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Abstract—The offshore wind farms are gaining momentum due to their promise to offer sustainable energy with
low pollution and greenhouse gas emission. However, despite all the immense technological progress of recent
years, the operation in a harsh and hard-to-reach environment remains challenging. According to the reports, each
offshore wind turbine requires five maintenance visits a
year on average, and the cumulative repair costs constitute
around 30% of the turbine’s life-cycle expenditure. Motivated by the advancement of massive machine-type connectivity (mMTC) and satellite technologies, in this study,
we investigate the potential of these to enable remote monitoring of the offshore wind farms. Specifically, the two
alternative architectures are considered. The indirect architecture relies on using a local mMTC gateway (GW) with
a backbone over a reliable communication channel (e.g.,
satellite or wire-based). The direct approach implies the
transmission of the data by sensors on the wind turbines
directly to the mMTC GW on the low-Earth-orbit satellite.
The details of the system design, the alternative implementation strategies, and relevant pros, cons, and tradeoffs are pin-pointed. Finally, we employ simulations using
realistic deployment and traffic and advanced propagation
and collision models to characterize these two approaches’
feasibility and packet delivery probability numerically when
implemented over LoRaWAN mMTC technology.
Index Terms—LoRaWAN, massive machine-type connectivity (mMTC), monitoring, remote area, renewable, satellites, wind turbines, wireless sensor network.

