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Abstract

This article examines the placement of LoRaWAN gateways for urban waste-container monitoring. The practical question
is straightforward: how can a city obtain stable telemetry from many battery-powered container nodes without installing more
gateways than are actually needed? In many planning schemes the answer is reduced to geometric coverage. Such a reduction
is unsafe for this application, because the radio channel is affected by the morphology of the district, the type and position of the
container, additional shielding losses, and the way in which the Adaptive Data Rate (ADR) mechanism reacts to RSSI and SNR at
node locations. The paper therefore proposes a placement method in which coverage, service quality, average spreading factor,
node energy consumption and the number of gateways are treated jointly in one objective function. The formulation is adapted
to waste-container monitoring, including above-ground and underground bins, irregular node distribution, heterogeneous
urban development and the requirement for reliable telemetry delivery. In this interpretation, gateway placement is not only
a question of drawing a coverage radius on a map; it is also a question of creating channel conditions in which ADR can move
a significant share of nodes to more economical transmission modes without losing communication reliability. The proposed
approach can be used to reduce unnecessary LoRaWAN infrastructure, justify installation points and improve the operation of
smart waste management systems in urban areas.
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AHoTanis

Y cmammi po3aasinymo 3adayy onmumizayii poamiujennss LORaWAN gateway y micbkux cucmemax MOHimopuHzy koHmeti-
Hepie 8i0x00i8. AkmyanbHicmb 00CAI0HCEHHS 3yM08/1eHa HeobXidHicmio nobydosu eHepzoedpekmusHoi ma mMacumabosaHoi
inppacmpykmypu smart waste management, 30amHoi 3a6e3neyumu cmabinbHy nepedayy mesemempuvHux 0aHux eid eeau-
Kol Kiibkocmi ceHCOpHUX 8y3.118 3a MIHIMA/bHO ModxcAUBOl Kinbkocmi gateway. [lokazaHo, wjo mpaduyiliHuti nioxid do naauy-
eaHHs1 LoRaWAN-mepedic, 3acHosaHull Auwle HA 30HI 20MeMpPU4HO20 NOKPUMMS, He 8PAXO0BYE 8NAUS MICbKO20 cepedosuuyd,
muny KoHmeliHepis, ymos padionowupeHHst ma ocobaugocmetl po6omu mexaHizmy Adaptive Data Rate. BcmanosseHo, wjo ADR
€ wmamuum incmpymenmom LoRaWAN das adanmayii napamempie nepedasaHus 0o ymMo8 KaHa.1y, 00HAK lio2o epekmugHicmb
6e3nocepedHbo 3a/1excUMsb 810 NPOCMOpPo80o20 po3Mauly8axHs gateway ma gakmuyHux 3HaveHb RSSI i SNRy moukax ecmaHos-
JIeHHs1 KiHyesux gy3.ie. Ha yiti ocHogi 3anponoHosaHo mMemod onmumizayii kinekocmi ma koopduHam gateway, sikutl NOEOHYe
Kpumepii nokpummsl, skocmi 06c1y208ys8aHHs, cepedHbozo spreading factor, enepeosumpam 8y3.ie i kinbkocmi gateway y edu-
HY yinvogy ¢yHkyito. Ocobaugicmio hioxody € 8paxy8anHs cneyugiku cucmem MoHimopuHzay koHmeliHepie 8idxodis, 30kpema
HasigHoCMi Ha3eMHUX i nid3eMHUX KoHmMetiHepis, HeoOHOpiOHocmi 3a6y 008U, HePIBHOMIPHOCMI PO3MAULY8AHHS 8Y3/1i8 MA 8UMO2
do 2apanmosaHoi docmasku daHuX. 3anponoHo8aHull Memod dae 3Mo2y po32aa0amu po3miujeHHs gateway He auule sk 3adaqy
npocmopogozo nokpummsl, a sk 3adayy 3a6e3neyeHHs MaKux yMoe kamaJy, 3a skux ADR nepegodumb 6inbuicmos gy3.1i8.y 6i1bul
eHepzoeeKmueHi pexcumu nepedasaHHs 6e3 nozipuieHHs HadiliHocmi 36°3Ky. [[pakmuyHa YyiHHicms po60mu noisi2ae y Moxc-
Ausocmi 3meHuleHHs Hadauwkosocmi LoRaWAN-iHgpacmpykmypu, 06rpyHmMo8aHo20 subopy movok 6CmaHo8/1eHHs gateway
ma nidsuweHHs egpekmusHocmi PyHKYiIOHY8aHHA smart waste management cucmem y Micbkomy cepedosuuyi.

