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Abstract: Delivering Internet-of-Things (IoT) connectivity over satellite is a promising solution
for applications in remote and sparsely populated areas. These applications range from smart
agriculture, logistics, asset tracking to emergency services. Using a shared radio spectrum with
terrestrial services will facilitate a cost-effective and rapid deployment of IoT-over-Satellite since it
reduces the administrative and financial hurdles of leasing a dedicated segment of the spectrum.
Although IoT-over-Satellite communication provides larger service coverage, the vast number
of IoT devices also increase the interference in the satellite uplink channel, and it becomes a
significant challenge for the reliable performance of the IoT-over-satellite. In this paper, we propose
a framework for modeling the performance of IoT-over-Satellite access systems when sharing the
radio spectrum with terrestrial networks. We take into consideration several important aspects,
namely; satellite orbit, terrestrial IoT devices uplink interference, atmosphere and gas absorption,
and the probability of line-of-sight. The performance of the overall system is presented in terms
of the uplink signal-to-interference-plus-noise ratio (SINR), and thus the time-availability of the
satellite link during a typical pass. We focus on low earth orbit satellites due to their potential use in
IoT applications, where we evaluate the framework using actual parameters of satellites located in
300-800 km orbits. Furthermore, the paper presents a numercial model to obtain the most suitable
antenna beamwidth that maximizes the link-availability of the satellite link by the simultaneous
reduction in the terrestrial interference and the boosting of the underlying IoT signal of interest.

Keywords: ISM band; IoT access networks; IoT over satellite; satellite-terrestrial spectrum sharing

1. Introduction

Recently, there has been significant research interest in access networks of the
Internet-of-Things (IoT), since a vast number of IoT devices have been deployed around the
world. IoT access network allows smart devices to communicate with the Internet and thus to connect
with the IoT cloud services, where many of these devices are envisioned as battery-powered with low
data rate wireless connectivity. Such networks are referred to as Low-Power Wide Area Networks
(LPWAN), where it is crucial to have wireless connectivity that elongates the battery life and has a low
fabrication cost. Applications of LPWAN are numerous; ranging from smart grids, environmental
monitoring sensors, smart agriculture, asset tracking, to emergency management [1]. Many of these
applications are located in rural and remote locations, where it is challenging to deploy terrestrial
wireless networks because of either technical difficulties or the lack of a profitable business case.
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To cater for these scenarios, IoT-over-Satellite access is proposed as a viable solution for a cost-effective
and easy-to-deploy network in remote locations [1-3] having several commercial solutions that are
currently undergoing large-scale deployment [3,4]. With the ongoing trend to unify communication
protocols and systems, hybrid terrestrial-satellite systems are increasingly proposed. This trend can be
clearly observed in the 3rd Generation Partnership Project (3GPP) efforts to expand 5G into satellite
communication services [5,6].

In this paper, we explore the possibility of using the shared Industrial Scientific Medical
(ISM)-band for IoT access by sharing this band with existing terrestrial wireless services. Shared radio
bands can significantly reduce spectrum acquisition hurdles along with the associated spectrum
leasing costs because of the license-free nature of this band. However, such a sharing scheme might
come at the cost of the reduced performance due to the mass-interference generated by millions
of incumbent terrestrial sources. Therefore, to develop a model of predicting the performance of
IoT-over-Satellite communication systems using a shared spectrum is of utmost importance for the
IoT-over-satellite industry. With a reliable and robust analytical model, researchers and designers
can evaluate the performance of the system in terms of coverage availability and signal quality.
Although different researchers propose a simulation framework or simulation system model of satellite
communications, such a performance model, or framework is still lacking from today’s literature
as most of the current satellite systems are using licensed frequency bands. To bridge this gap,
we develop in this paper a performance evaluation framework for the IoT-over-Satellite access in
terms of the uplink signal-to-interference-and-noise-ratio (SINR). We derive the SINR at the satellite by
considering several factors affecting the performance. These factors include satellite orbit, terrestrial
IoT interference, atmosphere and gas absorption, probability of line of sight, and antenna beamwidth.
We obtain the satellite location across time by using a common orbital predictor. Then, we estimate
the uplink signal and the terrestrial interference using our proposed framework. In order to evaluate
this framework under realistic environments, we adopt several parameters in the commonly used
LoRaWAN standard [7] over a Low Earth Orbit (LEO) satellite. Then we evaluate the performance of
the link in terms of SINR. The main contributions of this paper are summarized as follows:

e Providing an evaluation framework of predicting the uplink SINR in
IoT-over-satellite communication.

*  Providing a model for obtaining the aggregated uplink interference of terrestrial shared ISM band
users as seen from the satellite’s perspective.

¢ Providing a model for predicting satellite link-availability based on a given antenna beamwidth.

