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Abstract. This paper aims to evaluate the quality of wireless communication via LoRa protocol in maturity sensors
BDM-1 of the author's design. The object of the study is the characteristics of continuity of a given measurement
interval and the power of the data transmission signal. Experimental studies with immersion of a maturity sensor
in a concrete sample and monitoring of its hardening temperature for 16 days were conducted. From 11 days of
curing, the concrete sample was transported and held at different distances from the base station, divisible by a 30
m interval, in order to measure the signal strength of the data transmission. For this experiment, two trajectories for
transporting the concrete sample in an urban environment were determined — with and without obstacles. The results
of the monitoring confirmed the variability of the measurement intervals, as well as determined the signal strength
at different distances and the signal range. Analysis of these results allowed expressing the relationship between the
signal strength and distance for the maturity sensor BDM-1, applicable in practice on construction sites.
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Introduction

Construction is one of the few areas where the
introduction of new technologies is proceeding
at a rapid pace. Many of them are focused on
restructuring the organization of economic and
technological processes. The ultimate goal of all
these implementations is to form a product that
will eliminate the need for human involvement in
some of the activities and operations. This concept
is reflected in the term Internet of Things (IoT). It
was first formulated and applied by Kevin Ashton,
the founders of the Auto-ID research group at the
Massachusetts Institute of Technology (MIT). The
new direction began to rapidly gain momentum
in the early 2000s; the first extensive articles and
publications in academia began to appear [1-3]. As
time passed, IoT technologies conventionally split
into many groups and subgroups (Table 1) [4].

This article discusses the technological
capabilities of the author's development belonging
to the subgroup Building and home automation of
IoT classification. The development represents a
maturity sensor BDM-1, designed for wireless tem-
perature monitoring and concrete strength control by
the maturity method [7]. When developing it, one of

FEFA the important components was the choice of wireless

communication technology. Such technologies as
LoRa, SIGFOX, NB-lIoT, and Weightless P were
considered. WiFi and Bluetooth were ignored due
to negative experiences with foreign analogues of
maturity sensors [8-10].

The widespread wuse of radio-frequency
identification for the interaction of objects requires
a stable and reliable connection between themselves
and with the external environment. For this reason,
there are a large number of Low Power Wide Area
Networks (LPWAN) [11]. One of them is LoRaWAN
(or LoRa), a product of the fast-growing LoRa
Alliance. The developers of this technology justify the
obvious advantages of this system compared to Wi-Fi
and Bluetooth [12]. The existing Machine-to-Machine
(M2M) interconnection between boards allows a
range of up to 20 km at about 50 kbit/s with minimal
power consumption [13]. Another private company,
SIGFOX, has focused its LPWAN development on the
creation of a worldwide network. This network has
a similar infrastructure to GSM and GPRS using 3G
and 4G connections, but is more energy efficient and
less expensive. The third LPWAN technology called
NB-IoT is characterized by the ability to implement
rapid upgrades to existing networks and a 10-year
warranty on battery life. Ubiik's Weightless standard



has made it a leader in LPWAN networks by clearly
separating the protocol for its different user segments.
Weightless: H, W, P — designed for oil and gas,
operational-one-way and two-way communications,
respectively [14]. The latter protocol covers a greater
number of devices than the previous two. It is worth
noting that the range of all networks is distorted in
urban areas, so in the example of SIGFOX technology,
the coverage area in rural areas is 30-50 km, and in
urban areas is reduced to 3-10 km [11]. More detailed
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characteristics of the considered wireless technologies
are shown in Table 2 below.

Thus, the technical characteristics listed above
form the value of each device working on the concept
of IoT [4]. However, as can be seen from the table
above, only LoRa technology is suitable for the Asian
region in terms of frequency, which was the choice
for the design of the maturity sensor.

The next step was to validate the adequacy
of the signal strength received from the BDM-I.

