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Abstract 

Long-Range Wide Area Network (LoRaWAN), as Low Power Wide Area Network that 
connects battery-powered devices, has gained much attention lately. The LoRaWAN 
technology uses ALOHA as the medium access control where the End Devices (EDs) 
transmit data randomly and re-transmit up to eight times if collisions occur, which 
is not feasible in large networks. Several techniques, including synchronization and 
scheduling schemes, to address the challenge have been reported. However, the exist-
ing synchronization and scheduling algorithms transmit synchronization messages 
randomly using one super frame with fixed time slots that accommodate devices 
using different Spreading Factors (SFs). This phenomenon can result in collisions, idle 
slots, and inefficient energy use, hence limiting the LoRaWAN network scalability. To 
alleviate the aforementioned problems, this work proposes a dynamic Multi-Frame 
Multi-Spreading Factor (MFMSF) scheduling algorithm with slotted synchronization 
approach. In the proposed algorithm, the time slots are assigned dynamically to EDs 
on first to synchronize first to be assigned basis. It was revealed that the proposed 
dynamic MFMSF TDMA algorithm is more energy-efficient than the existing algorithm 
in a denser network with devices arranged in a circular disk with different radii. The 
packet delivery rate for the dynamic MFMSF TDMA is about 99% signifying reduced 
collisions during data transmission. This implies that the use of the proposed dynamic 
MFMSF scheduling algorithm in LoRaWAN allows large number of EDs to communi-
cate with reduced collisions and enhanced energy efficiency of the battery-powered 
devices.
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Introduction
Long-Range Wide Area Network (LoRaWAN) has recently attracted the attention of 
many researchers and industrial practitioners due to its affordability. The LoRaWAN 
network operates in an unlicensed Industrial Scientific Mechanical (ISM) band which 
is region specific. LoRAWAN also provides a long-range communication for Internet of 
Things (IoT) devices [3, 22] with promising long-life batteries [15]. The technology is 
divided into physical and the Medium Access Control (MAC) layers with pure ALOHA 
as the default Media Access Control (MAC) protocol [9]. In ALOHA, end devices (EDs) 
are allowed to transmit randomly and re-transmit the same packet up to eight times 
in case of transmission failure [21]. The random nature of ALOHA limits the network 
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scalability due to collisions, especially in denser networks [6]. Several methods includ-
ing Slotted ALOHA [18], Carrier Sense Multiple Access (CSMA) [11], new MAC layer 
protocols [23] and scheduling schemes [1, 10], have been proposed to address the limita-
tions of using ALOHA in LoRaWAN.

In Slotted ALOHA (S-ALOHA), the channel is divided into slots and (EDs) are allowed 
to transmit randomly at the beginning of a slot [18]. The use of S-ALOHA can result in 
collisions if more than one device attempts to transmit at the beginning of a slot. The use 
of CSMA and Listen Before Talk (LBT) [4] senses an idle channel before data transmis-
sion, which reduces collisions significantly. However, sensing of an idle channel before 
data transmission consumes the energy of the battery-powered devices which impact 
the EDs’ lifetimes. Lastly, the use of synchronization and scheduling algorithms results 
in reduced collisions [5, 9, 10]. However, some of the scheduling solutions such as [20] 
define a fixed time slot for each ED to transmit without considering the synchronization 
which may result in collisions due to ED clock drifts caused by the change in surround-
ing temperature and device aging. Other scheduling solutions as [1] synchronize the EDs 
before data transmission, in their fixed scheduled time slot, which causes unavoidable 
collisions . The synchronization collisions in the existing synchronization and schedul-
ing algorithms are energy-inefficient and intolerable by the battery-powered devices.

Therefore, this work proposed a dynamic Multi-Frame Multi-Spreading Factor 
(MFMSF) Scheduling algorithm with slotted synchronization approach to reduce col-
lisions and improve network scalability in the existing synchronization and scheduling 
algorithms. In the proposed dynamic MFMSF scheduling algorithm, synchronization is 
slotted and the time slots are assigned dynamically to EDs which are grouped accord-
ing to their SFs based on first to synchronize first to be assigned basis. The synchroni-
zation phase is separated from the data transmission phase to avoid collisions between 
resynchronization and the data packets. In addition, the proposed dynamic MFMSF 
TDMA Scheduling algorithm uses multiple frames in multiple Spreading Factors (SFs) 
to improve the network scalability

The rest of this paper is organized as follows;similar works are revised and discussed 
in the “Related works” Section. A discussion of what motivated this study to be con-
ducted is presented in the “Motivation” Section. The system design is presented in detail 
under “System model” Section. The proposed algorithm is presented under “Proposed 
dynamic MFMSF scheduling algorithm” section. The performance evaluation of the pro-
posed algorithm is discussed in the “Performance evaluation” section. Finally, the paper 
presents ”Conclusion and suggested works” that can be done to further improve the per-
formance of LoRaWAN network.

