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Abstract Proper cell designing is required to achieve
a target system performance in Long Range Wide Area

Network (LoRaWAN). This paper addresses a suitable
selection of network designing parameters problem, such
as the dimension of different spreading factors’ annuli
(zones or SF boundaries) in a LoRaWAN cell. We pro-
pose a mathematical framework for designing the Lo-
RaWAN network. The main objective is to ensure that
distributed end devices in the network can have the

same success probability, irrespective of the spreading
factor usage and their locations, unlike Equal Area Based
(EAB) based network. We further enhance the perfor-
mance of the network based on the proposed dimen-
sions by adopting the k-tolerance algorithm. When the
network follows the proposed dimensions, simulation re-
sults show an improvement in overall success probabil-
ity over the traditional EAB scheme. In the later part of
the paper, we address urbanization issues that degrade
the system performance. In our approach to recoup the
degradation in the system performance, we implement
k−tolerance algorithm in the network.

Keywords LoRaWAN · Throughput · Scalability ·
Spreading Factor · Urbanization

1 Introduction

LoRaWAN is a widely used and well-accepted wireless
communication protocol among the Low Power Wide
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Area Network (LPWAN) protocols such as NB-IoT [7],
Sigfox [23], and many others. LoRaWAN is a suitable
solution for those applications that require communi-
cation over a long range with low data rate and low
power requirements like smart city, agriculture, smart
health center, and many more. The deployment of the
LoRaWAN network is happening all over the world [5].
For example, in UK, Southampton city deployed with

LoRaWAN test bed to evaluate LoRaWAN network
functionality for large scale deployment [10]. The per-
formance of LoRaWAN network highly depends on net-
work design parameters. We can significantly enhance
the network performance in terms of scalability (net-
work capacity) and packet success probability by ap-
propriate selection of network designing parameters like

cell radius (R) and radio resources like Spreading Fac-
tors (SF), Bandwidth (BW), Transmission Power (TP),
Code Rate (CR), etc. In literature, many researchers
have contributed towards optimal spreading factor al-
location [15], [12], [9], [30] to improve the overall sys-
tem performance of a LoRaWAN network. As the Lo-
RaWAN network suffers from scalability and through-

put issues, it is preferable to conduct a network design-
ing based study before deploying any IoT application
network.

LoRaWAN is a bi-directional MAC (Medium Access
Control) layer communication protocol that adopts the
Chirp Spread Spectrum (CSS) modulation technique at
the physical layer (LoRa) [3]. LoRaWAN architecture
is a star topology and released by the LoRa Alliance
in 2015. The architecture of LoRaWAN consists of four
components 1) End device, 2) Gateway, 3) Central Net-
work Server (NS), 4) Application Server [2]. LoRaWAN
operates in unlicensed spectra (Sub GHz) depending
on the regional regulations. For instance, in Europe, it
works around 868 MHz , 915 MHz in North America,

https://www.editorialmanager.com/tels/download.aspx?id=103912&guid=4b81ef55-8bb4-46cf-8b1c-08c016bf9e05&scheme=1
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920 to 928 MHz in Japan, and 865 to 867 MHz in India

[1].

This paper estimates the LoRaWAN cell designing

parameters to have unbiased (all the end devices can

have the almost same success rate irrespective of SFs

usage) communication with the gateway from all the

end devices.

1. We proposed the LoRaWAN cell designing frame-

work that ensures all the end devices (assigned with

high and low SFs) in the network can have the same

success probability. We compare the proposed di-

mensions with the EAB-based network dimensions

where the end devices with high SF experience more
collision than the end devices assigned with low SF.

2. We improve the network capacity and dimensions

by implementing the k-tolerance Algorithm in the
LoRaWAN network based on the proposed frame-
work.

3. Evolution of urbanization brings some issues like
high node density, congestion in signal traffic over
the channel, and many more that affect the overall
system performance. We put forward an approach to

deal with the urbanization issues. In our approach,

we are dealing with the high node density and pathloss

factor by adopting k−tolerance algorithm.

The rest of the paper is organized as, related work

is presented in Section 2. LoRaWAN main transmis-

sion parameters are presented in Section 3. The system

model is described in Section 4. The description of the

problem statement is given in Section 5. LoRaWAN net-

work dimensions work has been presented in Section 6.