Table 1 - Classification of loT [4]

Ne Applications Ne Sub-Applications
o 1 Smart home
1 Consumer applications
2 Elder care
3 Medical and healthcare
o o 4 Transportation
2 Organizational applications S
5 V2X communications
6 Building and home automation
7 Manufacturing
) o 8 Agriculture
3 Industrial applications
9 Food
10 Maritime
11 Metropolitan scale deployments
4 Infrastructure applications 12 Energy management
13 Environmental monitoring
14 Internet of Battlefield Things
5 Military applications 15 Ocean of Things
16 Product digitisation

Table 2 — Comparison of technical characteristics of LPWAN networks [11]

TexHonoruu 6ecnpoBogHOI CBA3N
Ne Parameter
LoRa SIGFOX NB-loT Weightless P
1 Modulation method CSS = OFDMA/DSSS  FDMA/TDMA
Diapason ISM ISM Licensed ISM
Speed 0,3-50 kbps 100 kbps UL: 1-144 kbps | 0,2—-100 kbps
DL: 1-200 kbps (adaptive)
4 Band Wideband up to 500 kHz Narrowband up to 100 Narrowband Narrowband
kHz up to 200 kHz = up to 12,5 kHz
Autonomy time > 10 net = [o 10 net 3-5 net
Frequency 868,8 MHz (Europe) 868,8 MHz (Europe) 700 /800/900 169 /433 /470
915 MHz (USA) 915 MHz (USA) MHz /780/868/
433 MHz (Asia) 915 /923 MHz
Safety AES-64 & 128 bit AES, HMACs - AES-128 / 256
Range Up to 2.5 km in the city, up | Up to 10 km in the city, up - Upto 2 kmin
to 45 km outside the city = to 50 km outside the city the city
9 Support LoRa Alliance, IBM, Cisco... SigFox, Samsung 3GPP, Nokia, Ubiik
Huawei, Intel... | Weightless SIG
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Terminologically, the signal strength is commonly
referred to as the «Received Signal Strength Index»
(RSSI). Its classical scheme of behavior is shown in
Figure 1 [15-19]. RSSI results reflect the strength of
the received signal measured in dBm relative to 1
mW, and in the case when the power is below 1 mW,
the RSSI in dBm takes a negative value. And for this
reason, the closer its value to zero, the better the
signal (Figure 2) [20].

To test the signal strength, the authors recreated
the field conditions under which the maturity sensors
are operated. Since the operating conditions of the
maturity sensors involve immersion in concrete,
in order to test their signal strength at different
distances, it was decided to embed BDM-1 in a
small cubic sample for its mobility. In addition to
the distance, the signal strength can also be affected

power
= d

Rx radio

by various obstacles in the urban infrastructure,
which presumably can also affect the loss of signal
at a certain point in time. In other words, a given
measurement interval of 30 minutes for the BDM-
1 may be disrupted. In this regard, the purpose
of this study is to evaluate the quality of wireless
communication via LoRa protocol in the BDM-1
maturity sensors. The object of the study is the data
transmission interval and signal strength.

Materials and methods

The experimental part of the study covered several
locations: the monitoring station, the laboratory and
the urban environment. The following components
had to be prepared for the experiment (Table 3).

The computer and the base station were located
in a monitoring station that had a stable and constant

receiver

Received Signal Strength
Indication(RSSI)

distance

Figure 1 — RSSI behavior [15]
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Figure 2 — RSSI range [20]

Table 3 — Equipment for the experiment

Ne Materials and equipment Unit Quantity
1 Computer pcs 1

2 BDM-1 maturity sensor pcs 1

3 Base station pcs 1

4 Concrete (B25 M350) m3 0,008
5 Formwork (20x20x20 cm) pcs 1

6 Vibrating table pcs 1




electrical and Internet connection (Figure 3). Since the
monitoring data coming from the BDM-1 to the base
station was visualized on the computer through the
server software, which is accessed through an Internet
browser. To establish communication between all
three components, a virtual project was created in
the server software, in which the serial number of the
experimental BDM-1 was entered. Next, by activating
the maturity sensor, a communication verification
was performed. The measurement data successfully
passed through the base station and was visualized
in the software (Figure 3).

In order to simulate realistic operating conditions
of the BDM-1, the dimensions of the 20x20x20 cm
formwork for making a concrete sample in the
laboratory were selected so that the distance from the
LoRa chip inside the BDM-1 body to the walls of the
sample exceeded 5 cm. Since foreign manufacturers
recommend immersing their maturity sensors no
deeper than 5 cm [8-10]. Installation of the sensor in
the center of the formwork was carried out by fixing
it to the reinforcing bar with a tying wire (Figure 4).

