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ABSTRACT Low power wide area network (LPWAN) technologies have become an integral part of
Internet-of-Things (IoT) applications due to their ability to meet key requirements such as long range, low
cost, massive device numbers, and low energy consumption. Among all available LPWAN technologies,
LoRaWAN has garnered significant interest from both industry and academia. Due to wide communication
range of LoORaWAN, the coverage of gateway (GW) may overlap and the packet transmissions from nodes
in the overlapping area would collide, which deteriorates the network performance. How to tune the backoff
parameter settings to reduce collision and maximize the network throughput in multi-GW LoRaWAN is
still an open issue. To solve this issue, in this paper, we first propose a low-complexity model for multi-
GW LoRaWAN, which divides nodes into different groups based on GWs they can communicate with.
Key performance metrics, i.e., the network throughput, access delay and the probability of successful
transmission, are derived as functions of backoff parameter and input rate. As the throughput performance
crucially depends on whether each group is saturated or not, we propose an iterative algorithm to analyze the
stability of the multi-GW LoRaWAN, based on which we further develop an iterative algorithm to tune the
backoff parameter of each group iteratively for the network throughput optimization. The simulation results
validate the effectiveness of the proposed algorithms and reveal the trade-off between fairness and efficiency.

INDEX TERMS LoRaWAN, multi-gateway network, throughput optimization, modeling, queuing theory,
random access.

I. INTRODUCTION

Internet-of-Things (IoT) applications, such as smart agricul-
ture and e-heath, have become increasingly pervasive, popu-
lar and crucial in human daily life. To ensure reliable links for
IoT devices that may spread out in a large geographical area,
wireless networks are required to provide robust operations
and wide coverage with high energy efficiency and low cost.
Regarding this, a new branch of IoT networking technology,
called low power wide area networking (LPWAN), emerged
and has attracted significant attention in recent years. Various
LPWAN technologies were proposed, such as LTE-M, NB-
IoT and LoRa. Among those promising solutions, LoRa has
been the very popular one due to its open-source attribute
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FIGURE 1: Network architecture of LoRaWAN.

LoRa is a physical layer technology that defines a chirp

and scalability in network deployment that does not require
telecom operators and licensed spectrum.
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spread spectrum (CSS) like modulation to enable long-range
communication in the sub-Gigahertz unlicensed spectrum [1].
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On the top of LoRa, LoRaWAN is the media access control
(MAC) layer protocol that defines how IoT devices interact
with each other [2]. As shown in Fig. 1, the topology of
LoRaWAN is a star architecture, including nodes, gateways
(GWs), network server (NS) and application server. In uplink
communication, the nodes transmit packets to GWs, while
GWs forward the packets to the NS. In general, there are
multiple GWs in one LoRaWAN and the coverage area of
GWs may overlap. The nodes located in the overlapping area
can communicate with multiple GWs. It is different from tra-
ditional multi-cell networks [3], such as 5G, where individual
packet decoding is used, i.e., each node is associated with a
specific base station. In LoRaWAN, nodes are not associated
with any specific gateway, such that each packet may be
received by several GWs. The NS operates de-duplication to
save the most reliable packet and discard the other copies [1].
In short, a packet can be successfully decoded if it is received
by at least one GW. This characteristic is referred to as joint
packet decoding in existing studies [4]—[8].

It should be pointed out that even with the joint packet
decoding, the throughput performance of LoRaWAN couldn’t
be guaranteed. The reason stems from the random access
scheme used in LoRaWAN. Specifically, with Aloha-type
random access mechanism in LoRaWAN [9], each node in-
dependently determines when to access the channel and per-
forms backoff once the transmission is failed. Aloha protocol
is well known for its simplicity and ease of implementation,
while it suffers from poor performance as torrents of channel
access requests may burst in short period of time, leading
to frequent packet collisions even multiple base stations col-
laboratively receive them. As the number of IoT devices
and applications that LoRaWAN supports continues to grow,
formulating a proper scheme to handle this challenge would
be imperative to the success of the deployment of LoORaWAN
in large-scale wide-area IoT scenario with massive machine-
type communications (mMTC).

A. RELATED WORKS

There has been a long line of research on LoRaWAN, which
starts with the single-GW case. Empirical results were p-
resented in [10] to show the effect of system parameters,
including spreading factor (SF), coding rate, payload size and
packet generation interval, on the performance of LoRaWAN.
In [11], decentralized dynamic SF allocation strategies based
on deep reinforcement learning are proposed to improve net-
work throughput and reduce energy consumption. With the
stochastic geometry, [12], [13] revealed that the LoORaWAN
performance decays exponentially with the number of nodes,
indicating that interference among nodes, rather than noise,
limits the network’s performance in densely deployed net-
works. [14] showed that the packet error rate increases with
the network load in LoRaWAN and obtained the maximum
network load that ensures reliable communication. [15] an-
alyzed the performance of LoRaWAN and revealed that to
achieve a certain quantity of service (QoS) requirement in
a single-GW LoRaWAN, the number of devices should be
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limited.

