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ABSTRACT The Long Range (LoRa) modulation enables low-cost and low-power communications,
serving as the foundation for the widely adopted terrestrial low-power wide-area network (LPWAN)
technology known as LoRaWAN. Owing to its effectiveness, this modulation scheme is emerging as
a potential option to provide direct-to-satellite (DtS) connectivity supporting Internet-of-Things (IoT)
applications in remote or hard-to-reach areas, and complementing existing terrestrial networks. Besides the
link budget and interference, the Doppler effect is one of the main challenges in LoRa DtS connectivity.
Earlier studies have extensively investigated the link budget and the network scalability aspects, confirming
the feasibility of integrating LoRa with Low Earth Orbit (LEO) satellites. However, only a few studies
examine the influence of the Doppler effect on LoRa DtS performance. Specifically, the majority of
the available literature report empirical studies that analyze the Doppler effect solely for a specific set
of communication parameters. There remains a need for extensive and comprehensive examination of
LoRa DtS performance under a strong Doppler effect in the LEO scenario. In this paper, we discuss
and thoroughly investigate the impact of the Doppler effect on the reliability of LoRa satellite links. In
particular, we analytically study packet losses, distinguishing the effect of Doppler shift from Doppler rate,
the latter being caused by the variation in the relative speed of LEO satellites with respect to a terrestrial
IoT end-device. Our analysis accounts for the effects of key communications parameters and settings, such
as bandwidths, carrier frequency, MAC payload, LEO satellite’s orbital height, and LoRaWAN low data
rate optimization (LDRO). Notably, the results identify the LoRa boundaries for direct to LEO satellite
connectivity and can facilitate the selection of suitable parameters for future system designs. Specifically,
our results demonstrate that the packet delivery ratio of the most vulnerable spreading factor, i.e., SF12,
exceeds 82% when using 125 kHz bandwidth, 433 MHz carrier frequency, and 59 bytes payload for a
satellite orbiting at 560 km height.

INDEX TERMS Doppler effect, direct-to-satellite, LoRa, LoRaWAN, LPWAN, IoT, LEO, LDRO, orbit,
satellite.

I. INTRODUCTION
IRELESS communication is the cardiovascular
system of modern society. Unfortunately, only 10%
of Earth’s surface is covered by terrestrial communication
networks due to geographical, economic, and practical

limitations. In fact, remote areas are generally characterised
by poor or absent communication infrastructures, which
hinder the provision of IoT services. To tackle this issue,
massive Machine-Type Communication (mMTC) LPWAN
technologies have been introduced in recent years [1],
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supporting long-range communications. Taking it a step
further, the concepts of non-terrestrial networks (NTNs)
and non-terrestrial mMTC have been proposed to enable
global connectivity for IoT applications [2], [3]. Industry
and academia are thus focusing on the integration of mMTC
and satellite communications to enable direct-to-satellite
(DtS) global connectivity. This makes DtS a key component
of the upcoming 6G communications networks. In fact,
it is expected that products and services based on the
DtS-IoT concept can contribute to achieving the United
Nations Sustainable Development Goals. These expectations
are supported by statistics, which reveal that there will be
around 30.3 million satellite IoT devices deployed globally,
and the related global market will exceed six billion dollars
by 2025 [4]. The number of active satellites is expected to
grow from 6,700 to 100,000 by 2030, offering support to
novel IoT applications such as wildlife, smart agriculture,
offshore wind farm as well as ship monitoring.

Under the MTC LPWAN umbrella, LoRaWAN is one of
the most important and widely used protocols for estab-
lishing long-range communications. This makes LoRaWAN,
which is based on the LoRa physical layer patented by
Semtech [5], a prospective choice to enable satellite-based
mMTC networks providing low-cost global coverage [6]. In
this regard, the recent literature focuses extensively on link
budget and interference analyses and confirms the feasibility
of DtS communications between LoRaWAN devices and
LEO satellites [6], [7], [8].

As is well known, in order to avoid falling back to
Earth due to gravitational attraction, LEO satellites orbit at
a speed much faster than the Earth’s rotational speed. As
a consequence of the relative motion of the satellite and
the terrestrial end-devices, the transmitted signal’s carrier
frequency undergoes a significant change known as Doppler
shift, whose magnitude varies over time during the satellite’s
visibility interval. The Doppler rate accounts for the speed
of these variations and is calculated as the rate of change of
the Doppler shift over time. Unfortunately, this phenomenon
poses serious challenges to the physical layer of LoRa
receivers [2], [3].

Focusing on this aspect, we realised that most previous
studies present just the experimental results, which were
obtained by considering only a limited subset of the parame-
ters that affect the sensitivity of LoRa to the Doppler effect.
Moreover, some critical settings (e.g., the orbital height) were
fixed. Lastly, it’s crucial to note that the majority of these
studies, along with the currently operational LoRa satellites,
are confined to communications within the 430 MHz band,
which experiences the least impact from the Doppler effect
among those allowed for LoRa signals. In this paper, we
address this shortcoming by investigating all aspects affecting
the robustness of LoRa DtS communications to the Doppler
effect. The main contributions and novelty of this paper can
be summarized as follows:

o First, we took as a reference the outcomes of flight-

testing experiments [9], which were used to validate
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our approach, as well as Semtech documents [10],
[11], [12], [13], [14], which were the basis to derive
realistic results regarding the impact of the Doppler
effect on LoRa DtS connectivity. Building upon these
solid foundations, and differently from the existing
literature, our analysis considers both the Doppler shift
and the Doppler rate, quantifying the packet losses
caused by each of them.

o Second, we assess the performance limits of the LoRa
modulation under the influence of a strong Doppler
effect caused by LEO satellite mobility, taking into
account all communication parameters that affect the
receiver’s sensitivity to this phenomenon. Specifically,
we consider the following parameters:

1) MAC payload lengths;
2) signal bandwidth;
3) carrier frequency;
4) spreading factor (SF);
5) satellite orbital height.

To the best of our knowledge, this is the first paper that
theoretically assesses the impact of all these parameters
on the robustness of LoRa to the Doppler effect.
Importantly, this is the first paper ever to investigate the
performance of LoRa DtS under strong Doppler effect in
LEO scenario when operated in the S-band (2.1 GHz),
a frequency range recently addressed by Semtech
transceivers (LR1120) for direct communication with
orbiting satellites.

o Third, we are the first to theoretically discuss the role
of low data rate optimization (LDRO) feature, unveiling
its operating principle and evaluating its impact on the
robustness of LoRa receivers to the Doppler effect.
Importantly, the effect of LDRO has not been discussed
and investigated even for terrestrial LoRa connectivity.
Hence, the findings presented on LDRO may prove
valuable not only for NTNs but also for terrestrial
networks.

o Fourth, we provide and discuss results that allow
practitioners and researchers to select suitable settings
to combat the Doppler phenomenon in LoRa DtS
communications and ensure reliability. To facilitate
the technical understanding of our framework and
replication of our findings, we made the developed
simulator openly accessible to the research community
(available from GitHub via [15]).

The rest of this paper is organized as follows. Section II
briefly presents the background of LoRa DtS systems and
relevant studies. Section III briefly introduces the LoRa
modulation focusing on the aspects related to Doppler and its
effect on communication performance. Section IV suggests
the system model to evaluate LoRa DtS performance in
the presence of a Doppler effect. Selected numerical results
are presented in Section V. In Section VI, key points and
prospective directions for future research work are discussed.
Finally, Section VII concludes this work with final remarks.
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TABLE 1. Examples of launched LEO LoRa DtS systems [16].