I. INTRODUCTION
A. Renewable Energy and Offshore Wind Power

T

HE recent decade has steered the focus of academia
and industry toward enabling and supporting sustainable
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development and CO2 emission reduction. The sustainable development goals declared by the United Nations stress the need
for novel resource-efficient solutions to fight climate change and
environmental degradation. On the regional scale, the European
Green Deal drives the development of a sustainable economy,
cutting the pollution and greenhouse gas emission, with the ultimate goal of making Europe climate neutral by 2050. The use of
renewable energy sources (e.g., thermal, photovoltaics/sunlight,
and the kinetic energy of wind and water) is commonly seen as
the way to go.
The statistics [1] reveal that wind and hydropower accounted
for two-thirds of the total electricity generated from renewable
sources in the European Union (EU). On the global scale,
the cumulative capacity of the wind power generators already
installed exceeds 650.8 GW and continues to rise. Despite being
more expensive to construct, offshore wind farms feature higher
efficiency and face lower social resistance than their onshore
counterparts. For these reasons, offshore wind power generation
is expected to grow at a fast pace in the years to come.
The importance of offshore wind energy is illustrated well by
the current state and the future development plans in this sector
worldwide. The world’s first offshore wind farm was built in
1991, 2 km away from the shore near the town of Vindeby in
Denmark [2]. By February 2021, Denmark had already 6228
wind turbines, including 558 offshore, which cover the 47%
electricity consumption. Norway has announced the plans to
develop two new offshore wind turbine farms, named Utsira
Nord and Sørlige Nordsjø II, of 1010 and 2591 km2 , respectively.
Since January 2021, the license award process has started, and
the cumulative installed capacity of these two farms is expected
to reach 4.5 GW. In the U.K., offshore wind electricity generation
capacity is expected to reach 40 GW in the next nine years. The
government of the Republic of Korea has declared the target to
grow the production of renewable energy from 8% to 20% with
12-GW offshore wind power, and California, USA, intends to
raise renewable electricity to 60% by 2030.
B. Wind Farm Failures and Their Prevention
The papers [3]–[7] shed some light on the major reasons
and consequences of the wind farm failures. Specifically, the
statistics reveal that the average failure rate for an offshore
wind turbine is about ten failures per turbine per year by the
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third year of wind turbine’s operation, with 80% of those being
minor repairs (material cost below 1000 EUR), 17.5% major
repairs (material cost below 10 000 EUR), and 2.5% major
replacements (material cost above 10 000 EUR). Generator
and gearbox failures make up 95% of all failures in the major replacement category [3]. The gearbox is one of the most
vulnerable subsystems accounting for 20% of the maintenance
breaks [4]. All in all, the costs of maintenance accumulate to
nearly 30% of the total costs during the life cycle of an offshore
wind turbine [5].
On average, five site visits per annum [6] for each turbine
are required to keep the energy production stable. Of these,
only one is scheduled and serves for a regular annual inspection
of all the components and subsystems. The other unscheduled
visits deal with versatile faults and breakdowns. The intelligent
remote surveillance and monitoring systems and preemptive
maintenance feature an excellent potential for preventing breakdowns, thus bringing down the operational costs and reducing
the wind turbine’s offline time due to failure [7]. A brief survey
of the condition monitoring systems (CMSs), fault diagnostic
techniques, and critical issues for wind turbines is given in [8].
Notably, research and development of wind turbine monitoring
and fault detection solutions experienced a remarkable boost
during recent years [9].
The monitoring and analysis of as much as 150–250 physical
parameters are desired to optimize the performance and assess
the structural integrity of a single wind turbine today [10]. Commercial CMSs primarily use wired communication to transmit
sensor data, which implies routing-dedicated cables both inside
a turbine and between turbines over the bottom of the sea.
The collected data are further streamed into the supervisory
control and data acquisition (SCADA) system, which acts as a
cardiovascular system of the entire wind farm. To effectively use
the available bandwidth of the communication channel and the
storage capabilities, the sensors’ data are typically aggregated
over a 10-min period [11].
C. Our Contributions
The contribution of this study is twofold.
1) First, we propose two novel approaches enabling wireless
collection of sensor data from the offshore wind turbines. Both proposed solutions imply using state-of-theart machine-type connectivity (MTC) solutions, namely,
LoRaWAN technology. In the former case, data are collected by a local gateway (GW), located on one of the
turbines, which further streams them through a wired
or wireless link. In the latter case, data are collected
by a satellite-based non-terrestrial GW(s). Notably, our
obtained results can be further generalized for other applications and use cases, and other radio access technologies.
2) Second, we use simulations to analyze these two approaches’ performance, highlighting their pros, cons,
and notable trends. Importantly, we base our simulations on: a) real-life wind farms and wind turbine positions; b) traffic models and sensor deployments specific
for wind turbine monitoring; c) characteristics of the
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communication devices equivalent to the ones currently
available on the market; d) accounting for line-of-sight
(LOS) blockage by the turbines; e) optimizing the position
of the local GW; and f) employing experiment-based radio
propagation and advanced collision models.
D. Article Structure
The rest of this article is structured as follows. Section II
briefly presents the background of wireless monitoring of turbines, massive machine-type connectivity (mMTC), and satellite technologies. Section III introduces the indirect and direct
LoRaWAN-satellite convergence architectures and pinpoints the
associated tradeoffs. System model implications for our simulations and key parameters are listed in Section IV. Next, we
report the illustrative numerical results in Section V. Finally,
Section VI concludes this article.
II. TECHNICAL BACKGROUND AND RECENT DEVELOPMENTS
A. Wireless Monitoring in Wind Farms
The typical wind farm CMSs comprise complex communication infrastructure with a dedicated wired network spanning
over a long distance that does not support real-time monitoring
and failure prediction due to low frequency of updates [11].
Moreover, despite being costly, underwater cables carrying the
sensors’ data are also vulnerable to damage and are hard to repair.
To address this challenge, several scholars suggested solutions
based on wireless sensor networks for monitoring the health
of offshore wind turbine components: blades, hub, tower, and
nacelle.
Following are a few practical examples.
1) Ahmed et al. [12] conceptualize the design of a wind farm
communication network for collecting sensor data from
components and subsystems of the turbines by utilizing
ZigBee, WiFi, and WiMAX technologies. Specifically,
they present a four-layer (wind farm, data acquisition,
communication network, and application layers) model
for the future cyber-physical wind energy system.
2) In [4], a wireless CMS based on the nRF24L01 radio
transceiver module has been promoted to early detect the
gearbox faults.
3) Cao et al. [13] introduce a mobile-edge-computing-driven
unmanned aerial vehicle to visually inspect the wind
turbines with an HD camera and report the data through
a satellite.
The introduction of mMTC (note that throughout this article,
we use term mMTC to denote the versatile connectivity solutions
intended for masses of machines with limited traffic requirements, whether these technologies are coming from 3GPP or
not), and the low-power wide-area network (LPWAN)-grade
technologies offering cost and energy-efficient solutions for
small data transfers from different machines, feature a great
potential to revolutionize the landscape of the Internet of Things
(IoT) applications. Among notable features, which make these
technologies perspective for remote monitoring, is their coverage, which can reach units to dozens of kilometers, depending
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on the environment. This allows a single mMTC GW to cover
the whole wind farm. The use of mMTC and, specifically,
LoRaWAN for on-shore wind turbine sensor data collection
has recently been conceptualized and demonstrated in-field
in [14]. However, due to the typical absence of the conventional
communication infrastructure, offshore wind farm monitoring
(and monitoring in a remote area in general) introduces another
challenge: the transfer of the already collected sensor data. We
see two major ways of how this challenge can be approached.
The former implies provisioning to the local GW with some form
of backbone connectivity (e.g., a satellite channel). The alternative is deploying the new types of non-terrestrial infrastructure
(e.g., satellites, high-altitude balloons, or drones), providing
connectivity in the remote areas. In this study, we investigate the
potential of both these approaches. Therefore, in the following
two sections, we concisely discuss the enabler technologies’
technical background—the LPWAN, in particular, LoRaWAN,
and satellite technologies.
B. mMTC Technologies and LoRaWAN
Driven by global digitization, mMTC technologies answer the
need to provide massive ubiquitous wireless connectivity while
featuring very low energy consumption. LPWANs represent
a group of technologies within the mMTC, which offer long
range (LoRa), massive connectivity, and scalability subject to
low energy consumption. In this family, the three promising
technologies, namely, LoRaWAN, Sigfox, and NB-IoT, dominate the market. LoRaWAN and Sigfox both use sub-gigahertz
unlicensed industrial, scientific, and medical (ISM) frequency
plans depending on the geographical regions (around 868 MHz
in the EU and 915 MHz in the USA/Asia). NB-IoT, developed
within 3GPP (Rel. 13), operates in the licensed frequency band
and is based on substantially revised and simplified Long-Term
Evolution mechanisms. Note that neither Sigfox nor LoRaWAN
ties the sensors [termed end-devices (EDs)] to a specific GW.
Instead, each GW sends all the received packets to a central entity
(denoted network server (NS) for LoRaWAN), which takes care
of their further processing. Of these three technologies, only
LoRaWAN GWs are readily commercially available, allowing
deployment of the so-called private networks, which are managed not by dedicated telecommunication service providers. A
private person or a company can easily get LoRaWAN GWs from
the market to deploy a private network, which is not the case for
Sigfox and NB-IoT. In the specific case of an offshore wind
farm, this can be the farm’s operator deploying and controlling
the network, which makes this technology especially well suited.
LoRaWAN technical solution is primarily built on top of
the proprietary LoRa modulation—a variant of chirp spread
spectrum modulation. The spreading factor (SF) of the signal can
be varied between SF7, SF8, . . . , SF12, thus trading the time on
air (ToA) for the maximum radio coverage [15]. Notably, signals
from different SFs are quasi-orthogonal, allowing concurrent
decoding at the GWs. The node’s SF allocation can be made
statically or dynamically by the network or the node itself. For
uplink transmissions, the basic (i.e., class A) nodes randomly
select one supported by the network channel and send their data