For the multi-GW scenario, new SF allocation strategies
to improve the performance of multi-GW LoRaWAN are
proposed in [16], [17]. [16] proposed a spreading factor with
priority (SF-P) algorithm obtaining the optimal node distri-
bution to improve the network throughput in multi-GW Lo-
RaWAN including several IoT applications while respecting
the priority requirements of different IoT applications. A SF
allocation algorithm was proposed in [17] to enhance the
packet delivery ratio (PDR) in both single-GW and multi-GW
LoRaWAN as new devices progressively join the network.
The allocation strategy is based on link PDR, network PDR,
and network distribution of SF per gateway. [18], [19] studied
the performance of multi-GW LoRaWAN under different
conditions via simulators. [18] presents a comparative per-
formance analysis of multi-GW LoRaWAN in EU868 MHz
spectrum and 2.4 GHz spectrum via simulator. [19] compares
the performance of adaptive strategies, namely the adaptive
data rate (ADR) and the adaptive data payload (ADP) ap-
proaches, in dense scenarios featuring a variable number of
gateways when network traffic is bidirectional. [20] stud-
ied an algorithm to estimate the number of gateways to be
activated according to the downlink traffic demand in the
network, which is applicable to scenarios that the positions
of nodes are unknown. [1], [21] studied how to improve the
performance of multi-GW from the perspective of diversity.
In [1], a novel cooperative decoding scheme was introduced
based on GW diversity, which leverages multiple copies of
the same packet received by different gateways to improve
decoding reliability. [21] proposed the use of spatial diver-
sity in multi-GW LoRaWAN network, which can mitigate
the path attenuation and make weak signals that may not
be detectable can be successfully decoded. [22] proposed a
capture-based model for tuning inter-packet error correction
codes (ECC) to achieve reliable communication. [23], [24]
used stochastic geometry tools to analyze the performance of
multi-GW LoRaWAN by assuming the location distribution
of nodes follows Poisson point process.

Most of above works for improving the performance of
LoRaWAN focus on resource allocation, such as SF [11],
[17]. While, scanty attention has been paid to the Aloha-
type random access scheme in LoRaWAN. It has long been
observed in existing literature on multi-cell Aloha network
with individual packet decoding that the backoff parameter-
s, such as the channel access probability, have significant
influence on the throughput performance [25], [26]. It can
be expected that in the multi-GW LoRaWAN with join-
t packet decoding, the backoff parameters should also be
properly tuned for performance optimization. However, the
optimal tuning of backoff parameters in LoORaWAN remains
unknown. The challenge, nevertheless, originates from two-
fold: 1) Modeling methodology: Existing models on multi-
GW LoRaWAN:Ss ignored the backoff behavior of each nodes
and considered specific network topologies, such as Poisson
point process [12], [13], [23], [24]. For general distribution
of nodes, no suitable mathematical models for multi-GW
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LoRaWAN with joint packet decoding can capture the char-
acteristics of device-level behavior. 2) Stability analysis: Ex-
isting research has revealed that the single-cell Aloha network
has two steady-state points (i.e., the probability of successful
transmissions of packets) and suffers the risk of dropping to
the lower one, on which the network performance becomes
poor [27]. The risk tightly relates to the system parameter set-
tings, such as the traffic arrival rate and packet transmission
probability. Characterizing the stable region in the single-cell
Aloha networks is an non-trivial issue, which, as expected,
will be more challenging in the multi-cell scenario.

B. OUR CONTRIBUTIONS

To address above open issues, this paper formulates a nov-
el multi-group model for multi-GW LoRaWAN with joint
packet decoding, investigates the bistable behavior of nodes
and finally proposes an iterative algorithm on backoff pa-
rameter tuning for maximizing the throughput of multi-GW
LoRaWAN. Our contributions are summarized as follow:

« By extending the analysis in [28], we develop a multi-
group model for multi-GW LoRaWAN with joint packet
decoding, in which each group corresponds to a set
of nodes that can communicate with the same set of
GWs. In contrast to the models in [12], [13], [23], [24],
the multi-group model does not limit to any specific
geographic distribution of nodes. The behavior of head-
of-line (HOL) packet of each node in each group is
characterized and the steady-state probability of suc-
cessful transmission is derived with the consideration of
inter/intra group interference.

o By revisiting the stability analysis in the single-GW
LoRaWAN, an iterative algorithm, which calculates the
stable region and updates the saturation situation in each
iteration, is proposed for multi-GW LoRaWAN given
the backoff parameter settings of all nodes. It is shown
that in a saturated group, the backoff parameter is the
predominant factor that determines group throughput,
whereas in an unsaturated group, the packet arrival rate
plays the key role.