The system performance with tolerance Algorithm is
shown in Section 7. A discussion to deal with urban-
ization is presented in Section 8. The numerical results

of the simulation are presented in Section 9. Section

10 consists of the conclusion and discussion part of the

paper.

2 Related Work

In [19] authors, optimized the SF boundaries, i.e., con-

centric ring cell around the gateway where end nodes

share the same spreading factor. This optimization is

based on the SNR of the end nodes available in that SF
boundaries and calculated SNR corresponds to proba-
bility H. Whenever probability H drops below targeted

probability Htarget in a particular boundary, the pro-

posed scheme modifies allocated SF for that boundary.
The simulation results of the proposed scheme show sig-
nificance improvement in Packet Delivery Rate (PDR)

with a maximum number of nodes.

[18] develop a framework to evaluate the upper and

lower bound of LoRawan network capacity, and SF bound-
ary ranges for all SFs for IoT applications like home se-
curity. Along with optimal SF boundaries, the authors

also focused on evaluating the scalability (supported

number of the end devices that satisfy target bit error

coverage) of LoRa network with joint noise and inter-

ference considerations.

The authors of [26] investigated network dimensions
for five scenarios (Roadway signs, Traffic lights or traffic

sensors, House appliances, Credit machine in a shop,
and Home security) based on the considered channel
attenuation model and estimated network capacity for
each zone under Aloha channel assumption.

In[16] work, the authors propose two resource allo-

cation approaches, namely 1) SensitivitySF 2) Assign-

mentSF to improve scalability and performance of the

network. The proposed scheme adjusts each SF bound-
ary range to have proper bidirectional communication

between end devices and the gateway.

Extensive research has been done to enhance the
capacity and designing parameters of the LoRaWAN

network. The majority of the studies are based on op-
timal resource (SF) allocation. In [15], [12], [31], [11],
this kind of approach has been adapted to enhance the

capacity and overall system performance.

3 LoRaWAN Protocol Transmission

Parameters

The main configurable LoRaWAN communication pa-
rameters that affect the overall network performance
are described below.

3.1 Spreading Factor

Spreading Factor (SF) is the required number of bit

used to encode a LoRa symbol. The available spread-
ing factors for LoRaWAN communication protocols are
SF ∈ {7, 8, 9, 10, 11, 12}. In the shown Figure 1, the

Fig. 1 Uplink Modulated LoRa Frame.
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total available bandwidth i.e. −BW
2 to BW

2 is divided

into 2SF equal number of bins. For simplicity, we take
SF = 2 in the above taken example of Figure 1. The

shown bins {0, 1, 2, 3} corresponding to the starting fre-

quencies for the input bit patterns {00, 01, 10, 11} re-

spectively. Three symbols {00, 11, 01} are being trans-
mitted and each symbol using SF number of bits (i.e.,

2 bits per symbol). With the increment in SF by one
step, time on air (ToA) will become double to transmit
the same amount of data. One Symbol is transmitted

using one complete cycle of 2SF chips. For LoRaWAN

communication, the symbol duration (Ts) is specified

as

Ts =
2SF

BW
.

The LoRa packet with higher SF can travel a long dis-

tance and will have higher receiver sensitivity in com-

parison to the lower SF but results in low data rate

as shown in Table 1. Conversely, the LoRa packet with

lower SF will have high data rate, but the transmitted

packet needs a higher transmission power to be prop-

erly decoded at the receiver to travel the same distance.

SF
chips per
symbol

SNR
(dB)

ToA (ms)
(10 byte packet)

Bitrate
(bps)

7 128 -7.5 56 5496
8 256 -10 103 3125
9 512 -12.5 205 1758
10 1024 -15 371 977
11 2048 -17.5 741 537
12 4096 -20 1483 293

Table 1 SNR limit table.

