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The increasing deployment of internet of things (1oT) low-power networks
(LPNs) introduce a fundamental challenge in achieving low-latency
communication while maintaining strict energy constraints under dynamic
and heterogeneous traffic conditions. Existing medium access control
(MAC) protocols either rely on rigid time-division scheduling, leading to
poor adaptability, or contention-based access, resulting in unpredictable
delay and energy inefficiency. This paper proposes a delay-aware energy-
efficient slot scheduling MAC protocol (IDAS-MAC), a lightweight and
distributed framework that integrates priority-based scheduling, adaptive
duty cycling, and hybrid slot management. The proposed approach
introduces a novel two-hop contention-aware mechanism and modular
arithmetic-based slot ownership to enable scalable, collision-aware, and
delay-sensitive communication without centralized coordination. Unlike
recent RL-based MAC protocols, the proposed scheme eliminates training
overhead while maintaining adaptability to dynamic traffic patterns.
Simulation results demonstrate that IDAS-MAC substantially reduces
energy consumption and packet delay while improving throughput and
processing efficiency compared with the considered conventional and recent
MAC protocols. These results validate its suitability for energy-constrained
and delay-critical 10T applications.
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1. INTRODUCTION

The rapid advancement of the internet of things (IoT) has enabled large-scale deployment of low-
power sensing devices across diverse applications such as smart cities, healthcare, industrial automation, and
environmental monitoring [1], [2]. These internet of things low-power networks (IoT-LPNs) consist of
resource-constrained sensor nodes with limited battery capacity, processing capability, and communication
range. At the medium access control (MAC) layer, efficient channel access scheduling plays a crucial role in
ensuring reliable data transmission while minimizing energy consumption. However, achieving a balance
between low-latency communication and energy efficiency remains a significant challenge, particularly in
dynamic loT environments where heterogeneous and priority-driven traffic is generated [3]-[15].
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Conventional MAC protocols primarily follow either scheduled-based or contention-based
approaches. Scheduled schemes such as time division multiple access (TDMA)-based protocols provide
collision-free transmission and predictable latency but suffer from poor adaptability to dynamic traffic, which
results in slot underutilization and increased delay [8], [15]. In contrast, contention-based protocols such as
carrier sense multiple access with collision avoidance (CSMA/CA) offer flexibility and scalability but
introduce unpredictable delays, collisions, and higher energy consumption due to idle listening and
retransmissions [14]. Hybrid MAC protocols attempt to combine the advantages of both paradigms; however,
they often lack efficient mechanisms for handling differentiated traffic priorities and dynamic scheduling in
large-scale 10T-LPNs [3], [4].

Recent research has focused on enhancing MAC performance through energy-aware and intelligent
scheduling mechanisms. Protocols such as quorum-based MAC (QZMAC) [5], and hybrid energy
harvesting-based energy neutral operation MAC (HENO-MAC) [6] improve delay performance and energy
neutrality under specific conditions but are limited in handling bursty traffic and scalable priority-based
scheduling [16]-[18]. Other approaches emphasize clustering and cross-layer optimization to improve energy
efficiency and connectivity [19], [20]; however, they often fail to address the trade-off between delay
sensitivity and dynamic traffic adaptation. Furthermore, traditional quality of service (QoS)-aware MAC
schemes provide differentiated services but introduce additional coordination overhead and limited
scalability in dense deployments [21]-[23]. More recently, machine learning and reinforcement learning
(RL)-based MAC protocols have been proposed to enable adaptive and intelligent scheduling decisions.
Approaches such as deep reinforcement learning-MAC (DRL-MAC) [12] and RL-MAC [21], and artificial
intelligence (Al)-driven MAC-Revivo [7] dynamically optimize channel access by learning network
conditions over time. While RL-based MAC protocols [12], [21] provide adaptability, they incur high
convergence overhead and computational cost. Similarly, quorum-based approaches such as QZMAC [5]
suffer from idle listening, whereas TDMA-based schemes [15] lack flexibility under dynamic traffic.
Additionally, learning-based approaches often lack interpretability and require continuous updates, which
increases energy consumption and system complexity [24], [25].

Therefore, a critical research gap exists in developing a lightweight, delay-aware, and
energy-efficient MAC scheduling mechanism that can effectively support heterogeneous traffic while
maintaining low computational overhead. In particular, there is a need for a unified framework that integrates
priority-based traffic differentiation, adaptive slot allocation, collision mitigation, and energy aware
communication without relying on computationally intensive learning architectures.

To address these challenges, this paper proposes an integrated delay-aware scheduling mechanism
for 10T MAC layer that combines the advantages of scheduled and contention-based paradigms in a unified
framework. The proposed integrated dual-interval adaptive scheduling medium access control (IDAS-MAC)
introduces a priority-weighted slot allocation strategy based on packet urgency and inter-arrival
characteristics, enabling efficient handling of heterogeneous traffic. A distributed slot management
mechanism based on modular arithmetic ensures scalable and conflict-free channel access without centralized
coordination. In addition, a two-hop neighbour-aware contention window adaption mechanism is
incorporated to reduce hidden terminal collisions and improve channel utilization. Furthermore, an adaptive
transmission power control strategy based on received signal strength is employed to minimize energy
consumption while maintaining reliable communication.