Related works
Several studies in the literature addressed the limitations imposed by ALOHA in 
LoRaWAN. In [7], the authors proposed the use of CSMA to reduce collisions, in which 
the EDs must check the channel’s status before data transmission. To further lower the 
collisions, the authors proposed CSMA-x where the EDs listen to the channel for inter-
val x before transmissions. These methods are not energy-efficient as they use the ED’s 
limited power to sense an idle channel before the actual transmission.
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To replace the use of pure ALOHA in the LoRaWAN MAC layer, S-ALOHA was pro-
posed in [18]. In S-ALOHA, different packets suffer differently when interference occurs 
in the network. Consequently, S-ALOHA does not greatly increase scalability.

Authors in [13] proposed a scheduling algorithm with time-synchronized transmis-
sions to schedule SFs, frequency channels, and time slots for EDs and gateways, which 
introduces an intolerable delay in the network. Other authors in [19] proposed a new 
MAC layer to improve both the LoRaWANs’ reliability and scalability which involved 
two-step lightweight scheduling: First, a gateway schedules nodes in a coarse-grained 
manner through dynamically specifying the allowed transmission powers and SFs on 
each channel; then, based on the coarse-grained scheduling information, a node deter-
mines its transmission power, SF, and when and in which channel to transmit. Although 
the system uses asynchronous uplink and downlink transmission channels that are 
framed, the channel in the sub-frames is still accessed using pure ALOHA causing inevi-
table collisions.

Authors in [17] presented an architecture using on-demand TDMA communication 
protocol for IoT applications, improving both the energy efficiency and the latency of 
standard LoRa networks. However, the use of wake-up radios may cause the device to 
wake up periodically even when there are no data to transmit thus wasting energy. To 
overcome the challenge, a longer wake-up time is set which increases the data latency.

The use of LBT medium access scheme, based on the Markovian framework, has been 
proposed in [16]. Results show a promising performance compared to ALOHA-based 
method. However, LBT schemes use Clear Channel Assessment (CCA) techniques to 
check the status of the channel, and thus, they are not energy-efficient. Also, the assess-
ment of clear channels is performed in the vicinity of devices using the same SFs, which 
can increase the probability of collisions for devices using different SFs.

Another initiative to address the limitations of ALOHA in LoRaWAN is the use of a 
synchronization and scheduling mechanism in which a central Network Synchroniza-
tion and Scheduling Entity (NSSE) schedules uplink and downlink transmissions [10]. 
The method is not energy-efficient as the synchronization process uses the limited 
power of the EDs.

A fine-grained scheduling scheme for Reliable and Energy Efficiency (FREE) is a data 
collection scheme in LoRaWAN. FREE schedules SFs, transmission powers, frequency 
channels, timeslots, and slot numbers in frames for LoRaWAN EDs. As a result, FREE 
overcomes the scalability issue of LoRaWAN by eliminating collisions and grouping 
acknowledgments [1]. Despite its good performance, the use of a random synchroniza-
tion approach forces the EDs to acquire multiple time slots in the first phase which are 
used in the consecutive transmission phases, for either retransmission of synchroniza-
tion requests or data transmission. This approach is energy-consuming as the ED should 
be active to periodically check and process the data structure to identify the time slots.

Motivation
This work has been motivated by the work in [1] which proposes FREE as an energy-
efficient scheduling algorithm. The synchronization and the scheduling algorithms pro-
posed in [1] uses a random approach in the synchronization phase which is prone to 
collisions. These collisions can further be reduced to increase the LoRaWAN network 
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scalability. The FREE algorithm also involved active synchronization which shares the 
same channels used for data transmission resulting into collisions between synchroniza-
tion and data packets. The LoRaWAN network scalability can further be improved if the 
random transmission approach is rehabilitated with a transmission approach that elimi-
nate collisions. Finally, the FREE algorithm uses one superframe with a fixed time slot 
which may result in an unused time slot when the end device has nothing to transmit 
which causes unnecessary delays to other devices in the network.

This work, therefore, proposes a synchronization and scheduling algorithm that uses 
a slotted transmission approach in both synchronization and data transmission phases 
to further improved the LoRaWAN network scalability. The proposed algorithm also 
suggests multiple frames with dynamic time slots for the different spreading factors to 
reduce delay and improve network scalability.

