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Abstract

Internet of things phenomenon has brought up distinctive technologies that are using wire-
less communication and appearing in smart city applications. Long range (LoRa) modula-
tion technique has pulled up the market and forced the announcement of LoRa wide area
network (LoRaWAN) standard in 2021 by ITU-T with Y.4480 standard code. LoRaWAN is
a medium access control protocol using low power wide area network approaches with the
aim of long-range coverage and management of many end devices. LoORaWAN networks
are emerging all over the world with some existing optimization, planning and network
allocation problems that need to be overcome. This paper focuses on comparative analy-
sis and interpretation of measurements performed in a LoORaWAN network deployed in an
18-floor building with a LoRaWAN gateway on the roof. The research covers results of
comparative measurements between end device and Adeunis field test device (AFTD) for
received signal strength indicator (RSSI), signal-to-noise ratio (SNR) and spreading fac-
tor (SF). End devices have been randomly selected from 18th, 12th, 6th and 1st floors and
their daily performance data have been gathered through the network server. AFTD has
been used to get 100 sample measurements for each floor. Maximum and average RSSI
values obtained from end device measurements are higher than ones measured with AFTD
except the case in the 18th floor. Excluding the maximum SNR values at the 1st and the
18th floors, all SNR values measured with AFTD are higher than ones obtained from end
device measurements. SF measurements show that higher SF values are more likely to be
used with increasing distances to the gateway as expected from the theoretical background.
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1 Introduction and Related Works
1.1 Introduction

Internet of Things (IoT) was firstly announced in 1999 by Massachusetts Institute of Tech-
nology (MIT) Audible Lab. IoT technology is used to connect the Internet to the physi-
cal world through various sensors [1]. One of the fastest growing sectors in the IoT eco-
system is wireless communication technologies analyzed under two main titles as short
and long range in terms of communication range [2]. The term ‘low power consumption
wireless area network (LPWAN)’ defines some types of long-range wireless communica-
tion networks. There are different examples of LPWAN technologies such as long range
(LoRa), Sigfox, narrow band-IoT (NB-IoT) [2]. LoRa is a long-range low power consum-
ing wireless modulation technique derived from chirp spread spectrum (CSS) technology
[3]. LoRa transmits small-size data (250 bytes) with low bit rates (200 kbps) within a range
of 10-15 km in rural areas and 3-5 km in urban areas [4]. LoRa uses the frequency band
range of 780-915 MHz in Europe and 902-928 MHz in United States [5]. LoRaWAN
is a medium access control (MAC) layer protocol built over LoRa modulation [3]. The
LoRaWAN protocol has been developed by the LoRa Alliance. The first LoRaWAN techni-
cal standard was published in January 2015 [3]. LoRaWAN end devices are optimized to
operate in low power mode with a single button battery providing up to 10 years of opera-
tion [5]. LoRa gateways (GWs) have high sensitivity down to —137 dBm signal power
level.

1.2 Related Works

LoRa applications are being discussed for different topics such as tracking devices [6],
tracking objects [7], energy monitoring [8], urban vehicle localization [9], real time data
gathering from vehicles in motion [10], car parking [11], air quality management [12], air
quality monitoring through indoor applications like schools [13], water quality monitor-
ing [14] and water management [15]. Furthermore, there are other applications related
to agriculture which involves LoRaWAN-based wireless underground sensor to monitor
below the level of soil [16] and error rate analysis using LoRa in health monitoring [17].
Additionally, another experimental research about smart parking service with LoORaWAN
analyzes propagation models to understand the usability in city-scale networks as well as
presenting some predictions based on artificial intelligence (AI) to enhance confidence in
smart parking sensor readings [18].