After installing the sensor in the design position,
the entire cycle accompanying the concrete work
at the construction site was executed (Figure 5), i.e.
batching the concrete mixture, followed by laying and
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compaction. Buta vibrating table was used to compact
the mixture in the sample. For the experiment, it
was important to achieve the density and strength
of the concrete in the sample, which is achieved in
commercial concrete B25 M350, used on construction
sites on a large scale. Because the density also affects
the strength of the transmitted signal, and BMD-
1 was designed specifically for heavy commercial
concrete with a density of 1800 to 2500 kg/m?. It was
also important to test the performance of the BDM-1
under the influence of vibration loads: the reliability
of groove joints of various components inside the
casing of the BDM-1, tightness and durability of the
casing. And in this regard, vibro-compacting was an
integral part of this experiment (Figure 5).

The point of reference for monitoring the tempe-
rature of concrete curing in the sample with the BDM-
1 was taken as the moment of completion of vibration
compaction. From this point, the sensor successfully
transmitted data for 16 days. The first 11 days, of
which the sample was stored in the laboratory at
20°C and natural humidity. The remaining 5 days
the sample was kept in ambient conditions (in
summer) and transported at different distances from
the monitoring station in order to determine signal
strengths in the presence and absence of urban

Figure 3 — Monitoring station

Figure 4 — Installation of the maturity sensor in the formwork
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obstacles. The interval of distances at which the signal
strength was measured was 30 m. And the distance
was increased until the final loss of signal for both
conditions (with and without obstacles) occurred.
When analyzing the result of monitoring the
concrete curing temperature obtained from the
experiment, special attention was paid to the time
and interval of the received data (equivalent to the
signal transmission interval), which was naturally
disrupted. Apparently, this was due to the weakening
of the signal strength at one or another point in time.
Based on the results of the signal strength analysis,
distance and signal strength relationships were
obtained for conditions with and without obstacles.

Results and Discussion

Figure 6 shows the result of monitoring the curing
temperature of concrete in a cubic sample.

As can be seen in the graph, there is a certain
dynamics of curing temperature values associated
with the transition from daytime to nighttime and
vice versa. There are also small jumps and uniform

drops associated with the exothermic process
occurring in the body of concrete. During the first
11 days, the temperature fluctuated within 20+1°C.
With the transition to the urban environment there
is a sharp rise in curing temperature up to 29°C and
fluctuates depending on the time of day by 2-3°C.
This is understandable, since the experiments were
conducted in the summer, when the temperature
during the day could reach 30°C. In the figures on the
right one can notice an identical temperature graph
obtained from the server temperature monitoring
software.

By calculating the difference between each
subsequent and previous time value, the signal
arrival intervals for each fact of data transmission are
estimated (Figure 7).

According to the graph of intervals, it can be seen
that the initially set interval of 30 minutes deviated
on average by 200 seconds and is in the range of 33
minutes 20+10 seconds. Also, large deviations from 1
hour and above are noticed. If neglecting deviations
of 200 seconds, the rest can be classified into 4

Figure 5 — Concrete pouring into the formwork and vibro-compacting
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categories with deviations greater than 0.5, 1, 2, and
2.5 hours, respectively (Figure 8).

The pie chart shows that most of the data (93.9%)
were transmitted in the normal time interval. 4.7%
were transmitted more than 0.5 hours late, 0.6% by 1
hour, 0.2% and 0.3% by 2 and 2.5 hours respectively.
Deviations occurring on day 11-12 of concrete curing
can be explained with the transportation of the
concrete sample from the laboratory to the urban
environment. However, the question arises about the
deviations that occurred before 11 days. This may
be due to the exothermic reaction occurring in the
body of the concrete sample. For instance, comparing
Figures 6 and §, a certain pattern of deviations in the
measurement intervals can be observed, especially on
days 2-5 of curing, in which there is a consolidation
of interval deviations by more than 0.5 hours. Also,
it can be assumed that the activation energy of the
reaction in some way affects the radiocommunication,
and thus on the interval of measurements.

The results of the study of the transmitted signal
strength from the maturity sensor embedded in the
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concrete sample are shown in Figure 9.

