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Abstract—Faced with the limitations of the Aloha random
access scheme and spread spectrum techniques, LoRaWAN is
yet to realize its potential as the flagship technology for large-
scale Internet of Things applications. LoRaWAN allows for low
power and long range communications. Nonetheless, concurrent
transmissions on the same spreading factors, increased with
the inevitable densification of device deployment, will lead to
collisions and degradation in performance. The problem is
further amplified due to the shortage in radio resources, with
multiple operators utilizing the same unlicensed frequency bands.
In this paper, we investigate different inter-operator cooperation
schemes and devise multiple algorithms for spreading factor
assignment in a multi-operator LoRaWAN deployment scenario.
We start by proposing a proportional fair optimal formulation for
the assignment with the objective of maximizing the logarithmic
sum of the normalized throughput per spreading factor. Under
the assumption of partial operator cooperation, we propose
a gradient ascent based iterative algorithm for solving the
spreading factor assignment problem, and a game theory based
approach, wherein each network operator seeks to maximize
its own normalized throughput. Finally, and with cooperation
between different operators bound to be limited, we use recurrent
neural networks to enable the prediction of the success rate per
spreading factor. This prediction allows the different operators to
assign spreading factors with minimum cooperation. We simulate
our proposals and compare them to the legacy LoRaWAN
approach as well as others in the state-of-the-art, highlighting
the gains they produce in terms of total normalized throughput
and packet delivery ratios.

Index Terms—LoRa, LoRaWAN, Recurrent Neural Networks,
LSTM, Optimization

I. INTRODUCTION

With over 30 billion currently connected Internet of Things
(IoT) devices, and over 75 billion ones expected in the market
by 2025 [1], it is essential that IoT networks move past their
legacy configurations in order to support this increasing de-
mand within their limited bandwidth. Developed by Semtech,
Long-Range (LoRa) is a physical layer technology that uses
chirp spread spectrum (CSS) techniques to spread a narrow-
band signal over a certain channel bandwidth. This increases
the distance the signal could travel while reducing the power
costs, enabling thus the connectivity of thousands of devices
with battery lifespans in the years.

Among the solutions for the MAC layer is LoRaWAN [2],
an upper layer protocol developed by the LoRa Alliance. Lo-
RaWAN uses Aloha [3] for channel access. Devices transmit
on a randomly chosen channel without any coordination. They

use a spread-spectrum modulation technique derived from CSS
technology. The spreading code applied to the original data
signal is called the spreading factor (SF). LoRa supports a
total of six spreading factors (SF7 to SF12). Only packets
transmitted at the same time, on the same SF, and on the same
channel, will collide. Despite their soaring popularity, LoRa
and LoRaWAN still face multiple challenges pertaining to duty
cycle limitations, inter-network interferences, and scalability
issues.

First, LoRaWAN transmissions are restricted to a 1% duty
cycle. This is to ensure fair access within the industrial, sci-
entific, and medical (ISM) bands. Such a restriction limits the
available radio resources, especially on the downlink, making
traditional scheduling approaches, which require heavy signal-
ing on the downlink, infeasible. As such, it was necessary to
have SF assignment algorithms that require as little signaling
as possible.

Second, the ISM band could be heavily utilized. Different
operators and different technologies could easily be co-located
with a certain LoRa network. This means that inter-network
interferences are to be expected as LoRaWAN networks must
be able to coexist. In current LoRaWAN deployments, the
duty cycle limitation, intended to provide fair resource sharing
between different networks in the ISM bands, is the only
aspect connecting different co-located networks.

Thirdly, LoRaWAN suffers from a scalability problem. A
LoRa network is supposed to be able to handle hundreds
to thousands of devices within a large area. Nonetheless, as
LoRaWAN uses random access techniques, such as Aloha, an
increase in the number of devices would lead to an expo-
nential increase in the number of collisions. Devices further
away from the gateways would suffer the most, a significant
inconvenience as LoRa is supposed to provide access at the
longest ranges.

Legacy LoRaWAN supports an adaptive data rate (ADR)
scheme where each node increases its SF in order to reach
a gateway. Thus in its default state, each device would be
transmitting using the SF which gives it the highest data
rate while maintaining connectivity. We aim to go past the
legacy approach as we propose multiple algorithms for SF
assignment in multi-operator LoRaWAN deployments. While
centrally allocating SFs on all devices is desirable and optimal,
it would require all the different operators to relay the entirety
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of their network information to a central entity i.e., complete
cooperation. This is not feasible or expected in practical imple-
mentations. In this paper, we examine three other levels of op-
erator cooperation. The first assumes the complete lack of such
cooperation, wherein each network uses legacy LoRaWAN
approaches and ADR for SF selection. The second, partial
cooperation, leverages secure aggregation to have operators
safely share bulked updates. And the third, which we label as
minimal cooperation, only requires established turns between
the different operators seeking to optimally assign SFs to their
devices. In our work, we propose SF assignment algorithms to
tackle all the aforementioned challenges and others resulting
from co-located network operators using the same ISM band.

We start by proposing an optimal formulation for SF as-
signment in LoRaWAN deployments with multiple network
operators present. We propose a gradient ascent based iterative
algorithm to solve this problem with partial cooperation among
the different operators. Using the same level of cooperation,
we put forward a game theory based approach, wherein every
network seeks to maximize its own normalized throughput.
Finally, under the pretense of minimal cooperation between
operators, we propose a learning based approach capable of
solving the SF assignment problem for all the co-located
operators relying only on established turns. We simulate our
proposals under different scenarios studying the impact of
the number of devices, packet generation rate, deployment
area size, and the number of gateways on the performance.
We compare our algorithms to the legacy ADR LoRaWAN
approach as well as to algorithms from state-of-the-art, high-
lighting thus the advantages of our proposals.