The novelty of IDAS-MAC lies not in introducing an isolated scheduling primitive, but in the
coordinated integration of priority-aware slot allocation, adaptive duty cycling, two-hop contention control,
and distributed modular slot ownership within a lightweight MAC framework. In comparison to QZMAC,
which relies on quorum-based access and may incur additional idle listening, IDAS-MAC dynamically
adapts slot access according to traffic urgency and local neighbourhood conditions. Unlike DRL-MAC, the
proposed strategy does not require iterative learning, exploration, or convergence, thereby it avoids
associated training and computational overhead. In comparison with MAC-Revivo, IDAS-MAC emphasizes
more on deterministic distributed slot ownership and local two-hop contention awareness rather than
coordination-intensive adaption. The resulting design thereby provides traffic-aware adaptability while it
retains predictable rule-based slot access and lightweight implementation.

2. METHOD
2.1. Network model and assumptions

Consider an 10T-LPN with N sensor nodes uniformly and randomly deployed over a bounded 2D
area. Each 10T node i € {1,2,3,...,N} is located at (x;,y;) and denoted using (1). The Euclidean distance
between node i and j is computed using (2). Also, a binary link matrix €;;,, (i, j) is defined using (3).

X;, Vi ~U(0,A) wherei € Z* (1)
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In (3) R refers to the communication radius. A fixed communication radius is used to provide a
controlled connectivity model and to isolate the effect of the proposed scheduling strategy from variations
caused by radio-range adaptation. This assumption is appropriate for the simulation-level evaluation of
distributed slot ownership and two-hop neighbourhood constraints, while variable radio conditions remain
and implementation consideration for future hardware validation. The node degree is also defined in (4). Let

hi(l) and hi(z) denote the one-hop neighbours of i, respectively.
deg() = ZjL; €ink (i, }) “

This network modeling step in the proposed framework establishes the spatial and connectivity
foundation of the proposed framework by accurately capturing node distribution and link relationships. It
enables local topology awareness (one-hop and two-hop neighborhoods), which is critical for distributed slot
scheduling, collision avoidance, and scalability in 10T-LPNs. A uniform node deployment is adopted as a
controlled baseline to avoid introducing application-specific spatial bias and to evaluate the intrinsic
behaviour of the distributed scheduling mechanism under heterogeneous neighbourhood densities.
Randomized placement also produces varying one-hop and two-hop neighbourhood structures, which are
directly relevant to the proposed contention-aware scheduling strategy (Figure 1).

-

Initialize node positions and compute Ef(;{;

Identify Hl-m and ng)

(one-hop and two-hop neighbors)

'

Classify packets into priority levels (High,
Medium, Low)

|
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CW, (contention window)
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!

Enforce two-hop contention constraints

!

Update scheduling offset § dynamically

!

| Perform transmission and update metrics |

- endotfome ————

Figure 1. Workflow of the proposed IDAS-MAC scheduling algorithm

2.2. Frame structure and slot organization
In this framework time is divided into frames of duration Tg.,me, Where each contains F slots and
can be modeled as (5):
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TFrame = TSYNC + Tresv + Tdata + Tack (5)

In (5) represents the total duration of a communication frame in the proposed IDAS-MAC
scheduling scheme. Here each frame is divided into multiple time slots, and every slot is further segmented
into four functional components. Here Tsync is used for exchanging synchronization information among
nodes to maintain a common time reference which is essential for coordinated slot-based communication,
Tesy refers to an interval in which nodes perform control signaling (e.g., RTS/CTS) to reserve slots for
upcoming transmissions, thereby reducing collision probability. Ty, on the other hand is the primary phase
where actual data packets are transmitted between nodes. In this phase of T, receivers send
acknowledgements (ACKs) to confirm successful data reception and ensure reliability. Here each node i is
assigned with owned slot (slot{™™") and coordination slot (slotf‘s“’t). Frame synchronization is maintained
using local time of t]-fr"‘me. In contrast to rigid TDMA schemes, the proposed structure enables: i) adaptive
slot reuse, ii) hybrid contention and scheduling along with, iii) efficient idle-slot utilization. This approach
overcomes underutilization issues observed in TDMA and reduces collision overhead seen in CSMA/CA.
Here the integration of structured scheduling with controlled contention enables traffic-aware adaptability
without incurring high coordination overhead, making the scheme suitable for dynamic 10T environments.
The explicit separation of control and data phases also ensures predictable latency and improved reliability,
which are often lacking in purely contention-based approaches. This hybrid design achieves balanced
trade-off between determinism and flexibility, which is not effectively addressed in existing TDMA or
CSMA/CA-based MAC protocols.

2.3. Priority-aware traffic modeling
Here each node maintains a queue Q where incoming packets are classified into three priority levels,
high Py;gn (i), medium P4 (i), and low PRy, (i). The packet arrival rate for node i is modeled in (6):

n=" (6)

Here A; refers to the packet arrival rate for node i (packets per second). P, implies number of packets
generated by loT node i within a frame duration of T;. Let A; represents the ordered arrival sequence of
packets, and Priority; denote the scheduling indicator governing channel access. It has to be noted that unlike
uniform traffic assumptions in MAC-Revivo, the proposed model captures heterogeneous and bursty 10T
traffic patterns, enabling priority-driven scheduling and reduced queuing delay. Furthermore, it supports
fine-grained service differentiation, ensuring that delay-sensitive packets are served with minimal latency. By
incorporating stochastic arrival behaviour, the model improves robustness under dynamic traffic conditions
while enhancing QoS provisioning without introducing additional control and computational overhead.