3.2 Bandwidth

Bandwidth (BW) is one of the crucial parameter that

can effect the overall sytem performance. The LoRa

communication protocol can use one of the bandwidth,

BW ∈ {125KHz, 250KHz, 300KHz} depending on the

regional parameters [1]. A LoRa modulated signal com-

prises of 2SF chips, that spreads over the available band-

width for the communication. A large value of channel
bandwidth helps to achieve high data rate but with
expense of more noise and interference. LoRa packet’s

preamble is modulated by up-chirps, whereas payload

(actual data) is modulated by down-chirps for the up-

link communication (end device to gateway) and vice

versa for the downlink communication (gateway to end

device).

3.3 Code Rate

Coding rate (CR) is the degree of redundancy imple-

mented by the forward error correction (FEC) used to

detect errors in every data transmission. This imple-

mentation is done by encoding 4-bit data with redun-

dancies into (4+n)- bits (n ∈ {1, 2, 3, 4}). Generally,
Code rate for LoRaWAN protocol is defined as 4

4+n
.

Higher value of CR implies that there are more error

correction bits which improves protection for the trans-

mitted data but with expense of wastage of radio re-

source. The parameters SF, CR, and BW are use to

calculate the bit rate (Rb) for LoRa modulation

Rb = SF ∗
BW

2SF
∗ CR.

3.4 Transmission Power

One of the governing parameter for LoRaWAN commu-
nication is Transmission Power (TP). LoRa network can
operate with transmission power from 2dBm to 20dBm

[22]. Transmission power used by an end-device has an

effect on the other end-devices’ transmission in terms

of interference.

3.5 Power Consumption Aspect of LoRaWAN

For IoT communication protocol, LoRaWAN is consid-

ered a prime choice due to its long-life service. LoRa

uses Spread Spectrum modulation to support low power

characteristics to provide long-range communication [21].

LoRaWAN Class A devices can operate up to 10 years

[6] [29]. For instance, if a LoRa device with a battery ca-

pacity 133,200 J (10,000 mAh) can transmit 288 pack-

ets per day with the expected device life time of 9.9

years [29]. The range of sleep current for LoRawAN de-

vices is 7.66 µA to 34 mA [13]. When we plan to setup

an IoT network, it is preferable to consider the fact of

power consumption. Total current consumption for a

LoRa end device over a duty cycle can be defined as

Itotal =
LzITx + 1

λ0
Is

Lz +
1
λ0

,

where, ITx and Is are transmitting and sleeping mode

current respectively. λ0 is the average packet generation
rate and Lz is the transmitting time or ToA. From [13],

the transmitting and the sleeping current for the Lo-
RaWAN Multitech mDot device are 36mA and 30.09,
µA respectively. At λ0=1 packet per day and packet

size of 250 byte with 0.4005 second ToA, an end device

consumes Itotal=31.06 µA for SF = 7. The packet gen-

eration rate is the same for all the devices (as all devices
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are dedicated to the same application). With increment

of one step in SF, the transmitting current consump-

tion will be doubled for an end device as Lz+1 = 2Lz.

If IoT applications have low packet generation rate λ0

in the system, the overall average current consumption

does not vary significantly across the devices using dif-

ferent SFs. Hence we can conclude that as long as λ0

is low, transmitting current (power) consumption will

not matter.

4 System Model

We consider LoRaWAN single cell where zones’ bound-

aries {d7, (d8−d7), (d9−d8), (d10−d9), (d11−d10), (d12−

d11)} are in the form of concentric rings around a cen-

trally deployed gateway as shown in Figure 2. Consid-

ered cell is divided into multiple zones z ∈ {7, 8, 9, 10, 11, 12}.
In a particular zone z, all the end devices are allocated

with the same SF ∈ {7, 8, 9, 10, 11, 12}. In our system

model, end devices are uniformly distributed with spa-

tial node density ρ (nodes per kilometer square). For

a given node density, all the end devices in a partic-
ular zone z have the same packet duration Lz (Time

on Air). While farther end devices (lie in zone z + 1)
have larger packet duration for the same packet size as
farther end devices use higher SF . The transmission of

the packet from each end device is independent of each

other. The total packet transmission rate in a zone z

is λz = λ0Kz where, Kz = ρAz is the total number of
end devices in a zone z and Az = π(d2z − d2z−1) is the

area of the zone z. In this paper, we assume that end

Fig. 2 A single LoRaWAN cell.