In the figure above, the left part of the map shows
the trajectory of transporting a concrete sample
through obstacles, and on the right without obstacles.
The maximum signal ranges reached 270 m without
obstacles and 90 m with obstacles, respectively. In the
graph below different colors are used to show which
of the intervals on the RSSI scale belong to which
particular distances from which signal strengths
were measured. As it turned out, being embedded in
the concrete and taking into account the obstacles, a
reliable connection is held only at a distance of 30-60
meters. In the realities of the construction site, this
means that the base station, which collects data from
the maturity sensors, will need to be installed, not
exceeding this distance interval.

For the purpose of practical determination of the
signal strength of BDM-1 its dependencies on the
distance in conditions of obstacles and without were
expressed (Figure 10).

The expressed dependencies are represented
by a polynomial quadratic function and have high
coefficients of determination close to one, which
indicates their reliability.

The results obtained in the study have prompted
the need for further research in this direction and will
be aimed at studying the effect of activation energy of
the reaction on radio communication and the quality
of the transmitted signal of maturity sensors. It is also
planned to further upgrade the technical capabilities
of the wireless communication module of maturity
sensors by strengthening the antenna and electronic
circuitry.

Conclusion

This paper presents the results of experimental
studies of the quality of the transmitted signal of the
maturity sensor of the author's development BDM-
1, implementing wireless LoRa communication
technology.

Monitoring of the concrete curing temperature
using the BDM-1 revealed unevenness in the interval
of measurement data receipt, due to the regular signal
losses; more than 6% of the data were transmitted
with a delay of 0.5 to 2.5 hours.

A study of RSSI at different distances revealed
signal ranges of the BDM-1 with obstacles up to 90 m
and without obstacles up to 270 m. At the same time,
satisfactory range intervals were 30-60 m and 60-240
m, respectively.

Expressed the dependence of RSSI-Distance for
the conditions of data transmission with and without
obstacles, applicable in practice on construction sites
when selecting a place to install a base station.

It was decided to strengthen (improve) the
antenna of BDM-1 and the base station in order to
increase the strength of the transmitted signal.
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LoRaWAN j3xeniciHe HezizdenzeH RSSI #ceminy ceHcopbiHbIH 6HIMOiniai

1YTEINOB Enbek baxumosuy, PhD, douyeHm, utepov-elbek@mail.ru,

2AHUCKUH Anekceli, m.r.0., accucmeHm nipogheccopsl, aaniskin@unin.hr,

ITYV/IEBEKOBA Acenb CepukoeHa, PhD, douyeHm, krasavka5@mail.ru,

1¥}APACOB LUbIH2bIC Hapacosu4, dokmopaHm, zhshzh95@gmail.com,

3AJIAYHIAPOBA Anus KatipamoeHa, PhD, KayeimdacmelpblnraH npogeccop, liya_1479@mail.ru,

Y1.H. ymunes ameiHdarsl Eypasus yammelK yHusepcumemi, Kazakcmax, 010008, Hyp-Cynmax, Camnaes keuweci, 2,
2Conmycmik yHusepcumemi, Xopsamus, 48000, KonpueHuua, 3apka [onuHa Keuwleci, 1,

3Topatireipos yHusepcumemi, Kazakcmad, 140008, lNasnodap, /lomoe Keweci, 64,

*aemop-KoppecrnoHOeHm.

AHOamna. byn wymoeicmsiH makcamsl BDM-1 aemopssiKk damyukmepiHOeai loRa npomokoss! 6olibiHwa ceimcbi3 bali-
/AIGHbIC canaceliH baranay 60abin mabelnadel. 3epmmey obbeKkmici bepinzeH esauiey apanbiFbiHbIH y30iKci3dieiHiH cunam-
mamanapsiH #aHe oepekmepdi bepy cueHanbIHbIH, Kyamsi 60sbin KabblndaHObl. Taxcipubesnik 3epmmeynep xceminy
ceHcopbiH 6emoH yneiciHe 6amelpy #aHe OHbIH Kamy memnepamypacsiH 16 KyH 6olibl 6aKblAay apKbiabl #yp2i3inoi.
KamatodeiH 11 KyHiHeH 6bacman 6emoH ynzici depekmepdi bepy cueHaAsbIHbIH KyambiH eauwey ywiH 6a3aablK CMaHyus-
0aH 30 m apanbiKKa OeliiHei apmypi KAWbIKMbIKMA MAcbiMandaHObl #aHe cakmanosl. bya akcnepumeHm ywiH 6emoH
yneiciH Kanansik opmada — kedepeinepi bap 1 aHe Kedepziciz macbimandayobiH eKi #0osbl aHbIKManosl. MoHUMopuHe
Hamuxenepi esawey apanslKmapsiHbIH Calikec emecmieiH pacmadsl, COHbIMEH Kamap apmypsi KawblKmelKmapoarbl
CU2HAn0bIH, KyamoelH #aoHe CuzHanA0blH apekem emy paoduycbiH aHbIKMaodsl. Ocel Hamuxcenepodi manday Kypelasic
anaHOapbIHOAG NPAKMUKada KondaHslaamelH BDM-1 #eminy ceHcopbl yWiH cuzHan KyamoelHblH KAWbIKMbIKKA mayer-
dinieiH 6indipyze MymKiHOIK 6epoi.