2.4. Delay-aware adaptive slot scheduling
The proposed scheduling mechanism assigns a dynamic weight to each node based on packet
priority and traffic characteristics which is modeled in (7):

Wi = ab + B/ At; (7

Here P, implies packet priority level of node i, At; refers to the inter-arrival time and o, are
weighting coefficients controlling the relative contribution of the corresponding traffic characteristics. This
formulation prioritizes nodes with higher urgency and frequent arrivals. The contention window is
adaptively-defined in (8):

CW; = f(A;, Priority;,y) 8)

Here A; refers to the packet arrival rate and y is the scaling factor that controls contention
aggressiveness. This formulation in proposed method enables delay-aware and traffic-adaptive scheduling
without relying on RL, thereby eliminating training overhead, convergence delay and high computational
complexity. Unlike, DRL-MAC, which depends on iterative learning and exploration, the proposed approach
provides deterministic yet adaptive behaviour, ensuring predictable latency and stable performance. This
makes it particularly suitable for resource-constrained I0T-LPN devices, where lightweight computation and
real-time responsiveness are critical.
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2.5. Two-hop contention control mechanism

To mitigate hidden terminal effects, slot allocation is considered such that no two nodes within
two-hop neighborhood transmit in the same slot which is modeling in (9). The contention window is further
refined based on local neighbourhood density as formulated in (10):

Vj € fli(z),slot]?""’n # slotP™" 9
CW; = CWpin + Y(Ny; + WN3 ;) (10)

where Ny ; and N,; represents the number of one-hop and two-hop neighbours of node i, respectively, y is
scaling factor whereas w is the weighting coefficient. Unlike conventional single-hop contention models, this
approach explicitly incorporates two-hop neighbourhood awareness to effectively address hidden terminal
problems. It significantly reduces collision probability and retransmissions by adapting the contention
window to local network density. Furthermore, it also improves fairness and throughput by preventing
overlapping transmissions in densely connected regions. This mechanism also provides lightweight and
deterministic alternative to RL-based collision control, ensuring efficient performance without additional
computational overhead.

2.6. Distributed slot assignment strategy

Slot ownership is determined using modular arithmetic to enable decentralized scheduling as shown
in (11). Here ID; is the unique identifier of node i, n; is the number of neighbouring nodes, H; is a
hash-derived value and & is an adaptive scheduling offset, and F denotes the total number of slots per frame.
This formulation enables fully distributed and lightweight slot assignment without requiring centralized
coordination and control signaling. The use of an adaptive offset § helps in mitigating persistent slot conflicts
under dynamic topology conditions. Unlike MAC-Revivo, which relies on coordination-intensive
mechanisms, the proposed approach minimizes overhead while maintaining efficient slot utilization. This
ensures high scalability for dense 10T-LPN deployments (100-400 nodes) with reduced collision probability
and stable scheduling performance.

slot?™" = ID; mod n; (11)

The modular formulation provides a deterministic mapping between node identity, neighbourhood
information, scheduling offset, and available frame slots. Its role is therefore, not to claim modular arithmetic
itself as a new mathematical operation, but to offer a lightweight mechanism for distributing slot ownership
without maintaining a centralized allocation table. The adaptive offset further permits the assigned slot to be
shifted when local contention conditions change. Therefore, the combination of deterministic slot indexing
and adaptive offset reduces the need for repeated global coordination while it supports slot reuse in spatially
separated regions. This design is particularly beneficial as node density increases because slot decisions can
be delivered locally from node and neighbourhood information.

2.7. Energy consumption model

The total energy consumption of an loT node is modeled using (13). Where transmission and
reception energies are defined using (14). The energy consumed per successfully transmitted message is
represented using (15). To further optimize the energy usage, adaptive transmission power control is applied
as shown in (16):

Etotal = Erx + Erx + Ejqle + Esleep (13)

ETX = Ptx- ttx' ERX = er'trX' (14)

E.,.. = ETotal/ (15)
pbit Npysg

Ereq = Emax/ rec * Ethres * k (16)
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where &, is the received signal strength, &5 IS the minimum required threshold, and k is a constant factor.
This model jointly incorporates duty cycling and adaptive transmission power control, enabling significant
reduction in transmission and idle listening energy while maintaining reliable communication. Unlike
QZMAC, which suffers from energy loss due to idle listening, and DRL-MAC which incurs additional
energy overhead from exploitation and learning, the proposed analytical model provides efficient energy
optimization without computational complexity. This makes it well-suited for large-scale loT-LPN
simulations and practical low-power deployments.

2.8. Performance metrics

The performance of the proposed IDAS-MAC is evaluated using throughput and end-to-end delay.
Throughput is defined as the total successfully received data within a frame duration is represented using
(17). Here, Tgrame represents the duration of the communication frame. The end-to-end delay is also
computed using (18).