devices access the available channel in a Slotted Aloha

manner, i.e., transmissions from end devices are allowed

only at the beginning of the transmission slot frame of

length Lz, as shown in Figure 3. We assume each end

device in the network transmits with the same power

P0. The transmission slot length for a device depends

on SF usage. For instance, an end device with SF = 8

will have a double slot frame length as compared to an

end device with SF = 7. All the end-devices use the

Table 2 Table of Notation

z Zone in the cell
Lz Time on air of an end device’s packet lies in zone z
dz distance of the boundary of zone z from the gateway
Kz Total number of nodes in the zone z

Az Area of the zone z

ρ spatial node density
λ0 Packet generation rate of individual end device

same channel of BW = 125KHz to communicate with

the gateway and have perfect orthogonality, i.e., a cen-

trally deployed gateway can receive transmissions from

two different nodes with different SF’s at the same time.

It is observed in [24] that intra-SF interference (interfer-
ence between same SF) is more dominant than inter-SF
interference (collision between different SF). The sig-
nals with intra-SF interference effect have more SINR

threshold value to demodulate than inter-SF interfer-

ence . Inter-SF interference happens due to the quasi

orthogonal nature of SFs [14]. In the Slotted aloha sys-

Fig. 3 Slotted Aloha Channel Access for each SFs.

tem, a collision may occur when more than one end

devices start the transmission in the same transmission

slot, as shown in Figure 3.

5 Problem Statement

In this paper, we address two LoRaWAN network chal-

lenges. First, in EAB (Equal Area Based) SF allocation

[24] where LoRaWAN single cell has the same

(A7 = A8 = A9 = A10 = A11 = A12) SFs zones’ area.

Zones have the same number of end devices if the dis-

tribution of end devices is uniform. End devices that

are far away from the gateway are allocated higher SF,

and the end devices nearer to the gateway are assigned
lower SF. The farther end devices (assigned with higher
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SF) experience more collision probability as they have

higher Lz than the other end devices (assigned with low
SF). In this work, we estimate the network designing

parameters (relation between {d7, d8, d9, d10, d11, d12})

such that each end device in the considered system

model experiences the same collision probability. Using

our proposed model, we ensure that the overall through-

put of the individual end devices becomes independent
of the SFs usage.

The Second challenge is that urbanization in the Lo-

RaWAN network leads to change in the network char-

acteristics like channel propagation, more deployment

of IoT applications, etc. As these factors change, the

network requires additional infrastructure installation

(more deployment of the gateway) to avoid compromise

in performance level. To deal with this, we propose an

approach so that network can sustain the same perfor-

mance over the time.

6 LoRaWAN Network Dimensions

In the considered Slotted Aloha system model, packet

transmission from each end device follows the Poisson
Distribution (PD). A transmitted packet in any par-
ticular slot will be successful only when there is no

other transmission going on in that slot with the same

SF. The success probability P success
z of the transmitted

packet from an end device i that lies in the zone z (has

total Kz + 1 end devices) can be defined as

P success
z (i) = e−λ0KzLz 1 ≤ i ≤ Kz

Now we estimate LoRaWAN network designing pa-

rameters such that all the end devices in zone z ∈

{7, 8, 9, 10, 11, 12} can have the same success probabil-

ity irrespective of z or SF . We know the relation be-

tween slot length of both end devices that lie in zone z

and z∗ = z+1, i.e., Lz∗ = 2Lz where, z ∈ {7, 8, 9, 10, 11}.

Equating the success probabilities of two end devices i

and j lie in the zone z, and zone z∗ respectively to get

the required network designing parameters

P success
z (i) = P success

z∗ (j) (1)

KzLz = Kz∗Lz∗

We have evaluated the above equation for z ∈ {7, 8, 9, 10, 11}

and obtained the required dimensions. d8 =
√

3
2d7,

d9 =
√

7
4d7 and d10 =

√

15
8 d7 and d11 =

√

31
16d7 and

d12 =
√

63
32d7.