« Both the throughput and delay performance are eval-
uvated and an iterative algorithm is further proposed
to optimize the network throughput, which tunes the
backoff parameter setting of each group iteratively to
maximize the number of unsaturated groups and use a
convex optimization method to find the optimal backoff
parameter settings of nodes in saturated groups. The pro-
posed algorithm has low computational complexity and
converges quickly, which indicates that the algorithm
can be useful in practical multi-GW LoRaWANSs.

« To facilitate the implementation of the proposed perfor-
mance optimization scheme, we illustrate the signaling
exchange procedure for the practical LoORaWAN based
on specifications.

The outline of this paper is summarized as follow. Section
IT presents the system model. Section III analyzes the stabil-
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FIGURE 2: Graphic illustration of the nodes in different
groups in a three GWs network.

ity issue in multi-GW LoRaWAN and proposes an iterative
algorithm to estimate the saturation situation of each group.
Section IV develops the algorithm to optimize the throughput
performance. Simulation results are presented in Section V to
verify the analysis. The conclusion is given in Section VI.

Il. SYSTEM MODEL AND PRELIMINARY ANALYSIS
A. SYSTEM MODEL
Consider a LoRaWAN with M GWs and n nodes. Let M =
{1,2,..,M} denote the set of GWs. Nodes located within the
coverage area of GW i can communicate with GW i, i € M.
As shown in Fig. 2, due to the wide-area coverage of LoRa
GWs, a node might be covered by multiple GWs. Depending
on different GWs each node can communicate with, we divide
the nodes into different groups. Let G 4 denote the group of
nodes which can be heard by all the GWs in set A, with
|Ga| = n*. Take red triangles in Fig. 2 for instance, they
form the Group (]{172}, which contains the nodes that can be
heard by GW 1 and GW 2. As such, we have groups, g{l},
G(2}> G(2,3) and Gz

Assume that packet arrivals at each node according to a
Poisson process with rate \ (packets/second), and the buffer
size of each node is infinite. According to LoRaWAN spec-
ification [9], LoRaWAN provides 8 channels and 6 SFs for
nodes and the packets with different SF are quasi-orthogonal
to each other [10]. The LoRa symbol time length is T = %
(second) [1], where BW denotes the bandwidth of the chan-
nel, SF denotes the spreading factor of the node. In this paper,
the classical collision model is considered, that is, a packet
transmitted in time ¢ can be successfully received by a GW in
time ¢t + 7 if and only if no other packets with the same SF
are transmitted to the GW through the same channel during
interval (t — T,z + T). We assume all nodes use the same SF
and share a common channel, because nodes with different
SF and channels would not collide with each other. Each
node in G 4, which involves in a collision, performs backoff
with the length of backoff interval following the exponential
distribution with parameter g*'. To simplify the analysis, we
consider delay first transmission, that is, a new HOL packet
executes backoff before its first transmission.

In LoRaWAN, GWs forward the successfully received

! According to LoRa specification [9], the time length of each backoff is
an non-linear increasing function of the number of collisions that the node
experiences. We adopt the exponential backoff to approximate the backoff
process to ease the analysis, similar to [29], and the analysis can be readily
extended to the scenario where other backoff schemes are used.
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FIGURE 3: (a) Steady-state probability of successful transmission pt!} versus backoff parameter ¢t'}. (b) Network throughput
A Versus g1, M =1, A\ = 6.74 x 103 (packets/second), T = 0.45 (second), n{!} = 60.

packets to the NS. The GW is transparent to the nodes, which
are connected to the NS [8]. The NS operates deduplication
to save the most reliable packet and discard the other copies.
Therefore, we can regard the joint packet decoding is used in
LoRaWANE, i.e., a packet can be successfully decoded if it
is successfully received by at least one GW. The ACK/NACK
transmission from the GW is instantaneous and error-free. For
each GW, it can be regarded a pure Aloha system with each
packet lasting for 7' seconds, for which let us first revisit the
stability analysis of single-cell pure Aloha system in the next
subsection.

B. STABILITY ANALYSIS IN SINGLE GW SCENARIO
Consider a single-GW LoRaWAN network with n{'} nodes
belonging to Group Gy1}. We denote the steady state prob-
ability of successful transmission of Group Gyqy as pih,
According to [30], p{1}gt!} and X are the service rate and
the input rate of each data queue, respectively. The offered
load pi1} of each data queue can be written as

{1} Saory < 1 Group Gy1y is unsaturated,
1t =] rla .
1 Group Gy1y is saturated.