On the other hand, LoRa network is also being analyzed for general transmission per-
formance, the efficiency, the packet loss, the signal-to-noise ratio (SNR) and the received
signal strength indicator (RSSI). One part of the performance analyses includes packet
error rate results [19] while another discusses received packet numbers, RSSI and SNR
values [20]. There are also LoRa simulations developed to analyze the packet loss, the
energy consumption and the collision rate [21]. Besides, a simulation called LoRa-Multi
Armed Bandit (LoRa-MAB) focuses on transmission rates [22]. Moreover, comparative
LoRaWAN network analysis between physical and simulation results is also available [23].
On data delivery point of view, reliability with multiple gateways regarding LoRaWAN
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networks has also been researched in [24], where a successful result with 35% improve-
ment on packet delivery ratio has been demonstrated.

1.3 Contribution of This Research

In this research, measurement results of RSSI, spreading factor (SF) and SNR parameters
in a LoORaWAN network have been analyzed and compared with results of same param-
eters obtained with a LoRaWAN certificated field test device. Measurements have been
performed on an indoor LoORaWAN with a rooftop gateway (GW) that has been previously
deployed in a building with 18 floors. 1-day long measurement results of RSSI, SF and
SNR parameters from end devices of this indoor LoORaWAN network, which are located
at 1st, 6th, 12th and 18th floors of the building, have been obtained. The obtained results
have been compared with field test results provided from measurements performed at same
floors with an Adeunis Field Test Device (AFTD), which is a LoRaWAN certificated field
test device [25]. The contribution of this research can be stated as follows:

(i) LoRaWAN field tests mostly cover outdoor applications where research base
designed hardware have been generally used [6, 11, 12]. In this research, field tests
have been performed in a building with 18 floors where daily life continues and
concrete obstacles are present in the environment. Therefore, the results of this
research give clues in understanding indoor performance of LoRaWAN networks.
Furthermore, a novel indoor data set has been originated with AFTD field test results
in this research.

(i) In the literature, the network performance measurements have been generally per-
formed with end device measurements. Comparison of end device measurements
with another field test device measurements have not been realized [14—17]. How-
ever, in this research, Adeunis field test device has been used to make field test
measurements and compare them with LoRaWAN end device measurements for
RSSI, SNR and SF parameters.

Section 2 gives detailed information about LoRa and LoRaWAN network architecture.
The material and method used in the research is introduced in Sect. 3. Results and discus-
sions are presented in Sect. 4.

2 LoRa and LoRaWAN
2.1 LoRa

LoRa is a CSS-based modulation technique. It transmits data using compressed high-inten-
sity radiated pulse (CHIRP) waves. This method is similar to the method used by dolphins
and bats to communicate. LoRa modulation is resistant to distortion and enables data trans-
fer over long distances (5-15 km) with low power consumption. The term SNR is very
important in wired and wireless communication. SNR is expressed in decibels (dB). SNR
is expected to be greater than 0 dB to ensure successful communication [26]. However,
LoRa modulation can successfully perform wireless communication down to —20 dB SNR
depending on the SF variable [27]. LoRa is a technique that allows user to send long-range
signals and firstly used in military applications. While another main LPWAN technology is
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Fig. 1 Up-chirp and down-chirp frequency
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Fig.2 CSS modulation

NB-IoT, there are differences in topics such as quality of service, battery life, network cov-
erage, latency and cost between LoRa and NB-IoT [28]. There are various other LPWAN
technology alternatives for LoRa namely as Sigfox, Dash7, Ingenu, Telensa, Weightless
[29].

2.2 Chirp Spread Spectrum

CSS is a spread spectrum technique that uses broadband linear frequency modulated chirp
pulses to encode data. It provides long-range performance with high reliability, strong
resistance to interference and low power consumption. CSS has two types of signals, i.e.,
up-chirp and down-chirp [30].

Figure 1 shows the up-chirp and down-chirp signals that form the basis of CSS modula-
tion [30].

The CSS modulation shown in Fig. 2 consists of three basic parts: preamble, synchroniza-
tion and data [31]. The preamble section includes succession of up-chirps. The synchroniza-
tion section following the preamble involves two down-chirps. If the receiver module receives
two down-chirp signals after consecutive up-chirp signals, it understands that the message
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encoded on chirp signals has arrived [31]. A chirp signal consists of M =25

signal can encode as many bits as SF number [31].