Satellite CubeSat  Quantity Frequency Purpose
Norby 6U 1 436.7 MHz Research
FossaSat 2P" 13 401.7 MHz Sat-IoT
Lacuna Sat 3U 5 868, 915 MHz Sat-IoT
SATLLA-2B 2P 1 437.2 MHz Research
FEES 0.3U 2 437.2 MHz Experimental
* PocketQube

Il. STATE-OF-THE-ART

A. LoRa DIRECT-TO-SATELLITE SYSTEMS

Recent experiments have confirmed the feasibility of direct
communications from a LoRa end-device to a LEO satel-
lite [9].

To provide concrete examples, Lacuna Space has launched
five LEO satellites featuring a LoRa gateway onboard and
confirmed the feasibility of receiving LoRa messages [8].
These satellites comply with ITU regional regulations and
work on ISM radio bands 868 MHz (Europe) and 915 MHz
(North America).

Similarly, more than 20 active LEO satellites feature LoRa
modulation, including Norby, FOSSA, FEES, and SATLLA-
2B. These satellites broadcast LoRa packets and more than five
and half million LoRa packets have been successfully received
by thousands of ground gateways as of October 2023 [16].
Table 1 provides the details of the above-mentioned trials,
including the satellites’ dimensions and purpose. It is worth
noting that the 863-870 MHz band is not highly regarded due
to its greater sensitivity to the Doppler effect compared to
the band around 400 MHz. However, this band is of utmost
importance as it provides coverage in many regions of the
world and is close to the 902-928 MHz band, which offers
coverage in the United States and Asia. In fact, dual-band
863-870 MHz and 902-928 MHz transceivers, which can be
easily implemented due to the closeness of the two bands,
would provide coverage in most regions of the world. This
further motivates a comprehensive investigation into LoRa
DtS performance in these bands, which is currently lacking
in the existing literature.

B. RELEVANT WORKS
1) LINK BUDGET AND SCALABILITY PERSPECTIVE

In recent years, several studies have thoroughly explored the
LoRa DtS communication link budget and scalability, taking
into account various channel conditions and user densities,
which reflect real-world application scenarios [7], [8], [17],
[18], [19], [20]. Specifically, the work in [7] discusses
various network configuration options and their respective
pros and cons in order to facilitate the implementation of
LoRa DtS. In [8], simulation results reveal that a radio packet
featuring LoRa modulation could reach a LEO satellite
even at a link distance of around 2300 km with more
than 97% probability and the network can support massive
connectivity. However, simultaneous transmissions from
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other end-devices cause same-channel interference and lower
the packet delivery ratio [7], [8], [20]. Notably, advanced
MAC protocols, compression, data aggregation, coding,
scheduling, and time diversity can effectively mitigate packet
losses due to interference. As of today, the number of studies
investigating the impact of the Doppler effect on LoRa
performance remains limited, both for terrestrial and non-
terrestrial networks.

2) DOPPLER ASPECTS IN TERRESTRIAL NETWORKS

Extensive outdoor and laboratory experiments have been
carried out on-ground using both a vehicle and a lathe
machine to study the LoRa robustness against the Doppler
effect [21]. The obtained results highlight that the higher
SFs (e.g., SF=12) are more vulnerable to Doppler shift
than the lower SFs in the mobile scenario. In [22], authors
evaluate the performance of LoRa in six typical terrestrial
V2X communications scenarios. These scenarios account for
varying vehicle velocities ranging from 32 to 104 kmph,
resulting in Doppler shifts between 300 and 400 Hz. Monte
Carlo simulations were employed to analyze the impact
of the Doppler shift on communication performance. The
results indicate a degradation in the LoRa communication
performance due to the Doppler shift.

3) DOPPLER ASPECTS IN NON-TERRESTRIAL
NETWORKS

Compared with terrestrial vehicles, LEO satellites cause a
much larger Doppler shift by orbiting Earth at an average
speed in the order of thousands of kilometers per hour
(e.g., 27,000 kmph for an orbital height of 780 km [7]).
Only a few studies assess the LoRa robustness against the
Doppler effect in LEO satellite scenario. In [23], the first
study was presented that aimed at evaluating the impact of
the Doppler effect on the LoRa modulation in an attempt
to understand the stability of LoRa DtS communications.
Specifically, laboratory experiments were conducted to test
the LoRa modulation with a carrier frequency of 430 MHz
and a CubeSat orbiting at 200 km. The work was further
extended in [6], where the authors report the results of
laboratory and outdoor experiments. A radio frequency (RF)
vector signal generator and a LoRa end-device based on
the Semtech SX1278 transceiver were used as transmitter
and receiver, respectively. Considering a carrier frequency
of 434 MHz, the vector generator was used to synthesize
LoRa signals to account for Doppler shifts corresponding to
200 km and 550 km orbital heights.

Following the laboratory and outdoor tests, the authors
of [6], [23] launched a Norby—CubeSat with an on-board
SX1278 transceiver, which orbits at 560 km and operates at
436.7 MHz [24]. In [9], the first flight-testing experiments
are described, establishing the foundation for understand-
ing the LoRa modulation’s capabilities and constraints at
436.7 MHz. Specifically, 20 experiments were carried out
to examine the LoRa robustness against the Doppler effect
for different SFs, bandwidths and payload (Pp) size. Similar
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TABLE 2. The list of the works investigating the LoRa DtS performance under Doppler effect, their methodology and the set of parameters they account for. The references are

1[23], 11 [6], 1 [9], IV [25] and V [26].

Parameters | 11 111 v \Y% Our work
SF 7, 11 7,8,11,12 | 7,10,11,12 7-12 7-12 7,10,12
125 62.5, 125 | 31.25, 62.5 125 - 31.25, 62.5
B (kHz) 250 125, 500 125, 500 - 250, 500
255 21,59 55 64,128 12 1-59
Pr (bytes) 255 143 235 255
Fo (MHz) 430 434 436.7 868 866.3 | 433,436.7,868,2100
enabled | enabled enabled - - enabled
LDRO disabled - - disabled
200 200 560 200 650 560-1500
H (km) 550 550
Empirical v v v v X X
Open source X X X X X v
to results in [6], [23], the flight-testing experiments confirm LEO Satellite
LoRa’s strong immunity to the Doppler effect when using <o-

7 < SF < 11 and bandwidth B > 31.25 kHz. These
experiments! assess the LoRa DtS performance accounting
for both the Doppler shift and the Doppler rate, and key
findings are:

« the Doppler shift, also called static Doppler, degrades
the communication performance at the lowest elevation
angles and the maximum link distance;

« the Doppler rate, also referred to as dynamic Doppler,
causes packet losses at high elevation angles, when the
satellite is positioned just above the end-device on the
ground, resulting in the closest link distance.