to the GWs. Two opportunities for transferring the downlink
data are provided following each uplink transmission. Notably,
practical air-to-ground trials have shown a LoRaWAN GW’s
possibility to successfully receive a packet from the distance of
832 km using 25-mW [16] transmit power.
C. Satellite Technologies as Enabler for Remote MTC
The satellites systems are classified into low Earth orbit (LEO,
altitude below 2000 km), medium Earth orbit (2000–10 000 km),
and geostationary orbit (GEO, 35 000 km) based on the orbit
altitudes. Compared to the two other classes, LEO satellites
enjoy the lowest propagation attenuation and delay for their
transmissions. However, this is achieved at a cost of high orbital
velocity, reaching about 27 000 km/h, and resulting in a mere
10-min time when a spot on the ground is within the LOS of
an LEO satellite. Therefore, to ensure noninterrupted coverage,
a constellation of multiple satellites is required. For example,
Iridium constellation comprises 66 operational satellites distributed over six circular orbital planes with planar separation
of 31.6◦ and having an altitude of approximately 780 km above
the ground level.
In the past few years, global LEO marketplace has experienced significant growth. As an impressive milestone, as of
August 2, 2021 [17], there are 3328 active LEO satellites (increasing by 126.70% from September 30, 2019). The development of the CubeSat concept, delivering a uniform form factor
for satellites, thus reducing the launch and development costs
and lowering the barrier to enter the market, has become one
of the drivers beyond this. The potential of using the satellites
for backhauling mMTC data transfers has already been suggested [18]. Specifically, smart city infrastructure is presented
in [19], where mMTC nodes transfer their data to a GW, which
streams them further over a satellite modem. A similar approach
for offshore oil monitoring based on LoRaWAN technology has
been trialed in [20].
However, recently, the possibility of enabling direct communication between mMTC devices and a satellite has been realized. The International Maritime Satellite Organization and MediaTek have reported successful satellite and cellular networks
tests between a ground NB-IoT node and a GEO satellite [21].
The initial experiments on sending LoRa-modulated signals
to and from satellites using reasonably low transmit power,
reported in [22], have also proved the feasibility of this concept.
Specifically, Lacuna Space has launched four satellites with
LoRaWAN GWs in space as of November 9, 2020. The space
GW is intended to receive and deliver to Earth the data collected
from the low power LoRaWAN nodes deployed in hard-to-reach
areas [23]. Notably, the recent laboratory tests and outdoor
experiments reveal that mMTC-based LoRa technology has high
immunity against the Doppler effect for satellite communication
with the orbital altitude of 550 km [24]. To answer the same
question, in [25], Fernandez et al. assess the Doppler effect at
868 and 915 MHz, which gives the maximum frequency shift
of 22.56 and 23.78 kHz, respectively. Considering the channel
separation of 200 and 125-kHz signal bandwidth commonly employed for LoRaWAN, the technology can be used with minimal