System model
Consider a LoRaWAN network with N EDs, randomly distributed in a circular area with 
radius R from the gateway placed at the center, as presented in Fig. 1. A single network 
gateway architecture is considered and the assignment of SF to the EDs depends on the 
radius, R which maintains the required gateway sensitivity. Let us denote that Pi is the 
received signal power from link i, and R(k) is the receiver sensitivity when the spread-
ing factor is k. Then, as presented in [16], the spreading factor of transmission on link i, 
denoted by Si , can be described as in Eq. (2).

The propagation loss, Li , in a path Pi is used to determine the strength of the signal that 
will be received at the gateway as described in Eq. (3) [20]. The amount of time spent by 

(1)Si =

{

k

Pi
≥ R(k)+ �

}

(2)Si = min Si

Fig. 1 The system model
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each ED on air,Time on Air (ToA) depends on the SF used by the device. The connection 
between the EDs and the gateway is wireless, while the wired link is used between the 
gateway and server.

where n is the path loss exponent, d is the distance between the transmitter and receiver 
and PL0 is the path loss at reference distance do which is calculated using the Friis 
equation.

The number of EDs that can be connected in a single gateway network architecture and 
able to transmit successfully depends on the channel access mechanism deployed in the 
MAC layer. For random channel access, collisions are likely to increase when compared 
with the scheduling access. In order to reduce collisions in the time-scheduled channel 
access, the slotted synchronization approach is proposed. In the slotted synchronization 
approach, EDs transmit synchronization requests in a slotted manner using Eq. (4) which 
was adopted from [17] . The time slot, Tnext , for the ED to synchronize depends on the time 
to trigger the ED,Ttrigger , the time on air for the packet to be transmitted, ToApkt (which 
depends on the used SF), and the guard time, Tg between two consecutive time slots

where npre is programmed preamble length, defined as 10.5 ≤ npre ≤ 65, 539.25 symbols, 
Rsym is symbol rate, PL is the payload length in bytes, (1-255), SF is the Spreading Fac-
tor(6-12), H is packet header length, DE is data rate optimizer, CR is coding rate. From 4, 
the time slot for the ED depends on the device network identity number which is unique 
for the different EDs.

Since communication occurs around the 868 MHz band, both gateways and EDs have to 
comply with a duty cycle limit of 1%. To overcome the effect of duty cycle limitation, slot 
length of 300 ms for a packet of 50 Bytes using a spreading factor of 7 to 12, respectively, 
was chosen. Therefore, every device in the sub-band was forced to be off for a duration Toff  
presented in (6) in each transmission round. The time for the device to be off is a fraction 
of the time spent on air by the ED which affects the transmission cycle duration, Tcd as pre-
sented in (7). The total time to complete one transmission cycle is the sum of time spent on 
air, the time for two receive windows and the time for the device to be off.

(3)PL(d) = 10n log

(

d

do

)

+ PL0

(4)Tnext = Ttrigger + (ToApkt + Tg )Nid

ToApkt =

[

(npre + 4.25)
1

Rsym

]

+ ...

(5)
[

8+max

(([

8PL− 4SF + 28+ 16CRC − 20H

4(SF − 2DE)

]

(CR+ 4), 0)×
1

Rsym

)]

(6)Toff = ToApkt

(

1

D
− 1

)

(7)Tcd = ToApkt + Trw + Toff
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where Trw is the time for the EDs’two receive windows, D is the duty cycle and ToApkt is 
the time on air of the packet. The transmission delay between the gateway and the net-
work server is assumed to be constant and both the gateway and the ED use Real-Time 
Clock (RTC). The clock accuracy, in milliseconds, captures the minimum clock drift in 
the EDs. In the slotted approach, if the device fails to get an acknowledgment, the syn-
chronization failed counter is incremented while eight retransmission trials in the ran-
dom approach are considered before the synchronization failed counter is incremented. 
The clock drift in an ED that receives an acknowledgment will be calculated according 
to (8). The slotted synchronization approach is presented in lines 1 to 17 of Algorithm 1.

where δ is the clock drift,Td is ED clock reading which should be adjusted according to 
the gateway clock readings, Tg . If Td = Tg , the clock drift is zero and nothing will be 
updated. However, δ is positive if the ED device clock is behind gateway time and nega-
tive otherwise. Therefore, ED device clock can be updated by ± δ to the device clock 
reading Td.

Proposed dynamic MFMSF scheduling algorithm
The dynamic MFMSF scheduling algorithm proposed in this work was designed to adhere 
to the normal operation of LoRaWAN Class A. The EDs are slotted to transmit synchroni-
zation request messages in the synchronization phase and the slots for the data transmis-
sion phase are assigned to devices that synchronize successfully.