The rest of this paper is structured as follows: section II
has the related works from the state-of-the-art. In section III,
we introduce our system model. We discuss our optimal
formulation for SF assignment in section IV and our iterative
gradient ascent approach to solving it among different network
operators in section V. We propose a game theoretic based
algorithm for SF assignment, present the player utilities, and
discuss attaining the Nash equilibrium in section VI. In sec-
tion VII, we introduce recurrent neural networks and long short
term memory networks and discuss how we can model the
success rate as a time series to be predicted. We then introduce
our learning-based proposal for SF assignment in LoRaWAN.
Simulations and results are presented in section VIII. Finally,
the paper is concluded with section IX.

II. RELATED WORKS AND CONTRIBUTIONS

We aim to highlight the different proposals in the state-
of-the-art seeking to provide solutions for SF assignment in
LoRaWAN.

A plethora of articles in the state-of-the-art discussed the
potentials as well as challenges facing LoRa networks. In [4],
the authors study the scalability of legacy LoRaWAN using
an ns3 simulation environment. They state that downstream
traffic has a negative impact on the packet delivery ratio and
that gateway densification can improve performance. They
conclude that duty cycle limitations will always limit the

scalability of LoRaWAN. In [5], the authors verify that while
ADR SF selection reduces device energy consumption, it
remains detrimental to the scalability of LoRaWAN. In [6],
the authors propose a monitoring system for LoRa architecture
by using a smart gateway. They then study the performance of
LoRa under different scenarios. The authors in [7] study the
impact of ISM band interferences on LoRa bit error rate per-
formance. They show that there exists a signal-to-interference
ratio threshold beyond which the impact of narrow-band
interference becomes negligible.

More specifically in the context of our work, many in the
state-of-the-art propose SF assignment algorithms which go
beyond the legacy LoRaWAN approach. In [8], the authors
propose what they described as a “smart spreading factor
assignment” algorithm for LoRaWAN. They use support vec-
tor machines and decision tree classifier machine learning
to optimize the SF assignment. They show via simulations
that their proposal improves the packet delivery ratio for
LoRaWAN.

The authors in [9] propose an interference-aware SF assign-
ment algorithm. They take multiple factors into consideration
including gateway sensitivity, interfering SFs, and the interfer-
ing energy in order to assign SFs in a manner that reduces the
significance of the interference. They produce an assignment
that decreases the time-on-air for every device. They show that
their algorithm improves the packet delivery ratio with respect
to legacy distance-based LoRaWAN SF selection.

With a traffic oriented approach in mind, the authors in [10]
propose an SF assignment algorithm based on equalizing the
traffic load on the SF channels. They also propose another
algorithm which uses K-means to relieve critical regions which
suffer from a significant number of collisions. The authors
claim that their proposals, which have incremental complexity
with respect to the state-of-the-art, open the door for enhancing
the scalability of LoRaWAN in heterogeneous IoT scenarios.

With the aim of improving the probability of data delivery
in LoRaWAN, the authors in [11] and [12] highlight the
shortcomings of legacy SF assignment techniques and propose
algorithms to address them. While the authors in the former
claim that they can improve the scalability of LoRaWAN
with a small increase in the end devices’ power consumption,
the authors in the latter illustrate that they can improve data
delivery in dense LoRaWAN deployments.

In [13], the authors present an extension to the classic
ADR strategy which they called ExpLoRa-SF. This approach
seeks to equally distribute the SFs among the devices in the
network subject to the radio conditions (and subsequently
SNR) constraints experienced by the devices. They show
that their proposal outperforms the legacy approaches to SF
selection.

In [14], the authors propose a lightweight scheduling al-
gorithm for SF selection and transmit power assignment. In
their proposal, RS-LoRa, devices choose their own spreading
factors based on probabilities assigned depending on the rate
produced due to using each of the available SFs. They show
via simulations that in a single cell scenario with 1000 nodes,
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their proposal can reduce the packet error ratio of the legacy
LoRaWAN approach by about 20%.

Finally, recurrent neural networks [15], game theory for
channel access [16], and the dynamics of Nash equilibri-
ums [17], have been studied in the state-of-the-art before.
Nonetheless, to the best of our knowledge, we are the first
to use these approaches for spreading factor assignment in
LoRaWAN.

In our work, we consider multiple co-located network
operators unlike the vast majority of the state-of-the-art which
works on single operators [8], [9], [11], [12], [14]. This allows
us to study scenarios where the competing networks are not
cooperative rendering many of the proposals in the state-of-
the-art moot. We additionally enlist recurrent neural networks
to help predict the success rate at the network gateways,
enabling thus a distributed SF assignment process.

We summarize our contributions as follows:
(a) We propose an optimal problem for proportional fair

SF assignment in a multi-operator scenario. Using this
formulation, we propose multiple algorithms for SF as-
signment under different scenarios of inter-operator co-
operation. We simulate our algorithms and compare them
to the legacy LoRaWAN SF selection approach as well
as to others in the state-of-the-art.

(b) Because of the existence of multiple operators, centrally
solving such a problem is unfeasible. As such we pro-
pose a gradient ascent algorithm, wherein the different
networks would solve the problem iteratively with partial
inter-network cooperation maintained via secure aggrega-
tion.

(c) We propose a second algorithm for SF assignment based
on game theory. The different operators would greedily
seek to maximize their own normalized throughput. We
show that the game converges to an efficient Nash equi-
librium.

(d) We consider a realistic scenario wherein different opera-
tors are unlikely to cooperate. We enlist recurrent neural
networks, specifically long short term memory networks,
to help predict the success rate per spreading factor and
enable the different networks to choose the device SFs
while retroactively accounting for the different network
SF selections.

III. SYSTEM MODEL AND SPECIFICATIONS

We consider multiple LoRaWAN deployments belonging
to different operators. Each network i ∈ N has N i nodes
and ri gateways. The gateways for the different operators are
coincident i.e., they are present at the same location sites. The
devices are scattered across a square shaped area as shown
in Fig. 1, with every color marking a device belonging to a
different operator.