Specifically, at low elevation angles, communication

experiences a maximum Doppler shift. Consequently, the
carrier frequency of the received signal deviates significantly
from the carrier frequency of the transmitted signal. This
discrepancy may lead to the failure of the Phase-Locked
Loop (PLL) at the receiver’s side to track the incoming
signal, resulting in packet loss. Conversely, the Doppler
rate, characterizes change of carrier with time from its
initial value, can impact the receiver’s ability to remain
locked onto the received carrier. As an example, as discussed
in [6], [9], [23], at a 90 degree elevation angle, the Doppler
shift is as low as 0 kHz, posing no issues to the PLL.
However, at the same 90 degree elevation, there is a very
high Doppler rate, such as nearly —270 Hz/s for 868 MHz
with a satellite orbiting at 550 km. Despite the PLL’s ability
to lock onto the signal at this angle, it may fail to remain
locked due to the high Doppler rate. To visually convey this
issue, Figure 1 illustrates the region affected by the Doppler
shift (marked in gray) and the Doppler rate (indicated
in red).

More recently, an experiment was presented in [25], where

a software-defined radio (SDR) was used to emulate the
Doppler effect in a LoRa satellite link at 868 MHz for a

1. For the sake of completeness, the experiment configuration in the
reported works was: transmission power 4 W, two packet sizes (55 bytes
and 143 bytes), and SF7, SF10, SF11 and SFI12.
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High Doppler rate
Low Doppler shift

<o Failed: Static
o~ Failed: Dynamic

Low Doppler rate
High Doppler shift

loT applications

FIGURE 1. lllustration of the communication failure due to Doppler shift (failed:
static) and Doppler Rate (failed: dynamic) in DtS loT scenario.

limited set of communication parameters. Consistent with the
findings in [6], [9], [23], the results lead to the conclusion
that LoRa DtS links are more impacted by the Doppler rate
than the Doppler shift.

The authors of [26] propose a receiver architecture to
counteract the Doppler phenomenon, while a regression-
based pilot is designed in [27] for Doppler shift estimation
and compensation at the receiver end.

As shown in Table 2, these previous studies mostly
report experimental results for a fixed and limited subset of
parameters and lack an analytical framework to generalize
the investigation on the Doppler effect. Specifically, the
findings in papers I [23], II [6], IIT [9] and IV [25] of
Table 2, are rooted in empirical testing, making it challenging
to replicate, reproduce and generalize the results outlined
in these works. Conversely, the work in V [26] adopts
a theoretical approach, focusing on the analysis of LoRa
performance within a LEO scenario, but for a predefined set
of parameters without offering information about bandwidth
and LDRO. Furthermore, the majority of these studies
concentrate on the band around 430 MHz, which experiences
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the least impact from the Doppler effect among those allowed
for LoRa signals. Unlike the works in I-V, we also study
the LoRa DtS performance for the 2.1 GHz channel (note
that the newly introduced LoRa LR1120 modems intends
to support 2.1 GHz band). More than this, in the present
paper, we do extensive analysis accounting for a range
of communication and orbital parameters to identify the
limits of LoRa in LEO. Additionally, we provide an openly
accessible framework that empowers readers to replicate and
extend our results (available from GitHub via [15]).

lll. LoRa MODULATION

To better understand the impact of the Doppler effect on
LoRa DtS links, we briefly revise the key points on the LoRa
modulation, which is derivative of the chirp spread-spectrum
(CSS) modulation. As is well known, a sine-wave chirp
signal, concisely denoted “chirp” in the following, consists
of a sinusoid whose frequency linearly sweeps within a given
interval B. With reference to LoRa, in particular, having
denoted with

e SF €{7,8,9,10, 11, 12}, the spreading factor,

e B e {31.25,62.5, 125,250, 500} kHz, the bandwidth,

o M =25F the cardinality of the modulation alphabet,

o T, the chirp duration, chosen such that BT, = M,
it is observed that, for a given SF, the LoRa transmitter has at
its disposal a set of M = 25F different chirps, each of which
is in one-to-one correspondence with one of the M symbols
of the modulation alphabet S =1{0,1,2,...,M —1}. It
follows that, given the adopted SF, for each sequence of
SF data bits to be transmitted, the modulator selects the
corresponding modulation symbol within & and transmits
the chirp with which that symbol is uniquely associated.

It is worth emphasizing that the M chirps are dif-
ferent in that they start sweeping from different initial
frequencies, which are regularly spaced with a frequency
step Af = By [5]. This means that larger SFs, which
correspond to lower values of Af, are more sensitive to the
Doppler effect because of the lower frequency separation
between chirps.

To increase the robustness to Doppler rate, LoRa features
the LDRO mode, which reduces by two the number of
bits carried by each symbol. This means that, for a given
SF, the cardinality of the modulation alphabet reduces to
M = 208F=2) a5 does the number of chirps packed in the
bandwidth B, which entails that the LDRO mode increases
the frequency separation Af between chirps by four times
and, therefore, the resistance to Doppler rate. Clearly, this
positive result comes at the cost of reducing the data rate.

IV. SYSTEM MODEL

In this section, we discuss the analytical framework used for
investigating the performance of the LoRa modulation when
subjected to a strong Doppler effect in LEO DtS links. Unless
otherwise specified, we consider the most widespread DtS
IoT scenario, where a terrestrial IoT end-device transmits a
signal to a satellite-based LoORaWAN gateway [7], [8], [20].
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dy (E) = Ra(E)

FIGURE 2. The satellite <> end-device (ground terminal) basic geometry.

However, the suggested framework remains valid and can be
easily modified to account for the opposite scenario, wherein
the satellite acts as a transmitter, and a terrestrial end-device
serves as the receiver.

A. SATELLITE AND END-DEVICE GEOMETRY

To investigate the LoRa DtS performance, it is fundamental
to understand the satellite<>end-device geometry depicted
in Figure 2. First, the mobility of the LEO satellite rapidly
changes the elevation angle E, resulting in variations of the
slant distance d. Based on the geometric relations shown
in Figure 2, one can find d from a given E and vice versa
as [8]

2
d(E) = R /(?) —cos2(E) —sin(E) | (1)

2dR @
where R = 6371 km is radius of Earth, H is the orbital
height of the satellite and E is expressed in degrees.” The
projection on the Earth’s surface of the segment connecting
the end-device and the satellite creates an arc defined as
ground range dy(E). The length of the arc is equivalent to
the product of Earth’s radius R and the central angle o(E)
as [28], [29]

H? + 2HR — d>
E(d) = sin~! <+—>

3)

dy(E) = Ra(E) = Rsin_l<M)

R+H

where « is in radians.

For a given H, the maximum satellite visibility time t
depends on dg(Emin). We imply Epj, is the minimum
elevation angle, which, in the most simple case, will be
equal to 1 degree. Following the satellite orbital velocity and
ground range relation, the total visibility time is defined by

I = ng(Emin)
v

“)

2. On the left-hand side of eqs. (1) and (2) we emphasized only the
dependence on E, because R and H are constant.
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where v is the velocity of the satellite in the circular orbit

and can be computed by v = li'—lf,, where g is gravitational
I3

acceleration on the Earth [6].