In the proposed dynamic MFMSF scheduling algorithm (Algorithm 1), the time slot for 
the data transmission,Tnext , depends on the time taken to synchronize all devices in the net-
work and can be calculated using Eq. (9). In the algorithm, the ED can send the synchroni-
zation request once in each transmission round, and if the device fails to synchronize, it will 
not participate in the data transmission phase and forced to wait for the next Transmission 
round. If an ED fails to synchronize, the response time is delayed which can not be tolerated 
in real-time communication systems.

where Sl = ToApkt + TG , ToApkt is the longest transmission time on air and TG is the 
guard time defined in (10).

Tsyn is the time to complete the synchronization phase and Tup is the time taken by the 
end device to update its clock if there is clock drift. N is the total number of devices in 
the network, n is the position of a device in a frame and Td is the current time of the 
device’s RTC.

(8)δ = Td − Tg

(9)Tnext(n) = Sl(N + n− 1)− Td

(10)TG = Tsyn + Tup
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Algorithm 1 Proposed dynamic MFMSF scheduling algorithm
Require: Ttrigger, Nid, npreamble, Rsymbol, PL, SF,H,DE,CR, TG, Tnextdata

Ensure: maxN
1: while N �= 0 do
2: Activate ED
3: Calculate SynTimeslot according to equation (4)
4: if T = SynTimeslot then
5: Transmit synchronization request
6: Open [RX1,RX2] to receive Aknowledgement
7: else
8: SLEEP to wait SynTimeslot
9: T ← SynTimeslot− 1
10: end if
11: if Receive Aknowledgement then
12: Update ED clock according to (8)
13: Get DataTimeslot according to (9)
14: else
15: Update Synchronization failure counter
16: end if
17: end while
18: while N �= 0 do
19: if T = DataT imeslot then
20: Transmit data packet
21: else
22: SLEEP to wait DataTimeslot
23: T ← DataT imeslot− 1
24: end if
25: end while

The traffic model for each ED is assumed to be periodic and uniformly distributed. 
Devices with the same SF form SF sub-groups. Each SF sub-group consists of one or 
multiple frames of different lengths. The SF assignment in the dynamic MFMSF algo-
rithm depends on the distances, d and do and signal losses, PL0 in dB due to channel 
impairments as modeled by (3). Therefore, SF is assigned to an ED to ensure that the 
received signal strength is larger than the receiver sensitivity. In this work, param-
eter values from real measurements conducted in [8] are adopted and used in the loss 
propagation model.

The slot length for the data transmission of each packet is the maximum time on air 
for each SF. The algorithm is dynamic because new time slots will be assigned to the 
ED in each transmission round depending on the signal strength received during the 
transmission time. In addition, the time slot will be assigned to the end device if and 
only if there is an unused time slot in the SF sub-group. However, an ideal situation 
where the number of slots in a SF sub-group equals the number of devices assigned 
to that SF was considered in this work. Each time slot assignment made by the net-
work server is saved, including the channel that saves the communication, the node 
ID, and the SNR value of the received synchronization request signal. For memory 
efficiency, previous time slots are cleared from the database after every time slot is 
used. To improve the scalability of the LoRaWAN network, the proposed algorithm 
allows the same time slots to be shared by devices from different SF sub-group since 
the SFs are orthogonal. Also, three 125 KHz channels at 868 MHz are used in both 
synchronization and data transmission phases. The EDs only wake up if triggered to 
transmit synchronization requests to the gateway. The time slots are assigned to syn-
chronized EDs on First Synched First Assigned (FSFA) basis. If there are more than 
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one synchronized EDs, the farthest device is given priority and assigned first. Sharing 
the time slot for devices using different SF allows seven parallel transmissions in each 
transmission round. The time slots for the data transmission and clock offset informa-
tion are packed in the acknowledgment packet from the network server. The ED first 
updates its clock and uses its updated clock to wait for the assigned time slot to trans-
mit the data packet. If a new device joins a network, it has to be grouped and added to 
the available frames.

The performance of the proposed dynamic MFMSF TDMA scheduling algorithm 
was evaluated and compared to the FREE algorithm presented in [1]. Two performance 
parameters: packet delivery and energy efficiency (energy consumption), were used to 
quantify the performance of the two algorithms. During the performance evaluation, 
each ED is configured to send one packet in each frame for a maximum duration of time 
on air of the SF used. The transmitted packet consists of the buffered data for 10 min-
utes, making the number of devices equal to the number of packets. The number of EDs 
varied from 1 to 900 . The number of EDs varied from 1 to 900 which is the theoretical 
maximum number that can be supported by a single gateway network architecture. The 
devices are distributed in a uniform disk with a radius ranging from 1 to 5 km. The used 
simulation parameters are summarized in Table 1.

