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1 Introduction

The scalability of a single gateway LoRa network depends on different
parameters such as interference and noise. The scheme of spreading factor
allocation can control the interference and noise. This article analyzes the
impact of the interference of the concurrent transmission with the same
spreading factor (co-SF) and different spreading factor (inter-SF) on the
scalability of the LoRa network. The interference has been modeled as the
Poisson point process. The proposed scheme considers the success probabilities
and device density (SPD) in each area in determining the width and boundaries
of SF areas. The simulation results showed that the proposed SPD scheme had
improved 13.20% over the EIB method in terms of success probability under
joint co-SF and inter-SF interference. Also, the coverage probability under the
joint impact of cumulative co-SF and inter-SF interference of the SPD and
EIB methods is compared in the clean and noisy conditions. The probability
of coverage in EIB degrades more than SPD as the scalability increases. Also,
the uplink performance of the proposed SPD scheme has been studied in the
absence of any interference under AWGN. SPD has a higher success probability
under AWGN than EIB.

© Research Article, 2021 JComSec. All rights reserved.

For long-range scenarios, 3G, long-term evolution
(LTE), and 5G technologies support the IoT applica-

Internet of things (IoT) technology has utilizations
in agriculture, transportation, smart buildings, and
smart cities. With the exponential growth of global
data volume and the continued improvement of IoT,
and the popularity of connected devices, IoT devices
must consume low power and be reliable and scalable
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tions [2]. The low power wide area network (LPWAN)
technology was preferred for IoT applications when
the GSMA launched the mobile IoT in a series of LP-
WAN standards to accelerate the commercial availabil-
ity. It refers to a class of network technologies designed
for wireless communications over long distances using
lower energy and cost. LPWAN is essential for the
extension of IoT networks in terms of their connectiv-
ity infrastructure. The public LPWAN technologies
are LoRa, narrow band-IoT (NB-IoT) [3], and SigFox
[4]. Among them, LoRa has become more attractive
since its open-source standards have made it possible
to construct an individual network at a lower cost [5].
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The long-range (LoRa) alliance is for low power, low
bandwidth, and low latency applications [6].

LoRa wide area network (LoRaWAN) is an LP-
WAN standard and open media access control (MAC)
protocol developed by LoRa Alliance [7]. The devices
connect to the gateway or base station via a one-hop
link by pure-ALOHA in a LoRaWAN network in a
star topology type. Pure ALOHA is prone to collisions
since it has no competitive mechanism [§].

LoRa defines the physical layer with parameters,
namely spreading factors (SFs), bandwidth (BW), car-
rier frequency offset (CFO), and coding rate (CR) [9].
The BW demonstrates the frequency range at which
the devices will communicate. CFO indicates the fre-
quency offset. CFO occurs due to subtle differences
between the carrier frequency of the transmitter and
receiver. The CR shows the proportion between the
number of packet payload bits and the bit length of
the error correction code. A lower CR increases packet
length but gives stronger protection from error. The
SF defines the ratio of the chip rate to the symbol
rate. The increase in SF enhances the sensitivity and
communication range and raises the time on-air. LoRa
utilizes the chirp spread spectrum (CSS) radio mod-
ulation. LoRa uses orthogonal SF's for transmission.
Different SF's have different chirp rates, which change
in frequency with time. Because CSS uses frequency
chirps with linear frequency changes over time, the
chip rate will be the slope of the line when plotting
frequency versus time that provides different slopes,
and these slopes provide orthogonality property [10].
Signals modulated with orthogonal SFs and transmit-
ted simultaneously through the same channel don’t
interfere with each other. Therefore, packets can be
received concurrently and increase the number of de-
ployed end devices. Thus, orthogonal SF's determine
the deployment scalability of devices [I1].

It has proved that, under some circumstances, such
as low Signal-to-Noise Ratio (SNR), SF's are not per-
fectly orthogonal; therefore, they are imperfect orthog-
onal [12]. The effects of this imperfect orthogonality
have been indicated that depend on: (i) the specific
LoRa transceiver, (ii) perceived SNRs, and (iii) the
number of deployed end devices [13].

Additionally, this allows the network to maintain
the battery lifetime of the end devices by creating
adaptive optimizations of the power level and data
rate. LoRa made a trade-off between data rate and
sensitivity while working in a fixed bandwidth of 500
kHz (for downlink) and 125 kHz or 500 kHz (for up-
link). Sensitivity is a value for determining the device’s
capacity to detect a weak signal.

The allocation of the spreading factor is an effective
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parameter for the scalability of networks. Interference
in LoRa is divided into inter-SF and co-SF interfer-
ences. The LoRa scalability is dependent on the same
spreading factor (co-SF) and different spreading fac-
tor (inter-SF) interferences. Inter-SF interference may
result from imperfect orthogonality among different
SFs and indicates that the transmissions with differ-
ent SF's are not completely safe and secure against
neighbor SFs. Therefore, a specified level of signal-to-
interference ratio (SIR) protection is necessary [14].
If the SIR is below a specified threshold, the scala-
bility is destroyed. Co-SF' interference has resulted
from irregular same channel transmissions using the
same SF. It can limit the scalability in high-density
deployments if the SIR in the transmission is below a
specified threshold.

In this paper, the LoRa scalability has been ana-
lyzed under imperfect-orthogonality of SFs with the
impact of varying parameters such as SF. The Poisson
point process is chosen for modeling the interference
field under the improved ALOHA protocol. The pro-
posed scheme in this article is a success-probability-
based algorithm that is computed under the joint im-
pact of concurrent transmissions that use co-SF and
inter-SF interference. SF-allocation is carried out by
a multi-annulus structure which is specified by the
success probability of annuluses and device density at
the beginning of configuration. It will prove that con-
sidering the success probabilities in allocating the SFs
to devices degrades inter-SF and co-SF interference
and positively affects noise conditions.