Kawuosi caosa: LoRaWAN, smart waste management, gateway, ADR, nokpumms mepedici, 0T, konmeiinep g8idxodis,
LPWAN.

1. Introduction. Municipal services are increasingly being transferred to digital monitoring and decision-
support platforms. Waste collection is one of the clearest examples: fill-level sensors installed in containers
make it possible to adjust collection routes, avoid overflow, reduce unnecessary vehicle runs and improve the
sanitary condition of urban areas. For this class of tasks, LPWAN technologies are attractive because the nodes
usually send small packets, work from batteries and remain in fixed positions for a long time. LoRaWAN is
widely used in such conditions, as it combines long-range communication with low energy consumption and a
relatively simple deployment model. [1; 2]

Field trials and experimental studies show that LoRaWAN can be used for waste-container monitoring in
real cities. Nevertheless, they also show that the quality of the radio link is not determined by distance alone.
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A container placed below ground level, a metal lid, dense building blocks or a low gateway mounting point
may change the link budget more strongly than the nominal range of the technology suggests. For this reason,
gateway placement based only on an assumed coverage radius may lead either to unstable data transmission
or to redundant infrastructure [3; 4].

The issue becomes more important when ADR is taken into account. In favorable radio conditions ADR can
reduce the spreading factor, shorten packet airtime, decrease transmission energy and increase the practical
capacity of the network. However, ADR works effectively only when the node has a sufficient channel margin.
Thus, the placement of gateways should be formulated not merely as a coverage task, but as the creation of
radio conditions under which most waste-container nodes can operate in efficient ADR modes [5; 6].

Analysis of Recent Research and Publications. The available literature may be grouped into several
lines of work. One line studies LoRaWAN as a communication technology for smart-city and loT applications,
with attention to range, throughput, energy consumption and robustness. A second line focuses on smart
waste management, including fill-level sensing, collection logistics and data acquisition from distributed
containers. A third line deals with LoRaWAN gateway placement and increasingly uses multicriteria or
metaheuristic optimization procedures [3-5; 7; 8].

These lines of research, however, are often only loosely connected. Papers on waste monitoring usually
give more attention to the sensor unit or route optimization, while gateway placement is described rather
generally. In contrast, many placement studies use an abstract network model and do not explicitly include
the properties of waste-container systems: underground bins, local shielding, differences between container
materials and the uneven spatial distribution of the nodes [3; 4].

The ADR-related studies are also relevant for the present work because they demonstrate the influence
of adaptive data-rate control on packet delivery and battery use. Yet ADR is rarely introduced as a criterion
during the spatial planning of a LoRaWAN network for waste-container monitoring. This leaves a practical
and methodological gap: gateway locations should be evaluated together with the expected ADR behavior of
the end nodes, rather than after the placement problem has already been solved [6].

Purpose and Objectives of the Study. The purpose of this paper is to develop a method for selecting
LoRaWAN gateway locations in waste-container monitoring systems while explicitly considering the ADR
mechanism. The intended result is a configuration that limits the number of gateways but still provides the
required quality of telemetry transmission.

To reach this purpose, the study solves the following tasks: analysis of LoRaWAN use in smart waste
management; identification of the main factors that determine link quality between container nodes and
gateways in an urban environment; justification of ADR consideration at the planning stage; formulation of
a mathematical model for comparing gateway configurations; construction of an objective function that
combines infrastructure cost, service quality and energy-related indicators; and description of a procedure
for determining the number and coordinates of gateways for this class of systems.