All nodes generate packets with a rate λ (considered the
same for all devices presently). Transmit attempts are done
according to a Poisson process with the packet size l being
constant. Let Ts be the time needed to transmit a packet using
spreading factor s. Ts is dependent on the packet size. LoRa

supports SFs ranging from 7 to 12. The latter represent a trade-
off between coverage and data rate. For instance, SF7 produces
the highest data rate, but covers the shortest distance. The
SFs are orthogonal, this means that packets transmitted during
the same time frame with different SFs will be successfully
received. LoRa utilizes forward error correction to detect and
correct transmission errors with the coding rate set to 4/(C+4)
where C ∈ {1,2,3,4}. Table I shows the variation of data rate,
sensitivity and SNR thresholds as a function of the SFs utilized
in the 868 MHz band (C=1).

Area Side Length A [km]

Fig. 1. A 4 gateway multi-operator LoRaWAN deployment

TABLE I
LORA RATES, RECEIVER SENSITIVITY, AND SNR THRESHOLDS AS A

FUNCTION OF THE SFS

SF Data Rate [kbps] Sensitivity [dBm] SNR [dB]

7 5.458 -123 [-7.5,∞[
8 3.125 -126 [-10,-7.5[
9 1.757 -129 [-12.5,-10[

10 0.976 -132 [-15,-12.5[
11 0.537 -134.5 [-17.5,-15[
12 0.293 -137 [-20,-17.5[
φ 0 Not covered <-20

The upper layer protocol LoRaWAN uses a star topology.
Each network connects to its own network server with one hop
communications, where all the gateways forward the packets
to the server. A typical architecture of such a network can be
seen in Fig. 2.

As LoRaWAN uses pure Aloha as a channel access scheme,
the duty cycle in the LoRa band is limited to d=1%. As such,
the packet generation rate must verify λTs≤d. LoRaWAN
supports multiple frequency bands within the unlicensed bands
of 433, 868, and 915 MHz. In Europe, the 868 MHz band is
used with the 125, 250, and 500 kHz bandwidth channels.
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LoRa

Gateway

4G/Ethernet

Network Server

End Device

Fig. 2. LoRaWAN architecture

Fig. 3 shows a typical network stack of a LoRa node. Based
on the application, LoRa devices can be divided into three
classes:
• Class A: The device wakes up to send a certain packet.

After sending the packet, the device listens for a short
period of time. This class of LoRa devices consumes the
least amount of energy.

• Class B: The device has regularly scheduled listening
periods.

• Class C: Under this configuration, a device is always
listening. This leads to maximum energy consumption.

Applications

LoRaWAN (MAC)

LoRa Technology (PHY)

ISM Band

Class A Class B Class C

Fig. 3. LoRa node network stack

An additional advantage for our proposals in this paper is that,
contrary to many in the state-of-the-art, they do not require
additional synchronization with respect to current LoRaWAN
specifications for class A. The network server can notify
the nodes about the SF assignments within their receiving
windows. Finally, Table II has a summary of the notations
concerning our system model.

IV. OPTIMAL PROBLEM FOR SF SELECTION

The total normalized channel traffic load per spreading
factor s can be written as:

Gs =
N∑
i=1

(λ · pis ·N i
c)Ts (1)

Where N i
c is the number of covered nodes belonging to

operator i. The normalized Aloha throughput on each SF s

TABLE II
NOTATION SUMMARY

Notation Definition

λ Packet generation rate
Ts Time to transmit a packet on SF s
l Packet length in bytes
d Duty cycle
Nc Total number of covered nodes
Ns Total number of nodes that can use SF s and higher
N i

c Number of covered nodes for operator i
N i

s Number of nodes that can use SF s and higher for operator i
ps Ratio of devices using SF s
pis Ratio of devices using SF s and belonging to operator i
Gs Total normalized traffic load on SF s
N Set of operators
T Total normalized throughput

can be expressed as Gs exp(−2Gs), and as such the total
normalized throughput in the network becomes:

T =
S∑
s=1

Gs exp(−2Gs) (2)

The problem of finding the optimal SF assignment ratios ps
can be formulated as follows:

Maximize
ps

S∑
s=1

log(Gs exp(−2Gs)) (3a)

Subject to
S∑
s=1

ps ≤ 1, (3b)

s∑
k=1

pk ≤
s∑

k=1

Nk
Nc

, ∀s = 1, ..., S. (3c)

The logarithmic function in the objective in (3a) enforces
proportional fairness in the throughput among the different
spreading factors. The constraint in (3b) ensures that the sum
of spreading factor percentages does not exceed one, while
the constraints in (3c) indicate that the percentage of devices
utilizing a certain SF s does not exceed the number of devices
capable of using s and higher. Note that s = 1 represent SF7
and so on.

This problem in its current state can only be solved at
a centralized server which has all the information on all
the devices. This would be possible in the presence of one
operator. However, with devices and gateways belonging to
different operators, it is unrealistic to expect operators to share
their data in this manner.

V. SF SELECTION WITH AN ITERATIVE GRADIENT
ASCENT ALGORITHM

In our first proposal, we use a gradient ascent [18] based
approach to solve our SF assignment problem iteratively for
the different networks. We propose the usage of the federated
technology of secure aggregation [19] to have the networks
transmit to each other what we label as λes, the traffic generated
by other co-located operators. The different networks agree
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on masks, that sum to zero, which they add to their updates.
The individual updates appear to be randomized but their sum
results in meaningful data. This ensues that even the aggregator
does not have access to individual updates. In succession,
each network i will seek to maximize its own utility until
convergence. This process is illustrated in Algorithm 1.