To assess the performance of the proposed method
in the existence of simultaneous uplink transmissions,
success probability and coverage probability in the
presence of inter-SF and co-SF interference will be
computed. In addition, these metrics will be calculated
in the existence of background additive white Gaussian
noise (AWGN) conditions to evaluate the performance
of the uplink transmission.

Other sections of the paper are organized as follows.
Section [2| reviews related works in LoRa scalability.
In Section [3] the LoRa and LoRaWAN are described.
Section [4] explains the system, channel, and signal
models. Section [5 presents the compared EIB method
in allocating SFs for evaluating scalability. Section [0]
describes the modeling of the interference field as a
Poisson point process and defines the interference-
free environment in the presence of AWGN. Section[7]
introduces the proposed scheme. The results of simu-
lations and discussion are given in Section [8] Finally,
the conclusions are stated in Section [0

Date and location of the research: July 2021, an Ira-
nian research organization for science and technology

(IROST).
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2 Related Work

LoRa has different Challenges with scalability that
are derived from different factors as below [I5]:

e The number of end devices exceeds the gateway
capacity in the absence of synchronization be-
tween gateway and end devices.

e All devices with a gateway utilize the same chan-
nels for uplink transmissions.

e Time on-air can be large, normally is within a
few seconds.

e The pure-ALOHA MAC layer is used for uplink
transmissions.

e All gateways have transmissions ” off the air” with-
out receiving an acknowledgment from the end
devices to know they intend to transmit or not.

Different procedures of scalability optimization,
such as compressed acknowledgments, synchronous-
slotted of uplink transmission, dynamic transmit
power, frequency block hopping, and SF selection,
quality of service, and listen before the talk method
for MAC layer can be performed. To access scalabil-
ity in LoRa, success connectivity is necessary for a
massive number of end devices. Lora provides param-
eters including CR, BW, and SF. Utilizing the same
parameters grows the probability of collisions. Some
researchers have suggested SF optimization schemes.
Optimization of SFs can improve the success probabil-
ity of packet exchange as well as reduce node energy
consumption. In [I3], the accessible throughput has
been analyzed theoretically in uplink transmission,
including the capture conditions of LoRa. The con-
clusion was that imperfect orthogonality of SF under
different SF-allocation has a non-negligible impact on
the throughput losses. This research proved that the
SFs are not completely orthogonal. It has been shown
the interference effects on communication in the LoRa
network. There are little researches that consider
the complete orthogonality between SFs. In [14], the
authors have analyzed link-level in the LoRa network
with regard to the imperfect-orthogonality imperfect
impact of the SFs. As imperfect-orthogonality ex-
ists between SFs, LoRa cell works on independent
channels. When the interfering power is enhanced,
the received signal cannot be demodulated properly.
Croce et al. [14] presented that inter-SF collisions are
a main problem in the LoRa cells.

Assigning higher SFs to devices away from the gate-
way may not necessarily increase their link capacity.
Lim et al. [16] assigned the SF based on the distance
between the end device and gateway. They developed
a mathematical model to select an optimal distance
for SF-allocation. This model includes inter-SF inter-
ference and co-SF packet collision. Three procedures
are used in [17] to allocate SFs to end devices, includ-

ing fixed SF, random SF, and packet loss ratio-based
SF. The constant SF-allocation assigns the same SF to
all the end devices at the configuration of the network.
The random SF method assigns SFs to end devices
randomly. The packet loss ratio-based SF assigns the
lowest probability SF based on packet loss ratio, and
this approach outperforms both random and fixed SF
allocation.

An SNR-based SF-allocation method has been pro-
posed by Georgiou et al. [I8] for raising the scalability
in LoRaWAN. An analytical framework is developed
using stochastic geometry. In this method, SF in each
annulus is determined due to SNR, and the success
probability of the packet considering the inter-SF and
co-SF interferences has improved.

About the downlink performance of LoRa for scala-
bility development, one limitation is the inadequate
capacity in the downlink, which results in unreliable
communication between devices. Vincenzo et al. [19]
presented a method related to scalability problems
concerning the downlink traffic and proposed solu-
tions to use acknowledgments for low to medium down-
link load. A method including two mechanisms is pro-
posed for downlink transmission to improve the LoRa
network scalability in [20]. This method reduces the
uplink transmission outage by decreasing the down-
link time and choosing downlink time according to
uplink time; as a result, it serves more end devices
and improves scalability.

The LoRa network’s scalability is dependent on the
SF-allocation methods. Saluja et al. [21] proposed an
exponential windowing scheme (EWS) for LoRa, an
SF allocation method based on distance. A distance
parameter is allocated to each SF to increase the
success probability under co-SF interference of the
overall LoRa network.

Link budget and channel collision have a direct im-
pact on scalability. In [22], Cai et al. proposed an or-
thogonal genetic algorithm based on dynamic param-
eter selection. Each end device chooses its parameter
settings according to the budget link, minimizes the
collision probability, and enhances scalability.

In other researches, the scalability of the network
is determined by the media access type, the schemes
such as time-slotted MAC, pure ALOHA, and slotted
ALOHA. LoRaWAN MAC protocol based on ALOHA
constraints the reliability and scalability. The utiliza-
tion of time-slot communications is a popular method
to improve scalability in wireless networks. Even if
the end devices are very randomly deployed, a good
MAC will assure an absolute spacing between simulta-
neous interferers. To enhance the scalability and the
single-channel capacity in LoRa networks, Poloneli
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et al. [23] suggested a regulated or slotted ALOHA
(S-LoRaWAN) for LoRaWAN communication which
is the synchronization-based service. S-LoRaWAN in-
creases the performance of popular LoRaWAN with
regard to the network throughput and packet collision
rate. S-LoRaWAN has low overhead in the downlink,
and as a result, it consumes less energy. One of the
issues being discussed is the impact of the capture ef-
fect on scalability. In this case, Reynders et al. in [24]
presented the RS-LoRa MAC layer to analyze and
progress the LoRaWAN scalability and reliability with
lightweight scheduling to assume devices into the cate-
gory in which equivalent transmission powers has been
utilized in each category to decrease the capture effect.
Coarse-grained scheduling of nodes will carry out by
a gateway through dynamically determining the pro-
vided SF's and transmission powers on each channel.
The end device determines its SF, transmission power,
channel, and transmitting timing to perform concur-
rent sending. Therefore, it reduces packet collisions
and increases network reliability and scalability.