B. DOPPLER SHIFT AND DOPPLER RATE

To maintain the circular orbit, LEO satellites revolve
around the Earth at very high speed, which results in
a relative motion of the satellite relative to a stationary
observer/end-device on the Earth’s surface. Unfortunately,
this phenomenon introduces a significant frequency shift in
the received radio signal, hindering proper demodulation.
Specifically, at a given instant of time (¢), the difference
between the transmitted carrier frequency Fc and the
received carrier frequency FRr(f), the latter varying in time
owing to the satellite motion, is known as Doppler shift,
given by

Fp(t) = Fr(t) — Fc, ®)

whereas its derivative

d(Fj
AFp (1) = % ©)

is called the Doppler rate.
Given the geometry depicted in Figure 2, the mathematical
expression of Fr(#) as a function of F¢ is given by [6]

1

RO = e

(7
with
cos(B(1) = = Sinp(®) ()
\/(1 + 87 = 2(1 + %) cos(p) + 1

where B is the angle between the satellite velocity vector
and the direction to the terrestrial end-device [6] and ¢(?) is

expressed as
2 N\ 32
p(n) = t\/;<1 + E) ; 9

being —% <t < % the relative elapsed time. Note that

t = 0 corresponds to a satellite being at £ = 90° and having
minimum slant distance d to the observer/end-device.

In the following, we will distinguish between the static
Doppler, which refers to the Doppler shift experienced by
the receiver at the beginning of packet reception, and the
dynamic Doppler, which represents the additional, time-
varying, frequency shift that occurs throughout the packet
reception interval. The former pertains to the receiver’s
ability to lock onto the received carrier frequency when
an incoming packet is detected (i.e., at the beginning of
the packet reception). The latter, instead, is related to the
receiver’s ability to remain locked onto the received carrier
despite its deviations over time from the initial value.

Let us clarify that the need to explicitly introduce the two
components of the Doppler shift, namely the static Doppler
and the dynamic Doppler, into our analytical framework

56

TABLE 3. LoRa intra-packet dynamic Doppler shift limits (Faynamic) in Hz.

LDRO Disabled LDRO Enabled

SFs 125 kHz 500 kHz 125 kHz 500 kHz
SF7 3255 1302.1 5208.3 20833.3
SF8 162.8 651 2604.2 10416.7
SF9 81.4 325.5 1302.1 5208.3

SF10 40.7 162.8 651 2604.2

SF11 - 81.4 3255 1302.1

SF12 - 40.7 162.8 651

arises from the fact that Semtech documents [12], [13], [14]
on the LoRa modulation provide the requirements for robust
demodulation against these two contributions separately. This
aspect will be discussed in the following section.

C. LoRa DOPPLER SHIFT TOLERANCE

According to experimental flight tests [9] and Semtech
documents [10], [11], LoRa exhibits tolerance to a frequency
offset of up to £25% of the bandwidth B without any
sensitivity degradation. Thus, the immunity limit for the
static Doppler becomes

Fyatic = £0.25 x B. (10)

At the same time, proper LoRa demodulation requires that
the carrier frequency variation within the duration of the
received packet, which is due to the experienced Doppler
rate, does not exceed a given threshold. More precisely, the
variation of the carrier frequency over the packet reception
time (between the beginning and the end of the packet)
should remain below [12], [13], [14]°
LxB 1
3 x 25F (b

where L = 16 when LDRO is enabled, otherwise, L = 1. In
LoRaWAN, LDRO is recommended when the LoRa symbol
duration exceeds 16.38 ms. With B=125 kHz, SF11 and
SF12 have symbol time greater than 16.38 ms, consequently,
LDRO is mandated by the LoRaWAN specification for
these spreading factors. As already observed, due to the
larger frequency separation between chirps, LDRO enhances
the LoRa immunity to dynamic Doppler. In this regard,
Table 3 shows the values of Faynamic calculated using (11)
for different SFs and bandwidths B, with and without LDRO.

To model the effect of the Doppler effect on LoRa DtS
performance, we suggest the following conditions to account
for the packet loss due to (i) static Doppler; (ii) dynamic
Doppler and (iii) joint static and dynamic Doppler.

Let Lguaic(t) € {0, 1} reflects a successful or lost packet
due to Doppler shift, where:

1 if |Fp(t)| > |Fgasi
Lgtatic (1) = {0 els|e D] = [Fiaticl

F dynamic =

12)

3. Notably, in [12], [13], [14], Semtech does not provide any explanation
for the formulation of equations (10) and (11).
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Let Laynamic(?) € {0, 1} reflects a successful or lost packet
due to Doppler rate, where:

1 if |[AFg| > Faynamic

Ldynamic(t) = {O else (13)

with AFfg denoting the overall change in the carrier
frequency from the beginning to the end of the packet,
defined as

AFE = FD[tstart] - FD[tend]

where fg ¢ denotes the time instant at the beginning of the
packet reception, and fepg = fstart + TOA represents the time
instant at the end of the packet reception.

The Time on Air (ToA) is given by ToA = T x N5, where
Ts = 2; is the symbol duration, which is equal to the chirp
duration T, and Ng is the number of symbols (that is, of
chirps) in a packet (refer to [10] for further details.

Let Lioint () = Lstatic (£) X Ldynamic (?) be the packet loss due
to joint Doppler shift and Doppler rate, where Lijoint () is 1 for
lost packet and O otherwise. It is important to mention that
we use Lgatic(f), Ldynamic(?), and Lijoine(#)) in Algorithm 1,
intending to help potential readers to understand how we
have generated the results for our analysis. Algorithm 1
assess the performance during full satellite visibility time
interval, i.e., —5 <t < %; therefore, lines 927 represent
a loop going through all possible time instances (f) and
covering the entire range of elevation angles.

(14)

D. AVERAGE PACKET DELIVERY RATIO
The average Packet delivery ratio (PDR) is the ratio of
successfully received packets over transmitted ones during
the full visibility time t of the satellite pass covering the
full visibility interval —5 <t < 3.

Let us denote Sjoss, Dioss, and Jioss as the number of
lost packets due to static, dynamic, and joint Doppler shift,
respectively. Thus, one can find PDR as

_ Stoss + Dioss — Jioss
Ptotal

Piost

PDR=1— =1

. 3d5)

total
where Piota = R’—p, and R, represents the average interval

between the start of transmissions of two consecutive
packets, assuming periodic reporting.

V. RESULTS

It is worth recalling that our analysis solely considers packet
losses due to the Doppler effect, encompassing both the
Doppler shift and the Doppler rate. We model a single end-
device without co-channel interference, assuming no link
budget constraint. This implies the signal is strong enough
to reach a LEO satellite in orbit. Note that interference
and link budget have been extensively studied in previous
works, which confirmed the feasibility of LoRa DtS commu-
nication as discussed in Section II-B. For a comprehensive
investigation on LoRa DtS communications, link budget and
interference analyses can be added on top of the analysis
presented in this paper, as demonstrated in [7], [8].
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Algorithm 1 LoRa DtS Performance Under Doppler Effect

for Entire Visibility Interval —5 <t < 3

Input: E, B, Fc, LDRO, SE, P;, H

Initialization: Sjoss = 0, Digss = 0, Jioss = 0

Constants: R = 6371 km, g = 9.80665 m/s’

T < satellite total visibility time calculated by (4)

ToA < LoRa Time on Air depends on Py,

Fatic < Doppler shift tolerance threshold by (10)

Fgynamic < Doppler rate tolerance threshold by (11)

t= —% < Initialization of the interval

while ¢ < % do
Fp(t) < Doppler shift calculated by (5)
AFp(t) < Doppler rate calculated by (6)

12: AFg(t) < Total frequency change over the packet
transmission calculated by (14)

13: Lgtatic (f) < Packet status under Doppler shift calcu-
lated by (12)

14: Laynamic(f) < Packet status under Doppler rate
calculated by (13)

15: Lioint(t) < Packet status under joint Doppler shift
and rate as Lsatic () X Ldynamic (%)

16: if Lstatic(t) ==1 then

R AN TS

—_—
- O

17: Sloss++3 > Packet fail due to Doppler shift

18: end if

19: if Liynamic(f) == 1 then

20: Dipss++; > Packet fail due to Doppler rate

21: end if

22: if Lioint(f) == 1 then

23:

24: Jloss++; > Packet fail due to both Doppler shift
and rate

25: end if

26: ++; > Step increment of the time

27: end while
28: PDR <« PDR calculated based on (15)
29: Output: PDR, Lyic (1), Laynamic(®), Lijoint (1)

For our investigations, we used the analytical frame-
work outlined in Section IV-B and the MATLAB Satellite
Communications (SatCom) Toolbox, with the ultimate goal
of modelling the Doppler effect experienced in the satellite
communication links considered below.