Algorithm 1 Iterative SF Selection Algorithm
1: Requires: Set of networks N and device arrival rate λ
2: Input: Maximum tolerance ε ← 10−5

3: Initialize: t = 0
4: Do
5: t ← t+1
6: For i=1,. . . ,N
7: Calculate pis(t) by solving the problem in (3a) as
8: shown in Algorithm 2
9: Update λis = λ ·pis ·N i

c and send it for aggregation
10: Compute δi = ||pis(t)− pis(t− 1)||
11: End For
12: While ∃ i ∈ N such that δi ≥ ε

In order to solve the problem in (3a), we use gradient ascent.
We calculate the gradient for (3a) and network i as:

∇f(pis) =
Ts · λ ·N i

c

Ts · λ ·N i
c · pis + λes · Ts

− 2 · λ ·N i
c , (4)

where the external traffic per spreading factor λes represents the
traffic from the other co-located networks and can be expressed
as:

λes =
∑
j 6=i

λ · pjs ·N j
c . (5)

Successively, and for each iteration tg , the value of the gradient
is multiplied by a learning rate β and added to the previous
value of pis. The result is projected onto a feasible solution.

pis(tg+1) = pis(tg)+β(
Ts · λ ·N i

c

Ts · λ ·N i
c · pis + λes · Ts

− 2 ·λ ·N i
c)

(6)
This is done until the value of pis no longer changes within
a certain margin of error. This process is illustrated in Algo-
rithm 2.

Algorithm 2 Optimization Using Gradient Ascent
1: Requires: Learning rate β small enough
2: Input: Maximum tolerance ε ← 10−3

3: Initialize: tg = 0
4: Do
5: tg ← tg+1
6: pis(tg +1)← pis(tg)+β(

Ts·λ·Ni
c

Ts·λ·Ni
c·pis+λe

s·Ts
− 2 ·λ ·N i

c)

7: Project pis onto the problem constraints as shown in (7)
8: Compute δ = ||pis(tg)− pis(tg − 1)||
9: While δ ≥ ε

As the gradient ascent is usually used for unconstrained
problems, it is important to project the result of each iteration
onto the feasible subset. We do so following [20] where the

projection of an n-dimensional point pi0s onto a simplex can
be described as the solution of the following problem:

Minimize
pis

||pis − pi0s ||2 (7a)

Subject to

pis ≥ 0,∀s ∈ S (7b)
S∑
s=1

pis ≤ 1, (7c)

s∑
k=1

pik ≤
s∑

k=1

N i
k

N i
c

, ∀s = 1, ..., S. (7d)

Finally, the iterative SF algorithm is guaranteed to converge
with an average of 3 to 4 iterations.

VI. MULTI-OPERATOR GAME FOR SF ASSIGNMENT

Under the same level of operator cooperation, we aim to
use non-cooperative game theory to propose an algorithm
for SF assignment. Each network seeks to select the set
of spreading factors which maximizes its own normalized
throughput. Nonetheless, if all networks do so greedily and
independently, they would entirely default to the lowest SF
selections the radio conditions allow, increasing thus the risk
of collisions. The different operators, i.e., the players of our
game proposal, are competing for contradicting objectives.
This makes game theory well adapted to SF assignment in
multi-operator LoRaWAN deployments.

A. Game Formulation

As such, we define a multi-player game G between the
different operators present. The formulation of this game
G = 〈N , S =

∏
i Si, Ui〉 can be described as follows:

• A finite set of players i ∈ N , the set of operators.
• The action of a given player is the percentage of devices

allocated any spreading factor s, the strategy chosen by
an operator i is then pi = (pi1, ..., p

i
6), the percentage of

its devices on each spreading factor, where for example,
pi1 is the percentage of devices using SF7.

• For each player i, the space of pure strategies is Si given
by what follows: Si =

{pi ∈ [0, 1]S | hi(pi) ≥ 0 and gis(p
i) ≥ 0,∀s = 1, ..., S}

(8)
where

hi(p
i) = 1−

S∑
s=1

pis (9)

gis(p
i) =

s∑
k=1

N i
k

N i
c

−
s∑

k=1

pik (10)

S = S1 × ...× S|N | is the set of all strategies.
• A set of utility functions (Ui∈N ) that quantify players’

profit for a given strategy profile.
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B. Player Utilities

Each player, i.e., network operator, will seek to greedily
maximize the logarithmic sum of its own normalized through-
put. The utility per network operator can be expressed as:

Ui =
S∑
s=1

log(Gis exp(−2Gs)), (11)

where exp(−2Gs) represents the success ratio per spreading
factor in the entire system (and coincides with the success
ratio of any network i), and Gis represents the traffic load of
network i.

Gis = (λ · pis ·N i
c)Ts. (12)

As such, each player will seek to maximize its own delivered
traffic, regardless of the others.

C. Existence of Nash Equilibrium

In game theory, a rational solution is one where all compet-
ing players adhere to a Nash equilibrium (NE) [21]. An NE is
a profile of strategies in which no player will take advantage
of the others by deviating its strategy unilaterally. In our game
G, for every network i, the strategy space Si is a compact and
convex set as the functions hi(pi) and gis(p

i),∀s = 1, ..., S
are concave in pi (linear in pi). Furthermore, Ui is concave
and continuously differentiable in pi and continuous in p−i

(the strategy of all other players). Hence, pure NE exist as
proven by Rosen [22]. Given these strategy sets, p∗ ∈ S is a
pure strategy Nash equilibrium if and only if ∀i ∈ N , pi∗ is
an optimal solution of the following problem:

Maximize
pis

Ui(p
i,p−i) (13a)

Subject to

hi(p
i) ≥ 0 (13b)

gis(p
i) ≥ 0, ∀s = 1, ..., S. (13c)

The optimum pi∗ must satisfy the Karush-Kuhn-Tucker (KKT)
conditions. The latter are sufficient because we are in the pres-
ence of convex optimization. There exists a unique Lagrange
multiplier α such that:

pi∗s =
1

α+ 2λN i
cTs

, (14)

α · hi(pi∗) = 0. (15)

This produces two cases:
• if α = 0, given that

∑S
s=1 p

i∗
s ≤ 1, then pi∗s = 1

2λNi
cTs

.

• if α 6= 0, and given that
∑S
s=1 p

i∗
s ≤ 1, then∑S

s=1
1

α+2λNi
cTs

=1.