Chirp signal includes a short-time frequency expansion based on four parameters: SF,
maximum frequency (f,,,,), minimum frequency (f,,,) and input bits. The period of chirp sig-
nal, i.e., T,, can be computed with [32]

chips. A chirp

T M 2SF
* fmax _fmin fmax _fmin (1)
where f,,,. — finin Shows the bandwidth.

Variation of the instant frequency (4f) with time in a chirp signal is shown in Fig. 3.
According to Fig. 3, the chirp signal has bandwidth (B), SF, symbol value (s) and the instant
in time axis at which Af wraps around (7},). In LoRa modulation, the bandwidths are 125 kHz,
250 kHz and 500 kHz, SF differs between 7 and 12, s changes from O to M-1 chips. For the
case in Fig. 3, the bandwidth is 500 kHz, SF is 8 and s is the 91th chip. Using (1) and values
given above, the chirp signal period 7, can be computed as 5.12x 107 s. Af (s, £) has a start-
ing value of _2—3 + 2 s Hz and increases linearly. When Af (s, £) reaches to the value of g
Hz, it wraps around to the value of —Z Hz at the T,, value of the time axis and increases lin-
early again till the starting value of Af (s, 7). The starting value of Af (s, ) can be computed as
—0.723 % 10° Hz for the case in Fig. 3. The value of T, can be computed with [32]

TS
T,=T,~ s )

N

Using (2), the value of 7}, can be calculated as 3.3 X 107 s for the case in Fig. 3.
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Fig. 3 Variation of the instant frequency with time in a chirp signal
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Figure 4 presents time—frequency relation for SF values varying from 7 to 12 and band-
widths of 125 kHz, 250 kHz and 500 kHz used in LoRa modulation [33].

2.3 Spreading Factor

LoRa modulation uses six different SF values from SF7 to SF12. SF controls the speed of
data transmission by controlling the chirp rate. If the RSSI is lower than the noise floor, it
is not normally possible to demodulate the signal. However, LoRa can demodulate signals
below the noise floor thanks to the SF variable [34].

Figure 5 shows the variation of a chirp signal from left to right from SF7 to SF12. In a
communication system, increasing the bandwidth increases the bit rate. However, using a
wider bandwidth causes the system to consume much more power. SF changes the length
of the signal on the time axis while keeping the bandwidth constant. Increasing the SF
value causes the bit rate of the transmitted signal to decrease. However, higher SF values
are more resistant to distortion. Therefore, high SF values can be used for long-range com-
munication. Table 1 gives the relation between SF and RSSI limit, i.e. the receiver sensitiv-
ity, for 125 kHz bandwidth [34]. The lower the RSSI value, the lower the signal strength.
The signal strength is lower in noisy environments. As it is obvious in Table 1, increasing
the SF variable allows the RSSI limit to decrease to lower values. Higher SF values are
therefore used when operating in noisier environments.

Table 2 shows the changes in various parameters depending on SF values for 125 kHz
bandwidth [35]. As shown in Table 2, increasing the SF value increases the number of
chips used. In this way, larger size data can be sent. As the SF value increases, the signal
will become more resistant to distortion. In this way, it will be possible to communicate
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v
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Fig.4 Time versus frequency variation for different SF and bandwidth values
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Table 1 The matching table of L
SF values to RSSI values giving SE value RSST limit (dBm)
the receiver sensitivity SF7 123
SF8 —126
SF9 -129
SF10 -132
SF11 —1345
SF12 -137
Table2 The matching table of  gp 1o Chips SNR limit (dB) ToA (for Bit rate (bps)
SF values to number of chips, 10-byte packet)
SNR limits, time-on-air (ToA) (ms)
durations and bit rates
SF7 128 =75 56 5469
SF8 256 —-10.0 103 3125
SF9 512 -125 205 1758
SF10 1024 —15.0 371 977
SF11 2048 —17.5 741 537
SF12 4096  —20.0 1483 293
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Fig.6 LoRa and other wireless communication technologies
Table 3 Regional LoRaWAN Region Frequency band (MHz)
frequencies
China 779-787
EU 863-870 and 433
us 902-928

successfully at lower SNR values. Increasing the SF value will decrease the bit rate, so the
data packet will be transmitted in a longer time.