A specific method for class A end devices, a synchro-
nization, and a scheduling method for LoRaWAN was
proposed by Haxhibeqiri et al. [25]. This scheme can
be implemented on the existing LoRaWAN MAC. A
scheduler and synchronizer plan downlink and uplink
transmissions of devices. Each node should request
time slots from the scheduler for sending, which de-
creases the synchronization packet length, sends more
information towards the end device, and positively
affects scalability.

3 LoRaand LoRaWAN

In the following, LoRa technology is introduced, con-
sisting of two parts: LoRa physical layer modulation
and LoRaWAN MAC layer. The LoRa network has a
stratified structure in which the end devices are con-
nected through LoRa physical layer to the gateway
[26]. Modulation of LoRa is CSS-based and transmits a
chirp signal. All chirps have equal durations, in which
the modulator produces different chirps with specified
time-shift compared to the primitive chirp for digital
inputs. LoRaWAN is an open-source protocol that
describes the MAC layer protocol and network archi-
tecture to communicate multiple devices and their
gateways. Equipment defined by LoRaWAN is end de-
vices, gateway, application server, and network server.
The network server controls the network, decodes the
packets, parameter allocation such as bandwidth or
SF's, and authentication. Application servers accept
end devices on the network and oversee encryption or
decryption. The gateways are responsible for trans-
mitting LoRaWAN packets of nodes and forwarding
them to the network server. The network server sends
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downlink packets towards end devices.

The LoRaWAN doesn’t know the contents of pack-
ets, as it has transmission at bit level. Three types of
nodes have been defined for the LoRaWAN require-
ments: class A, class B, and class C [27]. End devices
in the rank of class A have bidirectional communica-
tion, in which two receive windows follow the single
uplink transmission window. The subsequent down-
link transmission waits until the uplink transmission
is performed.

Among the three classes, class A has the least en-
ergy consumption. Class B is also bidirectional. Its
end devices open an additional receiving window in
the scheduled time. In this class, the network server
knows when the end device is in listening mode with
a synchronized beacon of the gateway. Bidirectional
class C has a maximum receive slot. Class B end de-
vices consume the most energy because they have
continuous receive windows.

The LoRa physical modulation is scalable either in
frequency or bandwidth, creates bidirectional commu-
nication that spreads the narrow bandwidth signal
within a large bandwidth to increase the receiver sen-
sitivity and make a robust signal against noise and
interference. Multiple chips of information represent
each information bit. As the spread factor is higher,
the number of chips per symbol will be higher. There-
fore, the data rate decreases. Six SF's, from 7 to 12,
are used that are orthogonal. The number of chips in
each symbol is defined by 25F .

The use of multiple SFs and transmission chan-
nels results in a superposition of independent subsys-
tems. The SFs in LoRa is quasi orthogonality. Quasi-
orthogonality has relevance with parameters such as
SF's. Quasi-orthogonal signals have an action similar to
a virtual channel using changing duration of chirp. The
modulated signal is very resistant to interferences and
AWGN. Low SF's result in a low quasi-orthogonality.

4 The Channel, Signaling, and System
Model

4.1 System-Level Modeling

This section presents the architecture, assumptions,
and specifications of the deployed network. NN is the
number of end devices deployed randomly with a sin-
gle gateway in a 2-D space model. The gateway is
supposed that be fixed. S is the region of deployment
that is assumed as a circle with radius R. Containing
area of devices is A = |S| = 7R2. The number of de-
vices has a Poisson random variable distribution with
intensity A > 0 and mean N = A\A same as assumed
n [12]. For the random technique, the locations of
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Figure 1. Practical Deployment and Real Condition of SF
Allocation.

end devices substitute the time instants, and the path
loss model is the impulse responses of time instants,
described in subSection [6.11

To uplink transmitting, end devices utilize the
ALOHA protocol. Each device has a processor that
can work with a network server to obtain the SF. End
devices transmit utilizing an omnidirectional antenna
from all directions, and their constant transmission
power of signals is p;. Transmissions are carried out
in the same channel with bandwidth B. The outage
probability complements the success probability of
receiving and demodulating packets correctly. The
outage and success probability depending on two in-
terference are determined in uplink transmission, inter
and co-SF interferences.

The inter-SF interference arises when simultaneous
transmissions happen from all designated areas with
devices that use quasi-orthogonal SFs [28]. In contrast,
co-SF interference results when the packets are sent
simultaneously with the identical SF.

