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Abstract: environmental sensor networks deployed in remote, power- and connectivity-constrained locations
require careful co-design of the sensing, communication, and power subsystems. This paper addresses the
design and optimization of a low-power 0T sensor node architecture with fault-tolerant telemetry, using
continuous water-resource monitoring in an arid region as a representative deployment case. A four-layer
system architecture is proposed, and the connectivity layer is optimized using store-and-forward buffering and
dynamic channel allocation adapted from SDN-enabled LEO satellite networks, reducing the design cost of
achieving reliable data delivery over intermittent GSM/LoRa links. Analytical models of link availability, buffer
occupancy, and solar energy budget are derived to guide design trade-offs. Simulation results show that the
optimized connectivity design raises packet delivery success rate from 61.2% to 92.8% at 60% link availability,
demonstrating an effective low-cost design strategy for resource-constrained edge sensing systems.
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[. INTRODUCTION

The growing deployment of environmental sensor networks in remote areas has created demand for low-cost,
low-power sensor node designs that remain reliable under weak connectivity and limited energy budgets.
Designing such nodes is a joint optimization problem spanning the sensing, communication, and power
subsystems, where design choices at one layer constrain feasible choices at the others. This paper uses
continuous monitoring of water level, discharge, and salinity in the Aral Sea region of Uzbekistan as a
representative, demanding design case: the target deployment area combines scarce grid power, intermittent
cellular and LoRa coverage, and a harsh desert environment, making it a stringent test bed for resource-
constrained sensor node design.

The contribution of this paper is a system-level design methodology and a set of analytical models that guide
the joint optimization of the connectivity and power subsystems of a low-cost sensor node, validated through
a representative case study rather than proposing a single fixed deployment.

II. SYSTEM ARCHITECTURE AND DESIGN OPTIMIZATION

The proposed design is organized into four layers, shown in Fig. 1.

Institutional Layer

Water authority « hydromet service « SMS alerts
A

Data Layer

Time-series database * quality control « anomaly filter
A

Connectivity Layer

GSM/LoRa » store-and-forward buffering = dynamic channel allocation
A

Sensing Layer

Stage sensor * EC salinity sensor « turbidity sensor ¢ solar panel

Figure 1. Four-layer architecture of the proposed resource-constrained I0T sensor node design
a. Sensing subsystem design

Non-contact radar or ultrasonic stage sensors avoid physical contact with water, reducing fouling-related
maintenance cost. Electrical-conductivity (EC) sensors track salinity and optical sensors track turbidity. Each
node is powered by a solar panel and battery sized according to the energy-budget model of Section IIl, making
power sizing an explicit part of the node design rather than an afterthought.
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b. Connectivity subsystem design and optimization

Nodes transmit via GSM/GPRS where available, or via LoRaWAN gateways in weak-signal areas; both links
are intermittently available in remote areas, a condition analogous to intermittent feeder links in SDN-enabled
LEO satellite loT networks [1]. Adapting that design, each node buffers readings on-board using store-and-
forward (S&F) logic while the link is down and transmits the backlog once connectivity resumes, which is
treated here as a design optimization that reduces the cost (in retransmissions and data loss) of achieving a
target delivery reliability under a given, fixed link-availability budget.

A lightweight gateway controller, playing the role of the SDN controller in [1], dynamically allocates the limited
number of GSM/LoRa channel slots among sensor nodes by priority class, which is likewise a design choice
that improves the achieved reliability-per-channel without increasing hardware cost.

c. Data and institutional layers

A central time-series platform performs quality control against a statistical anomaly filter and exposes
processed data through a dashboard integrated with the relevant water-management authority, completing the
end-to-end system design.