Focusing the attention on the LoRaWAN frequency bands
for Asia, Europe, and North America, Figure 3 shows
the Doppler shift and Doppler rate for carrier frequencies
Fc equal to 436.7 MHz, 868 MHz, and 2.1 GHz, with
solid lines denoting Norby’s two-line element (TLE)*
corresponding to H = 560 km, and markers representing
analytical results, respectively. In Figure 3 the simulation
time —% <t < 5 reported in the x-axis also accounts for
the direction of satellite mobility, where t is the satellite’s
total visibility time by a terrestrial user calculated by (4).

4. A TLE is a data format encoding a list of orbital elements of an
Earth-orbiting object.
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TABLE 4. Key communication parameters.

Parameters Values

Bandwidth (B)
Carrier frequency (Fc)

31.25, 62.5, 125, 250, 500 kHz
433, 436.7, 868 MHz & 2.1 GHz

Spreading Factor (SF) 7, 10, 12
Code Rate 4/5
MAC Payload 1-59, 55, 250 bytes
LDRO Enabled & Disabled
Orbital height 560-1500 km
Packet reporting period (Ry) 5s
60 0
TLE
| ——436.7 MHz
< 40 ——863 MHz || — 100
——2.1 GHz <
i 208 i -200
% ) % -300
wn 0 =
E 1 E -400
% 20 %
Analytical -500
A aoll @ 4367 MHz A
e 868 MHz 600
e 21GHz !
-60
-200 0 200 -200 0 200

Simulation time [s] Simulation time [s]

FIGURE 3. Comparison of the Doppler shift and Doppler rate generated from TLE
and the analytical framework.

Specifically, the simulation time ¢ considers the three possible
scenarios as follows:

e =5 < t < 0 account for the scenario when the
satellite is moving toward the end-device. Following (7),
FRr(?) is higher than the carrier frequency Fc, resulting
in a positive Doppler shift Fp (7).

« when ¢t = 0 the satellite is directly above the end-device
(E = 90°), causing the Doppler shift Fp(f) = 0 kHz
while the Doppler rate AFp reaches its negative peak.

« 0 < t < % concerns the situation in which the
satellite moves away from the end device, resulting in
a negative Doppler shift Fp(7).

One can see that the results obtained from MATLAB SatCom
Toolbox match the Doppler model.

More than this, we use the SatCom toolbox with the
Norby’s TLE set to make a comparison with actual
flight-tests [9]. Therefore, unless otherwise stated, we
have considered H = 560 km as in [9] as well as
Fc = 436.7MHz, B = 31.25, 625, 125 kHz and
Pp = 55 bytes. Starting from this baseline, we carried out
our investigations by varying the orbital and communication
settings. In particular, Table 4 lists the key communication
parameters/orbital heights investigated in the current paper.

Following Algorithm 1, Figure 4 to Figure 7 show
performance at a specific time instant ¢ during the satellite
visibility interval —% < < 5. The marker (dots) colour
scheme is:
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FIGURE 4. Impact of variable SFs on LDRO-enabled LoRa performance under
Doppler effect at B = 31.25 kHz, P, = 55 bytes, Fc = 436.7 MHz, and H = 560 km for
SF = [7, 10, 12] with ToA = [595, 3285, 10517] ms, respectively.
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FIGURE 5. Impact of variable bandwidth (B = 62.5 kHz and 125 kHz) on
LDRO-enabled LoRa performance under Doppler effect for SF = 12 at P, = 55 bytes,
ToA = [5259, 2629] ms, Fc = 436.7 MHz, and H = 560 km.

o Blue dots represent scenarios where Lgyiic(f) = 0,
Laynamic(®) = 0, and Ljoint(t) = 0 indicating no packet
loss;

o A red dot indicates, Lyic(f) = 1, Laynamic(f) = 0, and
Lijoint () = 0, i.e., packet loss due to static Doppler;

o A black dot denotes that Lgagic(f) = 0, Laynamic(t) = 1,
and Lijoint(f) = O showing the packet loss due to
Dynamic Doppler;

« A yellow dot represents a scenario where Lggc(f) = 1,
Laynamic(t) = 1 and Ljoinc(f) = 1, indicating packet loss
due to both static and dynamic Doppler shifts.

Whereas Figure 8 to Figure 10 illustrate the average packet
PDR across the entire range of elevation angles covering the

complete satellite’s visibility interval, i.e., —% <t< % More
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FIGURE 6. Impact of LDRO on LoRa performance for SF = 10 and B = 125 kHz,
Fc = 436.7 MHz, H = 560 km with maximum allowed MAC payload P, = 59 bytes.

than this, Figure 8 to Figure 10 also examine the standard
LPWAN band 433 MHz.

A. BANDWIDTH

As (10) indicates, the LoRa modulation becomes more and
more vulnerable to the static Doppler as the bandwidth B
decreases. Considering B = 31.25 kHz and a payload length
of 55 bytes, Figure 4 shows the correct (blue dot) or incorrect
(black, red, and yellow dots) reception of packets for each
time instant (x-axis) and corresponding elevation angle E
(y-axis) during the satellite visibility interval. The colour
code specified in the legend makes it possible to distinguish
whether the failure is due to static Doppler, dynamic Doppler,
or both, as dictated by (12) and (13).

One observes that, in the considered case, the static
Doppler shift leads to packet loss for £ < 40°, whatever
SF is adopted. Differently from SF7, which performs well
when E > 40°, SF10 and SFI12 are irreparably affected
by the dynamic Doppler (the change in frequency from the
beginning to the end of packet reception) caused by the
rate of change of Doppler shift. In fact, higher elevations
lead to higher (in terms of absolute value) Doppler rates
(see Fig. 3), which, together with the longer ToA due to
higher SFs, cause the frequency deviation within the packet
duration to exceed the threshold (11). In particular, SF10
appears vulnerable to the dynamic Doppler from E > 40°,
while SF12 starts to suffer as early as E > 13°.

Better performance is instead expected for larger band-
widths. Indeed, increasing B raises Fac, thus improving the
robustness of LoRa to the static Doppler, and reduces ToA,
thus increasing its ability to combat the dynamic Doppler.
Our analysis reveals that SF7 and SF10 have strong immunity
to the Doppler effect when B = 62.5 kHz and B = 125 kHz,
with correct packet reception in 100% of cases. However, as
evident in Figure 5, SF12 remains vulnerable to the dynamic
Doppler when E > 24° and E > 45° for B = 62.5 kHz and
B = 125 kHz, respectively.