Transmissions interfere at the gateway with the
desired transmission regions. Under realistic circum-
stances, there are no precise boundaries for SFs re-
gions, as shown in Figure [T}

4.2 Channel and Signal Model

The inter-SF transmissions are less disruptive than
co-SF transmissions because they need a lower SIR
threshold. For practical analysis, the influence of inter-
SF interference has been considered. Theoretically,
LoRa covers a long range of ten kilometers. Its per-
formance drops after two or three kilometers and is
highly affected by inter-SF and co-SF interference or
AWGN noise. Assume a device z; that is placed in
the i-th annulus; when this device communicates with
the gateway, the other devices in all of the areas act
as an interferer. The received signal r(t) , with the
existence of inter-SF and co-SF interferences, can be
given as (1):

r1(t) =1 (z1) h(t) x 81 (¢, SFp)

+ > 170 (25) g5(t) x 55 (t, SF)

Jj=2
Nsr,

+ 30D 10 () ge(t) x sk (8,SF) | +n(t)

gerN\p \ k=1
(1)

where s1(t,SF},) is the transmitted signal with
spreading factor parameter SF),, h(t) is the immediate
fading coefficient which is a zero-mean circularly sym-
metric complex Gaussian (CSCG) random variable
with unit-variance [12]. Unit-variance means E[|h|?] =
1, which relates to Rayleigh fading. Transmissions
were carried out with AWGN over the Rayleigh fad-
ing in the channel. Assume s;(¢, SFy) is the interfer-
ing signal of device i at spreading factor over the
Rayleigh block-fading channel with fading coefficient
g(t), n(t) is AWGN with variance 02 = Ng + NF +
10log,, B[dBm] and zero mean, N F' is the noise fig-
ure of the receiver which is fixed, and Ny is the noise
power density, B is the bandwidth of the channel,
177 is an indicator function of device i that trans-
mits at SF;, Ngr, is the number of end devices that
use SF,, £(x;) is the path loss function, and x; is the
distance of device i away from the gateway [29].

5 EIB Scheme

The different levels of signal attenuation may happen
for the generated signals by end devices because of
interference, path loss, and shadowing. This issue can
be handled using specifying and varying SFs assigned
to the end devices. The equal-interval-based (EIB)
scheme [12] assumes a simple equal-width multi annu-
lus for scalability analysis. The method also assumes
the effect of inter-SF and co-SF interferences from im-
perfect orthogonality of signals at different SF's to cal-
culate the success probability and estimate scalability.
This method works better than the path-loss-based
method. EIB uses stochastic geometry to model the
interference, which is a powerful stochastic network
behavior model [30]. It finds a stochastic mean of inter-
SF and co-SF interferences power by summing inter-
ference transmissions. A shot noise process is used for
modeling the interference. The noise components are
considered as Poisson distributed time instants [31].
For a stochastic spatial process, the spatial locations
of nodes are utilized with the path loss model.

The success probabilities are computed for the joint
impact of inter-SF and co-SF interferences resulting
from the concurrent transmission.
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6 The Interfering and Noisy Environ-
ment

6.1 Poisson Distribution Modeling of the In-
terference

Interference is the important limiting factor of the
performance in the LoRa network. It is essential to
define interference statistics. In the network, while
transmitting the signal from an end device, other
devices are considered interferers. Therefore, interferer
distribution can be modeled as stochastic geometry
models.

One of the device distribution models is the Poisson
point process. ALOHA has inherent matching with
the Poisson point process because ALOHA keeps its
properties. In addition, because of the superposition
feature of the Poisson point process, the interference is
proportional to density. The Poisson point process is
easy to analyze because of the independence property.
From a practical aspect, the Poisson point process is
suitable when many devices are distributed randomly.
Most large-scale wireless networks are deployed ran-
domly; for example, large numbers of devices fall from
aircraft or move independently in an area. While inter-
ference characterization is related to large networks,
it is the same as shot noise. To analyze the uplink
transmission, if the interferers have been distributed
due to a stochastic point process, the inter-SF and
co-SF interferences are modeled as a random field
or a shot noise procedure [30]. In general, shot noise
is measured in time; the points in the Poisson point
process are time instants. Basic shot noise is defined
as: I(t) = .2, g (t — ;). To model interference, the
time axis will be substituted by the spatial axes, and
the impulse response g(x) will also be replaced by the
path loss function £(zx).

The noise components are assumed to be the Pois-
son distribution of time instants. At each time mo-
ment of sampling, the locations of the interferers or
end devices are supposed to be distributed in which
for the spatial point process II with intensity A , time
moments are substituted with different spatial loca-
tions of the interferers. In multi-dimensional point
processes, a shot noise process I(y) with stochastic
impulse response is described as (2) [32]:

I(y) =Y Kugly— =) (2)

xEP

where K, are the same and independent distributed
stochastic variables that can be used to model fading,
g(y — x) is the impulse response, and ¢ is a point
process of interferers on R?. The total interference
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power I, measured at the origin, given by (3):

2.

z€pNnb(o,a)

Ia = Z(x) (3)

©Nb(o,a) is a finite point process for the free space
path loss for an i-th end device located at x distance
from the gateway in which the interference from the
devices located within the distance a of the origin,
z is the Euclidean distance of the device ¢ from the
gateway, and lim, o, £(z) = 0,¢(x) is the path loss
function.

For the standard power law, the path loss law is
defined as ¢(r) = r~". Fy, (w) is Fourier transform
of I, and assuming @ — oo, I, = I, Fr, (w) becomes
Fr(w), for n > 2 yields:

Fr(w) =exp (—)\wl"(l - 2/77)w2/’76_j”/") ,w >0
(4)

where 7 is the path loss exponent, w is the angular
frequency, and T'(p) is the standard gamma function

by the definition of I'(p) £ JoS ettt

6.2 Uplink Performance in the Clean and
AWGN Conditions

When the SNR of the received signal drops under
the threshold, denoted by 6gr an uplink outage of
the signal occurs. In this case, for the noise-limited
environment in which interference is absent, the outage
of the AWGN channel will be evaluated. Assume H =
|h|? is the channel gain between the end device and
the gateway; therefore, due to (1) the SNR is denoted
as (5):

SNR = piHl (z1) [0® ()

where p; is the transmitting power of the node and
H is an exponential random variable. The success
probability under AWGN of a device Pgyg with dis-
tance 1 from the gateway is as (6):

Psyr (21,0sF) = exp (0%0sr /pil (1)) (6)

where 0gr remains constant for each annulus. The
SF-dependent SNR thresholds due to Semtech [33]
are given in Table[l]

In the following, the success probability and cover-
age probability are obtained by considering the impact
of joint inter-SF and co-SF interference in the clean
and AWGN conditions.
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Table 1. THE SF-Dependent SNR Thresholds.