In the saturated case, each node always has packets to trans-
mit and pt!} = 1. For a HOL packet, it can be successfully
received if and only if other n{*} — 1 nodes don’t request
transmission within interval (t — T, ¢ + T'), with probability
(Pr{X > 2T})""' =1, where

+oo
Pr{X > 2T} = / g exp{—qtx}dx
21

= exp{—?q{l}T},

2

and X denotes the backoff interval length of an arbitrary node.
Accordingly, the probability of successful transmission in
saturated situation, pil}, can be obtained as

pf{ll} = (Pr{X > 2T})”{1}_1m exp{—2ntttgtiT},  (3)
by approximating n1'} — 1 ~ ntl},

4
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In the unsaturated case, the data queues of nodes may be
empty with probability p{!} < 1. The probability that an node
has packets to transmit during (1 — T, 1 +T) is 2T p{}, based
on which a node does not request transmission within (z —
T,t+T)is given by Pr{X > 2T p{1}}. By further combining
(2), we can obtain

p =(Pr{x > 21pth )y

(€]
~ exp{_Qn{l}q{l}Tp{l}},
which has two non-zero roots
Pt} = exp{Wo(—2n{11AT)} )
Pt = exp{W_i(~2n10AT)}

when n{HAT < le=. Wo(-) and W_;(-) denote the two
branches of the Lambert W function [31].

Define the group throughput as the number of successful
transmission per 7 seconds and denote the group through-
put of group G4 as 5\;‘},,. In single GW scenario, the group
throughput can be expressed as [30]

50} AT
. n{l}q{l}Tpil} otherwise.

Group Gy is unsaturated,

In terms of backoff parameter ¢!}, the stable region of Group
Gr1y can be defined as

s{it 2 {q{1}|;\£‘b} = n{l})\T} ) 7

The following theorem presents the explicit expression of
st}

Theorem 1. The stable region in the single GW scenario can
be expressed as

sl — _ Wo(=2a'UAT)  W_i(=2nMAT) 8)
on{l}rT ) oan{l}T Y

when ntII\T < i
Proof: See Appendix A. [ |
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The above analysis is verified via simulations. We de-
veloped a MATLAB-based simulator. Each simulation runs
108 slots and each time slot represents 0.01 seconds. The
probability of successful transmission probability of each
group is obtained by calculating the ratio of the number of
successful packets to the number of transmission packets. The
throughput of each group is obtained by calculating the ratio
of the number of successful packets to the number of symbol
time @. We can clearly see from Fig.3 (a) and (b) that
the group is unsaturated when ¢{*t € S{1}, the probability
of successful transmission pi!t = pil} is independent of
the backoff parameter ¢!} according to (5) and the group
throughput 5\;},} is maximized at n{"}\T. Otherwise, the
probability of successful transmission pi!} = pil} declines
with ¢} and the throughput performance degrades.

Ill. STABILITY ANALYSIS IN MULTI-GW LORAWAN
NETWORKS

We can see that in the single-GW case, the throughput perfor-
mance crucially depends on whether the group is saturated or
not. It can be expected that in the multi-GW scenario, i.e.,
M > 1, determining whether each group is saturated or not is
also an issue of crucial importance, which is the focus of this
section.

A. STEADY-STATE POINT OF EACH GROUP
Assume the saturation condition of each group is known, for
which we let saturation indicator to represent

9

AA A 0 Group G 4 is unsaturated,
1 Group G 4 is saturated,

for A C M. Denote the probability of successful transmis-
sion of group G 4 as p* and we will derive p given A4,

Consider a HOL packet from Group G 4 transmitted in time
t. With joint packet decoding among GWs, the packet can be
successfully decoded if and only if two conditions hold: 1)
other nodes in Group G 4 don’t transmit during (+ —T,t+T),
2) at least one of the GWs in set A doesn’t receive other
packets during (t—T, 7+T). Then, we can express the steady-
state probability that the HOL packet can be successfully
transmitted as

A~ Pr{Node in Group G4 with no request}”A (1 — H
jEA
. . D

(1- H Pr{Node in Group Gp with no request}" ))
D=Du{j}
DCM\{j}

DAA

(10)

According to the analysis in Section II, the probability

that nodes in an unsaturated group G 4 don’t transmit packet

during (+ = T,t+T) is exp 5 2”;‘%}. The probability that

nodes in a saturated group G 4 don’t transmit packet during

(t—T,t+T)isexp { —2n¢*T }. Accordingly, when Group
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Algorithm 1 Iterative algorithm for obtaining {A“4, A C
M}

1: Initialize {Ag', A C M} according to (14) and (15).
2: repeat

3: Based on {A{t;, A C M}, obtain {pit, A C M}
from (11) and (13).