ULLAH et al.: ENABLING MMTC IN REMOTE AREAS

3747

thus reducing traffic through the satellite. The downside is a
more sophisticated and costly on-ground infrastructure, which
can become a bottleneck performance and dependabilitywise.
Option 2 enables to simplify the local GW’s design by moving
all the burden of network management to the ground component beyond the satellite link. This approach’s downsides are
increased traffic through the satellite channel and more stringent latency and reliability requirements. Finally, option 3 is a
compromise between the two others. Despite being a potentially
perspective approach for implementing monitoring of a static
offshore wind farm, the indirect architecture is less suitable for
the applications implying mobility. The freely floating sensors
in the sea represent just one of the illustrative examples.
Fig. 1. System model of direct (right) and indirect (left) LoRaWANbased LEO satellite integration with different network (NS) and application server (AS) placement alternatives. Notably, the three illustrated
configurations (differentiated by green, purple, and yellow color) are
alternative, and only one can be implemented at a time.

changes. Moreover, the study also assesses the capabilities of
using LoRa for satellite-to-Earth communication and presents
four different satellite and ground terminal configurations with
motivation to enable seamless mMTC connectivity for hard-toreach areas [25].
The paper [26] discusses the state of the art of network topologies for LEO-satellite-based LoRa constellation and possible
future research directions. Furthermore, Fraire et al. [27] suggest
a design of a quasi-optimal topology for sparse satellite constellations and results confirm that only nine LoRa-compatible LEO
satellite are sufficient to provide global LoRaWAN coverage.
III. LORAWAN-SATELLITE CONVERGENCE AND THE
ALTERNATIVE IMPLEMENTATION STRATEGIES
In this section, we dive deeper into how the convergence of
LoRaWAN and satellite can be enabled. Note that somewhat
similar architectures can be considered for the other mMTC
technologies. Specifically, we sketch the two possible communication architectures and point out relevant practical constraints
and tradeoffs associated with these implementation strategies,
which are illustrated in Fig. 1.
A. Indirect: mMTC Device Gateway Satellite
The hybrid “indirect” mMTC-satellite network architecture
comprises two elements: the ground and the air segments. In
the ground segment, sensors transmit the monitored data to a
local GW(s) over an mMTC (e.g., LoRaWAN) technology. The
GWs stream the data further over the feeder link to the satellite.
Notably, this architecture enables three alternative options to
distribute the LoRaWAN network elements and management
entities.
1) NS/AS are located before the satellite link.
2) NS/AS are located after the satellite link.
3) NS/AS are located within the satellite constellation.
Each of these alternatives has pros and cons. Specifically,
option 1 allows benefiting from aggregation and compression,

B. Direct: mMTC Device Satellite
The “direct” architecture empowers each node to directly
transmit its data to a GW in space without relying on any local
GWs. Furthermore, the satellite’s elevation enables to increase
the probability of LOS for the sensors not obstructed by obstacles around. Notably, the conventional mMTC technologies’
sub-gigahertz frequency bands do not suffer from the strong
attenuation caused by atmospheric gases, rain droplets, and fog.
The absence of the handovers, minimal signaling, and possibility
of data reception by any GW implemented in, e.g., LoRaWAN
and Sigfox, make such technologies very promising for the direct
architecture.
However, there are two notable challenges associated with this
approach. The first one is the ultralong (hundreds to thousands
of kilometers) communication distance between a node and a
satellite. The second one is the network scalability issue and,
specifically, the possibility of handling myriads of small-data
transfers. Both these issues can be approached by equipping
the mMTC GW satellites with efficient multibeam high-gain
directive antennas. This is also worth noting that the longer
communication distances cause longer delays (and, notably,
their variation), which may result in the need to modify some of
the protocol parameters and constants (e.g., the receive window
delays and duration in the case of LoRaWAN).
IV. SYSTEM MODEL AND IMPLICATIONS
To investigate the feasibility and shed some light on the potential performance and the tradeoffs specific to the two alternative
implementation strategies discussed in the previous section, we
conducted extensive simulations considering the offshore wind
farm application. However, these network architectures could
be a viable solution for the other applications, which lack wireless communication infrastructure and coverage (e.g., mMTC
applications—in sea, very remote areas, and smart farming in
desert). The key models and implications for these are detailed
in the following subsections.
A. Wind Farm Model and Sensor Distribution
As reference for our simulations, we intentionally selected the
most challenging offshore wind generation deployments near
Denmark’s shore: 1) featuring the highest number of windmills;
2) realizing two interesting deployment layouts, i.e., the grid
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TABLE I
KEY APPLICATION PARAMETERS [10], [11], [28]

Fig. 2. Layout of 162 operational turbines in Rødsand II (left) and
Nysted (right) offshore wind farms with rated capacities of 207 and 166
MW, respectively.