SNR threshold
Annulus SF (6sr)(dB)
1 7 -6
2 8 -9
3 9 -12
4 10 -15
5 11 -17.5
6 12 -20

6.3 SIR-Based Probability of Success Under
Joint Inter-SF and Co-SF Interference

This section analyses the success probability of a sig-
nal under the joint effect of inter-SF and co-SF inter-
ferences. This evaluation metric determines how inter-
SF and co-SF interferences affect the performance.
LoRa layer is assumed as a protocol without retrans-
mission of packets; in addition, the devices transmit
independently of others.

Considering fixed environment conditions, assume a
device in density annulus 7 at a distance x; away from
the gateway, the success probability in the existence of
the inter-SF and co-SF interferences P} j, is calculated
according to (7) and (8) as:

k
Plp (21,0:;) = exp | —2maX Y I (1,655, {0;—1,4;})

) (7)

where

zdx

(8)

and d;;[dB] is the required threshold for the received
signal SF; upon active interferers transmitting at the
same SF;. 0;;[dB] denotes the threshold required for
the desired signal SF; against interferers that employ
the SF; which is presented at matrix that is given as
(9) [34]. a is density due to independent thinning of
the homogeneous Poisson point process of end devices
or density of modeled field. £;_1, ¢; are boundaries of
the annuluses in which the devices have the same SF.

£
I ;51'" b ’gl - 1 (x1) + 0;l(x)
(1,055, {€j-1,4;}) /ejl [(z1) + diil(z)

SF7 SF8 SF9 SF10 SF11 SF12

SF7 1 -8 -9 -9 -9 -9
SFg | -1 1 -11 —12 —13 —13
SF9 | —-15-13 1 —13 —14 —15
SF10 | —19 —18 —17 1 —17 —18
SF11 | —22 =22 —21 =20 1 -—20
SF12 | =25 —25 —25 —24 —-23 1

Algp) =

(9)

6.4 Coverage Probability Under Inter-SF
and Co-SF Interference

The coverage probability is the probability that each
device is in coverage and accessible for the gateway
(hasn’t outage). It can successfully communicate un-
der inter-SF and co-SF interferences and even collision
conditions at every specific moment. The coverage
probability P. can be achieved by averaging the dis-
tance distribution fp(z1) and radius z;. Uplink trans-
mission of LoRa has a dual necessity that breaks up
SIR and SNR [I8]. The coverage probability P.[PL} ]
is given in [35] by considering joint inter-SF and co-SF
interference as (10).

R
P [Pgm] = PSHIR'fD (z1) dx1 (10)

d>0

The coverage probability per annulus i, P, ;[PL5 5]
is as (11):

2 bt 0 pll
7(6 ; )2 /g PgrrPsig - v1dz
+1 = %q i
(11)

The coverage probability for the assumed region of
the LoRa network with respect to P&\ is as (12).

P [PSHIR} =

2 n Lit1
P [P§ip] = ——— Z/ P& p- P8y p-wida
(€i+1 - ei) i—0 74
(12)

6.5 Joint Coverage Probability

Signal-to-interference-plus-noise ratio (SINR) based
coverage probability or joint coverage probability
P.[Psir.P; ] demonstrates how interference and
AWGN degrade the LoRa scalability. Co-SF interfer-
ence is denoted by I.,_sr as (13).
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Ico—SF = Z P:c"i |xi|_n (13)
zeEN

where 7 denotes the path loss exponent, |z;| is the
Euclidean distance of LoRa devices to the gateway,
P, is the transmit power of the interference, x =
(N\e/4m)%, Ao = ¢/ fe, fe is the carrier frequency and ¢
approximately equal to 3 x 103m/s.

The inter-SF interference from LoRa nodes in other
annuluses Ijpier—sr 18 given as (14).

Iinter —SF — Z Z Pa:’% ‘yz + xi‘_n (14)

yeGy, xEN

where |y; + x;| refers to the distance between the
interferer with different SFs and gateway, G is the
number of devices with different SF from the assumed
device’s SF in other annuluses, and NV is the number
of active devices with the identical SF in the same
annulus.

The joint coverage probability is that each device
can successfully communicate, and its signals are de-
coded at the gateway with a pre-defined SINR thresh-
old. The joint coverage probability P.,,(y:p) is given
by (15).

Peov (vin) = Er[PR[SIN R(R)]] > vin[R] ~ (15)

where R is the distance between the desired end
device and the gateway, and E'r is the mathematical
expectation. At a gateway, the received SINR for the
LoRa device can be defined as (16).

SINR =
Icof‘S'F +Iinter —SF +02

(16)

where [, is the path loss function as stated before,
and is equal to k|x;|~".

SINR thresholds for different SF's are given in the
SINR matrix as (17) [36].

SF7 SF8 SF9 SF10 SF11 SF12

SFT7 6 —16 —18 —-19 —19 —19

SF8 | =24 6 —20 —22 —22 —22

_ SF9 | —27 =27 6 —23 25 =25

e SF10 | —30 =30 —30 6 —26 —28

SF11 | =33 =33 =33 =33 6 —29
SF12 | —36 —36 —36 —36 —36 6

(17)

Based on (15) and (16), the joint coverage proba-
blllty PC[PSNR-Pg[R}

P.[Psnr - P& r] = PR(SINR(R) > vin)
{ICOSF + Iintcr _SF+ o2~ ’Yth} ( 8)

2
=e Lico sk (p)LIinter —SF (p)

where p = Ry, / Pk, Ly, 5p(p) = E{eipIC(FSF}
and Ly, , _..(p) = E{ePlinter—sr} are the Laplace
transforms of the power density distributions of inter-

ferences.