Performance evaluation
The performance of the proposed algorithm was evaluated using ns3 simulations in 
both a standard LoRaWAN and industrial LoRaWAN environments. The propagation 
losses in standard LoRaWAN are governed by the log distance propagation model pre-
sented in presented in Eq. (3). The two environments differ in the propagation ranges 
and the amount of noise. The ever-growing demand for LoRaWAN in industrial applica-
tions has motivated the evaluation of the proposed dynamic MFMSF TDMA scheduling 
algorithm in the industrial setup. The indoor industrial application scenario was cho-
sen because the environment is challenging compared to an outdoor industrial setup. 
In addition, the indoor industrial LoRaWAN model is readily available making the pro-
cess of evaluating the performance of the proposed dynamic MFMSF TDMA scheduling 
algorithm relatively simple.

Table 1 Simulation parameters

Parameter Value

Frequency 868 MHz

Bandwidth 125 KHz

Data packet length 46 B

Duty cycle 1%

SFs 7–12

Gt 6 ms

ED voltage supply,VDC 3.3 V

Transmission period 10 mins

Tx power 14 dB

Radius (R) 1–5 km

Number of devices, N 1–900 devices
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The most important performance metrics analyzed were packet delivery and energy 
consumption. The packet delivery was used to measure collisions in the network where 
higher values of packets delivery signify reduced collisions and vice versa. The energy 
efficiency is the measure of an ability for EDs to use small amount of energy when in 
active states mostly during data transmission. Energy efficiency was evaluated by meas-
uring the total current consumed during each transmission slot.

The EDs were considered to be uniformly distributed in a circular area with different 
radii in a range of 5 km and 500 m in the standard LoRaWAN and industrial LoRaWAN, 
respectively. The gateway was placed at the center of the circle. The EDs were triggered 
to transmit after every 30 minutes. The 30-minute time represents the minimum time 
for a LoRaWAN ED to transmit in one-day time. When triggered, the EDs transmit a 
synchronization request message to the gateway in a given time slot, opening the receive 
window to receive the correct clock and the time slot to be used in the data transmission 
phase. If the ED does not receive an acknowledgment, the device will not participate in 
the data transmission phase and will remain asleep until the next trigger which is after 
30 minutes. It was assumed that all data collected in 30 minutes will fit in one packet 
allowing each device to transmit one packet in each transmission round. It was also 
assumed that one packet should be delivered in each transmission round and a count of 
more than one packet signified a retransmission.

Results and discussion
The performance results in terms of the packet delivery and energy consumption in both 
standard and industrial LoRaWANs are presented as follows;

Packet delivery

Packets delivered by the proposed dynamic MFMSF scheduling algorithm were 45% 
greater than that of FREE as the number of EDs in the network increases from 3 to 12 
(see Fig. 2a). This means that the probability of collision in a denser network increases 
when using the FREE algorithm, attaining a maximum retransmission level before 
delivering the packets to the network server. On the contrary, all the packets transmit-
ted using the proposed dynamic MFMSF scheduling algorithm are delivered to the net-
work server regardless of the number of EDs in the network. When the number of EDs 
increases to 900, the number of delivered packets using the proposed dynamic MFMS 
scheduling algorithm is still higher than that of FREE. Further, the packets delivered by 
FREE decreases by around 0.5% when the number of EDs is greater than 200, as pre-
sented in Fig. 2b. The good performance of the proposed dynamic MFMSF scheduling 
algorithm is contributed by the use of a slotted synchronization approach which reduces 
collision. However, slotted synchronization operates by putting the EDs in a queue 
while transmitting the synchronization request which introduces a delay in the data 
transmission.

Increasing the propagation range to R=5 km, which is the longest range that the 
LoRaWAN can support in an urban environment, the packets delivered for both algo-
rithms decrease significantly. The packet delivery for the proposed dynamic MFMS 
scheduling algorithm doubles that of FREE algorithm except when the number of EDs 
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is four through seven, as shown in Fig. 3a. The exception cases for FREE to deliver larger 
number of packets (almost ALL) are possible due to the retransmission trials.

Increasing the number of EDs in an area of R=5 km, the proposed dynamic MFMSF 
scheduling algorithm achieves a PDR of 45% higher than FREE when the EDs increase 
from 100 to 400. The PDR for FREE shows a significant drop as EDs increase from 400 to 
900 (Fig. 3b). The packet delivery drop of the proposed dynamic MFMSF TDMA sched-
uling algorithm is due to the increase in propagation range, which pushes some of the 
devices out of the transmission range. The random transmission of the synchronization 
messages contributes to the PDR drop of FREE when the number of devices increases in 
the network.