= Y. succesfully recieved data/

TFrame

Throughpu an

D=3, (Li/Ri + Qi) (18)

Here L; is the packet size of i, R; is the data rate, and Q; represents the queuing delay at node i. Here
N is the number of evaluated packets. For example, if Ny packets of 18 bytes are successfully received during
a frame of duration Tgpame, the throughput is N; x 18 X 8/Tgrame bps. Similarly, if a packet experiences
2 ms of transmission-related delay and 3 ms of queuing delay, its corresponding end-to-end delay is 5 ms.
These metrics capture both network efficiency and latency performance under varying traffic conditions. The
integration of delay-aware scheduling and adaptive contention control ensures bounded delay and strong
throughput, even under high node density. Unlike conventional MAC protocols that suffer from congestion
and delay spikes, the proposed framework maintains consistent performance by minimizing re-transmissions
and optimizing slot utilization, making it suitable for real-time IoT-LPN applications. The evaluation
assumes a fixed packet size of 18 bytes, as specified in Table 1, while packet arrivals vary according to the
configured inter-arrival conditions. Throughput therefore represents successfully delivered payload per unit
time, whereas end-to-end delay includes transmission-related and queuing components experienced by
successfully delivered packets.

Table 1. Simulation parameters

Parameter Values
No. of loT device 100-400
Transmission range (m) 20m
Area of deployment (m?) 100x100 m?
Channel capacity 17 kbps
Transmit/receive power 38 mW/18 mwW
Duty cycle 0.15
No. of slots 100
Simulation iterations 500
Data size 18 bytes
Initial battery energy 05J

3. RESULTS AND DISCUSSION
3.1. Simulation setup

The proposed framework was implemented in MATLAB 2020b using the standard MATLAB
computational environment. No specialized hardware accelerator or learning-specific toolbox was required
because IDAS-MAC relies on lightweight mathematical scheduling operations rather than model training.
The mechanism evaluated under realistic 10T-LPN conditions with node density varying from 100 to 400
nodes, ensuring scalability analysis. The simulation parameters are summarized in Table 1. The transmission
range of 20 m is selected to represent short-range communication among resource-constrained 10T sensor
nodes in low-power deployments, while providing a controlled neighbourhood structure for evaluating
one-hop and two-hop contention. The 17 kbps channel capacity is adopted as a conservative low-data-rate
setting representative of constrained 10T communication and is kept fixed across all protocols to ensure a fair
comparison. The selected parameters are intended to provide a controlled representation of short-range,
low-rate 10T-LPN communication rather than to reproduce a specific hardware platform. Prior 10T/WSN
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MAC implementations and scheduling studies provide practical context for such constrained communication
settings [3], [5], [20]. Hardware-specific radio characteristics are reserved for future validation.

The duty-cycle parameter is initialized at 0.15 as the baseline active-period constraint, while the
proposed scheduling mechanism adaptively determines transmission opportunities and inactive periods
according to traffic and contention conditions. To ensure fair and comprehensive benchmarking, the
proposed method is compared against conventional MAC protocols such as ALOHA/CSMA-CA and TDMA
and recent state-of-the-art protocols such as QZMAC, MAC-Revivo, and DRL-MAC. QZMAC,
MAC-Revivo, and DRL-MAC were selected because they represent distinct recent MAC design directions
relevant to the objectives of this study, including quorum-based access, adaptive/Al-assisted coordination,
and learning-based scheduling, respectively. Their inclusion enables IDAS-MAC to be evaluated against
different strategies for addressing energy efficiency, adaptability, and delay rather than against a single MAC
design paradigm. Unlike prior works where comparisons are limited, this study aligns simulation conditions
with reported configurations to ensure analytical consistency and fairness. Where implementations were
available or sufficiently specified, the benchmark configurations were aligned with the corresponding
reported operating conditions as far as possible, while common network-level parameters were kept identical
across protocols to support controlled comparison. Differences arising from protocol-specific assumptions
are acknowledged as part of the simulation-based evaluation.

The present study focuses on MATLAB-based simulation to isolate the MAC-layer scheduling
behaviour under controlled network conditions. Hardware-level validation was not included in the current
study; therefore, the reported energy values represent the analytical energy model defined in subsection 2.7
rather than direct measurements from physical devices. The simulation-based evaluation enables controlled
comparisons across the considered MAC protocols while it avoids hardware-specific effects. The simulation
incorporates randomized node/traffic realization via MATLAB’s random-number functions. Since the
present implementation does not impose a manually fixed random seed, the reported results represent the
observations generated under the specified simulation configuration rather than a deterministic
seed-controlled benchmark. To support reproducibility, the complete parameter configuration, network
dimensions, traffic conditions, duty cycle, slot count, packet size, and energy parameters are explicitly
reported in Table 1. For each evaluated inter-arrival condition, the performance values collected over the
configured scheduling slots were aggregated and represented using their mean values. Hence, the energy and
delay results correspond to the average of the observations generated during the existing simulation
procedure rather than to a single instantaneous observation.