¢  Finding the optimal beamwidth of satellite antenna beamwidth to maximize link-availability.

The main focus of the paper is to provide a simulation framework to estimate the impact of
terrestrial uplink interference to the LEO satellite in the shared spectrum, and it does not necessarily
address only ISM or any specific radio frequency band. Although the 1.6 GHz and 2.5 GHz is
a suggestion by the 3GPP [8,9], there is no restriction on what frequency bands to be used in
IoT-over-satellite communication, and it is interesting to explore the use of a license-free spectrum, such
as the ISM band for shared terrestrial-satellite access use since the ISM band devices are commonly
used by the public.

2. Background and Literature Review

LEO satellites are referred to satellites that have a circular orbit from 500 km to 2000 km above
the Earth. In contrast, Medium Earth Orbit (MEO) satellites are located in the region above the
LEO and below the geosynchronous orbit (GEO), having an altitude of 2000 km to 35,786 km,
and Highly elliptical orbit (HEO) satellites have an elliptic orbit with high eccentricity around the Earth.
The radius of the footprint of a communications satellite in LEO varies from 3000 to 4000 km. Therefore,
the maximum visible time of an LEO satellite is up to 25 min to a user during a single pass. In this
case, LEO satellites must hand over much more frequently than other types of orbit or communication
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must be locked to a specified time window for a single satellite. On the other hand, MEO satellites
have wider service coverage and longer visible time window to the user when compared with LEO
satellites, while HEO satellites are specific to serve high latitude regions [10]. In order to simplify
the structure of the IoT satellite system and reduce its cost, LEO satellites using a shared band is
considered to be the most suitable solution for IoT satellite communication, and it is suggested by
many researchers [1,2,11]. This is because the slant range in LEO is shorter when compared with other
orbits. Thus, the path-loss in LEO satellite communication is minimized, leading to a host of useful
traits such as; lower transmission power, longer battery life, simpler satellite architecture, lower launch
costs, and simpler antenna designs on both the satellite and the IoT device, and it highly reduces the
complexity of the ground IoT devices and satellites allowing the construction of Nano-satellite, low
power consumption and direct communication from IoTs to satellite system. In such cases, it would be
feasible for the IoT device to have a small aperture antenna or a wire antenna without the need for the
costly and sometimes infeasible, parabolic antenna setup. Despite all the pros of using LEO satellites
for low-power IoT communication, several challenges are currently hindering the full deployment of
shared-spectrum LEO satellites, including; (i) the high interference level from terrestrial devices when
sharing the spectrum, (ii) a reduced satellite availability time due to the inherited reduction in the low
orbit nature, (iii) Doppler shifts due to the relatively large relative velocity of LEO satellites.

2.1. Lower-Power IoT Technologies

In order to elongate the lifetime of IoT devices and thus to reduce the maintenance and
replacement cost of an IoT network, low power consumption is a crucial requirement for most of
the envisioned IoT applications. Many terrestrial LPWAN technologies were developed in specific
response to applications that do not require large bandwidth and are primarily located in hard-to-reach
areas. Some practical IoT-over-Satellite products had been used, as shown in References [1,2,4].
The impact of the future SpaceX IoT potential is also studied in Reference [12]. The leading IoT
technologies, at the time of writing this paper, are compared in Table 1.

Table 1. Internet of Things (I1oT) technologies comparison.

NB-IoT SigFox LoRaWAN  Wi-Fi 802.11ah
Carrier Frequency LTE bands 915MHz 915MHz 2.4 or 5 GHz
Channel bandwidth 200 kHz 100 Hz >125kHz  1/2/4/8/16 MHz
Modulation Scheme QPSK BPSK CSS N-QAM/NPSK
Transmit power 23 dBm 20dBm 30 dBm 30 dBm
Access Scheme SR+ ALOHA ALOHA ALOHA CSMA/CA

As can be seen from the table, current terrestrial IoT access systems can differ quite significantly
in terms of their modulation schemes, radio bandwidth, carrier frequencies, and protocols.
These differences lead to a significant variation in terms of interference, data throughput,
battery lifespan, and the maximum number of devices per gateway.

The extension of terrestrial LPWAN technologies for satellite access is taking a new momentum,
for example, the studies in References [1,2,13,14] address this possibility, with special focus on
Narrowband IoT (NB-IoT) and Long Range Wireless Access Network (LoRaWAN) as these technologies
have been widely used and these devices are publicly available. Some of these studies have found
the suitability of such technologies for lIoT-over-Satellite without taking terrestrial interference into
account. On the other hand, there are a plethora of field trials for these technologies under realistic
interference scenarios for terrestrial applications [15,16]. The performance in terms of block error
rate (BLER) and the relation between BLER and the number of users is shown in Reference [15], where
NB-IoT outperforms other technologies due to the controlled spectrum access, having a 95 percentile
uplink failure probability of less than 4% when there are less than 10 devices. However, the drawback
of NB-IoT is that it has a long time on-air (when compared with other IoT technologies), causing a
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reduction in the longevity of the field IoT devices. A comparison of some IoT-over-Satellite systems is
listed in Table 2.

