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Abstract. Real-time monitoring systems and sensors are not complete without wireless data transmission
modules. Improving energy efficiency requires examining various system parameters that affect the power
consumption of transmitting and receiving devices. The most important parameter of any autonomous wireless
network is its uptime. In this work, we used LoRa wireless modules on the SX1278 chip manufactured by Semtech
to determine their power consumption in various operating modes. The obtained data were used to build a
consumption model of the device when connected to a receiver. Three operating modes are considered: transmit
mode, receive mode and sleep mode. In an ideal communication channel, all transmitted data reaches the receiver
with 100% probability. In a real situation, data reaches the receiver with a certain probability, depending on the
communication channel, transmission power, distance to the addressee, and network parameters. In this work, the
occurrence of an error is random. In this case, the occurrence of an error during reception entails a lack of
confirmation of receipt or a request for re-sending data. Sending data again increases the power consumption of the
device and, consequently, decreases the operating time of the wireless device. This paper shows the dependences of
the operating time on various initial monitored parameters of the device, such as: confirmation timeout, packet
length, time of one transmission cycle and the maximum number of retransmissions in one cycle. The developed
model for predicting the consumption of the device can be used in the design of autonomous wireless sensor
monitoring networks.

Key words: Wireless sensor networks, LoRa technology, energy efficiency, Markov chains, error probability in
the communication channel.

Introduction. Wireless sensor networks (WSN) are at the heart of the ever-evolving Internet of
Things (IoT) and provide a wide range of applications such as infrastructure security, environmental
monitoring, event detection, etc. [1] Such applications are designed to collect information about a given
phenomenon or event. These sensor nodes are typically deployed in hard and inaccessible environments.
For these reasons, the sensor nodes must operate for a long period of time without human intervention
[1,2].

Power consumption modeling is an important part when designing switching sensors to monitor
a specific target application. Transmitting sensors must perform the following tasks for most applications
[1,3]: event recognition, local processing of sensor event information, and packet transmission to
the access point [3,4]. Each task consumes a certain amount of energy for a given time. Therefore, to
estimate the service life of the sensor, an accurate model of the energy consumption of the sensor node is
necessary [5].

Several standards have been proposed for communication in the ISM frequency bands and with low
data rates, the most well-known of which are LoRa, SigFox, and Dash7 [6-9]. As Dash7 is being promoted
as a medium-range technology [8], the scope for long-range networks has shifted towards LoRa and
SigFox. The adjustable data rate of the LoRa standard, combined with a slightly higher level of global
coverage [6,7], makes this technology very promising both for applications in the WSN and for other
long-distance connections with low data rates.
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To encode information, this technology uses broadband frequency-modulated pulses to achieve an
expansion gain, which leads to successful packet reception at extremely low signal-to-noise ratio (SNR)
levels. Due to its unique modulation, LoRa is a very versatile technology that can be adapted to different
types of environments and application classes [10].

In addition, the expected performance of lora has been discussed in a decent number of other
publications [9,11-14], all of them highly appreciating the potential of LoRa modulation, but some also
warn of a decrease in performance as the number of end devices increases.

However, when building any sensor network, in addition to its performance, the duration of its
operation plays a crucial role. To date, there are many works that describe in detail the consumption of
network operation [15-17]. The articles [18-19] show the application of the method of forecasting network
consumption with the probabilistic nature of sending data. This method can also be used to predict the
consumption of the transmitting device with the probabilistic nature of the communication channel.

The purpose of this article is to develop a transmission device consumption model based on LoRa
technology, taking into account the probabilistic nature of the communication channel. As well as the
dependence of time of operation of the Autonomous transmission device from the different initial
parameters such as packet length, time of acknowledgment and the maximum number of items in one
cycle.

Method. Consider the operation of a transmitting device in a network consisting of one transmitter
and one receiver, as shown in figure 1.
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Figure 1 — Point-to-point network architecture

In general, the consumption of the transmitting device can be expressed as follows:

Erotar = ESleep + E4ctive (1
Epctive = Err + Eg ()

Etowr — total energy, Esicep — energy consumption in sleep mode, Eacive — consumption in active mode,
E1r — consumption in data transfer mode, Er — consumption in receive mode.