2. Materials and methods of research. The object of the study is the LoRaWAN infrastructure of
the urban waste container monitoring system, in particular the interaction of container sensor nodes
with the gateway under different radio propagation conditions and the operation of the Adaptive Data
Rate mechanism. The subject of the study is the methodological principles for choosing the number and
coordinates of LoRaWAN gateways, taking into account channel quality indicators, energy efficiency of end
nodes and requirements for guaranteed delivery of telemetric data.

The main hypothesis of the study is that the placement of the gateway, optimized not only by the criterion
of geometric coverage, but also by the expected values of RSSI, SNR, spreading factor, packet delivery ratio and
energy consumption of nodes, provides better conditions for the operation of ADR and allows to increase the
functional efficiency of the LoRaWAN network without an unjustified increase in the number of gateways.

The following assumptions are made in the work: container sensor nodes are considered stationary; the
coordinates of containers and candidate gateway installation points are known or can be obtained from the city
GIS database; the frequency of uplink message transmission is specified; the impact of seasonal environmental
changes, temporary interference, and short-term radio channel fluctuations is taken into account in a
generalized manner through a margin in signal level and additional losses for complex container types.

The adopted simplifications include: using an aggregated model of signal propagation loss; representing
the impact of underground or partially shielded containers through an additional attenuation coefficient;
evaluating the ADR mode based on predicted RSSI and SNR values without modifying the standard LoRaWAN
protocol; considering ADR downlink commands as an auxiliary mechanism for setting transmission
parameters without detailed modeling of network server queues.

The study was performed as a computational and analytical modeling. At the first stage, a set of container
nodes was formed with coordinates, container type, building conditions, and expected data transmission
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intensity. At the second stage, a set of candidate gateway installation points was specified, taking into account
the installation height, power availability, network connectivity, and engineering constraints on equipment
placement.

The theoretical basis of the study was the methods of radio planning of LPWAN networks, multi-criteria
optimization, comparative analysis of alternative configurations and formalization of objective functions.
For each pair «container node - gateway» signal losses, expected RSSI and SNR values were estimated, after
which the gateway with the best reception conditions was determined and the possible operation mode of the
node was predicted using the ADR mechanism.

The software implementation of the algorithmic part provides for the possibility of using Python, MATLAB,
Julia or GIS-oriented environments with geoprocessing modules. Within the framework of this article, the
software is considered as a tool for reproducing calculation procedures: enumerating permissible gateway
configurations, calculating network quality criteria and selecting the option with the minimum value of the
integral objective function.

This section provides only the initial methodological provisions, assumptions, simplifications and
the procedure for conducting the study. Quantitative results, comparison of configurations, graphical
dependencies and their interpretation are presented in the following sections of the article, since it is there
that the solutions to the tasks set in the work are reflected.

Main Body of the Study

1. Features of the Operating Environment of Waste Container Monitoring Systems.

Unlike many IoT networks with more freely distributed end devices, a waste-container monitoring system
is tied to municipal infrastructure. Container locations depend on building density, the street network, the
organization of collection routes and the rules for arranging container sites. The radio channel is further
affected by the bin material, installation depth, wall and lid construction, nearby buildings, vegetation and
other local obstacles [3; 8].

Underground containers and partially shielded metal bins create the most difficult radio conditions.
A node located close to a gateway may still have a poor link if the antenna is screened by the container body
or by the surrounding structure. Conversely, an above-ground plastic bin at a larger distance may provide a
better signal. Another practical feature is the nonuniform load: some containers generate telemetry more
frequently because they fill faster, and this increases the importance of stable communication and sufficient
network capacity [3; 8].