Table 2. Comparison of different practical Internet of Things (IoT)-over-Satellite systems.

Company Satellite Constellation = Frequency Band Coverage Transmit Power [dBm] Targeting User
Iridium constellation 1616-1626.5 MHz worldwide less than 32 commercial

Globalstar constellation UHF, SHF worldwide 18, 25 commercial

Orbcomm constellation L-Band worldwide less than 37 commercial
Myriota 15 satellites VHE, UHF, ISM worldwide 27,27,14 commercial
Fossasat single satellite ISM 436.7 MHz  an hour per day 16 educational

2.2. IoT Spectrum Sharing

Conventional Very Small Aperture Terminal (VSAT) access had been using higher frequency
bands such as Ku and Ka-band for many decades to meet the growing capacity requirements and to
reduce congestion in the spectrum. Those bands require directional parabolic or patch antennas
and careful alignment. Due to the high-directivity, frequency-reuse is quite common in these
bands, allowing efficient utilization of the spectrum. On the contrary, Land Mobile Services (LMS)
usually utilize the L-Band spectrum with less-directional antennas on the terrestrial terminal [4],
allowing mobility without the need for a mechanically steerable antenna. However, for global
LMS to function, it requires an exclusive license to use across different terrains and countries,
which is quite costly and administratively challenging. As an extension for LMS, IoT-over-LEO
Satellite is suggested by international organization 3GPP (3GPP: Third generation Partnership Project
coordinating major cellular technologies are standardized) to enable easy deployment and compact
devices [4]. Sharing terrestrial bands with satellite IoT access becomes an attractive option because of
the reduced spectrum fees and faster access to the market. This has captured the attention of 3GPP that
is currently working to extend the cellular network to hybrid terrestrial-satellite services. In the 3GPP
technical report [8,9], various types of loT-over-Satellite enabling 5G network architectures and the
solution of terrestrial-to-satellite network integration in 5G had been suggested. Furthermore, a 3GPP
task force has been working on satellite-to-NB-IoT integration [17]. While 3GPP systems operate in
the licensed spectrum, it is interesting to explore the use of a license-free spectrum, such as the ISM
band for shared terrestrial-satellite access use. ISM-band has harmonized standards in many countries
around the world, which allow license-free devices to operate within specific parameters; such as
the maximum equivalent isotropic radiated power (EIRP), power spectral density, and maximum
time-on-air. Therefore, the impact of terrestrial interference on the IoT satellite becomes a major concern
in the IoT-over-Satellite system. In Reference [18], the satellite uplink transmission with terrestrial
interference is analyzed, assuming an LTE terrestrial network extended by satellite communication
using Quadrature Phase Shift Keying (QPSK) or 16—Quadrature amplitude modulation (QAM)
modulation with all terrestrial users transmitting at —2 dBm EIRP, and they simulated the uplink
SINR level of an LEO satellite showing that communication service can be provided when the number
of terrestrial users is less than one million. IoT-over-Satellite communication using the shared ISM
band is anticipated to face a massive terrestrial interference in the uplink due to its wide adoption.
For example, our previous study in Reference [19] shows that ISM-band 915-928 MHz in Melbourne,
Australia is highly congested with spectrum occupancy of around 16%. This figure is quite high
for random access systems such as ALOHA, where the normalized spectrum utilization in urban
environments is around 40% when considering ALOHA-like access. Since satellites would have a
higher probability of Line-of-Sight (LoS) and a wider footprint, the terrestrial interference in the ISM
band is expected to be much higher than the terrestrial interference [10].

3. IoT-over-Satellite Performance Modeling

In this section, we describe the proposed modeling approach that will be utilized to evaluate
the IoT-over-Satellite performance. We start by using the Simplified General Perturbations (SGP4)
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orbital predictor [10] to obtain the radio channel performance of both the desired IoT signal and the
underlying interference. Without loss of generality, we take Australia as a typical simulation example
where measurement points, that is, simulated IoT devices and interferes, are uniformly distributed
on a grid. The received power by the satellite for all measurement points is calculated by applying a
detailed channel model that takes into consideration several parameters; air absorption [20], free path
loss, excessive path loss caused by urban structures [21] , and the probability of line-of-sight [22].

