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Abstract: Non-terrestrial communication technologies will
become a key component for the development of future 6th
generation (6G) networks. Potentials, implementation prospects,
problems and solutions for non-terrestrial telecommunications
remain open areas for future research. The article discusses the use
of millimeter and optical wavelengths in various configurations of
multilevel space communications using LEO satellites,
stratospheric platforms and unmanned repeaters. The comparison of
the capacity of the Shannon channel for various multi-level
scenarios of the satellite communication line is carried out. The
directions of research are analyzed to ensure the continuity of
communication, adaptation to weather conditions, and achieving a
throughput of up to 100 Gbit/s.
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1. Introduction

The proliferation of smart devices and wireless applications
with demand for higher transmission quality is driving the
need for increased RF bandwidth. So far, the solution for the
deployment of next-generation networks in cities is the
densification of cellular nodes with high-bandwidth fiber-
optic backhaul connections. However, deploying networks in
sparsely populated areas and over long distances with high
bandwidth remains a challenge. Today, the most productive
in terms of bandwidth are fiber-optic systems, for which the
maximum experimental speeds are hundreds of Thit/s, but
still do not allow the quality of 5G and subsequent
generations to be realized on a global scale. A possible
solution to this problem is a multi-level communication
system that integrates terrestrial and non-terrestrial
telecommunication systems. Due to technological progress
in the field of satellite technologies, projects of low-earth
orbit systems (LEO) are being implemented at the moment.
Amazon's Kuiper, SpaceX's Starlink and OneWeb are three
of the major next-generation LEO constellations currently
under development, all of which promise to provide high-
speed, low-latency broadband connections around the world.
The new LEO projects provide for the use of millimeter
wave (MMD) and optical spectrum (OS) [1-5]. The ability to
connect to a satellite network can be improved through the
use of communication channels in MMD and OS between
satellites.  This  will increase the capacity of
telecommunication systems, as well as the ability to relay
data from the Earth observation satellite to the ground via
the GEO relay satellite, which provides real-time data flow
and minimizes the number of ground stations required to
provide services in the system. The use of OS and MMD in

space has even greater potential compared to ground-based
systems, since the absence of a physical medium for signal
absorption will allow obtaining a high speed of information
transfer. Currently, the main focus is on the use of laser
communications to communicate between the Earth and
Earth satellites. Fiber optic and optoelectronic technologies
are also considered as an effective solution for the
implementation of millimeter communication technologies,
as well as for the formation of directional radiation by hybrid
optoelectronic (photonic) methods in phased antenna arrays.
Methods for converting the millimeter radio frequency range
into the optical range is a promising way to increase the
throughput of hybrid fiber-air terrestrial communication
systems [6-8].

Therefore, research directions have emerged in the field of
combining heterogeneous technologies, including terrestrial
wireless,  fiber-optic and  non-terrestrial  (satellite,
stratospheric,  unmanned)  communication  systems.
Combining such technologies using the millimeter wave can
provide high bandwidth and wide geographic coverage,
despite very long transmission distances and strong
attenuation at these frequencies. The researchers also
realized that for the implementation of satellite Internet, it is
necessary to create fully integrated non-terrestrial and
terrestrial networks. Therefore, it will be advisable to
analyze the possible architecture options for such physically
multilevel telecommunication systems, to determine the
technological and physical restrictions on the coverage area,
bandwidth, other parameters and capabilities.

2. Multilevel communication system between
ground and non-ground segments

The idea of creating multi-level communication systems
between ground and non-ground segments appeared due to
technical progress in the field of creating air and space
miniature satellite platforms that can operate similarly to
ground base stations. Non-terrestrial platforms include the
following systems (Fig. 1).

Space communication satellites, according to orbit altitude,
are divided into low-orbit LEO, medium-altitude (MEO) and
geostationary (GEO).

Stratospheric platforms HAPs (High Altitude Platform),
located at an altitude of 18-25 km (due to the peculiarity of
the atmosphere at these altitudes, the temperature is almost
constant and there are no winds). They can cover distances
of hundreds of kilometers, operate for long periods of time,
but they can also return to earth for reconfiguration. The
propagation delay of 50-85 s is significantly lower compared
to GEO (120 ms), MEO (15-85 ms) and even LEO (1.5-3
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ms). Stratospheric platforms may contain Mobile Edge
Cloud (MEC) features to offer terrestrial terminals additional
computing and storage capabilities, thereby expanding
coverage towards 3D.