and a curved polygon1 ; 3) with availability of the windmills
coordinates data; and 4) extensively used as a reference in
literature. Out target deployment is a combination of the two
wind farms, named Nysted and Rødsand II, as illustrated in
Fig. 2. The Nysted farm (right part of Fig. 2) was deployed first
and comprises 72 Siemens operational units, which are placed in
8 (East–West) × 9 (North–South) grid with a spacing of 10.5D
(East–West) and 5.8D (North–South), where D is the rotor diameter. In 2010, the deployment was extended with 90 additional
turbines in about 34-km2 area named Rødsand II (left part of
Fig. 2). The total number of the wind turbines in both farms is
M = 162, and the coordinates (obtained from interactive maps
of the Danish Energy Agency [28]) for a Wj turbine we denote as
Cj = [xj , yj ], where xj and yj represent geographic Cartesian
coordinates toward East and North, respectively, for a given wind
generator j = 1, 2, . . . , M .
Based on the results and architectures presented in [10], we
imply that each turbine is equipped with S = 50 sensor nodes,
each monitoring five parameters. Thus, the farm as a whole
composes N = M × S nodes. Furthermore, we approximate
each wind turbine’s surface with a circle of 3.4-m radius (which
corresponds to the nacelle dimension of a 2.3-MW Siemens
offshore wind turbine) and imply that the sensor nodes are
uniformly distributed around the nacelle. The key application
parameters and requirements of simulated scenario are listed in
Table I.
B. Data Traffic Model
We consider that sensed parameters are encoded into two data
bytes each, yielding a 10-byte payload. A single-applicationlayer payload containing all five measured parameters is
encapsulated into a conventionally formatted LoRaWAN
packet. Following the commercially available CMS and SCADA
systems [10], [11], we imply each node broadcasts the uplink
packets with the period of D = 600 s. The on-air
1 OSPAR ODMIS, OSPAR Offshore Renewable Energy Developments—
2016.
[Online].
Available:
https://odims.ospar.org/layers/geonode:
ospar_offshore_renewables_2016_01_001

time for a single uplink transmission equals ToA =
{61.69, 370.68, 1482.75} ms for SF7, SF10, and SF12,
respectively. Furthermore, we imply that the start time of the
first uplink packet for each node is random and uniformly
distributed between 0 and D, and denoted tN i = U (0, D).
Under these implications and considering the simulation time
of 1 h (3600 s), the node Ni starts transmission of its packets at
τN i,k = tN i + kD and occupies a radio channel for the interval
Δ
− 1 and Δ denotes
[τN i,k ; τN i,k + ToA], where k = 0 . . . D
simulation duration.
C. LoRaWAN Parameters and Configurations
Our key implications about the LoRaWAN network configuration are as follows: (i) we consider a network deployed in
the 868-MHz ISM band under EU regional restrictions; (ii) EDs
randomly select one of the eight configured frequency channels
for transmissions; (iii) all nodes use the same LoRaWAN SF
and same (maximum allowed) transmit power, and no adaptive
data rate (ADR) is present due to mobility of satellite and lack
of resources for downlink communication on a satellite; (iv) for
a preselected network, all nodes are preconfigured with needed
parameters and security credentials (e.g., DevAddr, NwkSKey,
and AppSKey are flashed to the node’s memory before it is deployed) and use activation by personalization; (v) we imply that
all uplink transmissions are nonacknowledged; (vi) we imply no
downlink application traffic; and (vii) to make the comparison
fair, we further limit to only single GW for each of the considered
architectures—indirect and direct. The implications (v) and (vi)
are primarily due to the fact that our target use case does not
imply any obligatory down-going traffic. Also, we mind the
limited time–frequency resources of a satellite-based LoRaWAN
GW for downlink and the potential of downlink traffic negatively
affecting the network performance in LoRaWAN, which has
been shown in the literature [36], [37]. Note that the implementation of downlink LoRaWAN traffic from a satellite-based GW
would likely introduce novel technical challenges. One of these
is handling of much higher (i.e., millisecond order) one-way
propagation delays and their variation due to the change of
distance between a device and a satellite-based GW. Note that the
packet report period of ten minutes complies with the duty cycle
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restrictions imposed on LoRaWAN in the EU. Also, this is worth
noting that each node in the network must be configured with
unique session keys and feature a mechanism preventing their
reading to ensure security and prevent the widespread breach if
a single node is compromised. In the case, a device has to be
replaced; preferably, a new set of key should be configured.
D. Channel Models
We imply that in the absence of interference, a GW successfully decodes the uplink packet if the instantaneous signalto-noise ratio (SNR) for the received signal is higher than
the demodulator’s SF-specific SNR threshold equal to DSNR =
{−6, −15, −20} dB [32] for SF7, SF10, and SF12, respectively.
The probability of the correct packet reception is denoted as