The average interference power of the observation points is calculated as the sum of all interference
terms generated from the co-channel transmitters existing in the selected ISM band (915-928 MHz).
Accordingly, we can obtain the uplink SINR for all measurement points within a given simulation time
period. We evaluate the performances of practical IoT technology (namely LoRaWAN) by applying a
mapping method that predicts the packet error rate based on the SINR value. This prediction is based
on empirical measurements from the literature [23], in which the packet error rate can be estimated by
the fitting table in the following subsection.

An overview of the proposed workflow of the performance evaluation model is shown in Figure 1
as a block diagram, while all evaluation parameters are listed in Table 3. In the following subsection,
we further elaborate on the performance modeling approach.

Two-line
element set
(TLE)

Communication
system model

Geometric
model

Population
model

Slant range,
Elevation angle,

anles fnferference rferenc PER, Availability
Depression angle > Interference=Jp 5 y

mechanics model model
Satellie channel
model

Figure 1. A block diagram for the proposed performance evaluation model of IoT-over-Satellite

Received signal power

access system.

Table 3. Evaluation parameter.

Parameters Symbol Value
Number of satellite - 1
Orbit - LEO
Satellite altitude d 300-850 km
Frequency band f 915-928 MHz [7]
Antenna beamwidth 0 10-90°
Channel bandwidth B 125 KHz [7]
Available number of channels - 64 [7]
Uplink noise temperature - 320° K [24,25]
Transmission duty cycle - 1% [26,27]
Depression angle 04 -
Elevation angle 0, -
Transmit power Pr 100 mW [26,27]
Uplink Transmitter gain Gr 0 dBi
Number of simulates N 7,380,000
Latitude range ¢ —43.0031 to —12.4611°
Longitude range A 113.6594 to 153.6119°

SINR Treshold Range Yo 10-20 dB
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3.1. Orbital Mechanics and Geometric Model

In this evaluation framework, we use the SGP4 algorithm to calculate orbital velocity and location
vectors of the LEO satellite. The orbital data is then fed into the geometric model to estimate the
slant distance (d), the elevation angle of the measurement point (f,), and the depression angle of the
satellite (07). The SGP4 model is an old algorithm developed in the 1970s, obtained by simplifying the
Air Force General Perturbation theory (AFGP4) and using the Brouwer’s gravitational model [28,29].
The SGP4 model takes satellite orbital elements from a set of parameters called the Two Line Element
(TLE). A TLE entry of a particular satellite consists of a list of orbital elements including [10]; satellite
code, classification, international desiccator, epoch year, day, hour, the mean velocity of the satellite,
mean acceleration of the satellite, inclination, right ascension of the ascending node, argument of
perigee, mean anomaly, mean motion, and revolution number at epoch. Since the SGP4 model has
an error around 1-3 km at epoch per day, TLE sets are regularly updated by the NASA and NORAD
to mitigate possible errors. The Cartesian coordinates (The utilized frame of reference is called the
True Equator Mean Equinox Earth-Centered Inertial (TEME ECI). The origin of this frame is at the
Earth'’s center of mas, and it does not rotate with the Earth movement, the x-y plane is the true Equator,
and the mean Equinox is the z-axis) of the satellite point at a time interval can be calculated from the
output of the SGP4 as follows [28],

[x(t), y(t), z(t)]" = A[cosE (t) —e] + B,sinE (t), )

where

cosgcos A —singsin A cos I
A= | alsingcosAcosI+cosgsinA]|,
asingsinA

—a4/(1—¢?)[singcos A + cos gsin A cos I]
a+/(1—¢e2) [cos gcos A cos I — sin gsin A] )
ay/(1 —e?) cos gsin A.

Here a is the semi-major axis of the satellite orbit, ¢ is its eccentricity, g is the argument of the
periapsis, A is the longitude of ascending node, I is the inclination, and E is the eccentric anomaly.

An illustration of the satellite orbital parameter is depicted in Figure 2.

hypothetical
circular orbit
Satellite

Figure 2. Illustration of the key satellite orbital parameter used in the SGP4 model where E is the
eccentric anomaly of the satellite at time t.

We convert the True Equator Mean Equinox (TEME) Cartesian coordinates of the satellite into
latitude and longitude, referring to the World Geodetic System 1984 (WGS84) frame. Then, we can
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obtain the slant range distance (d), elevation angle (6,), and azimuth angle from the measurement
points. Also, the depression angle (6;) of the antenna which can be calculated by the cosine law [10],

Ly [ d (02 4 (R (9,1)* = R (g0, 1)?

64 () = cos 2xd(t) (h+R (¢, 1)) ’

®)

where R(¢, A) is the true radius of the Earth at the subsatellite point, and (¢, A) is the latitude and
longitude of the subsatellite point, R(¢,, Ao) is the true radius of the Earth at the observation point,
where (¢,, A,) is the latitude and longitude of the observation point, and / is the altitude of the satellite,
as depicted in Figure 3. According to these parameters, we calculate the satellite channel the path
loss, air absorption, and excessive path loss between the satellite and the observation point as further
detailed in the below subsection.