Kinm ce30ep: LoRa, 10T, RSSI, 3teminy ceHcopbl, cuzHan Kywi, Kedepainep.
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MpouszeodumenbHocmo RSSI damyuka 3peasocmu Ha ocHoee cemu LoRaWAN
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2AHUCKUH Anekceli, 0.m.H., accucmeHm npogheccop, aaniskin@unin.hr,

ITY/IEBEKOBA Acenb CepukoeHa, PhD, douyeHm, krasavka5@mail.ru,

1¥}APACOB LUbIH2bIC Hapacosuy, dokmopaHm, zhshzh95@gmail.com,
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1Eepasulickuli HayuoHanbHsIl yHUsepcumem um. /1.H. lymunesa, Kazaxcmax, 010008, Hyp-CynmaH, ya. Camnaesa, 2,
2YHusepcumem Cesep, Xopeamus, 48000, KonpusHuya, ya. 3apka [onuHa, 1,

3Topatizbipos yHusepcumem, Kazaxcmat, 140008, lNasnodap, yn. /lomosa, 64,

*aemop-KoppecrnoHOeHm.

AHHOMayus. Llenbio 0aHHOU pabomel A819emcs oyeHKa Kayecmea becrnposodHoli ces3u no npomokosay LoRa y dam-
yukoe 3pesnocmu BJM-1 asmopckoli pazpabomku. O6beKmom uccaedo8aHUA NMPUHAMbI XAPAKMEePUCMUKU Henpepbis-
HOCMU 3000HHO020 UHMepP8ana usmepeHuli U MOWHOCMb cU2HAAa nepedadyu OaHHbIX. [IposedeHsb! IKcnepumMeHmars-
Hbie uccnedo8aHUA € nozpyreHuem 0amyuKa 3pesocmu 8 6emoHHbIl 0b6pasey U MOHUMOPUH20M memMmnepamypsi e2o
meepoeHusa 8 meyeHue 16 cymok. C 11 cymok meepdeHus 6emoHHbIl 0bpaszey mpaHCcrnopmupoeasca u npudepicu-
80/1CA HA PA3AUYHbIX UCMAHUUAX om 6430800 cmaHyuU, KpamHeix uHmepsany 30 M, € uesblo 3amepa MowHoOCMuU
cueHana nepedayu OaHHbIX. [na 0aHHO20 3KcrnepumeHma bbianu onpedesneHsbl 08e MPAeKmMopuu MPAHCrIopmMuposKU
6emoHH020 06pa3ya 8 20podcKoli cpede — ¢ npenamcmeusmu u 6e3 npenamcmeuli. Pe3ysabmams! MOHUMOPUHad 100~
meepouau HermocCMosHCMEBO UHMeP8asna usmepeHull, a makice onpedeausanu MoWHOCMU CU2HAAA HA PA3/AUYHbIX OUC-
maHyuax u paduyc delicmeusa cueHana. AHaAU3 OGHHbIX Pe3ys6mamos Mo380s1Us 8bIPA3UMb 308UCUMOCMb MOWHOCMU
cueHana om oucmaHuyuu 0219 8amyuka 3pesocmu 5AM-1, npumeHuUMbIl HO MPAKMUKe Ha cmpolinaou,aoKax.

Knrouesoie cnosa: LoRa, 10T, RSSI, damyuk 3pesocmu, MOWHOCMb CU2HAAA, NPernamcmeus.
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