Container sensors
(fill level uplink | LORGWAN | |p/ ethernet Network server
temperatu're gateway | ' ADR / control smart waste

lid status) ADR downlink

Fig. 1. Generalized architecture of a LoRaWAN-based waste container monitoring system

Figure 1 summarizes the data flow in a LoRaWAN-based waste monitoring system. The sensor node sends
telemetry through one or more gateways to the network server and then to the analytical module. Control
messages, including ADR-related downlink commands, return through the same communication chain.
Therefore, the choice of gateway positions affects not only radio coverage but also the ability of the system to
manage transmission parameters and maintain a stable monitoring process.

2. The Role of ADR in Improving LoRaWAN Network Efficiency

In LoRaWAN, ADR adjusts transmission parameters according to the observed channel state. This is
especially useful for stationary container nodes: once the channel is sufficiently stable, the network server
may assign a lower spreading factor and, where appropriate, reduce transmit power. The practical effects are
shorter airtime, lower energy consumption and a smaller load on the radio channel [5; 6].

Poor gateway placement cannot be corrected by ADR alone. If many nodes remain in low-SNR areas, the
network has to keep them in more robust but less economical modes. This increases the average spreading
factor and accelerates battery discharge. For that reason, this study treats ADR not as a protocol to be
modified, but as an indicator of whether the spatial configuration of gateways is technically successful [5; 7].

3. Formalization of the Gateway Placement Problem

Consider an urban district with n waste containers, each represented by a LoRaWAN end node. The set
of containers is denoted by B={b1,b2,...bn}. For every element of this set, the coordinates, container type,
surrounding urban conditions and expected transmission intensity are specified. The possible gateway
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locations form the set G={gl,g2,.,gm}; for each candidate point, coordinates, installation height and
infrastructural restrictions are known.

For every container-gateway pair, path loss is evaluated with regard to distance, urban morphology,
gateway height and additional losses introduced by the container type. In this way, the model shifts from a
simplified coverage-radius description to an engineering estimate of the expected channel parameters.

Lij = Lpath(dij, ci, hj) + Lcont(ti) (D
RSSIij = Ptx + Gtx + er - Lij (2)
SNR;; = RSSI;; - N, (3)

For each container, the gateway with the best predicted reception conditions is then assigned as the active
one. This assignment is important because it determines the likely operating mode of the node after ADR
decisions are made.

j*(i) = arg max SNRij, jeG* 4)

4. Consideration of ADR in the Model
To include ADR behavior in the model, each node is assigned a predicted operating mode. This mode is
described through a function that links RSSI and SNR to the probable spreading factor.

SFi = f(SNRi, RSSIi) (5)

SF=(1/n) X SF, (6)

A lower average spreading factor means shorter packet airtime and, in most operating scenarios, lower
transmission energy and better network scalability. For this reason, the average spreading factor is used as
one of the key criteria when comparing gateway configurations.

5. Evaluation of Energy Consumption and Quality of Service

For waste-container monitoring, sensor autonomy is a critical engineering requirement. In most
deployments the node is battery-powered, so the energy used for measurement, local processing and radio
transmission must be controlled. Among these components, transmission energy is the most sensitive to the
ADR-selected mode [2; 4].

Ei = Esense,i + Eproc,i + Etx,i (7
Eui=N;-e(SF;, Py, 1) (8)

E=(1/n) X E 9)

PDR = N,.ey / Neent (10)

Q= (1/n) £I(SNR = SNR,;, A SF < SF,., A PDR, = PDR,;,) (11)

The indicator Q describes the share of containers for which the minimum acceptable telemetry conditions
are satisfied. It prevents a formal situation in which a node is counted as covered although its packet delivery,
SNR or spreading factor is unsuitable for reliable operation.

6. Objective Function of Optimization

An integral objective function is used to compare gateway configurations. It combines infrastructure
complexity, communication reliability, ADR-related operating mode and the expected energy consumption of
the sensor network.

] = aNgw + BSF + y(1 - PDR) + 8E + u(1 - Q) (12)

Minimizing ] means searching for a configuration that avoids unnecessary gateways, keeps packet delivery
at an acceptable level, reduces the average spreading factor and preserves node autonomy. This differs from
traditional planning, where the coverage indicator usually dominates the decision [7; 9].