4 for A C M do

5: if Af*; =0 and S{ exists then

6: Obtain S{* from (16).

7 Update A,f‘ according to (17).

8 end if

9 end for

10: until {A}, A C M} ={AL ,AC M}
1: {AA A C M} {Af, A C M}

12: {S4,AC M} + {S{, A C M},

13: Output {A4, A C M} and {S#, A C M}

G 4 is unsaturated, (10) can be rewritten as

2mANT
(5 T

jeA

R; denotes the interference from other groups located in the
coverage of GW j, with

2P AT
R =1 —exp{ Y 22D 2anDT}
p-pugy L D=BUYj)
Do\ {j} DM\ {j}
D£A DAA
AP =0 AP =1

12)

When Group G 4 is saturated, (10) can be rewritten as

pA zexp{—ZnAqAT} (1 — HRj>. (13)
JjEA

We can see from (11) and (13) that the transmission of a HOL
packet from Group G 4 is interfered by other nodes in Group
G 4 and the nodes in neighboring groups located within the
coverage of GWs in set A. To derive the steady-state points
according to (11) and (13), the saturation indicator of each
group AP, D C M, should be given. How to determine the
saturation situation of each group will be the key focus of the
following subsection.

B. STABILITY ANALYSIS IN THE MULTI-GW SCENARIO

It has long been known that determining the saturation con-
dition of nodes in random access networks is a challenging
problem. Due to the coupling effect among the groups, the
expressions of stable regions in the multi-GW scenario are
extremely difficult, if not impossible, to be explicitly charac-
terized. Accordingly, we propose an iterative algorithm (i.e.,
Algorithm 1) based on the stable region of each group in
Theorem 1 to obtain the saturation indicators in the multi-GW
scenario.

5
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Algorithm 2 Algorithm for obtaining {g**, A ¢ M}
for AC M.k =0.

Initialization: g;' <

1: A ,

2: Execute Algorithm 1 tg othaln {84, A c M}
3: repeat

4: k+k—+1.

5: for A C M do

6: if S4 # & then

7 at*  ai'.

8: else if S* = & then

9: Obtain the root of (21), g,o0:-
10: QI;A = maX{O7 Qroot}'
11: end if
12: end for
13: until {g*, A c M} = {q{ ,, A C M}
14: {gh*, AC M}« {g¢i*, ACc M}

. Output {g™*, A C M}.

—_
W

Specifically, in the initial step of the algorithm, we ignore
the interference from other groups and treat each group as a
single-GW LoRaWAN to calculate the stable region of each
group if it exists, which can be denoted as

s = [_Wo(—QnA)\T) W_(—2n4\T)

e 14
2nAT 2nAT 19
for A C M. Sg exists if and only if 2n*\T < exp{—1}.
Then the saturation indicator in the initial step can be ex-
pressed as
0 q¢*test,
AR = =0 (15)
1 else,

for A C M. In each iteration, we calculate the steady-state
probability of successful transmission of each group based
on the saturation indicators calculated in the last iteration to
obtain new saturation indicators. For example, in k™ iteration,
we calculate {p{*, A C M} from (11) and (13), by assuming
the saturation indicators are given by {A{ |, A € M}. If
A, = 0and S{* exists, we calculate S¢* from

20 AT __2nAT
WO( 1-11 R;:k) W_l( 1-11 Rj,k)
JEA JEA

St = |- —
k 2nAT ’ 2nAT ’

(16)
where R; ; is the interference from groups located within the
coverage area of GW j calculated at k™ iteration, which can
be obtained from (12). Appendix B gives the proof of (16).
S¢t can be regarded as the stable region calculated with the
consideration of interference from other groups and it exists

if and only if Q”HAIZ < exp{—1}. Based on (16) we update
JEA
the saturation indicator according to
0 q¢test,
AP = = (17)
1 else.
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FIGURE 4: Number of iterations k of Algorithm 2 versus M
with different input rate \. 7 = 0.5(second), ntt = 50,
nlid =25 i je M,i#j.

Then repeat the loop, until the saturation indicators are
converged, i.e, A = A, for A C M. The details of
the proposed iterative algorithm are in Algorithm 1.

IV. THROUGHPUT OPTIMIZATION IN MULTI-GWS
LORAWAN

This section aims at optimizing the throughput performance
of the multi-GW LoRaWAN by tuning the backoff parameter
setting of each group. The group throughput of Group G 4 can
be written as

A nAT AA = 0,

Aour = nAgApAT  AA =

according to (6). The network throughput is defined as the
sum of the throughput of all groups and can be expressed as

out - Z )\gu[ (19)

ACM

(18)

7

Accordingly, the optimization problem can be formulated as

A max Ay
0<gr<t, (20)
ACM

)\max =

Due to the coupling effect among the groups, solving the
above problem is challenging. Recall from Algorithm 1 that
adjusting the backoff parameter of one group may change
the saturation conditions of many other groups, which further
changes the expressions of the group throughput according
to (18). Regarding this, based on Algorithm 1, we further
propose another iterative algorithm, Algorithm 2, to obtain
the optimal backoff parameter settings {qA’*,S c M}
for network throughput maximization. The basic idea of the
Algorithm 2 is illustrated below.