Energy efficiency

The results show that the proposed dynamic MFMSF scheduling algorithm is more 
energy-efficient than the FREE algorithms when used in a standard LoRaWAN network 
with devices uniformly distributed in a circular area of R=1 km. The average energy con-
sumed by the proposed dynamic MFMSF scheduling algorithm is approximately 3.3 J 
(see Fig. 4a) regardless of the number of EDs in the network when a maximum of 12 EDs 
is considered. This is because, in the proposed dynamic MFMSF scheduling algorithm, 

Fig. 2 Packet delivery for the range of R=1 km a N=12 devices b N=900)
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only one ED is transmitting at a time. On the other hand, the maximum average energy 
consumed by FREE is about 4J when the number of EDs is N = 12 . The improved energy 
efficiency in the proposed dynamic MFMSF scheduling algorithm is due to the mini-
mized collisions as a result of slotted synchronization procedures and avoiding of the 
active synchronization during the data transmission phase.

Increasing the number of devices to N = 900 , using the same R = 1km , maintains the 
same results as the coverage range of 1 km, which is approximately 3.3 J for the proposed 
dynamic MFMSF scheduling algorithm. Surprisingly, the constant average energy con-
sumption of approximately 3.5 J for the FREE is observed as the number of EDs increases 
from 100 to 900, as shown in Fig.  4b. The constant energy consumption is caused by 
extreme collisions, which cause transmission failure with the increase in EDs

Increasing the radius to 5 km, which is considered the worst-case propagation range, 
increases the energy consumption of the FREE algorithm by 17 J compared to the pro-
posed dynamic MFMSF scheduling algorithm (Fig. 5a). The higher energy consumption 
in FREE is because when the coverage radius increases, most of the devices use the max-
imum transmission trials of eight to achieve synchronization.

Increasing the number of EDs to 900 in the coverage range of 5 km causes a significant 
energy consumption of about 16 J while consuming constant energy of about 6 J when 

Fig. 3 Packet delivery for the range of 5 km a N=12 devices b N=900)
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the number of EDs increases beyond 100, with the FREE algorithm. The average energy 
consumption of the proposed dynamic MFMSF scheduling algorithm remains constant 
at about 4 J, which is 2 J less than that of FREE when the number of EDs exceeds 200 as 
shown in Fig. 5b.

Variation in the energy consumption with propagation range

The analysis of energy consumption with coverage ranges was performed in both small 
and large networks. The results show that the energy consumed by the proposed algo-
rithm is almost constant at about 4 J when the coverage range increases from 1 to 5 km 
in the small network (Fig. 6a). On the other hand, the energy consumed by FREE varies 
from about 4 to 6 J when the coverage range changes from 1 to 3 km. Again, a maxi-
mum energy consumption of about 20 J for the FREE algorithm occurs at the propaga-
tion range of 4 km and decreases to about 6 J when the propagation range increases 
to 5 km. The energy drops in FREE are due to transmission failure caused by the large 
propagation range. The random energy consumption by the FREE is due to the random 
transmission of the synchronization requests which deliver the packets with different 
numbers of transmission attempts.

Fig. 4 Energy consumed for R= 1 km a N=12 devices b N=900)
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Energy consumption for the same range with the large network (N=900) decreases to 
around 3.5 J for all coverage ranges from 1 to 5 km for the proposed algorithm, as shown 
in Fig. 6b. The energy consumption by the FREE algorithm shows similar behavior as for 
small networks but with a decrease in the maximum energy consumption. The energy 
consumption by FREE is observed to be constant as the propagation range increases 
from 4 to 5 km because most of the EDs will get out of the coverage ranges.

The average energy consumption of the proposed algorithm is constant and smaller 
than that of FREE in all scenarios. The low consumption in the proposed dynamic 
MFMSF scheduling algorithm is contributed by the fact that one ED transmits at a time 
and remains in sleep mode, while others are transmitting. The swings in the FREE algo-
rithm are a result of the random transmission of synchronization requests that are active 
throughout the transmission period.