Let the time be reserved for this transmitter (time slot) Ty, and To = 24 hours = 86400 s — the
duration of one day. During the day, the transmitter manages to send M successful messages. However,
there are always more attempts to send messages by the transmitter in real conditions. Let m be the
number of attempts to send messages in one time slot, and N be the maximum number of possible

messages sent in one time slot. Then p is the probability of sending data incorrectly, p = % Figure 2

shows the detailed time distribution of the transmitter. The transmitter must wait for confirmation of
receiving data from the receiver during the trx time, and only after that, the transmitter enters the sleep
state until the next transmission cycle begins.
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Figure 2 - Timeslots
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The transmitter can be in three states during a single time slot: transmit mode, receive mode, and
sleep mode. The operating time in the corresponding modes trx, trx, ts. The probability of an error in the
communication channel depends on many factors and is, generally speaking, random. Therefore, in order
to analyze such processes, it is advisable to use Markov processes. Figure 3 shows the state diagram of the
transmitting device. Each state corresponds to a specific consumption. The most important is the transition
of the device from the RX receive state to the TX transmit state, since it is caused by a receive error in the
communication channel. The probability of this transition, as we have already determined, is p. Let's
construct the transition matrix (table 1) of the transmitter. By the properties of the transition matrix, the
sum of the probability in the row should not be greater than 1. Using this property, we fill in the matrix
cells.

Figure 3 - State diagram of the transmitting device

Table 1 - The transition matrix of the transmitter

TX | RX S

TX 0 1 0
RX p 0 1-p

S 1 0 0

The consumption of the transmitting device, depending on the error probability in the communication
channel, can be determined by the following formula (1) [Wireless].

E;=Eiy— (PTxtTX [POTXIRXIN + Paxtex [pP RXITX)IN + Py (Tres — [p@ (TX|RX)IN (try +
) (1)

Ei — remained energy in battery after i cycle, Ei.; — remained energy in the battery after (i-1) cycle,
Prx — power consumption of the device in transmission mode, Prx — power consumption of the device in
receive mode, Ps — power consumption of the device in sleep mode, trx — transmission time,
trx — receiving time, N — maximum number of transmission per one cycle, p — transmission probability of
the device, taken from Markov’s transition matrix, Trs — time of one cycle.

To build a model of the consumption of the transmitting device under the specified conditions, we
will use the LoRa-Ra01 wireless module on the Semtech SX1278 chip. These receiving and transmitting
modules are characterized by a low level of consumption with a relatively large coverage area due to their
unique modulation. Figure 4 shows the LoRa-01 transceiver circuit. The device is powered by two Li-ion
batteries of the standard 18650 with a voltage of 3.7 V, an ATmega328 controller, and a step-down
converter for voltage matching AMS1117.
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Figure 4 - Scheme of the transmitting device
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Table 2 shows the consumption of the receiving and transmitting device in different operating modes.

Table 2 - Transmission device consumption in various operating modes

Operating modes of the Transmitter Router
device
Data transmission 1085 mW/134 mA
Data reception 250 mW/30.25 mA
Sleep Mode 12.73 mW/13.7 mA

Using the consumption data of the transmitting device, we will simulate the operating time of the
transmitting device.

Results and discussion. Consider the operating time of the transmitting device at various initial
parameters. The parameters under study will be: the initial probability of error-free data sending p, the
maximum number of retransmissions in the absence of confirmation from the receiver N, the length of one
data packet L, the duration of one Ty transmission cycle, and the waiting time for trx confirmation. Figure
5 shows the results of simulating the operation of the transmitting device for 10 different values of N with
fixed values of other parameters. The abscissa axis shows the initial probability of erroneous data
reception, and the ordinate axis shows the time of operation of the transmitter in months. The operating
time of the device varies from 45 to 20 months with a minimum and maximum number of re-shipments,
respectively. With an increase in the number of retransmissions and the probability of erroneous reception,
the operating time of the transmitter also decreases, since retransmission of data is necessary. However,
this change is hardly noticeable within a single curve.
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Figure 5 - Dependence of the operating time of the transmitting device on the initial probability
of erroneous sending of data at different maximum numbers of retransmissions
(trx =2 s, L =20 bytes, Tres = 1 hour)