It is worth emphasizing the good match between the results
shown in Figure 4 and the flight test results presented in [9]
(Fig. 9, and Table 3), which confirms the validity of our
methodology and the framework proposed.
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TABLE 5. The range of elevation angles for successful operation for a satellite
orbiting at H = 560 km, P, = 55 bytes and LDRO-enabled mode.

Fc MHz | B kHz SF7 SF10 SF12
31.25 | 40° < E <90° | 40° < B < 43° -
436.7 62.5 <90° <90° < 25°
125 < 90° < 90° < 50°
3125 | 67° < E <90° - -
868 62.5 40° < E<90° | 40° < B < 64° -
125 <90° <90° < 35°
3125 | 77° < E <90° - -
2100 62.5 70° < E <90° - -
125 50° < B <90° | 50° < E < 90° -

B. LOW DATA RATE OPTIMIZATION

Our analysis reveals that SF7 has a high tolerance to
intra-packet frequency deviations, with and without LDRO.
Specifically, when B = 125 kHz, SF7 supports a maximum
MAC payload of 250 bytes, resulting in ToA = 548 ms.
From Figure 3 one observes that when Fc = 436.7 MHz, the
maximum Doppler rate is 144 Hz/s. Consequently, a 548 ms
long SF7 packet will experience a dynamic Doppler shift of
78.9 Hz, far lower than the limits in Table 3.

On the other hand, by increasing SF, and consequently
ToA, one expects less immunity to the dynamic Doppler. In
fact, looking at Figure 6 we see that packet losses occur for
an SF10 packet of 59 bytes (the maximum allowed length)
when LDRO is disabled and E > 47°. Interestingly, no
packet loss is observed when LDRO is enabled.

C. CARRIER FREQUENCY

The role played by the carrier frequency is investigated in
Figure 7, in the case B = 125 kHz and Py = 55 bytes for
SF = [7, 10, 12] with ToA = [149, 821, 2629] ms. One
observes that, despite the high Doppler effect at 868 MHz,
SF7 and SF10 (and therefore also the intermediate SFs)
show high stability without any losses, whereas SF12 suffer
from dynamic Doppler (owing to the increased ToA)
when E > 35°. However, significant packet losses occur by
increasing the carrier frequency to 2.1 GHz. Specifically,
SF7 and SF10 packets are lost when E < 50° due to the
static Doppler, whereas SF12 always fails to deliver packets
due to static, dynamic, and joint Doppler shifts.

A comprehensive overview is provided in Table 5, present-
ing the elevation angle (E) ranges for successful LoRa DtS
communications. The table outlines the specific spreading
factors (SFs) along with carrier frequency and bandwidth
combinations.

In the case Fc = 436.7 MHz, a bandwidth of 31.25 kHz
allows a success range 40° < E < 90° for SF7, while for
SF10, the success range narrows to 40° < E < 43°. For
SF12, the communication fails for the entire range of the E.
For wider bandwidths of 62.5 kHz and 125 kHz, the results
remain similar for SF7 and SF10, with successful operations
over the entire range of the E. On the other hand, LoRa
DtS featuring SF12 is only feasible when E < 25°, if B =
62.5 kHz, and E < 50°, if B = 125 kHz. This is due to
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FIGURE 7. Impact of high carrier frequency on LDRO-enabled LoRa performance for B = 125 kHz, H = 560 km and P, = 55 bytes for SF = [7, 10, 12] with ToA = [149, 821,

2629] ms, respectively.
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FIGURE 8. Impact of variable MAC payload on SF12 PDR at B = 125 kHz, 250 kHz,
and 500 kHz, Fc = 433 MHz, 868 MHz and 2.1 GHz for a LEO satellite orbiting at H =
560 km.

the fact that SF12 features the higher ToA, which makes it
more vulnerable to Doppler Rate resulting in packet losses.

At 868 MHz, when B = 31.25 kHz successful commu-
nication is limited to SF7 within the range 67° < E <
90°. Conversely, SF10 and SF12 experience failure across
the entire range of elevation angles due to both Doppler
shift and Doppler rate. With a B = 62.5 kHz, SF7 offers
connectivity within the range 40° < E < 90°, while SF10’s
success range extends to 40° < E < 64°. Regrettably,
SF12 remains unsuccessful. Finally, with B = 125 kHz, SF7
and SF10 are successful across all angles. SF12, on the
other hand, achieves success within angles below 35°, while
communication fails at higher angles due to the Doppler
rate.

60

Moving towards the 2100 MHz carrier frequency, a band-
width B of 31.25 kHz permits communication only between
77° and 90° for SF7. On the contrary, communications for
SF10 and SF12 fail throughout the entire satellite trajectory.
With a B = 62.5 kHz, SF7 range extends to 70° < E < 90°.
Despite the increase in bandwidth, SF10 and SF12 could not
combat the higher Doppler effect at 2.1 GHz. At a wider
B =125 kHz, SF7 and SF10’s success range extends and
it allow communication between 50° and 90°, and SF12
remains unsuccessful.

To summarize, this table offers valuable insight into the
impact of carrier frequencies, bandwidths, and SFs on LoRa
DtS connectivity, providing clear guidelines for successful
satellite communication in different scenarios.

D. PAYLOAD

To evaluate the performance for different MAC payload
lengths, we investigate the PDR. When using LPWAN
Fc = 433 MHz band and B = 125 kHz, SF7 and SF10
offer 100% PDR at the maximum allowed payload lengths
of 250 bytes and 59 bytes, respectively. However, as shown
in Figure 8, SF12 PDR varies with the payload, and the
specific behaviour depends on both Fc and B. One can see
that an increase in carrier frequency and payload length
worsens the PDR. Specifically, at 2.1 GHz and 125 kHz,
the SF12 PDR remains zero for all payload lengths. As
known, however, higher bandwidth improves reliability, and
accordingly, we observe that SF12 offers PDR 80% and
100% when transmitting at B =250 kHz and 500 kHz,
respectively, with a payload length of 59 bytes.
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E. SATELLITE ORBIT

The altitude of the satellite determines the speed required
to maintain the orbit. Orbits closer to Earth require a high
velocity, which reduces the visibility duration and causes a
strong Doppler effect. As an example, Figure 9 shows the
static and dynamic Doppler for H = [560, 750, 1000] km
at Fc = 433 MHz, also highlighting the satellite visibility
interval.

Figure 10, instead, plots the PDR as a function of the
satellite orbital height in the case SF = 12, P = 59 bytes.
First, we discuss the reliability of a LoRa link operating
with B = 125 kHz (solid curves in Figure 10). A satellite
operating at Fc = 433 MHz achieves 100% PDR at
H = 1130 km. At the maximum height of 1500 km, LoRa
DtS PDR for carrier frequencies of 868 MHz and 2.1 GHz
remains 84% and 0%, respectively. When operating with
B = 250 kHz (markers curves in Figure 10), the satellites
working with Fc = 868 MHz and 2.1 GHz offer 100% PDR
at 660 km and 1350 km, respectively.

VI. SUMMARY OF KEY FINDINGS AND DISCUSSION

In this manuscript, we focused on characterizing the suc-
cess/failure of packet transmissions for each time-instant
and elevation angle during the satellite visibility interval.
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TABLE 6. The impact of key parameters on the Doppler effect in LoRa DtS
connectivity.