Low-altitude platforms (LAPS) or unmanned aerial vehicles
(UAV, English Unmanned Aerial LAP Vehicle, UAV),
which also include tethered balloons. UAVs are predicted to
be an important component for wireless deployment in the
near future.

Optimizing the architecture of such a tiered system also
facilitates the transition to Software Defined Networking
(SDN), which, when combined with network partitioning,
facilitates the deployment and management of Virtualization
Network Functions (VNF) across multiple physical
platforms.

Such a network architecture using software control can
provide adaptation in the allocation of frequency resources,
antenna power and directivity, fast response to traffic
changes and load dynamics.

(340 km ~ Starlink, Ka-band)
LEO-sat.

100m - 1 km ;18- 25 km; 100 - 2000 km ,

Fiber-optic

Figure 1. Multilevel space communications architecture
using LEO satellites, stratospheric platforms and unmanned
retranslators

3. Application of the optical and radio
frequency spectrum in a multi-level
network structure

The key solution for improving the performance of wireless
telecommunication networks can be the use of MMD and
0OS, which allow organizing transmission channels with a
width of several gigahertz, and the bandwidth that
corresponds to the channel width. For 5G mobile systems,
the solution to increasing capacity is to reduce cell size and
increase base station density accordingly. The 60 GHz band,
where strong atmospheric absorption is observed, is
considered as an option for microcells, since natural
absorption limits the cell size and thus increases spectral
efficiency. The 60 GHz absorption window contains up to 7
GHz of the frequency resource for deploying such networks.
Another advantage of using high-frequency ranges of MMD
and OS is the possibility of creating very narrow directivity
of antennas. Since, according to the physical laws of the
formation and propagation of electromagnetic waves, with a
decrease in the wavelength, it becomes possible to reduce
the angle of the antenna aperture. The creation of narrowly
directed emissions (for MMD of several degrees and even
fractions of one degree) is associated with the possibility of
implementing the MIMO (Multiple Input Multiple Output)
technology of multipath signal propagation, which also
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increases the performance and energy efficiency of such
systems.
The regularities of the propagation of MMD and OS in the
atmosphere, in space, other environments, in urban scenarios
are still being studied. The principles of modeling channels
in the millimeter-wave range differ from models in other
lower frequency radio bands, for example, 800 MHz-5 GHz.
The main features of wave propagation are weak
amplification due to diffraction, propagation in the line of
sight, absorption in the atmosphere (Fig. 2), especially in the
absorption windows of the atmosphere. In the region of 100
GHz, the phenomena of re-emission in the atmosphere are
studied [9].
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Figure 2. Total zenith attenuation, attenuation in dry air and
water bath (pressure = 1013.25 hPa, temperature 15° C;
water vapor density 7.5 g/m®)

The use of OS and MMD is also planned for use in non-
terrestrial communication systems. For example, in the
second stage Starlink project, SpaceX aims to launch more
than 7,500 vehicles that will begin to operate in the VV-band
(40 GHz - 75 GHz) at an altitude of 340 km [10].

For space communication systems, where there is no
atmospheric absorption of signals, the best option is to use
0OS. Satellite optical communication lines with terrestrial
stations in atmospheric transparency windows are also one
of the promising solutions. (Fig. 3 [11]).

The use of OS, MMD and low-frequency classical ranges
(300 MHz - 24 GHz) in open systems at different levels of
non-terrestrial and terrestrial systems can be adapted under
the influence of atmospheric disturbances and solar
radiation.