In the initialization step of Algorlthm 2, the backoff param-

eter of each group is set to be 5 AT , 1.e, the root of q”“’ =0
given Group G 4 is saturated. Then in step 6 to 7, we tune
g™ to be the lower bound of the stable region calculated at

TR,
k — 1" iteration, with g/* = — JeA , when §4
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FIGURE 5: M = 2, T = 0.5 (second), nt'} = {2} = 60, n{12} = 30, ¢112} = g2 = 1 x 1073, A = 4.75 x 103
(packets/second). (a) Successful transmission probability of each group versus g1}, (b) Throughput of each group versus gt'}.

exists, because the lower bound is the least value that can
ensure Group G 4 stay unsaturated while reduce the channel
contention to the greatest extent. In step 8 to 9, we tune the
transmission probability of the groups with § A = @ tobe the
root of % = 01in (21) if it is positive.

Do A A A A ¢ ¢
944 =n"p?T(1 —2n"Tq") + Z n?q®T
¢CM
PNAZ£S
Ar=1
$#A
exp{—2n?¢®T} (1— H <1+2nAT H
j€(enA) D=Du{j}
DCM\{j}
A*=0
2nPAT
exp{———>5—} H exp{—2anDT}) H Rj>.
p D=Du{j} jE(#NA)
DCM\{j} jeé
AA=1

1)

Repeat the loop until the backoff parameter of each group
converges.

To evaluate the convergence speed of Algorithm 2, let us
consider one representative multi-GW topology illustrated
in Fig. 2, where GWs are placed in a linear manner. Fig. 4
presents the number of iterations of Algorithm 2 in terms of
the number of GWs M. When A\ = 2x 1073, k is always equal
to 2, indicating that Algorithm 2 converges immediately when
the input rate is low.AFor this case, the stable region of each
group exists, i.e, % < exp{—1}. Therefore, Algorith-
m 2 effectively adjujstg the backoff parameter configurations
of each group to the lower bound of their stable region,
resulting in rapid convergence. This process is demonstrated
explicitly in steps 6 to 7 of Algorithm 2. With a larger
input rate, there may exist groups for which the stable region
don’t exist. To optimize these groups, a convex optimization
technique is employed, which is depicted in step 8 to 11
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of Algorithm 2 and incurs higher computational overhead.
Thus we can see from Fig. 4 that k gradually increases as M
increases and eventually reaches a state of equilibrium when
\is 6 x 1073 or 7 x 1073, Fig. 4 illustrates that the value of k
consistently stays below 10, revealing the swift convergence
speed of Algorithm 2 for arbitrary input rate and network
scale. This characteristic satisfies the demands of practical
applications.

V. SIMULATIONS AND IMPLEMENTATION ON MULTI-GW
LORAWAN THROUGHPUT OPTIMIZATION

This section investigates the effectiveness of the proposed
algorithms and further demonstrates how the algorithms can
be implemented to practical multi-GW LoRaWAN.

A. SIMULATION RESULTS
The simulation settings are consistent with that in Section II-
B, except that the number of GWs M > 1. In our simulations,
GWs are placed in a linear manner as illustrated in Fig. 2. Fig.
5 demonstrates how the successful transmission probability
and throughput of each group vary with the backoff parameter
of group Gy1y with M = 2 and ¢t = ¢{% =1 x 1073, 1t
shows that Algorithm 1 can correctly determine the saturation
situation of each group. Specifically, we observe that when
q{l} increases from 5 x 1073 to 1.5 x 1072, Group g{l} and
Q{Q} stay saturated, while Group 9{172} is always unsaturated.
When ¢!} increases from 1.5 x 1072 to 1.8 x 1072, all
groups becomes unsaturated and the successful transmission
probability stays unchanged, while the throughput of Group
Gy1y and Gy 2y is equal to the aggregate input rate, which is
the maximum value. When ¢!} further increases, Group Gy
and G2y become saturated again. As g} increases, Group
QF} produces more transmission requests and thus, p{l} and
pt12} decrease. Due to the coupling effect network-wide,
p{2} also decreases, although the decreasing rate is small.
Fig. 6a demonstrates the network throughput and group
throughput in terms of the input rate, where the backoff pa-
rameter settings of groups are tuned according to Algorithm

7
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FIGURE 6: M = 2, T = 0.5 (second), n{'} = n{2} = 50, n11:2} = 25. (a) Network throughput Aour and the throughput of each
group versus input rate A. (b) The optimal backoff parameter setting of each group versus input rate \.