3.2. Energy efficiency and traffic-arrival sensitivity analysis

The energy performance of IDAS-MAC under varying packet inter-arrival conditions is shown in
Figure 2. Figure 2(a) shows that the strategy consistently achieves lower energy consumption compared to
ALOHA/CSMA and TDMA across all traffic conditions. Figure 2(b) shows that IDAS-MAC consistently
maintains higher residual energy compared to ALOHA/CSMA and TDMA across all traffic conditions. The
near-stable energy trend also indicates efficient resource utilization under varying traffic loads. It is also
observed that QZMAC suffers from idle wake-ups whereas DRL-MAC incurs exploration overhead and
MAC-Revivo incur high coordination cost whereas IDAS-MAC reduces energy by ~33-55% compared to
recent protocols. The lower energy consumption of the proposed strategy can be attributed to the interaction
of three mechanisms. Firstly, the priority-aware slot selection minimizes unnecessary waiting for
delay-sensitive packets. Secondly, adaptive duty cycling limits prolonged active periods when transmission
opportunities are unavailable. Thirdly, two-hop contention awareness significantly reduces overlapping
transmissions and the associated re-transmissions. Therefore, the energy advantage is not attributed to a
single scheduling component but to the combined reduction of active, collision-related, and
retransmission-related energy expenditure. The relatively stable trend across inter-arrival conditions further
implies that these strategies do not introduce substantial additional energy overhead as traffic conditions
vary.

To examine sensitivity to traffic-generation conditions, the packet inter-arrival parameter was varied
from 1 to 10 scheduling units under the same network and MAC configuration. This variation represents
different traffic-generation frequencies and allows the robustness of the proposed strategy to changing traffic
intensity to be assessed without modifying the underlying protocol configuration. As shown in Figure 2,
IDAS-MAC maintains a comparatively stable energy profile across the evaluated inter-arrival range, which
implies that the combination of adaptive duty cycling, priority-aware scheduling, and contention control
remains effective under varying traffic conditions. Channel-error sensitivity was not explicitly modeled in the
present simulation and thereby represents an important direction for future evaluation, particularly for
interference-prone wireless environments.
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Figure 2. Energy performance of IDAS-MAC under varying packet inter-arrival conditions: (a) energy
consumption per bit and (b) average remaining energy compared with baseline and recent MAC protocols

3.3. Average end-to-end delay analysis

Figure 3 shows that the proposed framework consistently achieves lowest end-to-end delay as
network size increases from 50 to 400 nodes. While ALOHA/CSMA exhibits the highest delay due to
collisions and contention, and TDMA suffers from rigid slot allocation, recent approaches such as QZMAC,
MAC-Revivo, and DRL-MAC also experience increasing delay under higher node density.

In contrast IDAS-MAC maintains significantly lower delay due to its delay-aware scheduling,
two-hop contention control and adaptive slot allocation. The relatively slower growth in delay demonstrates
its scalability and effectiveness in handling dense 10T-LPN deployments. The general simulation
configuration considers 100-400 IoT devices, while the scalability analysis in Figure 3 additionally considers
a 50-node case to illustrate low-density network behaviour. It has to be noted that to address the scalability
concerns performance was also evaluated with increasing node density. It can be seen that delay remains
bounded across the evaluated range up to 400 nodes. Beyond the evaluated range of 400 nodes, increasing
neighbourhood density may increase two-hop topology information, local contention, and synchronization
overhead, which could gradually reduce the efficiency of distributed slot reuse. Therefore, performance
beyond 400 nodes should be interpreted as an open scalability boundary rather than assumed to remain
unchanged, and larger-scale evaluation is considered future work. Also, it exhibits stable delay without
sudden spikes. DRL-MAC shows higher delay due to convergence time. The prime reason that IDAS-MAC
reduces delay due to priority driven scheduling (high priority packets get faster access), two-hop contention
control which minimizes retransmissions and deterministic slot assignment which avoids random delays.

Average End-to-End Delay vs Number of Nodes
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Figure 3. Average end-to-end packet delay of IDAS-MAC and competing MAC protocols as a function of
10T node density

Delay-aware energy-efficient slot scheduling ... (Rajeshwari Kenchammana Hosakote Nanjappa Gowda)



4402 O3 ISSN: 2302-9285

The delay reduction can be interpreted from the local contention structure. In a single-hop
contention strategy two nodes that cannot directly detect each other may yet transmit simultabously toward a
common neighbour, which causes collisions and re-transmissions. The presented two-hop constraint accounts
for this local interference relationship before slot use, therefore it reduces the probability of repeated
transmission attempts. In combination with priority-aware access, this reduction in retransmission-induced
waiting time directly contributes to the lower end-to-end delay as observed in Figure 3. The scalability
behaviour is also related to the distributed slot ownership mechanism. Because slot selection is derived
locally from node identity, neighbourhood information, and the adaptive scheduling offset, the protocol
doesn’t require a centralized scheduler to re-compute the complete slot map as node density increases. The
resulting local decision process limits coordination overhead and helps explain the comparatively gradual
increase in delay as the number of nodes grows.

3.4. Extensive throughput analysis

Figure 4 shows that IDAS-MAC achieves the highest throughput across the evaluated network sizes.
At 200 nodes, IDAS-MAC achieves approximately 1080 kbps, compared with approximately 940 kbps for
DRL-MAC, 900 kbps for QZMAC, and 880 kbps for MAC-Revivo. With increasing node density, the
throughput of IDAS-MAC continues to increase gradually and reaches approximately 1180-1200 kbps at 400
nodes. In contrast, the competing approaches exhibit slower growth or saturation under higher contention.
The numerical values represent mean results obtained under the representative simulation configuration used
for comparative evaluation, whereas the feature columns summarize the principal architectural characteristics
of each protocol. The benchmark implementations were configured to provide comparable network and
traffic conditions.