For high MMD radio frequencies, there are various
nonlinear  signal  distortions  associated with  the
inhomogeneity of the atmosphere, and mainly with the
nonlinear characteristics of the transmitting and receiving
equipment. Therefore, complex multi-level methods of
processing information signals, used, for example, in the
decimeter range to increase the throughput, cannot be
applied to wireless systems in MMD and OS, especially over
long distances. Currently, new waveforms of signal
waveforms and modulation schemes, coding in MMD and
OS are being developed. So, the most promising for
avoiding nonlinear signal distortions are considered pulsed
ultra-wideband modulation methods, spatial multi-beam
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multiplexing, cognitive spectrum methods (Software defined
radio, SDR).
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Figure 3. The transmittance of the atmosphere depending on
the wavelength
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4. Modeling the energy budget (potential) of a
satellite communication channel

Modeling of the channel energy budget is based on the
calculation of channel loss and noise. It is also necessary to
consider the marginal constraints associated with the
physical fundamental constraints. With an increase in the
working radio frequency, noise parameters increase, limiting
the value of the output power, transmission distance and
bandwidth. The use of the optical spectrum and high-
frequency radio bands in open systems has features
associated with high directivity of radiation, absorption,
propagation within the line of sight.
The energy potential (PE) of the radio channel in general is
determined by the upper limit of the difference between the
transmitter power ( P, ) and the receiver sensitivity ( Pay n )
[11]:

Prx [dBM] = Pryens [dBM] = PE[dBm]. (1)
The receiver sensitivity or the minimum allowable signal
power at the receiver input is related by the ratio [10]:

PRX-sens PS (2)

(Ny + Ny + Ny ) N
P,/N is the denotes the ratio of carrier power to noise power
required for demodulation; N, is the noise power of the

signal source, which includes not only thermal noise, but also
other components associated with the signal generation
method; N, loss of signal power in the receiver; N,, isthe

signal can be properly recovered if its power at a distance d
from the transmitting antenna exceeds the sensitivity of the
receiver, that is, when Psy — Pryens 2 0.

The signal in the radio channel between the terrestrial and
satellite stations undergoes several stages of fading. Signal
propagation can be carried out within the line of sight (LOS)
or non-line of sight (NLOS) with a probability that depends
on the environment (for example, urban or rural scenario)
and the elevation angle o of the satellite. The model for
calculating the loss (PL) in a space radio channel according
to the recommendations of 3GPP [12] consists of the
following elements:

PL[dBm]=PL, +PL, +PL, +PL,. (3)

PL. is the building entry loss, PLy is the basic path loss, PLg
is the attenuation through atmospheric gases and PLs is the

int
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signal attenuation due to ionospheric or tropospheric
scintillation.

In the case of a satellite NLOS communication channel with
an internal terrestrial terminal, according to 3GPP building
entry loss PLe, building entry loss is calculated as a
cumulative probability distribution function p:

F)l-e ( p) =10 Iog (100-1A +10%8 £100%¢ ), (4)

where the parameters A, B and C depend on the carrier
frequency fc, the type of building, location inside the
building and movement in the building, as described in [12].
Attenuation due to atmospheric gases PLq is described as a
function of carrier frequency fc, placement angle «, satellite
orbital altitude h, and water vapor density (i.e., absolute
humidity). In particular, the PLy parameter is calculated as:

Azeni (fc)
PL, (a, f,) === ()
sina
In (6), A..n(f.) is zenith attenuation (i.e., attenuation at a
point directly above the observer on Earth (Fig. 4), due to

dry air (oxygen induced by nitrogen pressure and non-
resonant Debye attenuation) and water vapor.

\
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Base :
station /3

Figure 4. The concept of signal transmission between a
satellite and a terrestrial station, Re is the Earth's radius, h is
the altitude of the satellite's orbit, a the angle of elevation, d
is the distance between the satellite and the terrestrial station

Recommendation ITU-R P.676 [13] presents the
corresponding dependence A, (f.) for carrier frequencies

from 1 to 350 GHz (Fig. 2), from which it can be seen that
under normal atmospheric conditions it is below 10 dB. In
hydrometeors, signal attenuation is also calculated by
various functions and parameters for terrestrial and satellite
systems.

It should be noted that for satellite communication lines the
greatest influence on signal attenuation is exerted by the
lower layers of the atmosphere up to 2 km.

