applications. In one hand,
they can create opportunities in providing true global backhaul
network connecting all the people to high speed internet, but
using the high frequencies will have severe limitations of some
are fundamentally unachievable by technological development.
Still, the future of the high frequencies look very promising
also in the satellite domain.

IV. CONCLUSIONS

The high frequency satellite systems were analysed in this
paper. It was shown that they are quite vulnerable to many
losses even if on average good signal levels can be achieved
if large antenna gains can be provided. All in all, +100 GHz
satellite systems seem a promising way to connect the world to
high speed backhaul network, but there are strict limitations on
these systems. With huge distances come huge problems. On a
good day the link can work perfectly, but stormy day (at above
100 GHz) can mean loss of the signal completely. There are
great challenges ahead to understand all the limitations and to
find solutions how to overcome some problems that physically
can be solved to make the high frequency satellite networks
reality in the future.
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