2 and shown in Fig. 6b. When ) increases from 2 x 1073 to
5.5 x 1073, the network throughput and the throughput of
each group grow linearly because the input rate is small and
all groups are unsaturated. We can conclude that when input
rate is small, Algorithm 2 can ensure all groups are unsaturat-
ed and maximize the network throughput. When X is greater
than 8.5 x 1072, the throughput and the backoff parameter
of Group Gy 2 decrease sharply to O which indicates that
the nodes located in the overlapping coverage area should be
muted to maximize the network throughput when input rate
is large. In this case, we can conclude that with Algorithm 2,
although the network throughput performance is optimized,
the group throughput is sacrificed. The fairness issue arises
and could be an interesting topic that deserves much attention
in future work.

B. DISCUSSION ON ACCESS DELAY IN MULTI-GW
LORAWAN

In this subsection, we further analyze the delay performance
of multi-GW LoRaWAN. In this paper, we define access
delay as the service time of HOL packets. Denote the access
delay of Group G 4 as D*. As is mentioned in Section II-B,
the service rate of Group G 4 is p”g**. So we can obtain the
mean access delay of Group G 4 as

1
E[D!] = pRs (22)
Fig. 7 demonstrates the mean access delay of each group in
terms of input rate, where the backoff parameter settings are
tuned according to Algorithm 2. When \ increases from 2 x
1073 to 5.5 x 1073, the mean access delay is the same for all
groups, because all groups are unsaturated. However, when
A is greater than 8.5 x 1073, E[D{1?}] is infinite, indicating
that to optimize the network throughput, nodes located in the
overlapping area would experience infinite access delay when
the input rate is large.
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FIGURE 7: M = 2, T = 0.5 (second), ni!} = ni2} = 50,
n{1:2} = 25, The mean access delay versus input rate \.

C. IMPLEMENTATION ON LORAWAN
The analysis presented in this paper sheds important light
on the practical multi-GW LoRaWAN design as LoRaWAN
specification does not provide instructions on how to con-
figure the backoff parameter. To optimize the throughput
performance, the backoff parameter of each group need to be
adaptively tuned according to the number of nodes of each
group and the input rate A. The optimal backoff parameter
can be obtained from Algorithm 2 with fast convergence
speed. According to the LoRaWAN specification [9], there
are three types of devices in LoRaWAN, including Class A,
Class B, Class C. Class A operating mode has two downlink
receive windows following each uplink transmission window.
Class B mode opens additional receive windows at specific
time scheduled by gateways through beacons. Class C mode
always opens receive windows. As the difference between the
three types of devices lies only in the downlink receive win-
dow, this paper only discusses how to implement throughput
optimization in LoORaWAN with only Class B devices.

Fig. 8 illustrates how to implement Algorithm 2 in practical
LoRaWAN. Initially, the input rate of each node and the
number of nodes in each group are unknown to NS, which
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FIGURE 8: Implementation of Algorithm 2 in practical LoRaWAN.

are necessary for executing Algorithm 2. So GWs broadcast
beacons with which nodes can obtain their group information,
i.e, the information indicating which group the node belongs
to?. Then each node reports its group information and input
rate to NS via uplink packet. Given the number of nodes
in each group and the input rate of each node, NS operates
Algorithm 2 to obtain the optimal backoff parameter settings
and transmits them to nodes via downlink. When either the
number of nodes or the input rate of each node changes,
NS can recalculate the optimal settings, and broadcast them
again. We can see that only the signaling overhead of beacons
are introduced for implementing the optimal configuration.
The main overhead of implementation may come from Algo-
rithm 2. We can see from Fig.4 that the convergence speed
of Algorithm 2 is fast, so Algorithm 2 would not be com-
putationally expensive and time-consuming. Therefore, the
analytical results in this paper are promising to be used in
practical networks.