Scintillation corresponds to rapid fluctuations in the
amplitude and phase of the signal. Depending on the carrier
frequency, ionospheric and/or tropospheric scintillation can
affect satellite communications. That is, the phenomena of
ionospheric (tropospheric) scintillation are applicable only
for communications in the range below 6 GHz. Therefore,
for normal conditions at mid-latitudes (from + 20° to + 60°),
strong scintillation levels are rarely observed, and it can be
assumed that PLs = 0. For all other latitudes, in accordance
with [12]:
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27587 (f,/4)"

6
7 , (6)
S4 is the amplitude scintillation index [11] and depends on
the latitude. At low latitudes (between + 20°, that is, in the
equatorial regions), scintillation occurs due to large volumes
of depleted ionization created by convective plasma
processes, respectively S, =0-+4. At high latitudes (above

+ 60°), scintillation mainly occurs from the edge of the outer
Van Allen belt, respectively S, =0+7. The influence of

tropospheric scintillations in 3GPP is characterized as a
function of PL(f;, a), in contrast to ionospheric scintillations,
increases with an increase in the carrier signal frequency,
especially at frequencies above 10 GHz. In this case, signal
fluctuations are caused by sudden changes in refractive
index due to changes in temperature, water vapor content
and barometric pressure.

The PLy value in formula (3) is determined in accordance
with 3GPP TR38.901 [12] standard free space loss (FSPL),
shadow attenuation (SF) and clutter loss (CL) associated
with signal re-reflections from interference, and are
expressed as:

PL,(d, f,,&)=FSPL(d, f,)+SF +CL(a, f,),  (7)

The FSPL is taken from the Friis model, depending on the
carrier frequency f. in GHz and the distance d:
FSPL(d, fc)= 32.45+20Iog( fc)+20Iog(d). (8)

The patterns of propagation of MMD radio waves are
fundamentally different from propagation in the ranges in
which modern 3G and 4G communication systems operate.
The scattering of the MMD signal occurs when it is reflected
from the rough concrete surfaces of buildings, when the
MMD radio wave passes through the crowns of trees, etc.
The construction of empirical models is based on finding a
function that approximates measurements taken in a certain
area of interest. Thus, the reference approach is the use of
the Friis propagation model, which uses an empirical

relationship DA* =4z A, that is true for narrowband

PL,(f.)

systems [14]. D.,(6) is antenna directivity, 0 is antenna
aperture angle, A, is effective receiving antenna area

(Ax = KA. ) 0<K<1, Ay - antenna physical area).

With decreasing wavelength, the directivity of the antennas
increases, so for phased antenna arrays, the angular beam

width corresponds to @ ~,/A/Nb [15], where N is the

number of radiating elements, b is the distance between
these elements.

For high frequency radio and optical wireless systems in
future projects, it would be best to use one channel model.
The comparability of the parameters of gain and loss in the
channel is very close both for signals in MMD and in OS.
The patterns of propagation of MMD waves have more
quasi-optical propagation characteristics compared to the
classical 3G and 4G bands.

This article proposes a quasi-optical model that takes into
account the signal loss associated with the spatial divergence
of the signal:

P _ P DTX (Q)ARX ~ 4ARX
RX — 'TX 47Z'd2 X mgzdz !

©)

397
Vol. 13, No. 3, December 2021

2

where the factor determines the signal loss
X
associated with the divergence of the radiation (Fig. 5).
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Figure 5. Dependence of the antenna aperture angle and
signal power losses associated with the divergence of
radiation for different heights h of the satellite location

Using (3) and (9) you can get:

47d? B

Drx Arx ] (10)
-SF -CL(a, f,)-PL,—PL, —PL,.

In (10) d is expressed in meters as a function of the Earth's

radius Rg, the satellite orbit altitude h and the satellite
angular position (elevation angle) o (Fig. 6), therefore:

d = /RZsin’ @ +h? + 2hR, —R, sina. (11)
The channel loss function CL(«, f,) simulates the signal

power attenuation caused by existing buildings and objects
on the ground. Corresponding CL and SF values are given in
3GPPTR [12] for exit elevation angles for various building
layout scenarios.

To assess the interrelated values of spectral and energy
capacity, bandwidth, the Shannon equation is usually taken
as a basis.

Py [dB] =P, —PL =P, —10Ig[

C = Blog, (1+SNR), (12)

where the signal-to-noise ratio (SNR) is determined in
accordance with (2) as SNR = Pg, / (N, + Ny + Ny ).