7 Proposed SPD Method

The proposed success probabilities and device density
(SPD) method assume the six annuluses, wherein
end devices have similar SF for each annulus. The
area of annulus 4 is determined by a; = mr?(2i — 1)
edges Ei_l and gi, and radius r; = 51‘ - éi—1~ gi—l
and ¢; are the boundaries of an annulus with the
formula r; = ¢; — ¢;_1. According to Table|l] annulus
1 varies from 1 to 6 due to SF 7 to SF 12. Annulus
1 with the radius ry has boundaries ¢o and ¢;, and
starts from the location of the gateway, as a result,
lo = 0 and 1 = /¢;. This method diminishes the
packet error at the configuration time and increases
the final success and coverage probability. Indeed,
SPD reduces the impact of interferences and even
AWGN on signal transmission. In the existence of only
interference, the SIR of the received signal must be
above the threshold. The impact of overall interference,
i.e. real condition containing both inter-SF and co-
SF, is almost equivalent to the power of interfering
related to the interferer on the success probability of
the concurrent uplink transmission from devices with
the same or different SF. SPD assumes the division of
the rings at the initialization phase as an equal interval
(considering annuluses with equal width). In the next
operation, the success probability with considering
the inter-SF and co-SF interference is computed at
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the first running of the network. After measuring the
success probability under the joint impact of inter-SF
and co-SF interference (PL ;) due to (7) and (8), then
coverage probability P.[P&; ;] with respect to (12),
the specified SF for each annulus is computed based
on obtained success probabilities at each iteration.
If the success probability of annuluses is degraded,
the annulus width will be reduced. Also, the density
impacts and limits of the iteration are stated below.

For this purpose, the total density of the LoRa cell
environment and the density of each annulus must
be calculated. Generally, about the relation between
the SF region width and density, it is mentioned that
the end devices in the region near each other or dense
case of the devices will most likely transmit packets si-
multaneously. Thus, their success probability is lower,
and the annulus width should be decreased according
to specific calculations. Consequently, computation of
each annulus’s density is essential to reduce the effect
of interference and noise. In a high-density annulus,
collisions and interference are more similar. As a result,
in each annulus, if the interferences are higher than a
threshold value, according to the probability obtained,
SF zoning will perform at the network configuration.
The device density of each annulus p; is as (19):

Pj = Nei—la‘gi/sei—héi (19)

where IV}, , ;. is the number of end devices in annu-
lus j and Sj,_, ;, is the area of annulus j. Practically,
a smaller radius is associated with a higher density of
annulus, and each annulus with a lower density gets
wider. Hence, the density impacts the changing of the
annuls’ radius expressed as follows.

Assume J = {j € N|7 < j < 12} is the vector of
annulus’s index concerning SF. First, the probabili-
ties are calculated using (7) and (8). Annulus j has
the minimum success probability, and coverage prob-
ability under inter-SF and co-SF interferences in each
iteration m is defined as (20).

3_7 € JJ¢CPSHIRJ = (PSHIR>min’

P [PEg), = (P [PH]) (20)

Then the width of annulus j is decreased as (21)
compared to the previous round. This value is added
to the width of the inner annulus j — 1

(i) mg1 = (73)m =75 (21)

(=) = (rj=1),, T (22)

X X X
X X
X X x x
Vi = X X
X x
X
X X X X X
X . X X X
Xx X N X
x
X XX X e X
xx| X X X <) x
XX X x X
X X
ox A\ x SF7 x
Xx 3 X x
X X
xx XX -
X SF8 X
X
X x X
x x X
x SF9

SF10

SF11
SF12

Figure 2. Allocation of SFs with SPD method, the devices
are marked x around the gateway.

where v; = p;/A, m is the iteration number and
r; is the radius of the annulus j € J. v; makes this
reduction regarding the width and the number of
devices in the interaction between the density of each
annulus and the overall density. At the end of the
iteration, changed annuluses are stored in vector C' as
(23).

p=J,Ccpy1=J—1,¢p,cp41 €C (23)

C' is the vector that stores the index j of changed
annuluses in each iteration and will reset in the next
iteration. If p; > A\/3, r; is fixed and the process of
increasing and decreasing for annulus j will stop.

The iterations loop repeats until the success prob-
ability of each annulus are more than 0.4 unless the
p; of that annulus is one-third of the total density. As
the simulations are shown in Section[§] even in higher
SFs, the success probability under joint cumulative
inter-SF and co-SF is almost greater than 0.4.

This process starts from the annulus j with mini-
mum (Pg] R)min and continues with the annulus j+ 1.
SF7 has more width since it is proved in [12] that the
less SF (i.e. SF'7) has the higher probability of suc-
cess because of the less interference. These steps are
repeated until the success probability of each annulus
is more than 0.4 to get the desired result.

In the next phase, another solution can be adopted.
Thus, after carrying out the designation of success-
probability-based annulus boundaries, the special de-
vices are selected. Special devices are positioned in
dense regions and are the least likely to succeed in
transmitting. Special devices are chosen randomly

9€sS
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Algorithm 1 BB-Baseline Model Pseudo-Code.

1: Initialization step: selecting the annuluses widths based on
the equal-interval-based method, assigning the SF's from 7
to 12 (from inner to outer annulus)
m=iteration (in this paper mmaz =100);

2: while until (PgIRj) > 0.4 or m = Mmaqe do

Calculating (PEIRJ_) with respect to (7), (8), and
P.; [PgIR] with considering (12)
4:  Acquiring j if P, and Pe;[PL5 ;] of an annulus are

minimum,;
5: Organize sorted min to max of probabilities for k=1:6;
(add sorted PgIR]- , k, j in a matrix)
6: for k=1:1:6; do
7 The width of annulus j with PgIRk is reduced with
respect to (21).
8: This reduced value is added to the width of the inner
annulus j — 1 (22).
9: Density calculation (p;) for the annuluses due to (19)
10: Keep fixed the width of annulus j (r;)
11: if p; > X/ 3.
12: k=k+1;
13: end for

14: m=m+ 1;
15: end while
16: The width of SF-annulus is achieved

with numerical limitations. When special devices trans-
mit special nodes, no other device will be allowed to
transmit simultaneously in the same annulus. A single
gateway LoRa network with SF's allocated employing
the SPD method is presented in Figure 2} In this fig-
ure, special devices are shown with pink color. The
SPD scheme is represented in Algorithm

8 Results and Discussion

The proposed SPD and the EIB scheme are evaluated
and compared with regard to scalability with success
and coverage probability metrics via simulations. The
SPD is run on MATLAB R2019b. The 1500 end devices
are randomly distributed due to the Poisson point
process in an assumed circle with radius R. The success
probability of uplink transmission in the gateway is
computed by moving an end device from the most
inner to the outer of annuluses.