Figure 2 gives a simple interpretation of this compromise. Adding gateways may reduce the average
spreading factor and improve the conditions for ADR operation, but the gain decreases after a certain point.
The optimization problem is therefore not to install the maximum possible number of gateways, but to find
the point at which service quality and infrastructure cost are balanced [7].
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Influence of gateway count on network efficiency
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Fig. 2. llustration of the influence of the number of gateways on the average spreading factor
and network efficiency

7. Formal Algorithm for Determining the Optimal Gateway Configuration

The proposed procedure can be implemented as a sequence of engineering steps. First, data are collected on
container coordinates, container types and local urban conditions. Next, a list of possible gateway mounting points
is formed; only points that satisfy height, power-supply and installation constraints are kept [5].

For each node-gateway pair, the channel parameters are estimated. The best gateway is selected for
every node, the expected ADR mode is predicted, and the quality indicators of the whole configuration are
calculated. The admissible configuration with the smallest value of the integral criterion ] is then selected.

-

Input urban data
(container locations,
container types,
building density)

L&

¥

Form candidate
gateway points
Y
Estimate channel
parameters RSSI/SNR
h
Predict ADR mode
and quality metrics

J L

A 4

Compute objective
function J

A 4

Select optimal
gateway configuration

- v <

Deploy system

Select optimal
gateway configuration

Deploy system

Fig. 3. Flowchart of the algorithm for selecting the optimal LoRaWAN gateway configuration

Figure 3 presents this sequence from the input urban data to the final gateway configuration. Such a
representation is useful for later implementation in software, including GIS-based tools for infrastructure
planning [5; 7].

8. Pseudocode of the Algorithm and an Example of Software Implementation

For reproducibility, the general logic of the algorithm is written below as pseudocode. The same structure
can be implemented in Python, MATLAB, Julia or in a GIS environment that supports geoprocessing.

for config in candidate_gateway_sets:
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metrics =[]
for node in waste_nodes:
links = evaluate_links(node, config)
best_link = select_by_max_snr(links)
sf = predict_sf(best_link.snr, best_link.rssi)
energy = estimate_energy(node, sf, best_link.tx_power)
metrics.append((sf, energy, best_link.pdr))
] = alpha*count(config) + beta*avg_sf(metrics) \
+ gamma*(1-pdr(metrics)) + delta*avg_energy(metrics) \
+ mu*(1-service_share(metrics))
update_best_config_if needed(config, ])

The pseudocode shows only the core calculation loop. In a practical tool it may be supplemented with
radio-propagation modules, clustering of candidate points, restrictions on installation sites and GIS layers
describing building density or terrain [7; 9].

9. Criteria for Evaluating the Network Configuration

Table 1 lists the criteria used to evaluate a LoRaWAN gateway configuration for a waste-container
monitoring network.

Table 1
Criteria for evaluating LoRaWAN gateway configuration in waste container monitoring systems
Criterion Symbol | Mathematical expression Meaning of the criterion OI:it.lmlz?tlon

irection

Infrastructure complexity .

— *

Number of gateways Ngw Ngw = |G¥| and cost minimum

. = . ADR efficiency in the L
Average spreading factor SFavg SF = (1/n) Z SFi network minimum
Average node energy Eavg E=(1/n)ZEi Sensor autonomy minimum

consumption
Packet delivery success PDR PDR = Nrecv / Nsent Reliability of_telgmetry maximum
communication

Share of nodes with _ . . .
guaranteed service Q Q=(1/n)ZI(") Quality of network service maximum
Share of nodes at high SF | RhighSF | RhighSF = N(SF = SFthr) / n Assessment of load and minimum

scalability

- J=aNgw + BSF +y(1 - PDR) + Generalized selection .