Throughput Comparison
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Figure 4. Comparative throughput of IDAS-MAC and existing MAC protocols under increasing 10T-LPN
node density

Table 2 also highlights that unlike DRL-MAC, IDAS-MAC avoids training and convergence
overhead and also uses lightweight analytical scheduling which makes it suitable for resource-constrained
10T devices. It has to be noted that the results are reported using mean values which are obtained from the
collected simulation observations. The observed variation across inter-arrival conditions and network sizes is
additionally discussed to characterize the stability of the proposed mechanism. Because the current
implementation was designed as a controlled simulation study rather than a repeated Monte Carlo
experiment, confidence intervals and inferential significance tests are not reported. The reported values
represent mean observations collected under the specified simulation configuration. Statistical uncertainty
across independently repeated simulation seeds will be investigated in future work. Overall, the results
indicate a favourable energy-delay-throughput trade-off.

It has to be noted that the initial energy of each node is set to 0.5 J, whereas the energy values
reported in Table 2 represent the aggregate energy consumption obtained from the simulation. The reduction
in delay is obtained primarily through priority-aware access and reduced collision/re-transmission events,
whereas adaptive duty cycling limits the energy cost associated with maintaining channel availability. At the
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same time, improved slot utilization allows more successful packets to be delivered, which result in higher
throughput. These observations indicate that the proposed improvement in one metric does not arise solely
from sacrificing another, rather the coordinated scheduling mechanisms contribute jointly to the observed
performance balance.

Table 2. Quantitative and qualitative comparison of IDAS-MAC with existing 10T MAC protocols

Priority-aware Two-hop Distributed slot i Energy Delay Processing
Protocol scheduling contention allocation RL/training ) (ms) time (s)
IDAS-MAC N4 N4 N4 No 0.8 20 12
QZMAC [5] Limited - Quorum-based No 1.6 45 23
MAC-Revivo [7] Adaptive - Coordination-based No/Al- 14 38 2.0
based
DRL-MAC [12] v - Learning-based N 1.9 50 35

Note: quantitative values correspond to the 200-node configuration under the specified traffic condition and represent mean
simulation observations.

Despite the observed improvements, the proposed strategy has several limitations. Firstly, the
evaluation is simulation-based and therefore does not capture all hardware-specific effects such as clock drift,
radio transceiver variability, channel fading, and implementation dependent synchronization errors. Secondly
the two-hop neighbourhood mechanism introduces additional local topology information requirement, which
may increase control overhead in extremely dense networks. Third, the current evaluation considers a fixed
transmission range, and controlled duty cycle configuration, therefore, performance under highly dynamic
channel conditions and heterogeneous radio capabilities require further investigation. These limitations do
not affect the internal comparison performed in the present study but define the scope for future
hardware-based validation.

The simulation results consistently implies that IDAS-MAC provides a balanced improvement
across energy consumption, packet delay, throughput, and processing time under the evaluated
configurations. The observed gains are primarily associated with priority-aware access, reduced two-hop
contention, adaptive slot utilization, and lightweight distributed scheduling. The results also show that the
protocol retains stable behaviour as network density increases, which supports its suitability for
delay-sensitive energy-constrained 10T-LPN scenarios. IDAS-MAC is positioned as a lightweight scheduling
mechanism for 10T-LPN MAC operation rather than as a replacement-level implementation of a complete
standard stack. In comparison with standardized scheduled approaches such as IEEE 802.15.4-based
operation and 6 TiSCH, the present work focuses specifically on priority-aware distributed slot management,
two-hop contention mitigation, and adaptive duty-cycle operation. A direct quantitative comparison with
complete standard implementations is outside the scope of the present simulation and is therefore identified
as future work. The proposed operations consist primarily of local neighbour identification, priority
evaluation, arithmetic slot computation, contention-window adjustment, and energy estimation, making the
scheduling logic computationally lightweight. Therefore, the protocol is conceptually compatible with
resource-constrained 10T hardware; however, implementation-specific factors such as clock synchronization,
memory availability, radio-state switching, and transceiver power characteristics should be evaluated through
hardware experiments in future work.

4. CONCLUSION

The paper introduces IDAS-MAC, an integrated delay-aware scheduling MAC protocol designed
for energy-constrained loT LPNs. IDAS-MAC offers an integrated MAC-layer design combining
delay-aware scheduling, adaptive duty cycling, two-hop contention control, and distributed slot management.
The aim of the proposed work was to strategically combine delay-awareness, duty-cycling, and slot
management into a cohesive MAC-layer design tailored for LPNs. Through a joint slot management and
contention-aware MAC design, it effectively balances energy efficiency, latency, and reliability under
dynamic traffic conditions. From an application perspective, the lightweight scheduling design is particularly
relevant to 10T deployments in which delay-sensitive events coexist with routine sensing traffic, such as
environmental monitoring, industrial monitoring, and healthcare sensing. Priority-aware access can provide
faster service to urgent measurements while allowing regular sensing traffic to use remaining communication
opportunities. The absence of iterative learning also reduces the computational requirements for resource-
constrained sensor nodes. These improvements validate protocols effectiveness in enhancing energy
suitability, delay minimization, and system responsiveness. Future work will focus on hardware-based
prototyping and empirical energy validation using resource-constrained platforms such as the nRF52840,
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together with cross-layer integration with routing and application-layer mechanisms. Larger-scale evaluations
beyond 400 nodes and experiments under variable channel conditions will also be considered to further
assess scalability and deployment robustness. In the longer term, the lightweight, distributed, and
priority-aware design of IDAS-MAC may provide a practical basis for incorporating adaptive delay- and
energy-aware scheduling principles into future loT MAC implementations and standardization efforts.