The success probability of transmissions is evalu-
ated first for the SIR of signal more than the SIR
threshold for both methods under concurrent devices
interfering as inter-SF and co-SF interferences. Sec-
ond, the SNR of the signal is more than the SNR
threshold for evaluating the success probability under
AWGN. Available SF's are 7 to 12. The duty cycle a
detects simultaneous transmitting devices. The uti-
lized parameter configure are presented in Table

The SPD method is run in multi-annulus networks
and based on this method, the SF's assigned to devices
in annuluses. The allocated SF's to annuluses are from
inner to outer in order 7 to 12. The SF-dependent

9€sS

Table 2. THE SF-Dependent SNR Thresholds.

Parameter Symbol Value
Bandwidth B 125 kHz
Carrier frequenc fe 868.10 MHZ
Nocilzenz‘t);ver No -174 dBm/Hz

Noise figure NF 6 dB
Trar;i@if:mg P, 14 dBm
Duty cycle @ 0.33%
Pathloss
exponent K 3

SNR thresholds are used the same as [12]. Then, the
performance of the method with respect to the cover-
age probability metric is computed with varying the
number of end devices concerning the joint impact of
inter-SF and co-SF interferences performance in the
clean and AWGN conditions is measured.

8.1 Success Probability

Figure |3| demonstrates the success probability of the
defined LoRa network with a single gateway in the ex-
istence of inter-SF and co-SF interferences (P} ;) for
the proposed SPD scheme and the compared method
EIB.

In this simulation result, R = 10km is assumed the
same as [12]. P, curve shows that as the device
distance from the gateway or base station is longer
in both SPD and EIB methods, the probability of
success degrades.

This is because of the impact of path loss and fad-
ing on the desired signals. The width of all annuluses
in EIB are identical with each other, while their width
in SPD is specified with respect to (7) and (8) for de-
termining probability and the equations (20) to (23)
repeatedly at the beginning of the network configura-
tion. Iterations continue until the all annulus success
probability is more than 0.4 unless the density of that
annulus is one-third of the total density.

In this case, the width for that SF remains fixed
and will be removed from subsequent rounds to de-
termine the SF region width. As can be seen in two
curves, in general, as the SF's grows, the joint interfer-
ence increases, and as a result, the success probability
decreases. The SPD performs better than EIB at all
distances, as shown in Figure [3]

The SPD success probability under joint inter-SF
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Figure 3. Impact of SF-allocation on success probability under
inter-SF and co-SF interference (N=1500).

and co-SF interference PLY , of SPD has an averagely
of 13.20% improvement over the EIB. The SNR-based
success probability (Psyr) under AWGN has better
performance than EIB, as shown in Figure 4l SPD
selects a lower SF than EIB at higher distances; that
is the reason for more drop of SNR-based success
probability of the EIB method. The equality of Psyr
at the cell boundary is because of utilizing the same
SF by methods.

As shown in Figure [d] the curve’s line for higher
SFs in SPD is shorter than EIB, such as SF 12. Higher
SFs result in higher processing, and hence it decreases
SNR for correct receiving at the receiver, resulting
in lower success probability under AWGN. Therefore
Ps;gr in SPD is higher than EIB.

8.2 Coverage Probability Analysis

Another primary metric to be considered for scalabil-
ity is joint coverage probability P.[Psnr.P; ). Ac-
cording to (18), the joint coverage probability under
the AWGN, inter-SF, and co-SF interferences is simu-
lated and depicted in Figure |5l These simulation re-
sults demonstrate the LoRa scalability with growing
the number of devices for radius R = 10km. In both
SPD and EIB methods, the probability of coverage de-
grades exponentially with the increase in end devices;
because SINR will be reduced due to equation (16).

In addition, inter-SF and co-SF interferences in-
crease. Indeed, with the increase in the number of end
devices, the number of concurrent transmissions en-
hances and increases the outage probability. In SINR
as (16), the AWGN component is the variance o2 that
determines the SINR, value with interferences.

About the case of inter-SF interference, whatever
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Figure 4. Success Probability Under AWGN.
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Figure 5. Joint Coverage Probability Pc[PSIR~Pg[R] Under
Noise, Interference, and Scalability (R=10 km).

the SF is greater, the SINR threshold will increase
as a matrix (17). The downward trend slope in the
SPD curve is less than the EIB. One object of SPD is
that the annulus with more devices becomes narrower,
coverage doesn’t drop much at higher SFs. With this
process, SPD reduces the dependency on the annulus
device density.

The width of annuluses is computed due to success
probability given as (7) and device density in each
annulus that is given as (19) in the LoRa network
region. If the annulus is denser in which the success
probability is lower, the width of annulus reduces.

Therefore, the coverage probability is enhanced.
The joint coverage probability concerning AWGN,
inter-SF, and co-SF interference in the SPD method
is higher than the EIB method. As shown in Figure
coverage probability in SPD limits the scalability of
a LoRa network less than EIB. Consequently, the
coverage probability is smaller when the LoRa network
is denser.
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Figure 6. SIR-Based Coverage Probability and Scalability
(R=12 km).