D. Uniqueness of Nash Equilibrium

The uniqueness of the Nash Equilibrium is obtained if the
utility functions Ui,∀i ∈ N are diagonally strictly concave
(DSC). We denote by ∇u(p) = [∇iUi(p)] ∈ RS where
∇iUi(p) = [∂Ui

∂pis
, s = 1, ..., S] and by JU(p) the Jacobian

of ∇u(p). Hence, the (i, j)th element of JU(p) is given by
what follows:

ju(i, j) = ∇j∇iUi(p) = [
∂2Ui(p)

∂pis∂p
j
s

, s = 1, ..., S] = 0 (16a)

ju(i, i) = [−( 1
pis

)2, s = 1, ..., S] (16b)

A sufficient condition for the DSC property (theorem 6 in
[22]) is that the matrix (JU(p)+JUT (p)) is negative definite
∀p ∈ S. The latter is verified as the matrix (JU(p)+JUT (p))
is diagonal with elements strictly negative owing to (16).

E. Reaching Nash Equilibrium

The primary challenge in game theory is to propose al-
gorithms capable of reaching an NE. The simplest of these
algorithms are the repeated best response dynamics. Following
these dynamics, each player selects the best, and locally opti-
mal, response to other players’ strategies, until the algorithm
converges. To benefit from such a property, we show that our
game G is an exact potential game with the potential function
V (p) given by:

V (p) =

N∑
i=1

S∑
s=1

log(Gis)− 2

S∑
s=1

Gs (17)

According to [23], the game G is a continuous exact potential
game as we have what follows:

∂Ui
∂pis

=
∂V (p)

∂pis
, ∀i ∈ N ,∀s ∈ S,

Exact potential games have a distinct computational advan-
tage in that reaching the pure NE is done by implementing
greedy best response dynamics, obviating the need for com-
putational fixed point theory. Therefore, the computation of
an equilibrium is reduced to solving the optimization problem
in (13) at each iteration tb of the Best Response dynamics,
where each network i seeks, in turn, to find its optimal SF
distribution as a response to p−i(tb − 1).

The best response algorithm we implemented is sketched
in Algorithm 3. In order for the best response algorithm to
progress, each operator needs to assess the impact of all the
other co-located networks. It does not however need access to
individual network information. As such, we proposed using
secure aggregation, wherein all the networks would send the
value of λis = λ · pis ·N i

c for aggregation after locally solving
the SF assignment problem. This allows for a non-invasive
level of cooperation between the different operators.

VII. LEARNING BASED ALGORITHM FOR SF ASSIGNMENT

In our two previous approaches, we considered that some
level of cooperation, guaranteed via secure aggregation, re-
mains between the different network operators. In the fol-
lowing learning-based approach, we assume that no such
cooperation is necessary. In order to optimize the spreading
factor assignment for LoRaWAN, each network operator must
then be able to estimate the total packet delivery ratio (success
rate). If a network operator has the success rate per spreading
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Algorithm 3 Game Theory Based Algorithm for SF Selection
1: Requires: Maximum tolerance ε ← 10−5

2: Input: Initial SF assignment limits
3: Initialize: tb = 0
4: Do
5: tb←tb+1
6: For i=1,. . . ,N
7: Solve the problem in (13) for i
8: Update pis
9: Update λis = λ ·pis ·N i

c and send it for aggregation
10: Compute δi = ||pis(tb)− pis(tb − 1)||
11: End For
12: While ∃ i such that δi ≥ ε

factor (exp(−2Gs)), and given that it knows its own traffic,
it can calculate the impact of the other networks λes. We use
recurrent neural networks (RNN), specifically long short term
memory (LSTM) networks to predict the success rate per SF
in the network. In our work, we treat the latter as a time series
to be predicted.

A. Recurrent neural networks for time series prediction

Recurrent Neural Networks have been adopted in a wide
range of machine learning tasks, particularly, when they re-
quire handling time-related data in either input or output, such
as image captioning, music generation, speech recognition,
handwriting recognition, machine translation and times-series
prediction. RNNs are suitable for capturing the relationship
between sequential data points owing to their recurrent struc-
tures. In detail, recurrent hidden states depend on both the
current input and the network states at the previous time steps,
instead of only the current input as in a conventional feed-
forward neural network.

Nonetheless, RNNs suffer from many problems which pro-
hibit them, in their traditional form, from effectively dealing
with time series, among which are the vanishing and exploding
gradient issues. As such, alternative units have been proposed
such as LSTMs. LSTMs [24] introduce multiple gates to deal
with memory problems such as the vanishing gradient. An
LSTM unit is illustrated in Fig. 4.

Let ct−1 be the previous cell state and ct the new cell state.
Denote by ft the output of the forget state and it the output
of the input gate. ĉt is called the candidate and ht is the
hidden state. Finally, bf , bc, bi, and bo are the bias parameters
associated with aforementioned outputs.
The unit works as follows:

1) First, the previous hidden state ht−1 and the current input
xt get concatenated. This is called the combine.

2) This combine is fed into the forget layer which removes
non-relevant data. The output after the first Sigmoid
function is expressed as:

ft = σ (xtWxf + ht−1Whf + bf ) . (18)

� � tanh �

tanh

��

ℎ�−1

��−1

�� �� � ̂ �

��

ℎ�

��

��

Fig. 4. An LSTM unit

3) Using the combine, a candidate layer is created. The
candidate ĉt holds values to possibly add to the cell state.

ĉt = tanh (xtWxc + ht−1Whc + bc) . (19)

4) The combine is additionally fed into the input layer which
decides what data from the candidate should be added to
the new cell state. The result after the second Sigmoid
function it is expressed as:

it = σ (xtWxi + ht−1Whi + bi) . (20)

5) After computing the forget layer, candidate layer, and the
input layer, the cell state ct is calculated as:

ct = ft ∗ ct−1 + it ∗ ĉt. (21)

6) Finally, the output ot is computed:

ot = σ (xtWxo + ht−1Whi + bo) . (22)

7) The multiplication of the output and the new cell state
yields the new hidden state ht:

ht = ot ∗ tanh (ct) . (23)

B. Predicting the Success Rate

We aim to predict the success rate for packet arrivals i.e.,
the percentage of packets which were correctly received at the
gateways. Using packet frame numbering we assume that the
network can record the success ratio for a certain number of
time frames. We train an LSTM network to predict the success
rate for successive time frames. The neural network parameters
are shown in Table III.