To be more precise and to evaluate the contents of Tables 1 and 2 together, it can be
said that three key parameters of LoRa-based systems are SF, SNR and RSSI. Tables 1 and
2 show the limits and thresholds for the relations SF-RSSI and SF-SNR. Since SNR <0
means that the signal power is lower than noise power or in other words the signal is
under the noise floor, the LoRa-based systems ensure that the signal can be received with
negative SNR as shown in Table 2. Because of negative SNR, in noisy environments, the
receiver sensitivity should reach much lower values to be able to detect the signal under the
noise floor. Table 1 shows that this can be handled by increasing the SF values from 7 to 12
in LoRa-based systems to reach much lower RSSI values, i.e. receiver sensitivities.

2.4 LoRaWAN

LoRaWAN is suitable for transmitting small size data such as sensor data over long dis-
tances since LoRa modulation provides longer range communication with lower band-
widths than other wireless communication technologies [3]. Figure 6 shows some of the
access technologies that can be used for wireless communication and their bandwidths vs.
the expected communication range [3].

Table 3 shows the regional operating frequencies of LoRaWAN [36].

Figure 7 shows the LoORaWAN network architecture [36]. LoORaWAN network consists
of four basic parts: end devices, gateway (GW), network server and application server. End
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Fig.7 LoRaWAN network architecture

devices are connected to the gateway with a star topology network structure. Due to the
star topology, sensors cannot communicate directly with each other, they exchange data
through the gateway. The communication between the end devices and the gateway is bidi-
rectional. Sending data from the end device to the gateway is called "uplink" and send-
ing data from the gateway to the end device is called "downlink". Gateways are the key
devices that enable connectivity in IoT. Gateways are responsible for converting the data
sent by end devices in the form of radio frequency (RF) packets into Internet protocol (IP)
packets. The gateways transfer the converted IP packets to the cloud. The network server
is in charge of managing gateways, end devices, applications and users across the entire
LoRaWAN network. The network server verifies the authenticity of end devices and the
integrity of messages. It responds to all MAC layer commands. The application server
is tasked with processing application-specific data messages received from end devices.
There can be more than one application server in a LoORaWAN [37]. There are three basic
LoRaWAN classes; A, B, C. Class A devices are battery powered and have the lowest
power consumption. They spend most of their time in sleep mode. Class A devices have
bidirectional communication. Class A devices can only communicate with one gateway.
Class A devices are generally used in areas such as environmental and location monitoring
[38], radon risk management [39], forest fire detection [40], earthquake monitoring [41],
animal tracking [42], water supply monitoring [43], water monitoring and leakage detec-
tion in housing complexes [44]. Class B devices have shorter battery life than Class A
devices because they spend more time during beacons and ping slots while in active mode.
Bidirectional communication is possible with receive slots. Class B devices can communi-
cate with multiple gateways at the same time. Class B devices are generally used in areas
such as auxiliary counters and temperature reporting [38]. Class C devices are the most
power consuming class among all devices. They are usually connected to the electrical
network. Class C devices have bidirectional communication. Class C devices can commu-
nicate with multiple gateways at the same time. Class C devices are generally used in areas
such as switched utility meters and streetlights [26].
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The LoRaWAN uplink and downlink frame formats are given in Fig. 8 [45]. The
uplink frames are transmitted from end devices to the GW while downlink frames gen-
erated by LoORaWAN network server are sent to end devices from the GW.