With the estimated network dimensions

(i.e., d7, d8, d9, d10, d11, d12) we can have new relation

between {A7, A8, A9, A10, A11, A12} such that all the

end devices have same success and collision probabil-

ity. A8 = 1
2A7 and A9 = 1

4A7 and A10 = 1
8A7 and

A11 = 1
16A7 and A12 = 1

32A7

A7 : A8 : A9 : A10 : A11 : A12 = 32 : 16 : 8 : 4 : 2 : 1

If we follow this kind of structural relations between dif-

ferent zones while deploying any LoRaWAN network,

we can have unbiased communication from all end de-

vices, unlike EAB LoRaWAN network. The estimated

network designing parameters indicate that as we move

from lower to higher SF, network SFs’ zones area de-

creases, i.e., fewer devices allocated higher SF. The above

derived structural results allow more end devices to

use low SF to improve overall system collision prob-

ability. The aggregated throughput of zones increases

as we move from the higher zone ( end devices with
high SF) to the lower zone ( end devices with low SF).
The proposed framework allows more end devices to use

low SF, but the individual end devices throughput will

be the same. In the considered LoRaWAN cell model,

dmax
z indicates the distance of an end device that is lo-

cated at the edge of the SF boundary from the gateway.

The maximum coverage zones boundaries are estimated

while considering the channel attenuation model same

as [18]

Γz = P0 +GANT −Kintercept − 10ηlog(dzmax)− Pnoise,

where Γz is the average received SNR for successful
reception for an end device using SF = z and located

at the zone z edge, GANT is the antenna gain of the

LoRa gateway and is set to 2 dB, Kintercept = 128.95 is

the intercept of pathloss model [27], η is the path-loss

exponent factor, and Pnoise = 174− 10log(BW )−NF

dBm is the background noise and Noise Figure NF = 6
dBm. All end devices transmit with the same power

P0 = 14 dBm.

7 Network dimensions with k-tolerance

algorithm

In our previous work, we have proposed a k-tolerance

Algorithm or k-multilevel Algorithm [20]. This algorithm

allows multiple end devices to communicate at the same

time over the same channel, i.e., a receiver implement-

ing this algorithm can detect a known target signal in

the presence of other signals. In the literature, there are

some other algorithms [28], [17], [8] which achieve the

same objective, i.e., allow a target number of concurrent

transmissions over the same channel in the LoRaWAN

network. The complexity of implementing such an algo-

rithm increases wrt. k. By considering this kind of toler-
ance algorithm in our proposed scheme, we can further
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enhance the system performance in terms of network

capacity and throughput.

7.1 k-tolerance Algorithm

A receiver equipped with a k−tolerance algorithm can

receive and decode a signal of interest in the presence

of other k + 1 interfering signals over the same chan-
nel without collision. For instance, for k = 1, a receiver

(gateway) can decode a target signal in the presence of

another signal over the same channel. We consider the

same slotted aloha system model as described in section

4. Estimate LoRaWAN cell designing parameters to en-

sure that all end devices in the network with low and

high value of SFs can communicate with the gateway
with the same success rate.

A transmission from an end device i deployed in
zone z of the network where a central gateway equipped

with the k−tolerance algorithm can have collision in the
transmitting slot if more than k + 1 other devices also

start the transmission in the same slot. Then success
probability of a transmitted packet from an end device

i is defined as

kP
success
z (i) =

k
∑

i=0

(λ0KzLz)
ie−λ0KzLz

i!

To estimate the required network designing parameters,

we need to equalize the different zone’s success proba-

bility i.e., kP
success
z (i) and kP

success
z∗ (j).

kP
success
z (i) =k P success

(z∗) (j) (2)

A solution for the above equation (2) isKzLz = Kz∗Lz∗ =
c, where c is constant. This is the common solution for

equations (1) and (2). Now we can conclude that sys-

tem with and without a k-tolerance algorithm can have

the same network dimensions, but network with a k-

tolerance will have more system throughput as k + 1
number of end devices allow to transmit in the same

transmission slot unlike the network without k-tolerance.

We consider three scenarios for LoRaWAN single cell,

1) Small cell radius 2) Medium cell radius 3) Large cell

radius.

– Scenario 1 In small cell radius, all the end devices

require to meet 50 percent of the average SNR Γz

threshold to have proper communication with the
central gateway.