TABLE III
LSTM PARAMETERS FOR SUCCESS RATE PREDICTION

Parameter Value

Number of hidden units 140
Percentage of training data 90%
Gradient threshold 1
Maximum number of training epochs 1000
Initial learning rate 0.015
Learning rate drop period (in epochs) 160
Learning rate drop factor 0.25

We track the learning progress for the LSTM network and
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plot the loss and the root mean squared error (RMSE) as a
function of the number of epochs. The results can be seen
in Fig. 6. We further use the trained model to predict the
next 500 time frames and measure the difference between the
simulated values and the predicted ones. The results can be
seen in the box plot of Fig. 5. The median error in prediction
sits at about 1.5% with the error being less than 3% more than
75% of the time. Such small errors might not always have an
impact on the performance of the algorithm, with respect to
the gradient ascent proposal, but resulting discrepancies can
be seen in the difference in the total normalized throughput in
the simulations.
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Fig. 5. Error in success rate prediction

C. Algorithm for SF Assignment

Using LSTMs we propose an algorithm to assign the SFs in
the different networks following the optimal problem in (3).
This keeps cooperation between the different network oper-
ators to a minimum. All what needs to exist is established
turns between the different network operators. While this is
not necessary for the algorithm to converge, it does insure
that a few number of iterations (≤ 5) would be sufficient for
convergence.

VIII. SIMULATIONS AND RESULTS

We seek via simulations to compare our proposals and test
their effectiveness in different scenarios. Unless changed by
the simulated scenario, the simulation parameters are as stated
in Table IV.

A. Impact of Packet Size

We first aim to study the impact ot the LoRa packet size on
the performance of our algorithms. To this end, we simulate
our three proposals alongside the legacy LoRaWAN ADR SF
assignment algorithm for the packet lengths l of: 10, 20, 30,
40, and 50 bytes. Figure 7 has a plot showing the resulting
total normalized network throughput as a function of the latter.

For all the different packet lengths, our algorithms vastly

Algorithm 4 Learning Based Algorithm for SF Selection
1: Requires: Maximum tolerance ε ← 10−3

2: Input: Initial SF assignment limits
3: Initialize: tl = 0
4: Do
5: For i=1,. . . ,N
6: Solve the problem in (3) for i
7: Estimate own success rate
8: Send values to the LSTM for training
9: End For

10: While LSTM did not converge
11: Do
12: tl←tl+1
13: For i=1,. . . ,N
14: Predict the success rate using the LSTM
15: Calculate λes for network i
16: Solve the problem in (3) for i
17: Compute δi = ||pis(tl)− pis(tl − 1)||
18: End For
19: While ∃ i such that δi ≥ ε

TABLE IV
SIMULATION PARAMETERS

Parameter Value

Number of different network operators 4
Number of devices 750 per network (3000 total)
Number of gateways per network 4
Deployment layout Square with side S = 8 km
Path loss model Okumura-Hata Model
Spreading factors 7-12
Tx power 14 dBm
Carrier frequency 868 MHz
Gateway/Device height 30/1.5 m
Packet generation rate λ 5 packets/hour
Packet length 50 Bytes

outperform the legacy LoRaWAN SF selection. For a packet
length of 10 bytes, our proposals achieve a total normalized
throughput of about 0.65, compared to 0.2 for the legacy
LoRaWAN approach. This gap increases as the packet length
increases. At l=50 bytes, the gradient ascent algorithm pro-
duces a total normalized throughput close to 0.95, compared
to 0.33 for the legacy algorithm. Finally, our learning proposal
achieves near identical results to the gradient ascent algorithm,
and they both slightly outperform the game theoretic approach
for larger packet lengths. We further compare between the
different algorithms in terms of the total packet delivery
(success) ratio. Figure 8 has a plot with the results.

Similar to before, our algorithms outperform the legacy
LoRaWAN approach, with the exception of the game theory
proposal in the case of small packet length. As the packet
length increases, the total packet delivery ratio degrades for
all algorithms as the performance gap between our proposals
and legacy LoRaWAN approach increases. At l=50 bytes, the
packet delivery ratio for the gradient ascent algorithm is about
0.61 compared to 0.44 for the legacy LoRaWAN algorithm.
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Fig. 6. Training progress for success rate prediction
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Fig. 7. Impact of packet length on the total normalized throughput

Finally, the errors resulting from the learning process are more
visible here, with the gap between the learning algorithm and
the gradient ascent algorithm widening.

B. Individual Network Normalized Throughput

As noted in the previous section, the gradient ascent al-
gorithm outperforms the game theoretic approach in terms
of the total normalized throughput (

∑
S Gs exp(−2Gs)). In

this section we look at the results in terms of the individual
network normalized throughput values (

∑
S G

i
s exp(−2Gs)).

Figure 9 has a bar graph with the results.
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Fig. 8. Impact of packet length on the total packet delivery ratio

While the logarithmic function in the objective of the
gradient ascent algorithm forces fairness among the different
SFs, this does not mean the normalized throughput per network
would be the same. While it does come at the cost of the
total normalized throughput, the greediness of each network
operator in the game theoretic approach ensures that they all
end up with the same normalized throughput values when the
algorithm converges. Figure 9 shows that for the game theory
based algorithm, each of the networks achieves a normalized
throughput value close to 0.22. This is much more lucrative
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Fig. 9. Performance in terms of individual network normalized throughput

than what the legacy algorithm provides and much more
balanced than what the gradient ascent algorithm produces.

C. Impact of Variation in the Packet Generation Rate

In this section, we study the impact of varying the LoRa
devices’ packet generation rate on the performance of our
algorithms. To this end, we vary the generation rate between
1 and 5 packets per hour and plot the effect this has on the
total normalized throughput in Fig. 10
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Fig. 10. Impact of packet generation rate on total normalized throughput

Similar to before all our proposals outperform the legacy
approach. The latter produces a normalized throughput of
about 0.12 at a packet generation rate of 1 packet/hour, which
increases to 0.34 at a packet generation rate of 5 packets/hour.
In comparison, our gradient ascent and learning algorithms
produce normalized throughput values between 0.42 and 0.96
for the same generation rates. Again, the game theoretic ap-
proach lags our other proposals when it comes to a congested
network. This is the cost of added fairness.