The preamble of LoRaWAN frames shown in Fig. 8 helps in synchronizing the
receiver and the transmitter. It contains 8 symbols. The physical header (PHDR) con-
tains information about sizes of the payload and the cyclic redundancy check (CRC).
The physical header CRC (PHDR-CRC) involves an error detection code used to detect
errors in the header. The PHYPayload includes the whole frame that is generated by the
MAC layer. The maximum size of the payload, which is region-specific, varies with the
data rate. CRC contains an error detection code used to detect errors in the payload of
uplink messages [45].

3 Material and Method

Measurements have been performed on the 18th, 12th, 6th and 1st floors of an 18-floor
building with a LoRaWAN gateway (GW) on its roof, as shown in Fig. 9. Class A end
devices, which are LoORaWAN certified water-meters, are used on floors in the LoORaWAN
under test. The end devices are placed in the elevator shaft of the building as shown in
Fig. 10. They are located at vertically proportional distances to the GW at the roof. The
structural properties of the building, e.g., the thickness of the concrete, densities of steel
and wood, are similar in all floors. One-day measurement results of the performance
parameters, i.e., RSSI, SNR and SF values, obtained from end devices located at the floors
stated above have been compared with measurements obtained from same floors with
AFTD. The number of measurements performed with AFTD at each floor is 100.

The schematic representation of a floor where the LoORaWAN end device is installed
and the measurements have been performed with AFTD is given in Fig. 11. Point 1 in
the elevator shaft represents the location of the LoRaWAN end device, i.e. the water-
meter, point 2 represents the location where the measurements have been made with
AFTD. The distances between end devices on the 18th, 12th, 6th and 1st floors and the
gateway on the roof are 7.07 m, 23.5 m, 41.3 m and 56.2 m, respectively.

Each floor has a total closed area of 900 m* and involves 4 apartments. The plans of
all floors are the same. Since the apartments are not empty, the measurements have been
performed at points closest to end devices with a maximum distance of 1 m and located
outside the apartments due to inviolability of domicile issues. Construction materials at the
floor around the measurement area are concrete, wooden doors and the elevator shaft.

Preamble PHDR PHDR_CRC PHYPayload CRC

a)

Preamble PHDR PHDR_CRC PHYPayload
b)

Fig.8 LoRaWAN a) uplink and b) downlink frame formats
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Fig.9 The schematic representa-
tion of the building where the
LoRaWAN under test is installed

Floor 18

.

Floor 12

.

Fl(;or 6

.

Floor 1

Fig. 10 The end-device (water-
meter) installed in the elevator
shaft of the building

RSSI, which has a negative value, is measured in dBms and represents the power of the
received RF signal. As the RSSI value approaches to zero, stronger signals are received.
RSSI can increase or decrease depending on environmental factors, fading, attenuation etc.
SF value can get values between 7 and 12. SNR is the ratio of the received RF signal power
to the noise power. On behalf of LoRaWAN equipment, GW communicates with end
devices and forward messages between end devices and the network server. The network

@ Springer



350 A. Aksoy et al.

Flat 1 : ’ Floor Area:

Flat 4
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1/ Elevator

Flat 3
Flat 2

Fig. 11 The schematic representation of a floor where the LoRaWAN end device is installed

server keeps RSSI, SNR and SF information measured during communication. Throughout
the research, the performance data of end devices located at 1st, 6th, 12th and 18th floors
have been analyzed focusing on RSSI, SNR and SF parameters. The data packets transmit-
ted with LoRa-CSS modulation contain consumption data of the water-meters and details
of data packets are inaccessible due to security reasons. The network is active. The struc-
ture of a single frame is the same as the LoORaWAN frame structure given in Fig. 8. The
measurements have not been performed within a single floor. Firstly, measurements have
been made on the 18th floor, which is the closest floor to the gateway, and then on the 12th,
6th and Ist floors, respectively. In measurements, the uplink packets transmitted success-
fully from the end device in each floor to the gateway have been considered. The gateway
used during the research satisfies LoORaWAN standards with radio signal transmission fea-
tures shown in Table 4.