<

subsatellite point

/—\
R(, A)

loT device

L R(do, o)

center of the Earth}

Figure 3. Explanation of the satellite down-tilt angle shown in (3). Since the satellite object is moving,
the 6; becomes a time varying function.

3.2. Satellite Channel Model

As the wireless electromagnetic signal propagates from the IoT device toward the satellite,
it suffers from the natural wave-front expansion. This expansion is captured in the free-space path loss
Lrspr, and computed as

Lespr, = 20logy o (47d(t)f), )

in which d is the slant range in meters and f is the carrier frequency in Hertz.
The second important factor in the wireless satellite channel is the attenuation caused by the
atmosphere air absorption Ly, as elaborated in the following subsection.

3.2.1. Air Absorption

Electromagnetic transmission through the atmosphere experiences attenuation caused by
the resonance of gas molecules and water vapor between the Earth’s surface and the satellite.
The approximate region of the atmosphere effect is around 100 km above the Earth’s surface.
The atmosphere components considered by this study are oxygen and water vapor. We implement
the framework recommended by the International Telecommunication Union (ITU) in Reference [20],
where L4j, depends on the pressure of air molecule and water vapor together, and it is based on a series
of functions and the air pressure parameters measured by ITU. By giving the temperature, dry air
pressure, and air humidity to the ITU model, it can return the approximate air absorption attenuation
in dB. We implement the ITU air absorption model as a Matlab function with the following structure,

Lair = AAM(f, h,, Lat,, Lon,, 8., Month, Date), (5)

where h,, Lat,, Lon, are representing respectively the height, latitude, and longitude of the
measurement point on the ground. An illustration of the air-absorption effect is shown in Figure 4.
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Air absorption
Excessive pathloss (LoS) |7
Excessive pathloss (NLoS)
Total pathloss + o

Total pathloss

Attenuation [d
N
o
T

Nl

0 I —

. |
0 10 20 30 40 50 60 70 80 90
Elevation angle [°]

Figure 4. Different types of attenuation and the mean of total attenuation (purple line) with changing

elevation angle 6,. As the PLoS depends on the elevation angle, as shown in (8). IoT devices will suffer
mostly NLoS condition when 6, <10°.

3.2.2. Excessive Path Loss Model

In order to generalize the satellite channel model, we include the effect of human-made structures
on the propagation. This effect manifests itself as an excessive loss on top of the incurred wave-front
expansion and air-absorption. We adopt our previous model of excessive path loss in Reference [21]
(called the Air-to-Ground model AtG) by assuming the satellite akin to a low altitude platform in
sharing the diffraction and reflection introduced by the human-made urban layer. In the AtG model,
a Gaussian random variable captures the excessive path loss, where the mean and standard deviation
of this random variable depend on whether the device has a Line of Sight (LoS) condition with the
satellite or not as follows:

fo (n1g) = N (e, 02 (6)), (6)

where N is the normal distribution of a mean yz and a standard deviation of oz(0) and §. In order
to simplify the calculation, we assume that the excessive path loss of the IoT device is calculated

as follows:
up if ¢ =1LoS
L, =
up if ¢ = NLoS.

And we use the ITU-R [22] to calculate the probability of LoS and Non Line of Sight (NLoS) in
different city types by the following equation,

@)

1
T 1+m exp (—n [ —m]), (8)
P (NLoS,,) = 1 — P (LoS, 8,)

P (LoS, 6,)

where m and n are the S-curve parameters derived from the original ITU-R model, and 6, is the
elevation angle of ground transmitters. The numerical approximation of the probability of LoS and
NLOoS are also derived in the 3GPP technical report of non-terrestrial network [30]. Then, we adopted
the excess path loss model in high-rise building city, high dense urban, urban, and sub-urban.

Signals transmitted through the satellite channel are attenuated by the distance, diffraction,
and scattering, the path loss in the communication link can be obtained by,

Lsat = Lrspr, + Lair + Lee , )

where L,;; is the loss due to air absorption and L is the excessive path loss [10]. The received signal
power P can be calculated by
Pr = Gr+ Pr+ Gr — Lsat (10)
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where Pr is the transmitter power, G is the gain of the satellite antenna, and Lg,; is the path loss in the
communication link. If we assume a directional antenna is deployed on the satellite to avoid unwanted
terrestrial interference, the gain can be calculated by the following equation,

Gr(6,t) = 10log;, (32;2009118 (Gd(t))) , (11)

where 6 is the beamwidth angle of the antenna.