Parameter Static Doppler Dynamic Doppler Impact
SFs X v High
Payload X v Moderate
Bandwidth v v Very high
LDRO X v Very high
Carrier frequency v v Very high
Orbital height v v Moderate

Figure 4 and Figure 5 are an example of such outputs. We
validated our approach by comparing our results with the
experimental results in the reference work [9], which were
presented in the same pictorial form. In this regard, the good
match between our results in Figure 4 and the flight test
results (referring to Fig. 9, and [9, Table 3]) confirms the
validity of our methodology and the framework proposed.

However, our investigations are more comprehensive than
those presented in [9], as we explored the robustness of the
LoRa modulation against the Doppler effect by considering
parameters/settings that were not addressed in [9] (e.g., dis-
abling LDRO), and by varying the configurations that were
fixed in (e.g., carrier frequency, orbital height) [9].

Notably, LoRa DtS connectivity responds differently to
each parameter. While changes in SF, payload length, and
LDRO have no impact on the robustness against static
Doppler, they do influence the vulnerability to dynamic
Doppler. Conversely, variations in channel bandwidth, carrier
frequency, and satellite orbital height affect both static and
dynamic Doppler. A comprehensive review of the parameters
that influence the robustness of LoRa modulation to the
Doppler effect, along with the magnitude of their impact, is
presented in Table 6.

To give an example, the PDR slightly drops by increasing
the MAC payload size and decreasing the orbital height.
Conversely, channel bandwidth, carrier frequency and LDRO
significantly influence the performance. To ensure high
reliability, one should carefully select these key parameters,
also considering link budget aspects. For example, using
larger bandwidths helps counteract the Doppler effect, but
increases noise, thereby negatively impacting the link budget.
Our results and analysis provide insights for the selection
of suitable parameters and settings to mitigate the Doppler
effect in the DtS link. The presented results are equally
beneficial for researchers in Academia and practitioners in
Industry to understand the LoRa Doppler limits for LEO
satellites. For example, it can give an idea of how to select
a suitable set of communication parameters, e.g., frequency
band, channel bandwidth, SFs, and maximum payload for
a satellite orbital height, or vice versa. Notably, in [15]
we also openly-publish our codes and models to allow
other scholars to facilitate understanding and reproducing the
results presented in this paper. The computational complexity
and the time needed to conduct the simulations mainly
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depends on the parameters under investigation. For instance,
with MATLAB R2023a, it takes approximately 12 seconds
to produce the results depicted in Figure 4.

Finally, it is worth noting that immunity to the Doppler
effect also heavily relies on designers’ choices at the circuit
level, and system performance can be enhanced through
improvements in electronic design. To make a fair compar-
ison with the work in [9], we considered the specifications
for LoRa transceivers SX1276/77/78/79. However, LoRa
transceivers (LR1120) specifically designed to operate in the
presence of high Doppler shifts are expected to provide better
performance in the future. Nonetheless, we are not aware
of a single operational satellite using the Semtech’s latest
transceivers.

VIl. CONCLUSION

This paper investigates the performance of LoRa DtS links
considering the Doppler effect. Our results show the pros,
cons and trade-offs of varying key communication and
orbital parameters, i.e., SF, bandwidth, carrier frequency,
LDRO, and message payload. Both the static and dynamic
Doppler may disrupt the communication link resulting in
packet losses. The former is particularly harmful at low
elevation angles, while the latter has a greater impact at
high elevation angles, when the satellite is closer to the
end-device, creating a hole in the middle of the satellite
footprint, thus, significantly reducing the effective coverage
area. In both cases, the Doppler effect lowers the useful
connection time. Consequently, even if a satellite is visible,
the end-devices might not be able to communicate due to
the Doppler effect. We report that bandwidth, LDRO, carrier
frequency, and selection of SFs significantly impact the
performance of DtS link. However, the packet payload size
and satellite orbital height have a moderate influence on the
performance. Our results can be useful to find a suitable set
of communication parameters for a given satellite orbit to
combat these packet losses. We consider the LoRa Doppler
analysis accounting for the noise, attenuation and sensitivity
to be a very prospective and challenging research direction
for future work. More than this, we also consider it is worth
investigating how LoRa modulation behaves in very low
Earth orbit (VLEO). Notably, there is lack of information
about the specific thresholds for static and dynamic Doppler,
which requires further investigation. Finally, we consider
Doppler-enabled Adaptive Data Rate, i.e., SF allocation
mechanism as a promising topic for future research on
LoRa DtS.

ACKNOWLEDGMENT
The authors are also thankful to Walter Ahlstrom foundation
for supporting this work.

REFERENCES

[1] R. Marini, K. Mikhaylov, G. Pasolini, and C. Buratti, “Low-
power wide-area networks: Comparison of LoRaWAN and
NB-IoT performance,” [EEE Internet Things J., vol. 9, no. 21,
pp. 21051-21063, Nov. 2022.

62

[2]

[3]

[4]

[5]

[6]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

0. Kodheli et al., “Satellite communications in the new space era: A
survey and future challenges,” IEEE Commun. Surveys Tuts., vol. 23,
no. 1, pp. 70-109, 1st Quart., 2021.

M. Centenaro, C. E. Costa, F. Granelli, C. Sacchi, and L. Vangelista,
“A survey on technologies, standards and open challenges in satellite
10T, IEEE Commun. Surveys Tuts., vol. 23, no. 3, pp. 1693-1720,
3rd Quart., 2021.

K. Mikhaylov, H. Alves, and M. Hoyhtyd, “Drivers, use-cases,
key indicators, and requirements for satellite-based machine type
connectivity and IoT,” in Proc. 39th Int. Commun. Satell. Syst. Conf.,
2022, pp. 221-227.

G. Pasolini, “On the LoRa chirp spread spectrum modulation: Signal
properties and their impact on transmitter and receiver architec-
tures,” IEEE Trans. Wireless Commun., vol. 21, no. 1, pp. 357-369,
Jan. 2022.

A. A. Doroshkin, A. M. Zadorozhny, O. N. Kus, V. Yu. Prokopyev, and
Y. M. Prokopyev, “Experimental study of LoRa modulation immunity
to doppler effect in CubeSat radio communications,” IEEE Access,
vol. 7, pp. 75721-75731, 2019.

M. Asad Ullah, K. Mikhaylov, and H. Alves, “Massive machine-
type communication and satellite integration for remote areas,” IEEE
Wireless Commun., vol. 28, no. 4, pp. 74-80, Aug. 2021.

M. Asad Ullah et al., “Enabling mMTC in remote areas: LoRaWAN
and LEO satellite integration for offshore wind farm monitoring,”
IEEE Trans. Ind. Informat., vol. 18, no. 6, pp. 3744-3753, Jun. 2022.
A. M. Zadorozhny et al., “First flight-testing of LoRa modulation
in satellite radio communications in low-earth orbit,” IEEE Access,
vol. 10, pp. 100006-100023, 2022.