Ptx Gt Gr PL(dT,n , σ, γ)|h|2
PSNR (dT,n) = P
≥DSNR (1)
2
σw
2
where σw
= −174 + N F + 10log10 (B) dBm is variance of the
additive white Gaussian noise, dT,n is the distance between the
node and the GW, N F = 6 dB is LoRaWAN GW receiver’s
design architecture noise figure, Gt is the node’s omnidirectional
antenna gain which we imply equal 2.15 dBi (i.e., a halfwavelength dipole), and Gr is the directive antenna gain of the
each beam generated by the satellite. Based on [25] and [33], we
consider Gr = 6.5 dBi for the omnidirectional antenna of local
GW in indirect implementation, and the two different options
(i.e., “advanced” and “basic” antennas) Gr = {10, 22.6} dBi
for aerial GW in the direct architecture. In space segment, the
key design requirements of the L-band directive antenna include
lightweight structure, high efficiency in space environment, and
the ability to handle multiple-beam operation simultaneously.
The channel coefficient (h) accounts for the nature of fading
(i.e., Rayleigh or Rician) and is expressed as


K
1
hLOS +
hNLOS
(2)
h=
K +1
K +1

where K is the Rician factor. To account for the propagation
losses, we opted for the classical log-distance path-loss model
given by
PL = PL0 + 10 log10 γ

dT,n
+ Xg
d0

(3)

where PL0 is the free space path loss at d0 reference distance,
γ is the path-loss exponent, dT,n is the path length between the
transmitter and the receiver, and Xg ∼ N (0, σ 2 ) is the zeromean Gaussian random variable with standard deviation (STD)
σ, which accounts for the shadowing.
1) Signal Propagation for Indirect Architecture: For indirect architecture, we distinguish two different cases: the LOS
and the non-line-of-sight (NLOS) propagation. As Fig. 2
illustrates, the turbines are often installed in a regular grid,
which increases the chance that turbines located between the
GW (located on a turbine) and the sensors placed on another
turbine may block the LOS, as illustrated in Fig. 3.2
2 For the sake of clarity, Fig. 3 illustrates only single blocking turbine. In our
models, we also consider cases of multiple turbines blocking LOS.

Fig. 3. LOS, NLOS, and partially obstructed LOS scenarios (illustration). (a) LOS case. (b) NLOS case. (c) Partially shadowed.

Fig. 4. Selected GW location for indirect architecture and LOS status
of the turbines for it.

Assume that the GW’s coordinates are CG = [xG , yG ], and
CT = [xT , yT ] are the coordinates of target windmill. Considern)
and
ing the nacelle radius Rn = 3.4 m, xT,n = xT + Rn cos(θ
2
Rn sin(θn )
yT,n = yT +
are the coordinate of the nth node at the
2
target wind turbine, where n = 1, 2, . . . , S and θn = 2π
S × n.
Then, the LOS status of the node is defined as
⎧
LOS,
dT,n ≤ dT and I < 2
⎪
⎪
⎪
⎨NLOS,
dT,n > dT and I < 2
f (I) =
(4)
⎪
NLOS,
dT,n > db and I = 4
⎪
⎪
⎩
LOS,
θb < θn and 2 <= I < 4
where I is the number of intersections of the tangent lines to
the target turbine originating from the GW position and the
obstructing turbines, and dT and dT,n denote the Euclidean
distance from the GW tangent point(s) and the target node,
respectively. Furthermore, db denotes the distance between the
center of the blocking windmill and the GW, and θb is illustrated
in Fig. 3. To determine the position of the local GW, we have used
the brute-force method to locate a turbine featuring the minimum
number of NLOS nodes and the minimum average distance of
all nodes. The resulting location of the GW and the LOS status
of other turbines are depicted in Fig. 4, where the green, red, and
blue colors reflect visibility relation between target windmill and

3750

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 18, NO. 6, JUNE 2022

TABLE II
KEY MONTE CARLO SIMULATION PARAMETERS

the local GW as LOS, NLOS and partially blocked, respectively.
After determining the LOS status of each node, for the ones
located in LOS, we imply that their channel follows the Rician
distribution with K = 4 dB, σ = 0.1 dB, and γ = 2 [30].
For the case of NLOS, we imply that the channel undergoes
Rayleigh fading. To the best of the authors’ knowledge, there
is no study available that reports the measurement of channel
characteristics in offshore wind farm scenario. Based on the
results of the empirical measurements reported in [29] and [31],
we assume the most appropriate value as K = 0, σ = 4 dB,
and γ = 3. Without loss of generality, we also imply that from
the local GW, the collected data are delivered through a reliable
communication channel (e.g., satellite-based).
2) Signal Propagation for Direct Architecture: For the direct
architecture, we imply that the LOS passes directly above the
wind farm, and that for each elevation angle, the antenna beam
is centered at the center of the wind farm. Following the basic
orbital geometry, the slant distance between a specific ground
node and the satellite at a given elevation angle (E) is
⎡
⎤
2
H
+
R
− cos2 (E) − sin(E)⎦ (5)
dT,n = R ⎣
R
where R = 6378 km is the radius of Earth, H = 780 km is the
orbital height of the satellite, and E is defined as