3.3. Terrestrial Interference Model

By getting the number of IoT device population and the uplink received powers of each
measurement point, the average terrestrial interference of a measurement point (n) can be calculated by,

m = Nactivepr‘,n (PLOS,I’I X LaLoS,n + (1 - PLoS,n) X L(TNLOS,H) ’ (12)

where Pr;, is the received power of the satellite, Pyyosn and Ppos n representing the Probability of Non
Line of Sight (NLoS), and Line of Sight (LoS) of the measurement point calculated by (8) and the
excessive loss (Ly) in LoS and NLoS situation using Reference [21]. The total terrestrial interference is
equal to the sum of the average terrestrial interference terms within the satellite horizon as following,

k
Pr=)Y Py, (13)
n=1

where k is equal to the number of measurement points in the satellite coverage area, and the average

number of active IoT devices(Nyctive) Will be discussed in the following subsection.

3.3.1. Use Case Scenarios and Interference Population Thinning

To simulate a real-world situation, we assume IoT devices are about i times to the human
population, and we presume i = 3 according to Reference [31]. Also, in order to create an
accurate interference model for IoT-over-Satellite communication, we deploy the Remoteness Index of
Australia (ARIA) to classify all interference sources into the following classes [32]:

® C(lass 1 (sea): Interference sources on the sea level and are at least 100 km away from the urban and
suburban areas. Class 1 is having the lowest interference since the smallest amount of IoT devices
are located in Class 1. Since the focus of the paper is on estimating the terrestrial interference
from the land, we assume there are no IoT devices on the sea level.

e  C(Class 2 (remote): Interference sources that score more than 10 in the ARIA (ARIA G5) representing
a remote area, which is at least 141 km away from the nearest remote center, 264 km away from
the nearest rural center, and 614 km away from the nearest suburban center. Class 2 is likely to
have lower interference than Class 3.

®  C(lass 3 (rural): Interference sources that score between 5-10 in the ARIA (ARIA G4) representing
a rural area, which is around 217 km away from the nearest suburban center, 134 km away from
the nearest rural center. Class 3 is expected to have the highest interference among these classes.

We also apply the thinning to estimate the average active IoT devices and the number of active
interference sources can be calculated as

— D% x N

Nactive = Nc ’ (14)

in which the active IoT devices are equal to the total IoT devices(N) times the regulated duty cycle
(D%) divides by the number of channel (N¢). We assume 1% of duty cycle, N is equal to 3 times of the
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human population as the worst-case scenario based on the radio regulation [26,27], so that we can find
the lowest bound on SINR in the evaluation framework.

3.3.2. SINR Model and Communication System Model

The PER is commonly used to evaluate the link quality and link availability in the communication
system, and it is a function of the ratio of energy per bit to the spectral noise density (E,/Np) with given
noise power, interference, path loss and a modulation scheme of the link as shown in the following:

PER = Mycs (E»/No)

Pr
E,/ Ny = 101lo _
b/ No glo(PhLPNxRB) (15)
Pr
SINR = ,
P+ Py

where Myycs(.) is a function based on the modulation and coding scheme (MCS). Here, E,/Nj is
calculated by the SINR times the channel bandwidth (B) divided by the bitrate of the channel (R;).
The linear expression of the SINR is calculated by the received signal power (PR) divided by the
interference in Equation (13) plus the system noise power (Py). Thus, the uplink performance can be
estimated by the PER of the loT-over-Satellite communication system by given the SINR.

3.4. Communication System Model

For evaluating the performances of practical IoT technology, we apply the free licensed LoRa
chirp spread spectrum (LoRa CSS) modulation. In order to maximize the number of active users,
we assume the lowest channel bandwidth of LoRa, which is 125 kHz, is used in the modulation so
that we have 64 channels in the ISM band following the LoRa parameters [7]. This Mycs(.) function is
based on empirical measurements from the literature [23], in which the fitting table can estimate the
packet error rate in the following Figure 5. The SINR limit to establish communication is shown in

Table 4.
1 T T o T T
—e—SF=7
X’ X —A—SF=8§
08 r SF=9 |

\ —>—SF=10

—v—SF=11
SF=12] |

02r E
-15 10 -5 0

-25 -20 5

SINRy [dB]
Figure 5. The packet error rate (PER) versus signal-to-interference-plus-noise ratio (SINR) with different

Spreading Factor (SF) in LoRa modulation.

Table 4. The lowest SINR values limit in LoRa chirp spread spectrum (CSS) modulation with six
spreading factors and 125KHz bandwidth.