Evaluation of the proposed algorithm in industrial LoRaWAN

The performance of the proposed dynamic MFMSF scheduling algorithm was also eval-
uated in the indoor industrial use case. The selected use case for industrial LoRaWAN 
was added to the modified standard LoRaWAN model to form a realistic industrial 
LoRaWAN module. The module considered all impairments including path loss, 

Fig. 5 Energy consumed for R= 5 km a N=10 devices b N=900)
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shadowing, and fading, affecting the received power at the sink where the propagation 
model for indoor industrial monitoring was adapted from work by [14]. The values of 
other parameters in the link propagation model were deduced from a work by [12] and 
[2]. The choice of these parameters was influenced by the fact that the measurements 
were taken at 900MHz, which is similar to the operating frequency of the LoRaWAN 
network. The message length of 50 B was considered to be the maximum data that 
would be collected in 30 minutes.

Packet delivery

The proposed scheduling algorithm successfully delivers all transmitted packets to the 
gateway in a network of 10 EDs in a coverage range of 100 m, as shown in Fig. 7a. The 
PDR of the FREE algorithm is random and 20% less than the required industrial perfor-
mance when the number of devices increases from 5 to 10. When the number of devices 
increases to 900, the PDR of the proposed algorithm is still higher than that of FREE 
when devices increase from 200 to 900 EDs (Fig. 7b). This alludes that fewer packets will 
be received at the gateway using FREE in a denser network.

Fig. 6 Variation in the energy consumption with the range a small network, N=12 b large network, N= 900 
EDs)
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All packets are delivered using the proposed algorithm in a 10 EDs network, even with 
the increase in the coverage range from 100 to 500 m (Fig. 8a). On the other hand, the 
FREE algorithm can deliver all the packets when there are only six EDs in the network. 
The PDR for FREE drops to a constant value (6 packets) when increasing the number of 
EDs from 9 to 10 (Fig. 8a). Increasing the number of EDs to 900 maintains the higher 
PDR for the proposed algorithm. A significant PDR drop, the same experienced in the 
standard LoRaWAN, can be seen when FREE is used, as presented in Fig. 8b.

Generally, the PDR for the proposed algorithm is higher regardless of the cover-
age range when the number of EDs is 10. The performance of FREE is lower than the 
required performance for the indoor industrial use. The good performance of FREE 
when the coverage range is 500 m is because the large coverage range forces the EDs 
to use different SFs, which maximizes the number of delivered packets. Increasing the 
number of EDs in both coverage ranges has no significant effect on the performance of 
the proposed algorithm.

Energy efficiency

When the number of EDs is N = 10 and the coverage range R = 100m , the energy con-
sumed by the proposed algorithm is lower than that of the FREE algorithm (Fig. 9a). The 

Fig. 7 Variation in packet delivery with the number of transmitted packets for R=100 m a N=10 b N=900
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minimum and maximum energies of about 4 J and of 14 J are wasted to deliver 3 packets 
and up to 10 packets to the gateway, respectively, using the FREE algorithm (Fig. 9a). 
The constant energy in the proposed is due to the use of slotted transmission in both 
synchronization requests and data transmissions. The higher energy consumptions are 
possibly due to the retransmissions of collided packets during the transmission of the 
synchronization packets. Increasing the number of the EDs to 900 on the same coverage 
range of 100 m increases the energy consumption of the proposed algorithm to 3.25 J, 
which is 0.25 J more than when the number of EDs was 10 (Fig. 9b).

Variation in the energy consumption with propagation range

The energy consumed by the proposed algorithm in an industrial LoRaWAN when there 
are 10 EDs is about 3 J, as shown in Fig. 10a. The average energy consumed by FREE 
increases from 3.5 to 4.1 J when the coverage range increases from 100 to 200 m, respec-
tively, and remains constant beyond the coverage range of 200 m. When the number of 
EDs increases to 900, the average energy consumed by the proposed algorithm is con-
stant by about 3 J, but the energy consumed by FREE is about 0.5 J more than the energy 
consumed by the proposed algorithm as shown in Fig. 10b.

Fig. 8 Packet delivery for R=500 m a N=10 b N=900
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Generally, the energy consumed by the proposed dynamic MFMSF scheduling algo-
rithm in the indoor industrial application is lower than that consumed by FREE. The 
average energy consumed by FREE is about 1 J higher when the EDs is 10 and 0.5 J when 
the EDs increase to 900. The lower energy consumption by FREE when the number of 
EDs increases is contributed by the fact that no packets are delivered to the gateway 
using the FREE algorithm.

Scalability analysis for the proposed dynamic MFMSF algorithm

The scalability of the LoRaWAN network using the dynamic MFMSF scheduling algo-
rithm was quantified by the maximum number of devices that can be managed by the 
network. A transmission period of 10 minutes with a data payload of 21 B and a total of 
three 125 kHz transmission channels were considered. The chosen parameters act as a 
basis for comparison as they have been used to evaluate the performance of the FREE 
algorithm.