FUNDING INFORMATION
Authors state no funding involved.

AUTHOR CONTRIBUTIONS STATEMENT
This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author
contributions, reduce authorship disputes, and facilitate collaboration.

Name of Author C M So Va Fo | R D O E Vi Su P Fu
Rajeshwari v v v v v v v v v

Kenchammana

Hosakote Nanjappa

Gowda

Suma Manuvinakurike v v v v v v v v
Narasimha Sastry

C : Conceptualization I : Investigation Vi : Visualization

M : Methodology R : Resources Su : Supervision

So : Software D : Data Curation P : Project administration
Va : Validation O : Writing - Original Draft Fu : Funding acquisition
Fo : Formal analysis E : Writing - Review & Editing

CONFLICT OF INTEREST STATEMENT
Authors state no conflict of interest.

DATA AVAILABILITY
Data availability is not applicable to this paper as no new data were created or analyzed in this
study.

REFERENCES

[1]  S. Villamil, C. Hernandez, and G. Tarazona, “An overview of internet of things,” TELKOMNIKA (Telecommunication Computing
Electronics and Control), vol. 18, no. 5, pp. 2320-2327, 2020, doi: 10.12928/telkomnika.v18i5.15911.

[2] S. Nizeti¢, P. Soli¢, D. Lopez-de-Ipifia Gonzélez-de-Artaza, and L. Patrono, “Internet of Things (IoT): Opportunities, issues and
challenges towards a smart and sustainable future,” Journal of Cleaner Production, vol. 274, no. 122877, p. 122877, 2020, doi:
10.1016/j.jclepro.2020.122877.

[31 N. Ajmi, A. Msolli, A. Helali, P. Lorenz, and R. Mghaieth, “Cross-layered energy optimization with MAC protocol based routing
protocol in clustered wireless sensor network in internet of things applications,” International Journal of Communication Systems,
vol. 35, no. 4, 2022, doi: 10.1002/dac.5045.

[4]  J.-W. Kim, J. Kim, and J. Lee, “Cross-layer MAC/routing protocol for reliability improvement of the Internet of Things,” Sensors
(Basel), vol. 22, no. 23, p. 9429, 2022, doi: 10.3390/s22239429.

[5] S. V. Vatsa, A. Mohan, and A. Kumar, “Implementing QZMAC (a decentralized delay optimal MAC) over 6TiSCH under the
Contiki OS in an IEEE 802.15.4 network,” arXiv, 2020, doi: 10.48550/arXiv.2012.02955.

[6] S. Sarang, G. M. Stojanovi¢, M. Drieberg, V. Jeoti, and M. Valkama, “HENO-MAC: Hybrid energy harvesting-based energy
neutral operation MAC protocol for delay-sensitive 10T applications,” in 2024 IEEE Wireless Communications and Networking
Conference (WCNC), IEEE, 2024, doi: 10.1109/wcnc57260.2024.10571258.

[7]1 J. Panetal., “MAC revivo: Artificial Intelligence paves the way,” arXiv, 2024, doi: 10.48550/arXiv.2410.15820.

[8] Z. Xu, J. Luo, Z. Yin, T. He, and F. Dong, “S-MAC: Achieving high scalability via adaptive scheduling in LPWAN,” in IEEE
INFOCOM 2020 - IEEE Conference on Computer Communications, IEEE, 2020, doi: 10.1109/infocom41043.2020.9155474.

[91 S. Liu, G. Huang, J. Gui, T. Wang, and X. Li, “Energy-aware MAC protocol for data differentiated services in sensor-cloud
computing,” Journal of Cloud Computing, vol. 9, no. 1, 2020, doi: 10.1186/s13677-020-00196-5.

[10] T. Heimfarth, J. C. Giacomin, and G. A. L. Silva, “BANY: An Anycast MAC Protocol Based on B-MAC+ for 10T Systems,” in
International Conference on Advanced Information Networking and Applications, Cham: Springer International Publishing, 2023,
pp. 184-196, doi: 10.1007/978-3-031-29056-5_18.

Bulletin of Electr Eng & Inf, Vol. 15, No. 5, October 2026: 4394-4405



Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 4405

[11]

[12]
[13]
[14]
[15]

[16]

[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

R. S. Dhaka, M. Khurana, and S. Lamba, “Comparison of Sensor-MAC (S-MAC), Timeout-MAC (T-MAC), Berkeley-MAC (B-
MAC), and Modified ML-MAC ( L-MAC) for Wireless Sensor Networks,” in International Conference on Deep Learning,
Springer, 2023, pp. 454-471, doi: 10.1007/978-3-031-60935-0_41.

C.-M. Wy, Y.-C. Kao, K.-F. Chang, C.-T. Tsai, and C.-C. Hou, “A Q-learning-based adaptive MAC protocol for internet of things
networks,” IEEE Access, vol. 9, pp. 128905-128918, 2021, doi: 10.1109/access.2021.3103718.