Integral criterion ] SE + (1 - Q) criterion minimum

Together, these criteria provide a more informative assessment than coverage alone. The inclusion of ADR-
dependent indicators makes the evaluation closer to the real operation of a LoRaWAN network in a smart
waste management scenario [7; 9].

Computational Study of the Effectiveness of the Proposed Method

To check the applied usefulness of the proposed method, a model-based computational study was
performed for a typical urban district. Two placement approaches were compared: a baseline approach
aimed mainly at continuous coverage, and the proposed approach, where the configuration is assessed by
ADR behavior, average spreading factor, packet delivery ratio, node energy consumption and the share of
containers with guaranteed service. This type of comparison corresponds to the current formulation of
LoRaWAN gateway placement problems [4; 8].

1. Initial Data and Simulation Scenarios

The simulated district measured 2.4 x 1.8 km and included a nonuniform distribution of container sites: a
dense central area, a medium-density residential part and a peripheral area with fewer obstacles. The model
included 60 containers; 25% of them were treated as underground or partially shielded. Eight candidate
gateway points were placed on roofs of administrative and municipal buildings.

In Fig. 4, black squares mark the gateways selected by minimizing the integral criterion, while empty
squares show alternative candidate points considered during optimization. This visual distinction is
important because the best functional configuration is not always the same as a visually uniform coverage
pattern.
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Fig. 4. Layout of the model urban district with container nodes and candidate gateway installation points

Table 2
Initial parameters of the computational study
Parameter Symbol Value
Number of containers n 60
Share of underground containers rug 25%
Number of candidate gateway points m 8
Minimum acceptable packet delivery ratio PDRmin 0.95
Maximum allowable spreading factor SFmax 10
Average uplink transmission period Ttx 30 min
Additional loss for underground containers Ladd 24-26 dB
Weight coefficients of the objective function o, By, 6,1 0.30; 0.20; 0.20; 0.15; 0.15

The parameters in Table 2 represent a medium-scale urban case with dense building blocks, areas of
easier radio propagation and a noticeable share of containers with additional signal loss. The chosen limits
for PDR and SF allow the configurations to be judged not only by reachability, but also by the actual quality of
telemetry service.

2. Comparison with the Baseline Gateway Placement Method

Two methods were compared in the computational study. The baseline method selected gateways mainly
to cover container nodes with a minimal number of infrastructure points and did not include ADR explicitly.
The proposed method used the integral objective function and therefore favored configurations that reduce
average spreading factor, improve the share of nodes with guaranteed service and decrease end-device energy
consumption.

Table 3
Comparison of the baseline and proposed approaches
Approach N_gw SF PDR E_avg, mWh/day Q J
Baseline, 2 gateways 2 10.8 0.84 1.84 0.68 473
Proposed, 2 gateways 2 10.1 0.89 1.62 0.76 4.26
Baseline, 3 gateways 3 9.6 0.90 1.52 0.79 4.28
Proposed, 3 gateways 3 8.5 0.95 1.22 0.89 3.66
Baseline, 4 gateways 4 8.8 0.94 1.31 0.87 4.02
Proposed, 4 gateways 4 7.6 0.98 1.05 0.95 3.41
Baseline, 5 gateways 5 8.2 0.96 1.18 0.91 4.08
Proposed, 5 gateways 5 7.2 0.985 0.98 0.97 3.50
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The values in Table 3 show that, for every considered number of gateways, the proposed method gives
higher PDR, lower average spreading factor and lower daily node energy consumption. In the studied
scenario, the minimum value of the integral criterion ] was obtained for four gateways, which indicates a
reasonable balance between infrastructure cost and telemetry quality.