Inversely, the total packet delivery ratio degrades as the
packet generation rate increases. This is because the possibility
of collisions increases as the devices transmit more. The results
are plotted in Fig. 11.
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Fig. 11. Impact of packet generation rate on total packet delivery ratio

We notice that for a small packet generation rate, the
legacy LoRaWAN algorithm performs well in terms of packet
delivery ratio. This significantly changes as the generation
rate increases. For λ = 5 packets/hour, the gradient ascent
algorithm has a delivery ratio of about 0.6, compared to 0.53
for the game theoretic approach and just 0.44 for the legacy
algorithm. Furthermore, for lower packet generation rates, the
error in prediction for the learning algorithm is more visible
on its performance with the gap between it and the gradient
ascent algorithm growing.

D. Impact of the Number of Devices

We aim to assess the performance of our algorithms as a
function of the number of devices present in each network.
We vary the number of devices per network from 100 (400
total) to 1250 (5000 total). Figure 12 has the resulting total
normalized throughput for each algorithm.

As the number of devices increases, the total normalized
throughput increases as well. At 100 devices per network, our
algorithms produce a total normalized throughput value close
to 0.32 compared to 0.08 for the legacy algorithm. At 1250
devices per network, the gradient ascent approach results in a
normalized throughput close to 1.08 compared to 0.42 for the
legacy algorithm.

An inverse effect can be seen with the total packet delivery
ratio as more devices means more collisions. Figure 13 has
a plot showing the impact of the number of devices on
the total packet delivery ratio. For a small number of 100
devices per network only, all the algorithms show a similar
packet delivery ratio close to 0.9. The differences between the
algorithms widen as the number of devices increases. At 1250
devices per network i.e., 5000 total in the simulation area, the
packet delivery ratio for our gradient ascent algorithm is 0.46,
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compared to approximately 0.28 for the legacy approach.
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Fig. 12. Impact of the number of devices on the total normalized throughput
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Fig. 13. Impact of the number of devices on the total packet delivery ratio

Finally, we study the fairness our proposal enforces between
the different SFs, and how it differs with the number of devices
present. We calculate Jain’s fairness index [25] following the
Raj-Jain equation as:

J (x1, x2, ....xS) =
(
∑S
s=1 xs)

2

S ·
∑S
s=1 x

2
s

(24)

Where xs represents the throughput per spreading factor, and
S is the total number of available spreading factors. For 2000
total devices in the networks, the ADR approach produces a
Jain index value of only 0.469, compared to 0.893 for the
game approach and 0.9312 for the gradient ascent algorithm.
In the case of 5000 total devices in the simulation, the legacy
approach produces a Jain index value of 0.735, with 0.958
for the game approach and 0.999 for the gradient ascent
algorithm. The increase in the fairness among different SFs

with the increase in the number of devices might seem counter-
intuitive. Nonetheless, it is a direct effect of previously less
populated SFs being crowded with additional devices. Even
with the resulting increase in collisions, the throughput would
still increase as illustrated in the simulation above.

E. Effect of the Area Size

We vary the simulation area size and study the effects it
has on the performance of our algorithms. We consider seven
cases with the square area side A = 1, 2, 4, 8, 12, 16, and
20 km. The impact on the total normalized throughput can be
seen in Fig. 14

Up until A = 20 km, our proposed algorithms are unaffected
by the change in the size of the area where the devices are
spread. The gradient ascent and learning algorithms produce
values near 0.95 and the game theoretic algorithm values close
to 0.86. On the other hand, the legacy LoRaWAN algorithm
suffers when the area size is small. This is because the
algorithm will have most of the devices transmitting on the
same SF of 7. The performance of the algorithm gradually
improves as A increases until it starts degrading with the rest
of the algorithms when A is greater than 16 km.
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Fig. 14. Impact of the area size on the total normalized throughput

A similar impact can be seen on the packet delivery ratio.
Figure 15 shows the packet delivery ratio for each of the
algorithms as a function of the area size. For the gradient
ascent and learning algorithms, the value stagnates at about
0.6 and for the game theory based algorithm at about 0.52
before it ticks up slightly at the end. For the legacy LoRaWAN
algorithm, a low packet delivery ratio of 0.35 is recorded
for small area sizes before it gradually increases to reach a
maximum of about 0.6 at A = 16 km. Finally, the impact of
an increase in the area size is seen primarily in the number of
covered devices Nc which decreases as A increases. This is
illustrated in Table V.
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Fig. 15. Impact of the number area size on the total packet delivery ratio

TABLE V
Nc AS A FUNCTION OF S

Area Size S [km] Total Number of Covered Devices Nc %

≤ 4 3000 100%
8 2997 99.9%
16 2806 93.5%
20 2590 86.3%

F. Impact of Traffic From a Non-Cooperative Operator

A classic LoRaWAN problem is the existence of an external
interfering source of traffic. While the multiple operators are
interfering upon each other in our scenario, they still maintain
a level of cooperation. In this simulation, we consider that an
additional external interference source from a non-cooperative
co-located network exists. The network has the same number
of devices as the others and uses ADR for SF selection. We
vary the packet generation rate per device for this external
source and plot the impact it has on the total normalized
throughput and the total packet delivery ratio.

Figure 16 has the results in terms of total normalized
throughput for the four cooperative networks. All the algo-
rithms show a degradation in terms of throughput as the
intensity of the added traffic source increases. The gradient
ascent proposal varies between 0.95 and 0.92 while the legacy
approach results varies between 0.326 and 0.313. Similar
results can be noted in terms of the total packet delivery ratio.
Figure 17 shows that the performance of all the algorithms
degrades as the intensity of the external source increases.
Nonetheless, in terms of both the packet delivery ratio and the
normalized throughput, the degradation in performance for the
operators remains minimal as our algorithms show resilience
to external interferers.