M. Adil et al., “Hash-MAC-DSDV: Mutual authentication for intelligent loT-based cyber-Physical Systems,” IEEE Internet of
Things Journal, vol. 9, no. 22, pp. 22173-22183, 2022, doi: 10.1109/ji0t.2021.3083731.

S. Kumar and P. K. Verma, “A comparative study of collision avoidance medium access control protocols in internet-of-things,”
International Journal of Cloud Computing, vol. 13, no. 2, pp. 139-164, 2024, doi: 10.1504/ijcc.2024.137409.

P. Siddavaatam and R. Sedaghat, “A novel multi-objective optimizer framework for TDMA-based medium access control in
IoT,” CSI Transactions on ICT, vol. 8, no. 3, pp. 319-330, 2020, doi: 10.1007/s40012-020-00283-7.

N. Ahmed, D. De, and M. I. Hussain, “A QoS-aware MAC protocol for IEEE 802.11 ah-based Internet of Things,” in 2018
Fifteenth International Conference on Wireless and Optical Communications Networks (WOCN), IEEE, 2018, pp. 1-5, doi:
10.1109/wocn.2018.8556133.

H. Shan, “QoS-Aware MAC,” in Encyclopedia of Wireless Networks, Cham: Springer International Publishing, 2020, pp. 1139—
1142, doi: 10.1007/978-3-319-78262-1_49.

B. Yang, X. Cao, and L. Qian, “A scalable MAC framework for Internet of Things assisted by machine learning,” in 2018 IEEE
88th Vehicular Technology Conference (VTC-Fall), 2018, pp. 1-5, doi: 10.1109/vtcfall.2018.8690737.

A. Zeb, S. Wakeel, T. Rahman, I. Khan, M. I. Uddin, and B. Niazi, “Energy-efficient cluster formation in loT-enabled wireless
body area network,” Computational Intelligence and Neuroscience, vol. 2022, p. 2558590, 2022, doi: 10.1155/2022/2558590.

J. Gao, M. Li, W. Zhuang, X. Shen, and X. Li, “MAC for machine-type communications in industrial loT—part 1I: Scheduling
and numerical results,” IEEE Internet of Things Journal, vol. 8, no. 12, pp. 9958-9969, 2021, doi: 10.1109/jiot.2020.3045831.

0. Khan, S. Ullah, M. Khan, and H.-C. Chao, “RL-BMAC: An RL-based MAC protocol for performance optimization in wireless
sensor networks,” Information (Basel), vol. 16, no. 5, p. 369, 2025, doi: 10.3390/info16050369.

I. Ryoo and S. Kim, “Hybrid Group Management MAC Protocol for Smart Grid Communication Topology and Big Data
Processing,” KSII Transactions on Internet and Information Systems (TIIS), vol. 19, no. 6, pp. 1922-1952, 2025, doi:
10.3837/tiis.2025.06.009.

J. N. V. R. S. Kumar, K. Venkateswararao, U. Ghugar, S. K. Bhoi, and K. S. Sahoo, “Enhanced connectivity for non-critical in-
vehicle systems using EnRF24L01,” |EEE Sensors Journal, vol. 25, no. 7, pp. 11955-11962, 2025, doi:
10.1109/jsen.2025.3542869.

S. M. Alhammad, S. Abbas, A. M. Elshewey, A. M. Osman, and Y. Fouad, “SD-MAC protocol for wireless sensor network
energy consumption,” Scientific Reports, vol. 16, no. 1, p. 6452, 2026, doi: 10.1038/s41598-026-37716-3.

Y. Zhou, W. Wu, H. Lv, M. Yang, F. Shan, and J. Luo, “ODGMAC: On-demand grouping-based MAC for dense 10T networks,”
IEEE Transactions on Mobile Computing, pp. 1-18, 2026, doi: 10.1109/tmc.2026.3673836.

BIOGRAPHIES OF AUTHORS

Rajeshwari Kenchammana Hosakote Nanjappa Gowda B B8 © received B.E. degree
in Electronics and Communication Engineering from Bangalore University, and M.Tech. in
Electronics under Visvesvaraya Technological University India. Currently working as an
assistant professor in the Department of Electronics and Communication Engineering at Sir
MVIT, Bengaluru. Having teaching experience of 17 years and industry experience of 12
years. She has published 3 papers. Her area of research interests are network security, wireless
sensor network, 10T, and wireless communication. She can be contacted at email:
rajeswari_ec@sirmvit.edu.

Suma Manuvinakurike Narasimha Sastry RIEE currently working as professor in the
Department of Electronics and Communication Engineering, B.M.S. College of Engineering.
She has 26 years of teaching experience and 2 and half years of industrial experience. She has
published over 38 papers in peer reviewed journals/conferences. She is reviewer for journals
and conferences. Her area of research interests are wireless communications, communications
signal processing, and machine learning. She <can be contacted at email:
suma.ece@bmsce.ac.in.

Delay-aware energy-efficient slot scheduling ... (Rajeshwari Kenchammana Hosakote Nanjappa Gowda)


https://orcid.org/0000-0002-9210-6579
https://orcid.org/0000-0001-6112-5526
https://scholar.google.com/citations?user=Sl6CQhEAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57424951000
https://www.webofscience.com/wos/author/record/O-9155-2015