VI. CONCLUSION

This paper focus on modeling and throughput optimization
of multi-GW LoRaWAN with joint packet decoding. The
analysis starts with a multi-group model for characterizing
the geographic relationship among nodes and GWs. This
model is applicable to arbitrary location distributions of nodes
and enables the derivation of key performance metrics, such
as steady-state probability of successful transmission and
network/group throughput. Based on the queueing behavior
characterization of each node in each group, we propose an
iterative algorithm that can determine the saturation situation
of each group given the backoff parameters of nodes. As the
backoff parameter can be tuned, we further propose an itera-
tive algorithm for the network throughput performance opti-
mization. The proposed schemes are verified by a MATLAB-
based simulator and simulation results show that our algo-
rithm can achieve nearly optimal network throughput, i.e,
Y exp{—1}, under different traffic scenarios. The analysis
shows that there exist the coupling effect among the groups
in multi-GW LoRaWAN, that is, the transmission of nodes
may not only affect the other nodes in the same group, but

2 According to LoRa specification [9], each beacon consists of pream-
ble, network common part and gateway-specific part. By demodulating the
gateway-specific part of beacon, the node can detect the ID of the GW and
obtain its group information.
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also influence neighboring groups. With a large input rate,
the nodes located in the overlapping coverage area must be
muted to maximized the network throughput, indicating the
trade-off between fairness and efficiency. The fairness issue
could be an interesting topic that deserves much attention in
our future work.

APPENDIX A

DERIVATION OF THE STABLE REGION IN (8)
The stable region St} of Group Gy1ycan be divided into 2
parts, i.e, st = Si{l} U Sil}, where Si{l} denotes the stable
region when the group is unsaturated and S}l} denotes the
stable region when the group is saturated. According to [27],
[32], the group is unsaturated if two conditions hold: 1) the
offered load, p{l}, is no greater than 1, i.e, p{l} =

{1} {1} <
Pr 4
1, 2) the transient probability of successful transmission p;{l}
stays greater than pél}. The lower bound of stable region ql{l}

can be obtained from the first condition as

ar A _ Wo(—Qn{l})\T)
4Ty T T odur
PL

(23)

Consider a HOL packet transmitted in time r+ — 7 and
assume that there are n, nodes with non-empty data queue
during (r — 2T,t). The transient probability that the HOL
packet can be successfully received in time 7 can be ex-
pressed as p;{l} = exp{—2mq T} If g11} < ) pt{l} >
exp{—2n1 gl T} > exp{—2n11}\T}. According to (76)
in [27], 20 0DAT < —W_y (—=2n8AT) = —Inp{"). S0

1y
p s greater thanpél} ifgl <\ < —;I;ff)T.Ifq{l} > A,
pi > exp{—2n{1}q{1}T)}. Obviously, pi*! is no less than
{1

pél} if A < gt} < f;;ff}T. So g4 can be obtained as

1
ol waCatnn g,

oniliT — I T

Then consider the network is saturated. In this situation, the
throughput is determined by the aggregate service rate per
symbol time and is not smaller than the aggregate input rate
per symbol time, i.e, /A\ij, = n{l}q{l}pAl}T > plIAT.
Obviously, n{l}q{l}pf‘l} T is lower than n{*} \T when g1} >
qil} orgtt < ql{l}. So Sjl} doesn’texistand 1} = Si{l} =
g gh™).

9
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APPENDIX B

DERIVATION OF THE STABLE REGION IN (16)

Consider Group G4 with A7 | = 0. According to (11), we
can obtain the equation of pf‘, which denotes the probability
of success of Group G 4 in k™ epoch as

2nANT
P ZGXP{—A}(l - HRj,k)a (25)
p jeA

where R; ; denotes the interference from groups located with-
in the coverage area of GW j calculated at k™ iteration, with

2nP AT
Rix =1—exp{ Z -——— = Z —2nP4PT}.
D=DuU{j} P D=DuU{j}
DCM\{j} DCM\{j}
D#A D#A
Ak'il:O AF—lzl
(26)
Equation (25) has two non-zero roots
oA 2nANT
Lk — ™ 20A0T Y\’ 27
Wo(—=17x;) @0
JjEA
and
A 2nANT
Psx = — A )
W (-2 @9
Jj€

A . .
when oI Rx < % The group is unsaturated if two con-

JEA
ditions hold: 1) the offered load, pA, is no greater than 1, 2)
the transient probability of successful transmission p;* stay
greater than pﬁk. From condition 1, we can obtain the lower
bound of S{* as

A
wio( - 2528 )
AN 1k (29)
Y 2nAT '

Consider a HOL packet from Group G 4 transmitted in time
t — T and assume that there are n, nodes with non-empty
data queue in Group G4 during (# — 2T,¢). The transient
probability that the HOL packet can be successfully received
in time ¢ can be expressed as

pit = exp{—2myq”'T} (1 -11 Rﬁk)' (30)

JEA

If g < A\ pA > exp{—2nt¢ T} > exp{—2n"\T}.

According to (76) in [27], 20T < —W_,(—2n"\T) <
A

W_ (=222 ) So pA is greater than pg‘}k ifgh <\ <

1— 11 Rjx
JEA

_2nAJT€S)'Iqu > A pt > exp{—2n{1g(lT}).

Obviously, p/* is no less than pg' if A < ¢* <
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as
w_, [ — 2n AT )
a_ ( - IR 3D
Quk = 2nAT '
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