– Scenario 2 For medium cell radius, end devices

should meet 75 percent of the average SNR Γz level

to have proper demodulation at the gateway.

– Scenario 3 Similarly, for a large cell radius, the end

devices need to meet 100 percent of the average SNR
Γz as defined in [18] for appropriate communication.

Each scenario has the same individual packet genera-
tion rate λ0 = 1 packet per day with packet size of 17
byte and node density ρ = 100 nodes per kilometers

square. We have considered pathloss factor η = 2.4 to

estimated network dimensions for small, medium, and
large cell as shown in Table 3, 4, 5 respectively. Accord-

Spreading
Factor

Zones dimension
(dzmax) (km)

dz(k=0)

(km)
dz(k=1)

(km)
7 0.7931 0.7931 0.79314
8 1.2964 0.9713 1.11267
9 1.6507 1.0485 1.57345
10 1.8967 1.0858 2.22512
11 2.1894 1.1036 3.1467
12 2.5231 1.1128 4.45011

Table 3 Network Dimensions for scenario 1.

Spreading
Factor

Zones dimension
(dzmax) (km)

dz(k=0)

(km)
dz(k=1)

(km)
7 .86811 0.86811 0.86811
8 1.3329 .9774 1.122769
9 1.7346 1.1476 1.5872
10 2.1366 1.1885 2.2446
11 2.6416 1.2079 3.1734
12 3.2781 1.2180 4.5387

Table 4 Network Dimensions for scenario 2.

Spreading
Factor

Zones dimension
(dzmax) (km)

dz(k=0)

(km)
dz(k=1)

(km)
7 1.040498 1.0404 1.0404
8 1.37792 1.274 1.4713
9 1.822955 1.375 2.0808
10 2.406941 1.424 2.9427
11 3.193819 1.448 4.1616
12 4.259027 1.459 5.8853

Table 5 Network Dimensions for scenario 3.

ing to the LoRaWAN Specification documentation (re-

leased by LoRa Alliance) [4], the LoRaWAN communi-

cation protocol provides long-range communication: up

to 5 kilometers for the urban area and up to 10-15 kilo-

meters for the rural area (line of sight). The appropriate

selection of transmission parameters helps in achieving

the required range of communication in LoRaWAN. In

Table 3, 4, and 5, dmax
z indicates the maximum outer

boundary radius for zone z to have a Bit Error Rate

(BER) performance of 10−5 [18]. The designing param-

eters dz(k=0)
, and dz(k=1)

are the outer boundaries ra-

dius for the zone z ∈ {7, 8, 9, 10, 11, 12} when network

follows our proposed structural result with k = 0 and
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k = 1 respectively. From the estimated structural re-

sult, we observe that it is possible to increase further
the cell radius ( wrt. dzmaz ) when the network adopts

the proposed designing parameters with k = 1.

8 Approach to deal with urbanization issues

LoRaWAN end-devices are expected to be working for

twenty years. They are of low cost and inexpensive

that the idea of software-upgrading them is not feasible.

Thus, once deployed, the network with the legacy de-
vices has to function appropriately for 20+ years. How-
ever, it is expected that the traffic generation pattern

of a device may not change significantly over time as

it is tied to a particular application. The many region-

specific duty cycle requirements [1] would ensure that

the individual devices, once deployed, behave in the
same manner throughout their 20 years lifespan. Lo-
RaWAN system design requires careful radio planning.
Being a single frequency network, the distance between

the gateways is required to be as large as possible within

the standard coverage constraints. However, with rapid

urbanization as shown in Figure 4, several input vari-

ables to the design problem change over time, including
a) the channel propagation (path loss) characteristics,
and b) the device density. With these two factors chang-

ing over time, the network designed to work for now will

not be able to sustain the same performance level, thus

creating coverage holes in the network. One way to fix

this problem is to install more gateways to cover these

spatial regions which are no longer able to communicate
with the existing infrastructure.

Using the signal processing techniques developed by

us [20], we argue that additional infrastructure installa-
tion can be avoided in order to keep up with the rapid
urbanization of the LoRaWAN-enabled area. One only
has to (software/hardware) upgrade some of the gate-

ways and perform the right spreading factor allocation.