G. Energy Consumed per Delivered Byte

We aim to assess the energy expenditure per successful
delivery. For this simulation, we vary the packet generation
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Fig. 16. Impact of external traffic from non-cooperative source on the total
normalized throughput
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Fig. 17. Impact of external traffic from non-cooperative source on the total
packet delivery ratio

rate and compare between our gradient ascent proposal and
the legacy LoRaWAN approach. Following [26], the energy
cost of data delivery can be expressed as:

ECdelivery ≈
a · exp(2Gs)

lpay
, (25)

where a is the energy consumed per transmission attempt, Gs
is the normalized traffic load per spreading factor and lpay is
the payload size. The results are plotted in Fig. 18.

The results show that our gradient ascent proposal always
leads to a lower expenditure per delivered byte. For λ = 1
packet/hour, our algorithm saves about 1% in expenditure
per byte delivered. For λ = 5 packets/hour, our algorithm
consumes 30% less energy per byte delivered.
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Fig. 18. Energy consumed per delivered byte as a function of the packet
generation rate

H. Impact of the Number of Gateways and Comparison to the
State-of-the-Art

In this section, we aim to compare our proposals to the
state-of-the-art, as well as study the impact of the number
of gateways in the simulation on the performance of the
algorithms. To this end, we consider three gateway deployment
scenarios as illustrated in Fig. 19. The rest of the parameters
remain as in Table IV. In addition, we simulate two algorithms
from the state-of-the-art. The first, ExpLoRa-SF, seeks to
balance between the utilization of SFs with constraints relating
only to the radio conditions of devices. The second, RS-LoRa,
assigns probabilities for each device selecting an SF depending
on the rate capabilities on each one.

Fig. 19. Our different gateway scenarios

We study the impact of the number of gateways on the
coverage. Table VI shows the total number of covered devices
for each scenario.

TABLE VI
Nc AS A FUNCTION OF THE NUMBER OF GATEWAYS

Gateways per Network Number of Covered Devices Nc %

1 2597 86.57%
2 2902 96.7%
4 2999 99.9%

We start with evaluating the total normalized throughput.
Figure 20 shows the results for our gradient ascent algorithm
alongside the two proposals from the state-of-the-art and the
legacy LoRaWAN algorithm as well.
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Fig. 20. Total normalized throughput as a function of the number of gateways

Our gradient ascent algorithm outperforms both proposals
in terms of throughput regardless of the number of access
points. For the gradient ascent algorithm and RS-LoRa, the
throughput increases with the number of access points. For
ExpLoRa-SF it stagnates, and for legacy LoRaWAN approach
it actually degrades.
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Fig. 21. Total packet delivery ratio as a function of the number of gateways

We additionally look at the results in terms of the total
packet delivery ratio, with the results seen in Fig. 21. In
case of one or two gateway scenarios, the legacy LoRaWAN
approach performs well in terms of packet delivery ratio, with
our proposal producing the better values in the vicinity of
0.62. In the case where four gateways are present, the RS-
LoRa algorithm slightly outperforms our proposal in terms
of the total packet delivery ratio. Nonetheless, implementing
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RS-LoRa in this multi-operator scenario requires devices with
computational power not available for all classes of LoRa
devices.

I. Comments and Analysis

In this paper, we proposed three different approaches for SF
assignment under different levels of inter-operator cooperation.
We classified this cooperation as illustrated in Table VII and
compared it to legacy LoRaWAN SF selection process wherein
no such cooperation exists.

TABLE VII
INTER-OPERATOR COOPERATION LEVELS FOR OUR PROPOSALS

Proposal Inter-Operator Cooperation Level

Gradient Ascent Partial
Game Theory Partial

Learning Algorithm Minimal/Absent

We further highlight the main points that can be drawn from
our different simulation scenarios:
(a) Our gradient ascent based proposal generally produces

the best results in terms of total normalized throughput
and total packet delivery ratio as well.

(b) Our game proposal achieves total equity between the
operators in terms of individual normalized throughput,
but at a cost in the total normalized throughput.

(c) For less congested scenarios, resulting from small packet
sizes, low packet generation rates, or a small amount of
devices, the game theoretic proposal becomes the most
suitable.

(d) The simulations in general show the weaknesses of the
legacy ADR approach. Whenever a majority of the de-
vices are in good radio conditions, usually a requisite for
reliable wireless communications, the algorithm would
stack the lower SFs causing more collisions.

(e) Thus, the scalability of LoRaWAN depends on smarter
SF assignment algorithms. This however cannot be the
cause of any added signaling in the network, especially
not on the downlink as duty cycle limitations would erase
any gains as attested for in [4].

(f) Gateway densification is necessary to improve device
coverage even in moderate area sizes. Nonetheless, this
does add to the drawbacks of the legacy LoRaWAN
SF selection algorithm with lower SFs expected to be
crowded as a result.

IX. CONCLUSION

In this paper, we proposed multiple spreading factor
assignment algorithms for LoRaWAN in the case of
multi-operator co-location. We started with introducing
an optimal formulation for spreading factor assignment
and proceeded to propose an iterative gradient ascent
algorithm which can solve the problem for different oper-
ators with a small amount of cooperation guaranteed via
secure aggregation. Under the same operator cooperation

assumption, we proposed a game theory based SF as-
signment algorithm, wherein the utility that each network
seeks to maximize is the logarithmic sum of its own
normalized throughput per spreading factor. Finally, we
introduced an LSTM network to enable different network
operators to predict the success rate per spreading factor.
Using the latter, we proposed a spreading factor assign-
ment algorithm for the different networks that works
without cooperation and with minimum synchronization.
We simulate our algorithms under multiple scenarios
including: different packet sizes, packet generation rates,
device numbers, area sizes, and gateways deployed. We
show that with respect to legacy LoRaWAN, our propos-
als significantly improve the total normalized throughput
as well as the total packet delivery ratio. And finally, we
show that our gradient ascent algorithm provides better
normalized throughput results with respect to proposals
in the state-of-the-art.
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