H (H + 2R) − d2T,n
−1
E = sin
.
(6)
2dT,n R
We imply that the farm remains in the satellite’s sight as long as E
stays above 10◦ . When modeling the channel between the nodes
and the satellite, we consider the time-varying characteristics
of the fading effect with a dynamic Rician factor (K), which
depends on E [35], as illustrated in Fig. 8. Benefiting from the
high altitude of the satellite, we imply that the communication
is always LOS, and thus, σ = 0.1 dB and γ = 2 [30].
E. Interference Models
The recent empirical and analytical studies have demonstrated
the presence of the capture effect [32] for LoRa signals, which
enables a receiver to demodulate the stronger signal under the
interference from the weaker ones. To account for the co-SF
interference, we imply the packet collision model similar to [38].
Mathematically, the LoRaWAN success probability accounting
for the same-channel same-SF interference can be defined as


Ptx Gt Gr PL(dT,n , σ, γ)|h|2
≥ δ . (7)
PSIR (dT,n ) = P 
Ptx Gt Gr PL(di , σi , γi )|hi |2
where i denotes the interfering signal and δ = 6 dB is the power
threshold. The characteristics of the physical channel (e.g., di ,
σi , γi , and hi ) and the path loss PL for the interfering nodes
are defined based on their LOS/NLOS status, as discussed in
Section IV-D. Furthermore, we consider that there is no interchannel and inter-SF interference between the transmissions
carried in the different frequency channels and different SFs,
respectively.

Fig. 5.

Average PSNR for indirect architecture for nodes in LOS/NLOS.

F. Cumulative Probability of Packet Delivery
The overall probability of successful packet delivery is product of PSNR (dT,n ) and PSIR (dT,n ), i.e.,
PS (dT,n ) = PSIR (dT,n ) PSNR (dT,n ).

(8)

V. NUMERICAL RESULTS
To analyze the performance of the two satellite-based mMTC
architectures for offshore wind farm monitoring, we carried
out the analysis using the specially developed MATLAB-based
Monte Carlo simulator models (available from GitHub via [39])
featuring: 1) the offshore wind farm geospatial data; 2) the
designed algorithm to determine the LOS status of node; 3)
algorithm to optimize the location of the local GW; and 4) the
evaluation of channel models. Each point presented on the chart
is the average over 105 iterations’ distributions unless stated
otherwise. The key parameters of our model are listed in Table II.
A. Insights Into the Performance of Indirect Architecture
Fig. 5 depicts the average PSNR for LOS and NLOS (a single realization and trends) nodes as a function of the distance
between the local GW and a node. One can see that for LOS,
PSNR stays above 99.9% for all the SFs, while for NLOS, PSNR
experiences strong fluctuations and vastly decreases with the
increase of the distance. When the distance between the node
and the GW exceeds 8 km even using SF12, packet reception
probability drops below 0.1.
Fig. 6 shows the average PSIR for nodes in LOS and NLOS.
Also, as the reference and to cross-validate the correctness of the
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Fig. 6.

Average PSIR for indirect architecture for nodes in LOS/NLOS.

Fig. 8.

Average PSNR for direct architecture Gr = {10, 22.6} dBi.

Fig. 7.

Average overall success probability PS for indirect architecture.

Fig. 9.

Average PSIR for direct architecture Gr = 22.6 dBi.

developed Monte Carlo simulator and establish the reference to
the previous studies, we plot the analytical lines for probability of
packet delivery for multifrequency-channel unslotted ALOHA
calculated using PALOHA = exp(−αt αf λtf ), where λtf is the
traffic load, αt = 2, and αf = 1 (refer to [34] for details). Note
that the simulator also accounts for the influence of shadowing,
propagation, capture effect, Rician, and Rayleigh fading, which
are not accounted for by the analytic model of ALOHA.
One can see that the SF selection, directly related to the on-air
time of the packet, strongly affects PSIR . For SF7, the average
PSIR stays above 0.8. Note that with the decrease of the distance
between the GW and a node, PSIR increases due to capture
effect, which is also the key reason for the difference in the
performance of the nodes located in LOS and NLOS. Notice that
PALOHA performs close to the lower bound of PSIR for NLOS
nodes.
Finally, Fig. 7 depicts the overall success probability for
indirect architecture. Our results reveal that neither SF allows
efficient data collection. SF7 works well for the nodes in LOS,
but for NLOS ones, the increase of attenuation results in a vast
decrease in the probability of successful packet delivery. SF12,
despite allowing for the maximum communication distance,
suffers from interference. SF10 provides a compromise, even
though the overall performance stays low.
B. Insights Into the Performance of Direct Architecture
Fig. 8 reveals PSNR for different receiving antenna gains. One
can see that if the satellite’s antenna gain is 10 dBi (typical for
CubeSats), only the use of SF10 and SF12 enables a node to