The approach is to dimension the network (appropri-

ate dimensions of different zones, gateway placements

and parameter allocation) and then keep on upgrading

the receiver (gateway) capability via a signal processing

up-gradation by using the k-tolerance mechanism.

8.1 Adaptation of k with the variation of node

density ρ to achieve the target system performance

Urbanization leads to more IoT application deployment.

Consequently, the number of end devices increase dras-

tically that burdens the channel traffic. The target sys-

tem performance (Tp)) decreases with an increase in

Fig. 4 Evolution of a region from Ru-
ral to Urban over the time. (Image Souce:
https://www.depictionillustration.com/awards.html)

Fig. 5 Required minimum k to achieve a target success prob-
ability for a given ρ.

IoT application deployment (ρ) that leads to more col-
lisions in the network.

dTp

dρ
< 0

∣

∣

∣

∣

k=0

.

A possible approach to sustain the same target per-

formance level is by implementing the k-tolerance algo-

rithm [20] at the gateway, as described in Section 7.
Figure 5 depicts how the network can adapt k toler-

ance algorithm to deal with high node density. It shows

minimum value of k required to maintain same per-

formance level for a given node density. For instance, if

node density increases from 30 to 100 nodes per kilome-

ter square, we can still achieve the same target success
probability of 0.95 by adopting a k−tolerance algorithm
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(k = 1). For the above example, the minimum required

k = 1, but we can also use k > 1 to achieve the same
and even higher target success probability but with the

expense of more signal processing at the gateway. The

complexity of implementing k−tolerance algorithm in-

creases wrt. k as more k allows the network for more
concurrent transmissions.

8.2 Adaptation of k as pathloss factor varies to

maintain the target system performance

One of the consequences of urbanization is an increase

in pathloss factor. In this section, we present a theo-

rem which validates that a network equipped with the

k−tolerance algorithm can cope with the pathloss fac-

tor η variation to achieve same performance level.

In Figure 6, end devices access the channel in a slot-

ted Aloha manner (transmissions can be initiated only

at the beginning of the transmitting slot, i.e., slot-1,

slot-2, slot-3, slot-4, and slot-5). Each transmitting slot

has one target packet and some interfering packets. Net-

work trace in Figure 6 indicates network’s traffic in slot
1 to 5. It shows the behavior of the target packet (suc-
cess or collision) when LoRaWAN network is equipped
with k and k + 1 tolerance algorithm. When the net-

work is equipped with k−tolerance algorithm, the col-

lisions may happen when more than k + 1 end devices

start the transmission in the same transmitting slot (as

shown in slot-5). When the network is upgraded with
k + 1−tolerance algorithm, it allows maximum k + 2

concurrent transmissions in the same slot (as shown in

slot-1, slot-3, and slot-5 in Figure 6).

We estimate the overall expected SNR for both the

scenarios, i.e., when the network is equipped with k

and k+ 1 tolerance algorithm. Γi indicates the SNR of

slot i ∈ {slot − 1, slot − 2, slot − 3, slot − 4, slot − 5}.

Considering the taken example as shown in Figure 6,

for k−tolerance algorithm scenario, the average SNR at

which transmitted packet can be successful, defined as

Γ
average
k =

∑5
i=1 1(i,k)Γi

∑5
i=1 1(i,k)

,

where, 1(i,k) = 1 if transmission is successful in slot i

otherwise 0. Note that

∑

i

1(i,k) ≤
∑

i

1(i,k+1).

The target packets are successfully transmitted in slots

1 and 3 with k−tolerance algorithm and in slots 1, 3

and 5 with k+1−tolerance algorithm. In the considered

example, the average SNR for a packet to be successful

in the network when equipped with k− and k + 1−

tolerance algorithm are

Γ
average
k =

Γ1 + Γ3

2
,

Γ
average
k+1 =

Γ1 + Γ3 + Γ5

3
,

Γ
average
k > Γ

average
k+1

In the considered scenario of Figure 6, Γ1, Γ3 > Γ5. It is

observed that as we increase k tolerance in the network,

we require lower SNR for a packet to be successful in a

transmitting slot.