The analysis was carried out under saturated conditions, considering more uplink traf-
fic than can be handled by the network capacity, and synchronization success of 85%. 
The maximum number of EDs supported by the network depends on the available time 
slots in which the proposed dynamic MFMSF scheduling algorithm can connect larger 

Fig. 9 Energy consumption for R=100 m a N=10 b N=900
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number of EDs by approximately 85% than the number of devices supported when 
the FREE algorithm is used. The improvement is contributed by the fact that no time 
slots are reserved for resynchronization when using the dynamic MFMSF scheduling 
algorithm.

The synchronization success rate varied between 1 and 90%, considering the spreading 
factors of SF7 and SF12. The total number of EDs that FREE can support increases pro-
portionally but is always less than the number of EDs that can be supported by the pro-
posed dynamic MFMSF scheduling algorithm, as shown in Fig. 11a and b, respectively. 
The lower SF can support a large number of EDs than the higher SF due to shorter ToA.

Conclusion and future work
In this work, the proposed dynamic MFMSF algorithm that can be deployed on top of 
LoRaWAN MAC to improve the LoRaWAN network scalability has been successfully 
developed. A slotted synchronization approach has been proposed to be incorporated 
in the developed algorithm due to its good performance when compared to the ran-
dom synchronization approach. The performance of the proposed dynamic MFMSF 
scheduling algorithm in comparison with the existing algorithms in both standard 

Fig. 10 Energy consumption for R=100 m a N=10 b N=900
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LoRaWAN and industrial LoRaWAN has been evaluated by using ns3 simulations. 
The key performance parameters including energy-efficient and packet delivery were 
used in the evaluation. It was revealed that the proposed dynamic MFMSF algorithm 
is more energy-efficient than the existing algorithm in a denser network with devices 
arranged in a circular disk with different radii. The packet delivery rate for the pro-
posed algorithm is about 99% signifying reduced collisions during data transmission. 
The packet delivery rate of the existing algorithms was relatively lower and zero in 
some cases. The performance of the developed algorithm was tested in the industrial 
setup which is more prone to signal losses. The required performance for industrial 
monitoring application was used as a benchmark to compare the performance of the 
developed algorithm with the existing algorithms. It was noted that the proposed 
dynamic MFMSF-TDMA algorithm outperforms the existing algorithms in terms of 
energy efficiency in all scenarios. However, the required performance for industrial 
monitoring application was met by the dynamic MFMSF scheduling algorithm. The 
existing algorithm did not meet all the required performance which may be the life-
time for the EDs in an industrial setup environment. The scalability analysis proved 
that the use of a dynamic MFMSF scheduling algorithm improves the LoRaWAN scal-
ability by factor � , which depends on the synchronization failure in the existing FREE 

Fig. 11 Number of supported EDs for a SF7 b SF12
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algorithm. The scalability improvement in the proposed dynamic MFMSF algorithm 
has been contributed by the use of a slotted synchronization approach and the use of 
a minimum energy consumption constraint in assigning a SF to the EDs.

The slotting in the dynamic MFMSF TDMA scheduling algorithm uses slotted syn-
chronization based on the device network identity forcing devices with large network 
IDs to unfairly wait for a long time before transmitting the synchronization request 
to the gateway which affect the response time of an ED. Therefore, an innovative 
slot assignment technique independent of device network ID can be considered as a 
future work.

The proposed dynamic MFMSF TDMA scheduling algorithm uses the Log distance 
loss propagation model to assign different SFs to the EDs. Evaluating the performance 
of the dynamic MFMSF TDMA scheduling algorithm with other loss propagation 
models such as Okumura Hata is also recommended for future work. The evaluation 
can be done in both standard LoRaWAN and industrial LoRaWAN applications.

The performance evaluation of the dynamic MFMSF TDMA scheduling algorithm 
was evaluated in the indoor industrial use case. The outdoor industrial use cases can 
also be considered in future work. The performance of the algorithm in a compli-
cated multi-gateway network structure can also be considered for future work. Finally 
evaluating the performance of an innovative slotting in the synchronization approach 
combined with the fixed MFMSF TDMA scheduling algorithm can be worked on in 
future work.

The performance of the proposed dynamic MFMSF TDMA scheduling algorithm 
has been compared with FREE which is one among many existing algorithms in the 
literature. The performance of the proposed dynamic MFMSF TDMA scheduling 
algorithm in comparison with other existing algorithms is also recommended for 
future work. The performance evaluation of the proposed dynamic MFMSF TDMA 
Scheduling algorithm considering LoRaWAN class B and C can be considered as 
future work. The computational complexity of the proposed dynamic MFMSF sched-
uling algorithm is also recommended for future work.
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