Non-line-of-sight (NLOS) conditions are present for radio signal transmission between
end-devices and the gateway for the test environment. Topics like multipath propagation,
signal fading, etc. have not been concentrated on in this research but they will be focused
on in subsequent future ones.

The network performance has been observed and evaluations have been given with
respect to SNR, RSSI and SF parameters. The measurement data has been transferred to
the desktop computer via the IoT configurator application of the AFTD and it has been
processed in Excel files in the digital environment to create the relevant tables and graphs.
Excluding Adeunis IoT configurator, no other simulation software, third party libraries or
open source software have been used in this research. The field tests with AFTD have been

Table 4 Radio signal

transmission features for the Feature Value

gateway Antenna gain 4.5 dBi
Antenna type Omnidirectional
Tx power 14 dBm
Frequency band 868 MHz

@ Springer



Comparative Analysis of End Device and Field Test Device... 351

performed as 4 different floor tests, i.e. floor 18, floor 12, floor 6 and floor 1 tests, with the
same method used in end device measurements.

4 Comparative Measurement Results and Performance Analysis

Table 5 shows the comparative RSSI results obtained from one-day measurements of the
end devices and from 100 sample AFTD measurements performed at the same floors in
different days due to test environment and network data access restrictions. The duration of
a single test with AFTD has lasted about 2 minutes in the test area. Therefore, the total test
duration for one floor has taken about 200 minutes and total test duration in the building
has been about 800 minutes.

The RSSI measurement results show that both AFTD and end devices have acceptable
average, maximum and minimum values compared to the values given in [12]. When the
average RSSI values are analyzed, the end device measurement results show approximately
an 8 dB variation between —98.92 dBm and — 107 dBm. The variation in average RSSI
values obtained from AFTD results is approximately 30 dB between —89.34 dBm and
—119.78 dBm. When the maximum RSSI values are analyzed, the measurement results
for the end devices show a variation of 13 dB between —92 dBm and — 105 dBm, while
the maximum AFTD results show a variation of 30 dB between — 85 dBm and — 115 dBm.
Finally, when the minimum RSSI values are analyzed, the AFTD results show a variation
of 27 dB between —97 dBm and — 124 dBm, while the end device results show a varia-
tion of 7 dB from —109 dBm to —116 dBm. When all variations in all RSSI results are
analyzed, the average RSSI variation in the end device results is 9.36 dB, while the average
RSSI variation in the AFTD results is 29.15 dB. As shown in Table 5, the highest and the
lowest RSSI values are both observed in AFTD measurements with —85 dBm at the 18th
floor and with — 124 dBm at the 1st floor, respectively.

The boxplot representation of distribution of RSSI values obtained from measurements
of LoRaWAN end devices and AFTD measurements are given in Figs. 12 and 13, respec-
tively. When the maximum and average RSSI values are analyzed, it is obvious that RSSI
values increase with the increase in floor numbers from the Ist to the 18th floor in both
Figs. 12 and 13. But when the minimum RSSI values are analyzed, it is seen that the mini-
mum RSSI values in Fig. 12 decrease between the 6th and the 12th floor contrary to the
general expectations while the minimum RSSI values in Fig. 13 increase with increasing

Table 5 Comparative RSSI results obtained from end devices and AFTD measurements

Floor LoRaWAN end device results AFTD results
Average RSSI (dBm) Maximum  Minimum  Average RSSI (dBm) Maximum  Minimum

RSSI RSSI RSSI RSSI
(dBm) (dBm) (dBm) (dBm)

18 —98.92 -92 —109 —89.34 -85 -97

12 —105 -95 —115 —107.98 —102 —113

6 —106.60 —102 —114 —110.63 —107 —115

1 -107 —105 —116 —119.78 —115 —124

@ Springer



352 A. Aksoy et al.

-80

-85

-0

) 92—

P 95
£ 95
1]
3. x-98.92
= -0
[72] .
2 102
) - B -

-110 -109

-114
-115 116 -115

-120

Building Floors

[ Floor1 M Floor6 [ Floor 12 [ Floor 18

Fig. 12 The boxplot representation of distribution of RSSI values obtained from LoRaWAN end devices
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Fig. 13 The boxplot representation of distribution of RSSI values obtained from AFTD measurements

floor numbers. This shows that the instantaneous RSSI values can vary depending on not
only the distance to GW but also environmental factors.