Spreading Factor 7 8 9 10 11 12
SINR (dB) -5 -8 —-10 -14 -16 -—-18

4. SINR Model Approximation and Optimal Parameter of IoT-over-Satellite

As mentioned in the previous section, a comprehensive uplink SINR model can help to estimate
the quality and performance of the IoT-over-Satellite channel and thus to provide the PER and
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availability of the satellite channel link. Therefore, we derived the SINR model based on the

simulation and channel models explained in Section 3. The linear mathematical expression is shown in

the following:

B Pr x Gr x GR(G, i’)
Lgat % p X Nactive

7 (0, (16)
where 7 at a measurement point highly depends on the average IoT devices population Ntive in the
area, and due to the reason that IoTs population of remote and rural areas tend to be constant as shown
in Figure 6, we assume that the average interference per user (P) in the remote or rural area can be
simplified into a constant p, and Gg is a function based on the coordinates of the satellite cube-sat as
shown in (3). The coordinates are varying over the period of time.

| | Coast lines 16
15 \ /|= = — satelite traces
I \ / 7

y-axis [m]
& y-axis [m]

w
Remoteness Index of Australia
log,, [population]

0
x-axis [m]

(a) (b)

Figure 6. (a) Remoteness index and (b) IoT population based on human population. The higher
value represents a higher level of remoteness. The red dash line is the satellite track over a week [32].
(a) Remoteness index based on Reference [32]. (b) Number of IoT devices in Australia.

4.1. Uplink SINR in Australia

Using (16), we calculate the average SINR level of each measurement points over a week, and the
result is shown in Figure 7. It indicates that the SINR in the remote and rural areas (Classes 2 and
3) is at least 10 dB, and the level in an urban or suburban area is less than 5 dB since the number of
interference sources is much higher in the area. If we assume several IoT modulation schemes such
as BPSK, QPSK, 16QAM, and LoRa CSS are used in the IoT-over-Satelite communication, the SINR
level needs to be more than 10 dB to achieve a Bit Error Rate (BER) with less than 107 using (15).
Thus, an IoT-over-Satellite system using an LEO satellite with shared bands may not be an option in
an urban or suburban area without an advanced modulation scheme or access techniques to reduce
the terrestrial interference.
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Figure 7. Average Uplink SINR of Australia over a week.

4.2. loT-over-Satellite Duty Cycle and Optimal Beamwidth Modeling

To establish a proper uplink channel, the minimum SINR level is at least —18 dB to provide a PER
at 1077 according to Table 4, so we define the available system time interval as the interval that SINR is
larger than the threshold (7g) in decibel. The link-availability is equal to the available period divided
by the accessible period. The accessible period is the time interval that the satellite has the LoS to the
IoT devices, and it is equal to the time interval that elevation angle is higher than the horizon angle
of the satellite (6},). Figure 8 shows the SINR level of a measurement point in a single satellite pass.
The period when SINR is above the threshold (grey-line) is the available period, and we assume the
accessible interval to be the whole period. The effect of satellite antenna beamwidth has been taken
into consideration. The mathematical expression for the link availability is shown in the following;:

T (7 > 7o)

T (93 > Qh) ' 17

F(0,7) =

The link-availability is calculated, and the relationship between the duty cycle, SINR threshold,

and antenna beamwidth is shown in Figures 9 and 10. The approximation is made by using two

variables fitting where beamwidth (0), SINR threshold () are the variables. The polynomial
approximation can be written as the following:

e
F(6,7) =YY Cijt'ry (18)

j=0i=0

where Cj; is the polynomial coefficients and is given in Tables 5-7 for classes 1, 2 and 3, respectively.
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Figure 8. Uplink-SINR during the accessible period with different antenna beamwidths of the satellite.
The grey line represents the SINR threshold, and the period when SINR is above the threshold
represents the available period for communication.
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Figure 9. An example of the availability percentage varies with the antenna beamwidth and the SINR
threshold in Class 1. The dots indicate the simulation data and the heat map is the surface fitting

using (18).
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Figure 10. The optimal satellite beamwidth with different SINR thresholds. It shows that the optimal
antenna beamwidth for the satellite is from 22° to 28° based on the simulation.

Table 5. Surface Polynomial Coefficients for Class 1.

Cij 0 1 2 3 4

j

0 3.296 —0.3102 0.01652 —0.0003975 357 x 107°
1 —0.2542 0.01051 —0.0001986  9.556 x 107 -

2 0.01015 —0.0003013  3.305 x 10~° - -

3 —0.0001688  2.166 x 10~° - - -

4 1.115 x 107° - - - -
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Table 6. Surface Polynomial Coefficients for Class 2.

C,']' i 0 1 2 3 4

j

0 5.193 —0.7377 0.04943 —0.001439  1.566 x 10~°
1 —0.2536 0.01297 —0.0003978  2.702 x 10~° -

2 0.009473 —0.0003127  6.509 x 10~° - -

3 —0.0001397  9.906 x 1077 - - -

4 9.301 x 1077 - - - -

Table 7. Surface Polynomial Coefficients for Class 3.