[Il. ANALYTICAL DESIGN MODELS

The connectivity link alternates between connected (ON) and disconnected (OFF) states, modeled as a two-
state Markov process. Let Ton and Toff denote the average durations of the connected and disconnected states;
the link-availability design parameter is:

Piinye = o @)

Ton + Toff

Each node's on-board buffer of capacity Q packets is sized using an M/M/1/K queueing model with utilization
pb = Aid/uf; the resulting packet delivery success rate (PDSR), used here as the primary design-optimization
objective for the connectivity subsystem, is:

1— K
PDSR = 1 — Pyog, Pogs ~ 2020 @)

1_pbK+1

When the link is available, the C available channel slots are partitioned among K priority classes with design
weights w, subject to:

Cr = |w-Cl, 2wy = 1 ()
Finally, the solar panel and battery are sized so that the daily energy balance satisfies:
Ehatt = Lsolar — Econsumption =0 (4)

where Esolar is daily harvested solar energy and Econsumption iS the daily load of sensing, computation, and
telemetry; equation (4) is used as a sizing constraint during node design rather than a post-hoc check.

IV. RESULTS AND DESIGN VALIDATION

Table 1 validates the connectivity design of Section Il-b by comparing PDSR for direct transmission (no
buffering) against the proposed S&F design across representative link-availability values.

Table 1. Design validation: direct transmission vs. proposed S&F design

Link availability, % PDSR (direct), % PDSR (proposed), % Added latency, s
60 61.2 92.8 52
75 75.4 96.1 34
90 89.7 98.4 17
98 97.9 99.6 6

At 60% link availability, the proposed connectivity design raises PDSR from 61.2% to 92.8% at the cost of up
to 52 s of added latency, which is an acceptable design trade-off given that the monitored physical quantities
(water stage and salinity) change on a scale of minutes to hours rather than seconds. This confirms the design
achieves the target reliability without increasing hardware cost.
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V. CONCLUSION

This paper presented a system-level design methodology for a resource-constrained loT sensor node, in which
store-and-forward buffering and dynamic channel allocation are treated as explicit connectivity-subsystem
design optimizations, supported by analytical models for link availability, buffering, and solar energy sizing.
Using continuous water-resource monitoring in the Aral Sea region as a demanding representative case, the
design was shown to substantially improve data-delivery reliability without added hardware cost. The
methodology and models generalize beyond this case to other remote, power- and connectivity-constrained
0T sensing deployments.

ACKNOWLEDGMENT
The authors thank colleagues for their guidance during the preparation of this work.
REFERENCES

[1] Pulatov, S. A Hybrid Store-and-Forward and Dynamic Channel Allocation Approach for SDN-Enabled
LEO IoT Networks / S. Pulatov, J. Isroilov, A. Gafurov, F. Abdualimov // OPTIMA. 2025.

[2] Al-Fugaha, A. Internet of Things: A Survey on Enabling Technologies, Protocols, and Applications / A. Al-
Fugaha [et al.] // IEEE Communications Surveys & Tutorials. 2015. Vol. 17, No 4. P. 2347-2376.

[3] Haxhibeqiri, J. A Survey of LoRaWAN for loT: From Technology to Application / J. Haxhibeqiri [et al.] //
Sensors. 2018. Vol. 18, No 11. P. 3995.

[4] Kleinrock, L. Queueing Systems, Volume I: Theory. New York: Wiley-Interscience, 1975.
[5] Water Code of the Republic of Uzbekistan. No. ZRU-1076. 30.07.2025.

[6] WildLabs.net. Using loT and Machine Learning to help protect Kenya's Rivers [Electronic Resource].
Mode of access: https://wildlabs.net. Date of access: 12.10.2026.

[71 UNDP. UNDP Uzbekistan launches water resources project in the Aral Sea region [Electronic Resource].
2026.

[8] Raza, U. Low Power Wide Area Networks: An Overview / U. Raza, P. Kulkarni, M. Sooriyabandara //
IEEE Communications Surveys & Tutorials. 2017. Vol. 19, No 2. P. 855-873.