Figure 6 shows graphs of the dependence of the transmitter operation time on the initial probability of
an error when receiving at different packet lengths. Compared to the previous curves, the dependence of
the running time on the length of the packets is more noticeable. As the packet length increases, the power
consumption increases, and therefore the system operation time decreases from 30 months with 20 bytes
of data to less than 20 months with 100 bytes of data being sent.
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Figure 6 - Dependence of the operating time of the transmitting device on the initial probability of erroneous sending
of data at different packet lengths (tex =1 s, N = 10, Tres = 1 hour)

Figure 7 shows a graph of the dependence of the transmitter's operating time on the initial probability
of an error in the communication channel with different confirmation waiting times.
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Figure 7 - Dependence of the transmission device operation time on the initial probability
of erroneous data transmission with different confirmation waiting times (L = 20 bytes, N = 10, Tres = 1 hour)

As can be seen from the graphs, the operating time of the transmitters is highly dependent on the
waiting time for confirmation. With the minimum waiting time, the working time reaches more than
30 months, and with the maximum waiting time-more than 25 months.

Figure 8 shows graphs of the dependence of the transmitter operation time on the initial error
probability for different values of the time of one cycle.
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Figure 8 - Dependence of the operating time of the transmitting device on the initial probability
of erroneous data sending at different durations of one cycle (L =20 bytes, N = 10, trx =1 s)

As can be seen from the graphs, the duration of one cycle has little effect on the operating time of the
transmitter. The longer the time of a single cycle, the longer the operating time. This is due to the fact that
the transmitter increases the sleep time with an increase in the time of one cycle, all other things being
equal.

Conclusion. In this paper, a method for predicting the operating time of an autonomous transmitting
device with a probabilistic nature of the communication channel is developed. The dependences of the
operating time on various initial parameters of the transmitting device, such as: the initial probability of an
error in the communication channel, the waiting time for confirmation of reception, the packet length and
the duration of one cycle, are considered. An increase in any of these parameters, except for the duration
of one cycle, leads to a decrease in the operating time of the autonomous transmitting device. With an
increase in the initial probability of an error in the communication channel, the operating time of the
transmitter, all other things being equal, also decreases. The resulting model of the transmission device
consumption, taking into account errors in the communication channel, can be used to predict the
operating time.

M. K. Hypranmues, A. K. Caiim6eToB,
Bb. H. Koaamanos, A. T. Epanxanosa I'. b. ZKyman

'On-Mapabu ateigarsl Kaszak yaTTeIK yHuBepcuTeTi, Anmarsl, Kazakcran

MAPKOB TI3BEI'THIH BIKTUMAJI/IBI MOAEJIIH KOJITAHA OTBIPBIII,
LORA TEXHOJIOTUACBIHA HET'I3JJEJITEH CBIMCBI3 CEHCOPIJIBIK KEJIIVIEPIIH
KYMBIC YAKBITBIH BOJI’KAY