The coverage probability metric obtained due to (12)
includes inter-SF and co-SF interferences. According
to (12), the coverage probability under inter-SF and co-
SF P.[PL 1] is evaluated using the success probability.
For this reason, it is directly related to the success
value in each SF.

As shown in Figure [f] SIR-based coverage proba-
bility curves of SPD and EIB methods decreased ex-
ponentially with the growing number of end devices,
showing the scalability in R = 12km. Also, the SIR-
based coverage probability of SPD outperforms EIB.
Considering (12), in the dense annulus with less suc-
cess probability, the width decreases. As a result, the
coverage probability increases.

8.3 Discussion

EIB has an equal-interval-based annulus width selec-
tion. The end devices use the lowest SF 7 in the inner
annulus near to gateway, and SF increases by one step
for outer annuluses. It is shown the interference in
higher SFs is more than that in lower SFs [14], and
the receiver sensitivity is lower with higher SF's. Hence
higher SF's require lower SNR.

Therefore, in both methods SPD and EIB, SF im-
proves the performance at the inner boundary of every
annulus. The saw-tooth and jumping trend in the suc-
cess probability in Figures [3] and [g] observed in both
methods is because of switching to a higher SF region
and next annulus. The position of saw-tooth behavior
on the SPD curve demonstrates unequal SF annuluses.

At the first configuration, the width of annuluses in
SPD has been determined based on the relationship
between success probability and density mentioned
in (20) to (23). Also, SF boundaries are equal, and
SPD reduces the impact of EIB interference, which
has equal annuluses. Thus, it has better performance
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than EIB when the network is evaluated with the SPD
method in terms of success probability under inter-SF
and co-SF interferences conditions. In (20) to (23),
the density limits the width of annuluses. Finally, the
width of denser annuluses is less.

The scalability is directly related to covering the de-
vices in the network and achieving and demodulating
the packets correctly. The success of packet receiv-
ing correctly also is dependent on inter-SF and co-SF
interference created during the signal transmission
by other end devices as interferers that transmit at
the same time. The SPD success probability is more
than the EIB, so SPD’s scalability and reliability after
SF-allocation also increase. The location of the saw-
tooth shape in success probabilities curves shows that
the boundaries of SF's are not equal. Since the inner
ring width enhances, in the SF7 region, the success
probability degrades a little, as shown in Figure

In the very dense environment LoRa networks, the
interference causes a degradation in packet interfering
or success receiving performance. In addition to con-
sidering the total radius of the circular deployment,
the effect of background noise must be considered for
the scalability analysis in the conditions of bounded
transmitting power of end devices and signal propa-
gation.

The success probability in AWGN is proportional
to the SNR thresholds that are fixed in each annulus.
With the increase of SNR, threshold, the success prob-
ability in AWGN reduces, assuming other parameters
remain constant due to (6). Therefore, as the width
of the annulus decreases in the higher SF's, SPD out-
performs EIB, as shown in Figure [d] The SNR-based
success probability is independent of LoRa network
density.

The higher coverage probability makes more de-
vices accessible for the gateway. A threshold has been
defined for SIR and SINR of the received signal in the
gateway. As mentioned before, these thresholds deter-
mine the probability of success communicating and
decoding in the gateway. As it is clear from the ma-
trix (17), these thresholds are more with the increase
in SF. Hence this probability of success to communi-
cate correctly is reduced. Since the higher SF’s area
is narrower, success probability in wider areas grows.

The SPD determines the SF region based on primi-
tive computations of success probability and intensity.
By selecting the annulus widths step by step according
to (20) to (23), the width varies according to the prob-
ability improvement compared to the initial state, EIB
structure. Therefore, SPD gets better results. On the
other hand, developed success probability improves
the coverage probability with both inter-SF and co-SF
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interferences (P[P, z]) and under joint AWGN and
interference (P.[Psnr.Pipl)-

According to Figures [f] and [6] the probability of
coverage in EIB has more dependency on the density
than the SPD method. Curve’s trend in Figure [0] is
similar to that of in Figure[5] Joint inter-SF and co-SF
interference affect the decline of curves in Figures
and [6l

9 Conclusions

One of the parameters that impact the scalability
of the LoRa network is the spreading factor. This
paper proposes a method of allocating SF based on
success probability under inter-SF interference and
co-SF interference associated with scalability. Also,
this method depends on the density. Then the pro-
posed method is analyzed by evaluating success and
coverage probability metrics. In the very dense estab-
lishment of networks, performance decline is the result
of interference, which is the most important reason.
To solve this deterioration, the SPD method has been
proposed. The proposed SPD method is a novel multi-
annulus scheme with different widths of assigned SF.
The SPD is based on the success probability under the
cumulative impact of inter-SF and co-SF interferences.
Then, the density of annuluses is considered.

These two parameters allocate the SFs indepen-
dently. The total density of LoRa-cell also impacts
the SF-allocation. The algorithm is run at the first
of the network configuration. It is compared with the
EIB method via simulations to confirm the better per-
formance and prove that the LoRa network structure
configured with the SPD method is more reliable and
scalable. The used metrics for assessment are success
probability under inter-SF and co-SF interferences,
success probability under AWGN, and coverage prob-
ability in the existence of inter-SF and co-SF interfer-
ences in the clean and AWGN environment.

The simulation results approved the effectiveness
of SPD with regard to success probability and cov-
erage probability metrics in the scalability analysis.
In the proposed SPD method, the network perfor-
mance under inter-SF and co-SF interferences with
regard to success probability has improved 13.20%
over compared method EIB. According to the simula-
tion results, SPD also outperforms the EIB in terms
of coverage probability.

Future works are to study the LoRa networks with
multiple gateways. These networks are investigated
in terms of scalability. Also, it will try to use other
parameter settings of LoRa to check the number of
devices covered by the network.
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