MPOEKTUPOBAHWE APXUTEKTYPbI loT-CEHCOPHOTO Y3J1A C O PAHUYEHHBIMW PECYPCAMU U
OTKA30YCTOMNYMBOWM TENEMETPUEW OAJ1A CUCTEM 3KOJIOTMYECKOITO MOHUTOPUHTA

MynaTos L., Abgyanumos ®.

TaLKEHTCKUA YHUBEPCUTET MHAPOPMALMOHHBLIX TEXHOMOrMM uMeHn Myxammaga anb-Xopeamu, TallKeHT,
Y36ekucTtaH, abdualimovferuz1833@gmail.com

AHHOTaUMS: 3KONMOrMYEeCKNe CEHCOPHble CEeTW, pPa3BEPHYTble B YAANEHHbIX MecTax C OrpaHuvYeHHbIM
3HEProcHabXeHneM 1 CBA3HOCTLIO, TPEDBYIOT TLaTenbHOro COBMECTHOrO NPOEKTMPOBaHNA nogcmctem cbopa
OaHHbIX, CBA3W M nuTaHud. B pgaHHOM paboTe paccmatpuBaloTcs MNPOEKTUpOBaHWE W ONTUMM3AUUSA
apXMTEKTYPbl ManoMoLlHoro |oT-CeHCOpPHOro ysna € OTKa3oyCTOMYMBOM TenemeTpuem Ha npumepe
HernpepbIBHOMO MOHWUTOPWHIa BOAHbLIX PECYPCOB B 3aCyLUIMBOM PErMOHE KakK penpe3eHTaTUBHOrO cryyas
pa3BépTbiBaHus. [lpegnaraeTca 4YeTbIpEXYpPOBHEBAsi CUCTEMHAs apxXuTeKTypa, a YpPOBEHb CBA3HOCTU
ONTUMM3MPYETCA C MoMowpblo  Oydepusaumm C HaKONMSIEHWEM W MEPEeCbITKOW U ANHAMUYECKOTO
pacnpegenenvst KaHanos, aganTupoBaHHbIX 13 SDN-coBMeCcTUMbIX CnyTHMKOBLIX ceTen LEO, yto cHuxaet
CTOMMOCTb MPOEKTUPOBAHNS AN OOCTMXKEHUS HaOEXHOW OOCTaBKM AaHHbIX MO MPEPbIBUCTbIM KaHanam
GSM/LoRa. BeiBogaTCcA aHanMTM4eckne MOAENN AOCTYNMHOCTW KaHarna, 3anofHeHHOCTH Bydepa n conHeyHo-
aHepreTmyeckoro Owaxeta Ons oOOCHOBaHUSA MPOEKTHLIX KOMMPOMUCCOB. PesynbTatbl MOOenvMpoBaHWUSA
MokasblBalOT, YTO OMNTMMU3NPOBAHHOE MPOEKTUPOBAHME CBSA3HOCTU MOBbLILIAET BEPOSATHOCTb YCMELUHOM
JocTtaBkM naketoB ¢ 61,2% po 92,8% npu goctynHoctn KaHana 60%, AemMoHCTpupys 3ddeKTUBHYIO
HN3KO3aTPaTHY CTpaTErnio MPOEKTUPOBAHUSA ANS NepudepUnHbIX CEHCOPHbBIX CUCTEM C OrpaHUYEHHbLIMU
pecypcamu.

KnioueBble cnoBa: nMpoeKkTMpoBaHWe BCTpauMBaeMblX CcUCTeM, loT-CeHCOpHbIN y3ern, onTumMusauus
NMPOEKTMPOBAHNS, OTKA30yCTOMYMBas TENeMeTpusi, HaKoMneHne U  nepecbinika, AUHAMUYEecKoe
pacnpegenenve KaHanoB, MarioMOLLHOE MPOEKTUPOBaHWE, NepudepunHoe CEHCOPHOE BOCMPUSTUE.
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