0.98 { —®— Baseline approach —
—#— Proposed approach -
0.96 1

0.94 4
o 0.92
0.90
0.88

0.86 1

0.84 1

2.0 2.5 3.0 35 4.0 4.5 5.0
Number of gateways

Fig. 5. Packet delivery ratio versus the number of gateways

Figure 5 shows that PDR grows as the number of gateways increases in both approaches. At the same time,
the proposed method reaches a higher delivery ratio for the same gateway count because it takes into account
not only coverage, but also the channel margin needed for effective ADR operation.
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Fig. 6. Average spreading factor versus the number of gateways
Figure 6 shows the corresponding change in average spreading factor. The ADR-aware placement reduces

this value more strongly, which means shorter airtime, better scalability and a lower probability of collisions
in dense urban deployments.
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Fig. 7. Average node energy consumption versus the number of gateways
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Figure 7 shows the effect on node energy consumption. Better gateway geometry and lower spreading
factors reduce the daily energy demand of the sensor nodes. For battery-powered waste-container sensors,
this translates into longer intervals between maintenance operations.

3. Sensitivity Analysis with Respect to the Share of Underground Containers

The influence of underground containers was also evaluated. When their share increased from 10% to
35%, the average spreading factor in the baseline approach increased by about 11-14%, while the proposed
method showed an increase of 7-9%. This suggests that ADR-aware gateway placement is more resistant to
the difficult radio conditions created by shielded and underground containers [3; 4].

These results show that the proposed approach is not limited to a formal mathematical statement. It
produces measurable gains in the main network and operational indicators, which allows the work to be
treated as a computational and analytical study rather than as a general review.

3. Discussion of Results. The proposed approach has several advantages over conventional LoRaWAN
planning. The first is that it reflects the specific operating conditions of waste-container monitoring: different
container types, unequal access to the radio channel and nonuniform telemetry intensity. In this setting,
simple coverage is not enough, because it does not guarantee efficient ADR operation or acceptable energy
consumption [1; 7; 9].

A second result is the combination of infrastructural and functional criteria in a single objective function.
This allows the designer to see the compromise between the number of gateways and the quality of network
operation. In practical terms, the method helps avoid both underdeployment, when many nodes are forced to
work at high spreading factors, and overdeployment, when additional gateways do not provide a proportional
improvement in service quality.

The method also has limitations. Accurate use requires reliable container coordinates, a map of the urban
environment, a list of feasible gateway installation points and estimates of additional losses for different
container types. Even with approximate data, however, the model can be used for preliminary design and for
comparing several LoRaWAN deployment options.

Scientific Novelty. The scientific novelty of the results is the proposed method for optimizing LoRaWAN
gateway placement in waste-container monitoring systems. In contrast to placement approaches based mainly
on geometric coverage, the method includes the influence of ADR on functional network performance [5; 7].

In the proposed formulation, ADR is not treated as an independent protocol-optimization problem.
Instead, it is used as a criterion for judging the quality of the spatial gateway configuration through average
spreading factor, sensor-node energy consumption, packet delivery and the share of containers with
guaranteed service.

Practical Significance. The practical significance of the results is their possible use in the design and
modernization of municipal LoRaWAN waste-monitoring systems. The method helps justify both the number
of gateways and their coordinates under real urban constraints, which can reduce redundant infrastructure
and improve telemetry stability [3; 7].

The results can also support GIS-oriented decision-support systems, LoRaWAN coverage simulation tools
and applied software for planning smart waste management infrastructure. The expected practical effect is a
lower average spreading factor, shorter packet airtime, longer sensor-node autonomy and more rational use
of network resources.

4. Conclusions. The paper addressed the optimization of LoRaWAN gateway placement in waste-
container monitoring systems with consideration of ADR. It was shown that planning based only on
geometric coverage is insufficient, since it does not reflect container type, urban radio conditions or the
operating requirements of ADR.

The study proposed a mathematical model and an objective function that include the number of
gateways, average spreading factor, packet delivery ratio, average node energy consumption and the share of
containers with guaranteed service. A formal algorithm was presented, together with an example of software
implementation.

The practical value of the approach is the justified selection of gateway installation points, lower
infrastructure redundancy and more stable telemetry service for waste containers. Further work should
include GIS integration, numerical modeling for specific city districts and experimental validation of the
proposed method.
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