Cij 1 0 1 2 3 4

j

0 1.006 —0.1815 0.01493 —0.0004503 4.597 x 107°
1 0.002753 —0.003322  —2.033x107° 153 x10°° -

2 0.0004753 0.0001392 —135x%x 107 - -

3 —3.165 x 107> —1.09 x 1076 - - -

4 3.75 x 1077 - - - -

5. Optimal Operating Parameters

In order to maximize the availability of the IoT-over-Satellite channel, we utilize the framework
derived in Section 4 and find the optimal operating parameters of LEO satellite serving IoT devices.
In particular, we focus on the antenna beamwidth and the optimal spreading factor (SF) of LoRa
modulation when used for then uplink channel to increase link-availability.

5.1. Optimal Beamwidth of LEO Satellite Antenna

In order to maximize the link-availability, we need to elongate the duration at which the SINR is
above the minimum threshold. Having a narrower beamwidth results in a higher gain, thus higher
a SINR; however, the duration of such an increase in SINR will be reduced. These two competition
factors can result in a maximum link-availability at a particular beamwidth. The dynamic of these two
factors is illustrated in Figure 8. As it can be noted from Figures 9 and 11, the optimum beamwidth is
specific to a certain SINR threshold. And the optimal antenna beamwidth of a satellite occurs when
maximum average link-availability is achieved. Hence, the optimal satellite beamwidth can be derived
from the differentiating of (17) because it is a concave function, as follows,

6% = argmax [F (", fly)]
0

where % [F(6%,70)] =0 (19)
We depict in Figure 10 the optimum beamwidth as a function of the SINR threshold in the
three different classes. The result of the duty cycle percentage when adopting the 6* is shown in
Figure 12, and the solution of (19) is shown in Figure 10. We substitute the optimal beamwidth into
(18), and the result of maximum link-availability is shown in Figure 12. The sea area has the highest
link-availability, and rural area has the lowest among these groups, as shown in Figure 12. It shows
that the communication started to be available when the beamwidth of the antenna is smaller than 35°,
and having the optimal beamwidth at around 22-27°. If we decrease the beamwidth of the antenna,
it shows better link-availability because narrow-band antenna decreases the area of the visible horizon.
So it decreases the number of terrestrial interference sources.
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Link-availability(F) [%]

o ‘ ‘ ‘ i
30 35

25
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Figure 11. An example of SINR vs antenna beamwidth with different SINR threshold. The red line
represents the optimal antenna beamwidths (8*) when maximum link-availability achieved.

T T
Class 1 = Sea
Class 2 = Remote | -
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Link-availability(F) [%]

! g S S ]
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SINR Thresholds(~,) [dB]

Figure 12. The link-availability at different SINR threshold when the optimal beamwidth is adopted.

The markers represent the result of the simulation, while the plots are the approximation of
link-availability using (18).

5.2. Finding the Minimum SF in Different Region

LoRa modulation employs the Chirp Spread Spectrum (CSS) modulation, which transmits the
data by spreading information into the wide-band linear chirp pulses. By applying different SF into the
modulation, it adopts different transmission ranges, payload sizes, and data rates to enable the LoRa
CSS modulation [7]. As a result, changing SF is a trade-off between ranges, payload sizes, and data
rates. Hence, in order to understand the trade-off between those factors and to increase the spectral
efficiency of LoRaWAN in IoT-over-Satellite communication, we find the minimum SF in the simulated
area by applying the PER mapping parameters in Table 4 into Figure 7 so that we can find out the

minimum SF ensuring the PER is less than 10~ allowing IoT-over-Satellite communication. The result
is shown in Figure 13.
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(;F)
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Minimium Spreading Factor
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Figure 13. The minimum Spreading Factor that suitable for the simulated area based on the result of
average SINR over a week.

6. Conclusions

In this paper, we proposed a framework to capture the performance of IoT-over-Satellite systems
using shared spectrum resources with terrestrial [oT. We took the study case of Australia and adopt
various system parameters such as satellite orbits, user density, and air absorption using practical path
loss models. The performance was measured in terms of the signal-to-interference-and-noise-ratio of
the uplink channel. We further developed an optimization technique to obtain the optimal satellite
antenna beamwidth that maximizes the SINR. Based on the result, we derived a link-availability model
that shows the relationship between the transmission duty cycle and antenna beamwidth from one
side and SINR threshold on the other side. The satellite link-availability shows a promising role of
using a shared spectrum in IoT-over-Satellite applications opening the door for a faster-to-market
implementation of IoT-over-Satellite. Future works will include investigating the impact of different
access schemes on IoT-over-Satellite communication and to minimize the terrestrial interference in an
IoT-over-Satellite system.
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