reach GW. However, with the increase of the gain to 22.6 dBi
(antenna gain of Iridium satellites), PSNR increases from 38.9%
to 96.7% for SF10 at the maximum distance. When using SF7
and implying 10-dBi satellite antenna gain, the probability of
successful packet delivery when the satellite is located at the
closest point is about 0.6 and vastly decreases once the distance between the satellite and the farm increases. For 22.6-dBi
antenna gain and implying use of SF7, even at the maximum
distance, PSNR stays above 71.3%. For reference, the elevation
angle’s dependence on the distance is plotted on the axis on the
right in the chart.
PSIR and reference lines for ALOHA, implying a satellite
antenna gain of 22.6 dBi, are presented in Fig. 9. One can note
that the probability obtained with simulation is slightly higher
than that determined analytically for ALOHA. Interestingly,
with the increase in the distance between the farm and the
satellite (and the decrease of the elevation angle), PSIR increases.
This counterintuitive result is caused by the capture effect—with
the decrease of the elevation angle, the difference between
individual nodes’ channel budgets increases, thus making the
capture effect’s occurrence more probable. Note that the second
axis is used to illustrate the Rician factor as a function of distance.
Finally, Fig. 10 plots the overall success probability [given
by (8)] for direct architecture. One can see that for SF7, PS
stays above 0.6 at all distances. When configured with SF10,
the overall probability is close to 0.3 and increases with the
increase in the distance due to the capture effect. Finally, the
chance of packet delivery from the network configured with
SF12 is meager.
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Fig. 10. Average overall success probability PS of direct architecture
for Gr = 22.6 dBi.
TABLE III
COMPARISON OF OVERALL SUCCESS PROBABILITIES PS

C. Comparison
Table III summarizes the average results of 105 iterations and
compares the average and STD of PS for the indirect and direct
architectures. This can be seen that when operating with SF7,
the direct architecture outperforms the indirect one, featuring
32.27% higher packet delivery. However, for higher SFs, the
indirect approach enables higher packet delivery probability. It
is also worth noting that the probability of successful packet
delivery for individual nodes under direct architecture is quite
similar. Note that the indirect architecture has higher STD due
to the huge difference in the packet delivery probability of LOS
and NLOS nodes, as illustrated in Fig. 7.
To summarize, our results reveal the feasibility of LEO satellite and LoRaWAN integration for the mMTC applications in
remote areas. For direct architecture and LOS, one can see
that the main reason behind performance degradation is the
co-SF interference rather than the propagation, while for indirect
architecture, the key challenge is NLOS propagation. Notably,
we expect the results to be much better for the low-traffic
applications with similar requirements.
VI. CONCLUSION
This article advocated the mMTC (LoRaWAN) and satellite
integration for wireless condition monitoring of large-dense
offshore wind farms. Our results showed that both of the considered architectures—indirect and direct—are potentially feasible.
However, the probability of successful packet delivery remained
relatively low in both cases. For the indirect case, the primary
reason for this is the shadowing of the nodes by other turbines.
For the direct case, this is caused by the great number of
collisions and low variation of the channel budgets, not enabling
to benefit from the capture effect.

All in all, serving 8100 devices reporting every 10 min remains a challenging task. Nonetheless, we are confident that
the suggested approaches are perspective for the smaller wind
farms or the other use cases implying fewer transmissions per
time unit. However, for our analysis, we intentionally selected a
very challenging scenario, featuring a great number of devices.
Even today, many of the offshore farms have much less turbines,
and thus, one could expect a much better performance. At the
same time, there is much space for the future improvements.
Specifically, we consider the optimal allocation of different
SFs to leverage their quasi-orthogonality to be a very prospective
and challenging research direction for the future work. Similarly,
we also consider this worth of investigating how to exploit the
spatial diversity of the local GWs considering their optimal
number along with the optimal deployment location as another
open research challenge. The considered in this article traffic
pattern is strictly periodic and matches that of the commercially
available CMSs. As a consequence, if the transmissions of
two or more nodes collide, this will likely happen also in the
subsequent periods. Note that this does not affect directly the
average packet delivery probability, which is used as a metric in
this study. However, to increase the number of unique devices
from which the data are received, one might consider introducing
an additive random component to the transmission instants of
each packet (e.g., likewise this is done in the advertising channel
transmissions of Bluetooth Low Energy).
Similarly, the enablement of comfirmed and downlink traffic
is a critical problem to be addressed in satellite-based LoRaWAN
networks. The cumulative aggregated ACKs for multiple
packets of multiple nodes can enable the confirmed uplink
communication without significantly degrading the performance
of the satellite-based LoRaWAN network. Moreover, the results
can be further improved by enabling more frequency channels,
exploiting the frequency hopping techniques, more directive
antennas, or utilizing more sophisticated data encoding and
aggregation schemes.
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