Annotanusi. Kazipri ke3zeri MOHUTOPHHT KyHelnepi chIMCBI3 OaiilaHbIc CEHCOPIIBI XKyiienepici3 ©3iHiH TOJBIK
MIHJICTIH OpBIHAAN anMaiapl. JHEPTUs THIMIUIITIH apTThIpy YIIiH TapaTyIIbl KoHE KaObUIIAayIIbl KYPbUIFbIIapIbIH
SHEpPrus TYTHIHYBIHA TOYyeNi OONaTBIH JKYWEHIH OpTYpJi CHIaTTaMalapblH 3epTTeyAi Tamanm eredi. Kes-kenreH
ABTOHOM/IBI CBIMCBI3 JKEJIiHIH MaHBI3Ibl CHIIATTaAMAChI PETiH/Ie OHBIH JKYMBIC YaKBITHL. ByJ1 Makaiazna opTypIi )KyMBIC
PEXUMIHACTI PHEPTUS TYTHIHYABI aHBIKTAy YIIiH Semtech mpraprad sx1278 mMukpocxemachIMeH jkacamraH LoRa
CBIMCBI3 MOAYJIbJEP] KOJNAAHBUIABL. AJIBIHFAH MOTIMETTep KaObUINAFBIIKA KOCBUIFAH Ke31€ KYPbUIFBIHBIH SHEPTUs
TYTBIHY MOJICTIH Kypy YIIIH NaiganaHbUiAbl. YII JKYMBIC PEXHMI KapacThIPBUIFAH: aKlapaTr Xi0epy pexumi,
aKmapar KaObuigay pexHMi jkoHe YHKbl pexxumi. Tamaina OaiaHbiC apHAChIHAA OapIbIK KiOepuIreH MaliMeTTep
100% BIKTUMANIBUIBIKIIEH KaOBULAAFbINIKA >keTedi. HakTel jkarmaiiia nepektep OaliaHbIC apHAchbiHA, TapaTy
KyaTbIHa, aKmapaT KaObUIIayIlbiFa MEHIHTI KaIBIKTHIKKA JKOHE JKeJi cHIaTTaMaliapblHa OalIaHbICThI Oenriii Oip
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BIKTUMAJIIBUIBIKIICH KaObLIIAFbIIIKA XKeTeli. byt syMmbIcTa KaTeHiH nmaiina 0osysl Ke3aeicok cunaTka ue. by perre
aKmapar KaObulZay Ke3iHJe KaTeHIH TybIHOaybl KaObULAAy[bl pacTaylblH OoJiMayblHA HeEMece AepeKTepii Kaiira
KiOepy Typalsl CypaHBIC )KacayFa oKem coraipl. Jlepekrepni Kairta kiOepy KYPBUIFBIHBIH KyaT TYTBHIHYBIHBIH
apTybIHA )KOHE CHIMCBI3 KYPBUIFBIHBIH JKYMBIC YaKbITBIHBIH TOMEH/ICYiHe oKeneai. bepiaren Makanaaa KYpbUIFbIHBIH
JKYMBIC YaKBITBIHBIH P TYPJIi OacTankpl OaKbUIAaHATHIH CHITATTaMajlapbhlHA TOYCJJIUIITIH KOpCeTe i, ojlap: pacTayabl
KYTY YaKbITBI, TAKECTTIH Y3BIHIBIFBI, aKMapaT TapaTyAblH Oip NUKIIHIH YaKbITHI KOHE Oip IUKJIIETi KaiTa akmapaT
TapaTy/AblH MaKCUMAaJIbl caHbl. JKacambill MIBIKKAH, KYPBUIFBIHBIH JHEPrHs TYTHIHYBIH OOJDKANTBIH MOJENh
aBTOHOM/IBI CBIMCBI3 CEHCOPIIBIK OaKbLIay JKENiIepiH xobanay Ke3iH/e mai1ananburybl MyMKiH.

Tyiiin ce3mep: CpIMCBI3 CEHCOPIBIK kenisiep, LoRa TexHOMOTHACH, HEprus THIMIUTIri, MapKkoB Ti30ekTepi,
OaiinaHbIC aApHACKIH/IAFBI KATENIK bIKTUMAJIbUIBIFBI.