Table 6 shows the comparative SNR values obtained from measurements of end devices
and from measurements with AFTD. In line with expectations, the average SNR values
decrease with increasing distance to the GW for both end device measurements and AFTD
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Table 6 Comparative SNR results obtained from end devices and AFTD measurements

Floor LoRaWAN end device results AFTD results

Average SNR (dB) Maximum Minimum Average Maximum Minimum
SNR (dB) SNR (dB) SNR (dB) SNR (dB) SNR (dB)

18 3.99 8.5 -52 6.4 8 4

12 0.18 5.5 -938 3 6 -2

6 -5.93 2.5 -13.8 24 4 -1
-6.1 1 -132 -49 -4 -8

measurements as shown in Table 6. SNR measurements emphasize that LoORaWAN can
also operate at negative SNR values. The average SNR obtained from end device measure-
ments decreases from 3.99 to — 6.1 dB between the 18th and 1st floors. Similarly, the aver-
age SNR obtained from AFTD measurements decreases from 6.4 to —4.9 dB between the
18th and 1st floors. The maximum SNR obtained from end device measurements decreases
from 8.5 dB to 1 dB between the 18th and 1st floors while similarly, the maximum SNR
obtained from AFTD measurements decreases from 8 to —4 dB. The minimum SNR
obtained from end device measurements decreases from —5.2 to —13.2 dB between the
18th and 1st floors while similarly, the minimum SNR obtained from AFTD measurements
decreases from 4 to — 8 dB.

The boxplot representation of distribution of SNR values obtained from measurements
of LoRaWAN end devices and AFTD measurements are given in Figs. 14 and 15, respec-
tively. The average SNR variation between the first and the last floors for the end device
measurements is 10.09 dB in Fig. 14 while it is 11.3 dB for AFTD measurements in Fig. 15.
As shown in Figs. 14 and 15, average and maximum SNR values increase with decreas-
ing distance to the GW from the 1st to the 18th floors in both end device measurements
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Fig. 14 The boxplot representation of distribution of SNR values obtained from LoRaWAN end devices
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Fig. 15 The boxplot representation of distribution of SNR values obtained from AFTD measurements

and AFTD measurements parallel to the general expectations. The same pattern occurs for
minimum SNR values but with exceptions at the 6th floor for end device measurements in
Fig. 14 and at the 12th floor for AFTD measurements in Fig. 15. These can be attributed to
the environmental factors similar to the case occurred in RSSI measurements.

In Table 7, comparative allocation numbers of SF values in all measurements per-
formed by using both the end device and AFTD for each floor under test are given.
Since SF values are assigned automatically in the LoRa protocol, the numbers shown in
Table 7 emphasize how many times SF 7—-12 values have been allocated automatically
at the floors during the measurements. From a different point of view, values given in
Table 7 show numbers of successful links formed between the end device/AFTD and the
LoRaWAN network during measurements, e.g. at the 18th floor, the end device use 38
SF7 value and 1 SF12 value in establishing a total of 39 successful links in the test day.
While moving from 18th floor to the Ist floor, the numbers of successful link establish-
ments decrease and the numbers of allocated SF values change with increasing distance
to the GW for end devices. Almost all successful link establishments are achieved with

Table 7 Comparative allocation numbers of SF values in all measurements

Floor In LoRaWAN end device measurements alloca- In AFTD measurements allocation numbers of
tion numbers of