We assume that if the SNR is below a predetermined
threshold of 0 dB, then the Earth-to-satellite link cannot be
established, in which case we set the Shannon bandwidth to
0.

Spectrum below 6 GHz offers limited capacity (i.e. <500
Mbps), which may not be sufficient for new applications and
technologies. Network performance can be increased by
using the frequency resources of MMD and OS, which are
also associated with directional amplification (> 50 dB,
which is typical for modern satellite antenna technologies).
The divergence of the light beam of a modern laser can
reach 10 mrad. It is also known that for high-frequency
technologies, as the transmitter power increases, the noise
power increases. This topic is analyzed, for example, in [6-
8], and has a large information and computing capacity. In
this work, this issue is not analyzed.
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Figure 6. Dependence of the angle of elevation of the
satellite on the diameter of the coating without taking into
account refraction

5. Comparison of the effectiveness of various
configurations of a multi-level satellite
communication system between terrestrial
and non-terrestrial segments

The peculiarities of the structure of the atmosphere and the
advantages of satellite technologies allow the use of
multilevel altitude models, which can be used to increase the
throughput.

Opportunities for increasing productivity using multi-level
high-altitude communication systems are based on the
following factors:

- in one path of using MMD, OS, LTE bands, fiber optic
lines, depending on the structure of the atmosphere, weather
conditions, territorial location;

- in stratospheric platforms and UAVSs, it is envisaged to
increase the signal power through the use of solar energy,
increase the directivity (gain) of the antenna, and use of
MIMO technology;

- the space (airborne) station can perform: filtering and
conversion of radio frequencies, demodulation/decoding,
switching/routing, coding/modulation.

The average throughput of open terrestrial optical systems is
2 Gbps. However, with the improvement of methods of
optoelectronic signal processing, the transmission speed can
grow up to hundreds (and more) Ghit/s.

Consider a downlink from a satellite to an earth station. The
parameters for modeling the Shannon capacity are presented
in Table 1.

Optical space communication on Earth-satellite links and
between satellites has been successfully used for a long time
[16-18]. Modern advances in space technology and photonic
technology are opening a new chapter for optical space
communications. The bandwidth of the optical channel helps
to reduce signal latency and maintain real-time mode, which
is necessary for many important applications. But despite the
great potential of FSO communication (free-space optics), its
performance is limited by side effects (namely, absorption,
scattering and turbulence) of the atmospheric channel, which
make the channel a random function of space and time.

For this reason, FSO requires tracking and very precise
targeting of the optical radiation to the receiver. With FSO,
visibility can be greater than 10 miles in clear weather
conditions.
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Experimental results [19] demonstrated throughput up to
1.25 Gbit/s for the downlink satellite-to-Earth FSO channel,
as well as for HAP-HAP up to 10 Gbit/s. It is assumed that
with the improvement of modulation schemes, the
bandwidth of the FSO wireless network can be increased
even up to 100 Gbps [19-23]. The power consumption of
onboard satellite antennas is supposed to be from 0.5to 5 W,
depending on the data transfer rate over a distance of up to
several 1000 km [19]. MIMO FSO systems can also
significantly increase performance.

Table 1. Model parameters

Parameter Value

Elevation

(elevation) 10 90 degr

angle of the e '

satellite, degrees

Satellite LEO 2000 - 300 km

altitude 20 km

e 1km—100m

Carrier 2 6 28 70 0.36

frequency fc GHz | GHz | GHz | GHz PHz

Channel width 200 | 500 1 3 100

B MHz | MHz | GHz | GHz GHz

Antenn

ap;ﬁursangle 5 | 3 | 05 | 03 |67x10%

(beam width) degr. | degr. | degr. | degr. degr.