(SEMTECH, Camarillo, CA, USA). “SX1276/77/78/79-137 MHz to
1020 MHz low power long range transceiver.” (May 2020). Accessed:
Jan. 5, 2023. [Online]. Available: https://www.semtech.com/products/
wireless-rf/lora-connect/sx1276

(SEMTECH, Camarillo, CA, USA). “Application note: LoRa®
modulation crystal oscillator guidance,” (Jul. 2019). Accessed:
Jan. 5, 2023. [Online]. Available: https://www.semtech.com/products/
wireless-rf/lora-connect/sx1276

(SEMTECH, Camarillo, CA, USA). “ANI1200.59 selecting the
optimal reference clock,” (Jul. 2022). Accessed: Jan. 5, 2023.
[Online]. Available: https://www.semtech.com/products/wireless-rf/
lora-connect/sx1276

(SEMTECH, Camarillo, CA, USA). “SX1268 long range, low power,
sub-GHz RF transceiver”” (Jul. 2019). Accessed: Jan. 5, 2023.
[Online]. Available: https://www.semtech.com/products/wireless-rf/
lora-connect/sx1268,

(SEMTECH, Camarillo, CA, USA).
system performance.” (Feb. 2022). Accessed:

“AN1200.64 LR-FHSS
Jan. 5, 2023.

[Online]. Available: https://www.semtech.com/products/wireless-rf/
lora-edge/Ir1120
M. A. Ullah. “LoRa-direct-to-satellite-the-doppler-perspectives.”

(2023). Accessed: Nov. 21, 2023. [Online]. Available: https://github.
com/MuhammadAsadUllah1/LoRa-Direct-to-Satellite-The-Doppler-
perspectives

TinyGS. “TinyGS, the open source global satellite network.” (2023).
Accessed: Jan. 5, 2023. [Online]. Available: https://tinygs.com/
satellites

W. Zhou, T. Hong, X. Ding, and G. Zhang, “LoRa performance
analysis for LEO satellite IoT networks,” in Proc. 13th Int. Conf.
Wireless Commun. Signal Process. (WCSP), 2021, pp. 1-5.

L. Fernandez, J. A. Ruiz-De-Azua, A. Calveras, and A. Camps,
“Assessing LoRa for satellite-to-earth communications considering
the impact of ionospheric scintillation,” [EEE Access, vol. 8,
pp. 165570-165582, 2020.

G. Alvarez, J. A. Fraire, K. A. Hassan, S. Céspedes, and D. Pesch,
“Uplink transmission policies for LoRa-based direct-to-satellite IoT,”
IEEE Access, vol. 10, pp. 72687-72701, 2022.

M. A. Ullah, A. Yastrebova, K. Mikhaylov, M. Hoyhtyi, and H. Alves,
“Situational awareness for autonomous ships in the arctic: MMTC
direct-to-satellite connectivity,” IEEE Commun. Mag., vol. 60, no. 6,
pp. 32-38, Jun. 2022.

J. Petdjdjarvi, K. Mikhaylov, M. Pettissalo, J. Janhunen, and
J. H. Iinatti, “Performance of a low-power wide-area network based
on LoRa technology: Doppler robustness, scalability, and coverage,”
Int. J. Distrib. Sensor Netw., vol. 13, pp. 1-16, Mar. 2017.

VOLUME 5, 2024



< IEEE s IEEE Open Journal of the
Com3oc  communications Society

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Y. Li, S. Han, L. Yang, F.-Y. Wang, and H. Zhang, “LoRa on the
move: Performance evaluation of LoRa in V2X communications,” in
Proc. IEEE Intell. Veh. Symp. (IV), 2018, pp. 1107-1111.

A. Doroshkin, A. Zadorozhny, O. Kus, V. Prokopyev, and
Y. Prokopyev, “Laboratory testing of LoRa modulation for CubeSat
radio communications,” in Proc. MATEC Web Conf., vol. 158, 2018,
p. 1008.

V. Y. Prokopyev et al., “NORBY CubeSat nanosatellite: Design
challenges and the first flight data,” J. Phys. Conf. Ser., vol. 1867,
no. 1, Apr. 2021, Art. no. 12038.

R. M. Colombo, A. Mahmood, E. Sisinni, P. Ferrari, and M. Gidlund,
“Low-cost SDR-based tool for evaluating LoRa satellite communica-
tions,” in Proc. IEEE Int. Symp. Meas. Netw., 2022, pp. 1-6.

G. Colavolpe, T. Foggi, M. Ricciulli, Y. Zanettini, and
J.-P. Mediano-Alameda, “Reception of LoRa signals from LEO
satellites,” IEEE Trans. Aerosp. Electron. Syst., vol. 55, no. 6,
pp. 3587-3602, Dec. 2019.

J. Kang, D.-H. Jung, S. Jung, J.-B. Kim, P. Kim, and J.-G. Ryu,
“Regression based pilot design for doppler effect estimation and
compensation in LEO satellite communication with LoRa,” in Proc.
27th Asia Pac. Conf. Commun. (APCC), 2022, pp. 631-632.

S. Cakaj, B. Kamo, V. Koli¢i, and O. Shurdi, “The range and horizon
plane simulation for ground stations of low earth orbiting (LEO)
satellites,” Int. J. Commun. Netw. Syst. Sci., vol. 4, no. 9, pp. 585-589,
2011.

A. W. Doerry, “Earth curvature and atmospheric refraction effects
on radar signal propagation,” U.S. Dept. Energy, Sandia Nat. Lab.
(SNL-NM), Albuquerque, NM, USA, Rep. SAND2012-10690, 2013.

MUHAMMAD ASAD ULLAH (Student Member,
IEEE) received the master’s degree in wireless
communication engineering from The University
of Oulu, where he is currently pursuing the Ph.D.
degree in communications engineering. Since
2018, he has been with the Centre for Wireless
Communications, The University of Oulu. He
is a Senior Scientist with the VTT Technical
Research Center of Finland Ltd., Oulu, Finland.
His technical expertise include analytical and
simulation modeling of wireless communications

system, with a particular focus on Beyond 5G, mMTC, and non-terrestrial
networks.

VOLUME 5, 2024

GIANNI PASOLINI (Member, IEEE) is an Associate
Professor with the Department of Electrical,
Electronic  and  Information  Engineering,
University of Bologna, where he has been teaching
various courses in the field of telecommunications
since 2003. His research interests encompass
wireless communication systems, Internet of
Things, digital signal processing, and THz
communications. Throughout his career, he has
actively participated in several European initiatives
focused on wireless communications, including
COST actions and Networks of Excellence. He serves as an Associate
Editor for the IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY.
He served as a member of the organizing committee for several IEEE
conferences. He is one of the founding members of the “National Laboratory
of Wireless Communications - Wilab” of the National Inter-University
Consortium for Telecommunications, Italy.

KONSTANTIN MIKHAYLOV (Senior Member,
IEEE) is an Assistant Professor for Convergent
IoT Communications for Vertical Systems with
the Centre for Wireless Communications, The
University of Oulu. He has authored or coauthored
about one hundred research contributions on
wireless connectivity for IoT, system design, and
applications. His research focuses on radio access
and beyond-access technologies for massive and
dependable IoT and the matters related to the
design and performance of IoT devices and
systems.

HIRLEY ALVES (Member, IEEE) is currently an
Associate Professor and the Head of the Machine-
Type Wireless Communications Group, 6G
Flagship, Centre for Wireless Communications,
The University of Oulu. He actively works on
massive connectivity and ultra-reliable low latency
communications for future wireless networks,
5GB and 6G, full-duplex communications, and
physical-layer security. In addition, he leads the
URLLC activities for the 6G Flagship Program.
He has received several awards and has been an
organizer, the chair, a TPC, and a tutorial lecturer for several renowned
international conferences. He is the General Chair of the ISWCS 2019 and
the General Co-Chair of the First 6G Summit, Levi 2019, and ISWCS 2021.

63




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