M. K. Hypraaues, A. K. Caiim6eToB,
Bb. H. ’Koaamanos, A. T. Epaaxanosa I'. b. ’Kyman

Kazaxckuit HaunoHaBHBIH yHUBepcuTeT UM.allb-Dapadu, Anmarel, Kazaxcran

MMPOTHO3UPOBAHUE BPEMEHU PABOTHI BECIIPOBO/JIHbIX CEHCOPHBIX CETEM
HA OCHOBE TEXHOJIOT'UH LORA C UCITIOJIb30BAHUEM BEPOSITHOCTHOM
MO/IEJIA MAPKOBCKHUX IIENEN

AnnHoranus. CrcTeMa MOHHTOPHHTA B PEANTBHOM BPEMEHH PENKO 00XOmuTcs 0e3 OecIpOBOIHBIX CEHCOPHBIX
cereil. [ToBeeHne >HEProIPPEeKTHBHOCTH TpeOyeT HCCISHOBAHUS PA3IMYHBIX APAMETPOB CUCTEMBI, OT KOTOPBIX
3aBHUCHT DJHEPrornoTrpedyieHHe MNepeAalonuX W MPUHUMAIOIIUX YCTPOHCTB. BaxHeilmmM mnapamerpom 000
aBTOHOMHOW OeCIpOBOJHOW CeTH sBNsieTCs BpeMsi ee paboTel. B maHHO#l paGore ObLIM KCIOJIB30BaHBI Oecnpo-
BonHble Moy LoRa Ha Mukpocxeme SX1278 nmpousBoacrea Semtech [uist onpeeieHust X SHEPronoTpedieHus B
pa3MuHBIX pexxuMax padoThl. [lomydeHHble TaHHbIE OBUTM MCIOJIB30BAHbI JUIS MOCTPOSHHUS MOJIENH TOTpeOIeH s
YCTpOCTBa ITPY TIOAKIIIOUEHHUHN K PHEMHHKY. PaccMOTpeHO Tpu pexuMa paboThl: PeXXUM Mepeaadn, peKUM pueMa
U peXUM CHa. B npeansHOM KaHale cBs3M Bce nepenanHble qanHbie co 100% BepOSTHOCTBIO IOCTUTAIOT IIPHEMHHKA.
B peanbHO# cuTyauuu JaHHBIE JOCTUTAIOT MPUEMHHUKA C HEKOTOPOH BEPOSTHOCTHIO, 3aBHUCAIIEH OT KaHalla CBS3H,
MOIIIHOCTH TIepe/iaun, PacCTOSIHUS 10 aJpecara M HapaMeTpoB ceTH. B naHHOHW paboTe BOSHMKHOBEHHE OIIMOKH
HOCHUT ciydaiiHelii xapaktep. IIpm 3TOM BO3HMKHOBEHHE OMIMOKHM TP IpHEME BIeYeT 3a COOOW OTCYTCTBHE
MOATBEPIKACHUS MpUeMa MM 3alpoc O TIOBTOPHOW OTIpaBKe NaHHBIX. [I0BTOpHAs OTHpaBKa JAHHBIX MPUBOIUT K
MOBBIICHUIO YHEPrONOTPeOICHHSI YCTPOMCTBA M, COOTBETCTBEHHO, K CHI)KCHUIO BPEMEHH paboOThI OECIPOBOAHOTO
ycrpoiictBa. B nmaHHO# paboTe moka3aHbl 3aBUCHMOCTH BPEMEHH PabOTBHl OT Pa3iIMYHBIX HAaYalbHBIX KOHTPOJIH-
PYEMBIX IapaMeTpOB YCTPOMCTBA, TAKUX KaK: BpeMs OXHAAHMS IONTBEPXKICHUA, JUIMHA NAaKeTa, BpeMs OIHOTO
IIUKJIa IepeAadyd U MaKCHMMaJIbHOE KOJIMYECTBO IIOBTOPHBIX OTIPABIEHUI B OJHOM nuKkie. PaspaboTaHHas Monemb
NPOTHO3HUPOBAHUS IOTPEOJIEHHS YCTPOMCTBA MOXKET OBITh MHCIIOJBb30BaHA IIPU INPOCKTHPOBAHUM aBTOHOMHBIX
0ecnpOBOIHBIX CEHCOPHBIX CETEH MOHUTOPHUHTA.

KaroueBble cioBa: GecnipoBiiHbIE CEHCOPHBIE ceTH, TexHosorus LoRa, sneprosdgdexkruHocts, MapkoBckue
LIeTIH, BEPOSITHOCTH OLIMOKH B KaHAJIE CBSI3H.
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