Fig. 6 Network behaviour with k and k + 1 tolerance algo-
rithm.

Theorem 1 The rate of change of k with respect to
pathloss exponent η to achieve target performance (Tp =

f(η, k)) level is positive.

Proof The target system performance Tp is decreases

with increase in pathloss factor η in the network with
k = 0 (i.e., no k−tolerance algorithm

∂Tp

∂η
< 0

∣

∣

∣

∣

k=0

By implementing the k−tolerance algorithm in the net-

work, we can achieve the same target performance even
with an increase in η. The k−tolerance algorithm allows

the gateway to demodulate the transmitted packets at

lower SNR.

Γ ∗

z = P0 +GANT −Kintercept − 10ηlog(dz)− Pnoise,

where Γ ∗

z is the required average SNR to be a trans-

mitted packet successful when network equipped with k
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tolerance algorithm. Considering fixed LoRaWAN cell

radius dz (i.e., distance of an end device lies at the edge
of zone SF = 12) and differentiating the above equa-

tion with respect to k.

dΓ ∗

z

dk
= −10log(dz)

dη

dk

This Γ ∗

z has negative rate of change wrt. k i.e. more

value of k motivates more concurrent transmission on

the same channel that leads to less SNR values at the

gateway. Hence,

−
dΓ ∗

z

dk
= −10log(dz)

dη

dk

dη

dk
=

1

10log(dz)

dΓ ∗

z

dk

dη

dk
> 0

From the above equation, we can conclude that network

with k tolerance can adjust to bear more pathloss to

achieve the required network performance.

dk

dη
=

dk

dρ

dρ

dη

Urbanization increases the node density (deployment of

more IoT applications) that leads to more pathloss in

the network, i.e. dρ
dη

is positive. and from Figure 5, dk
dρ

is

positive. Hence, dk
dη

is also positive. The change in target

system performance over time can be countered just by

installing the K-tolerance algorithm over the gateway.

With the algorithm installed there is no need to change

the system dimensions. The adaptation of k−tolerance

algorithm enable the network to tolerate more pathloss
and to achieve target system performance.

9 Performance Evaluation

To evaluate structural results of our proposed mathe-
matical model, we use an open source simulator titled
A Modular Hybrid Simulator for LoRaWAN developed

by us in our previous work [25]. he simulator consists
of multiple modules for different communication func-
tionality. We adopt this simulator [31] to validate our

structural results by modifying some of the simulator

modules. In the considered system model, all the end

devices are uniformly distributed with a centrally de-

ployed gateway in a LoRaWAN cell of a radius 6 km.

as shown in Figure 2. The simulation results in Fig-

ure 7 show the overall success probability when the

network follows our proposed network dimensions with

and without k−tolerance algorithm and EAB. The sim-

ulation of the proposed scheme outperforms the EAB

Fig. 7 Overall success probability wrt. number of nodes.

Fig. 8 Variation of Success Probability of each SF zones
wrt. Number of Nodes.

scheme. We observe that by adapting the k−tolerance
algorithm in our proposed scheme, we can further en-

hance the overall system performance in terms of suc-
cess probability. The simulation result of the proposed
network dimensions in Figure 8 shows the individual
end device’s success probability located in different net-

work zones. The each device’s success probability is al-

most the same and independent of the SF usage that

endorses our objective.

10 Conclusion

In this paper, we have proposed a mathematical frame-

work that ensures all the end devices in each SF zone z

have almost same success or collision probability. The

main goal of proposing this scheme is to ensure that all

the end devices in the network can communicate unbi-
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asedly with the centrally deployed gateway, regardless

of their location and SF usage unlike the EAB net-

work. In the proposed mathematical framework, we es-

timate different SF zone boundaries to meet our ob-

jective. To validated our proposed scheme, we use an

open source simulator developed by us in our previous

work. The simulation of proposed scheme outperforms

the LoRaWAN traditional EAB scheme. We have also
presented an approach to deal with the change in net-
work characteristics that occurs when the LoRa net-

work region evolves from rural to urban. Urbanization

causes high node density and channel load that eventu-

ally degrade the network performance. In our approach,

network adopts k−tolerance algorithm to regain the de-

sired system performance level.
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