MMD

transmitter 33 dBm

power

Ground base

station receiving 3m? | 3me 1,? 1,[;: 0.2 m?

antenna aperture m m

area

LEO satellite

receiving 0.5-1 | 0.5-1 | 0.5-1 | 0.5-1 | 0,2m?

antenna aperture | m? m? m? m?

area

Signal to noise

ratio threshold 0dB

Signal

modulation OOK, PPM

method

Distance

between ground

base station and 300 m, 100 m

user for urban

scenario

Latitude 35°

Earth radius RE 6371 km

Temperature T 288.15K

Concentration 7.5 g/m?

of water vapor

Air pressure; 1013.25 hPa
1 segment (1000 km, 300 km): Satellite-
Earth 2 GHz, 6 GHz, 28 GHz, 70 GHz,
2 segments: Satellite (300 km) —-HAPs

Segmenting (20 km) —Earth

Options 3 segments: Satellite (300 km) -HAPs
(20 km) - LAPs (100 m) -Earth
4 segments: Sputnik-HAPs-LAPS (2 km)
- LAPs (100 m) -Earth
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Figures 7-9 show the calculations of Shannon's information
capacity for multilevel satellites (HAP, UAV).

Intermediate HAP (UAV) provides increased throughput by
amplifying the signal from the uplink satellite before it is
sent to the ground, while providing faster deployment and
lower costs compared to space stations. Figure 7-9 also
provides a comparative representation of the operation of
multilevel systems in the atmospheric transparency windows
of 28-52 GHz, 70-80 GHz and in the OS.

5+G, 100 1
T

10 |

Shannon channel capacity, Gbit/s

[ ]

2 GHz

20 THz
(optical
Carrier frequency band)
Figure 7. Comparative representation of the Shannon
channel capacity for the LEO-Earth satellite line on different
radio and optical bands

6GHz  28GHz 70 GHz

10

Shannon channel capacity, Gbit/s

Tl
a2 levels
Figure 8. Comparative representation of the Shannon
channel capacity for a multi-level scenario of a satellite
communication line operating in the 28 GHz band: LEO-
BSk, (terrestrial base station), 2 levels LEO-HAP-BSg, 3
levels LEO-HAP-UAV-BSE, 4 levels LEO-HAP-UAV1 (1
km)-UAV2 (100 m)-BSe

~—
1 level 2 levels 4 levels

6. Future Discussions

Wireless communication in MMD and OS has great
potential for use in space communication systems. These
technologies have the advantages of using azimuth line-of-
sight channels in comparison with terrestrial ones. For
example, the total zenith attenuation can be much less than
the linear attenuation in the lower atmosphere. It also has
advantages in terms of reconfiguration virtuality, coverage
area and energy (spectral) efficiency. A sudden drop in
communication quality due to atmospheric phenomena,
including severe atmospheric turbulence, leads to the need
for adaptive dynamic beam steering, which also leads to a
decrease in the use of resources, both frequency and energy.
Wireless and fiber optic communication systems have
similarities in the operating wavelength range, processing
methods. The methods of radio photonics can be applied to
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wireless communication systems, where the technology of
converting radio waves into optical, including the terahertz
range, can be used.
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Figure 9. Comparative presentation of Shannon channel
capacity for a multi-level scenario of a satellite
communication link: 1 level LEO-BSg(terrestrial station), 2
levels LEO-HAP-BSE, 3 levels LEO-HAP-UAV-BSg , 4
levels LEO-HAP-UAV1 (1 km)-UAV2 (100 m)-BSg on
various radio and optical bands

Hybrid use of MMD and OS in space communication
systems, multi-level configuration of the location of satellite
repeaters, including HAP and UAV, fiber-optic lines,
advanced signal processing methods can provide high-speed
communication in almost any weather conditions anywhere
on the Earth. The implementation of high-speed radio links
is largely associated with advances in the field of photonics.
For example, optoelectronic methods of radiation formation
in phased antenna arrays, the use of promising modulation
formats, such as high-order QAM, pulse modulation of an
optical signal with polarization effects, MIMO PAR
technologies, tracking methods.

7. Conclusions

Non-terrestrial networks are being explored as a key
component of the 6G fabric to support global, ubiquitous and
uninterrupted connectivity, and to overcome the coverage
constraints of 5G deployments.

The proposed system of multi-level integrated architecture
of space communications can be considered for 5G+
networks. Sharing radio and optical spectrum, mobile
network architecture with repeaters at different altitudes to
adapt weather conditions, required bandwidth, etc.
contributes to an increase in throughput of hundreds of
gigabits per second. As part of future work, it is necessary to
combine the principle, parameters of terrestrial and non-
terrestrial telecommunications, modulation/multiplexing
methods, delay time and coverage.
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