SF7 SF8 SF9 SF10 SF11 SF12 SF7 SF8 SF9 SFI10 SF 11 SFI12

18 38 - - - - 1 100 - - - - -
12 18 12 - - 1 4 34 42 16 8 - -
6 - 8 - 1 13 1 - 9 16 23 32 20
1 - - 6 8 - 4 - - - - 3 97
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SF7 in the 18th floor in end device measurements similar to the case for AFTD meas-
urements performed in the same floor. Looking at the 12th floor, end devices commu-
nicate with SF11 and SF12 as well as SF7 and SF8 however AFTD communicates with
SF9 and SF10 as well as SF7 and SF8. On the 6th floor, more than 50% of the total
communications is achieved with SF11 while SF8, SF10 and SF12 are also used in end
device measurements. However, for AFTD measurements at the same floor, 32% of the
total communications is achieved with SF11 while SF8, S9, SF10 and SF12 are also
used. For the 1st floor, SF values used in end device measurements and AFTD measure-
ments are somewhat different. AFTD operates with mainly SF12 and also SF11 while
end devices operate with SF9, SF10 and SF12 at the first floor.

The bar diagram of allocation numbers of SF values for end devices at floors under
test is given in Fig. 16 while a similar bar diagram is shown in Fig. 17 for AFTD device.
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It is obvious in both Figs. 16 and 17 that smaller SF values are more likely used as
the distance to the GW decreases. Furthermore, with decreasing distance to GW at higher
floors, the number of successful connections increases in Fig. 16.

5 Conclusion

In this paper, 1-day long measurement results of RSSI, SNR and SF values obtained from
end devices of a LoORaWAN network located at 18th, 12th, 6th and 1st floors of an 18-floor
building have been compared with results obtained from AFTD field tests performed at
the same floors. For each floor, 100 AFTD field measurements have been made. The total
AFTD test duration in the building has lasted about 800 minutes. Due to test environment
and network data access restrictions, AFTD field tests have been performed in different
days. Therefore, physical factors such as variations in ambient conditions, human density,
and network traffic density can be the reason for the differences of the RSSI, SNR and SF
values obtained from end devices with respect to the values measured with AFTD.

Considering results of RSSI measurements in Table 5, LoRaWAN end device results
are higher than AFTD results, excluding results in 18th floor, for average and maximum
RSSI values. For minimum RSSI results, AFTD results have lower values in 12th and 18th
floors and higher values in 1st and 6th floors with respect to end devices. The variation of
average RSSI values between the first and last floors of the building where the LoRaWAN
is implemented is approximately 30 dB for AFTD measurements and 8 dB for end device
measurements.

According to SNR measurement results, average SNR margin has been found to be
10 dB for end device measurements and 11.3 dB for AFTD measurements. Comparative
allocation numbers of SF values in all measurements show that end device behavior and
AFTD behavior in SF value allocation are different from each other.

The measurement results presented in this paper show that LoRa end devices can suc-
cessfully perform wireless communication under negative SNR values, whose minimum
value has been detected as —13.8 dB in the LoRaWAN under test.

In this research we have used a LoRaWAN network that has been already deployed.
Therefore, we have had no chance to analyze topics such as transmitted and received uplink
packets and the packet loss since they have not been accessible for this network. However
we have plans to establish another LoORaWAN network, instead of using an already estab-
lished one where we have to deal with such restrictions, and to perform additional analysis
including those topics in our future works.

In future works, in addition to the end device and AFTD measurements, computer simu-
lations focusing on impacts of environmental conditions on the LoRaWAN system per-
formance are also being planned to study on. Furthermore, optimization in LoRaWAN
network based on casual analysis of network performance is another topic for our future
research interests. We believe that real network and AFTD result comparison method will
give chance to create a novel optimization method for this kind of LoRaWAN networks
that have been already established. Before and after optimization results will be also mean-
ingful and competitive solution assistant for huge LoRaWAN networks. Moreover, focus-
ing on multipath propagation and signal fading issues as well as environmental condition
analysis in future research will also be helpful to gain an in-depth understanding of such
indoor LoRaWAN network performances.
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