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Abstract

Energy efficiency remains a fundamental challenge in battery-operated, resource-constrained sensor nodes, where the
combination of IEEE 802.15.4 with 6LoWPAN and the Routing Protocol for Low-Power and Lossy Networks (RPL) has
become the standard networking architecture. Prolonged idle listening is a major source of energy loss in constrained sensor
nodes. Existing energy-efficient communication strategies primarily optimize routing or duty-cycling independently, without
coordinating receiver activity with application-layer event generation. The proposed Event-Triggered Receive Window (ET-
RxW) targets receiver-side energy consumption. Receiver activation is aligned with anticipated publication events rather
than periodic wake-up schedules. As a result, unnecessary receiver activity during idle periods is eliminated, substantially
reducing radio duty-cycling overhead while preserving reliable connectivity and packet delivery. ET-RxW was integrated
into the Contiki-NG networking stack and evaluated in the Cooja simulator using Zolertia Z1 motes. Experimental results
show a 96% reduction in Radio-Rx energy consumption compared with baseline RPL, while maintaining a 100% Packet
Delivery Ratio (PDR) and a convergence time of 14 seconds. A formal analytical energy model was also developed to estimate
receiver energy consumption from duty-cycle parameters. Its close agreement with the simulation results confirms the
validity of the proposed approach, supporting long-term energy assessment and practical deployment of battery-powered
IoT networks.

Keyword: Internet of Things, Radio Duty Cycling, RPL Routing Protocol, Publish-Subscribe Architecture, Idle Listening Elimination, Low-
\Power and Lossy Networks, Contiki-NG.

A

1. Introduction

Over the past decade, the Internet of Things (IoT) has seen widespread adoption in critical infrastructure. Its
applications now extend to industrial monitoring, smart building management, and environmental sensing. The
increasing deployment of these systems is driven by the need for sensing solutions that are scalable, reliable, and
economically viable [1,2,3,4,5]. Most of these applications operate over Low-Power and Lossy Networks (LLNs),
where sensor nodes must function with limited energy, memory, and processing capability. To support reliable
multi-hop communication under these constraints, the Routing Protocol for Low-Power and Lossy Networks (RPL)
has become the standard routing protocol for LLNs [6,7,8,9,10,11].

Despite the efficiency of RPL, the limited energy available in battery-powered sensor nodes continues to restrict
the operational lifetime of LLN deployments [12,13,14,15]. To reduce communication overhead, many IoT
applications employ the Publish-Subscribe (Pub-Sub) communication model, where data is transmitted only
when an event of interest occurs instead of being sent periodically [16,17,18,19]. This event-driven
communication model is naturally suited to resource-constrained networks because it avoids unnecessary
transmissions while maintaining scalability for large loT deployments [20,21,22].

Although event-driven communication reduces transmission activity, a significant amount of energy is still
consumed at the Medium Access Control (MAC) layer. The radio receiver must periodically wake up to check for
incoming packets, even when no communication takes place. Under sparse traffic conditions, idle listening, where
the receiver remains active without receiving any data, has consistently been identified as one of the largest
contributors to node energy consumption [12,23,24,25]. Experimental studies on event-driven networks further
show that receiver operation alone accounts for a substantial portion of the overall energy budget, often exceeding
the energy spent on packet transmission [26,27].

Several studies have attempted to improve the energy efficiency of RPL by optimizing routing metrics, objective
functions, parent selection, and traffic distribution strategies [28,29,30,31,32,33]. While these approaches
improve routing performance, they do not address the receiver-side energy consumed due to periodic duty cycling
atleaf nodes.
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The impact of this overhead becomes more pronounced in Pub-Sub applications, where long intervals may exist
between successive events. To address this limitation, receiver activation is confined to predefined listening
windows synchronized with anticipated publication events through the proposed Event-Triggered Receive
Window (ET-RxW). During the remaining time, the radio stays in low-power sleep mode, thereby eliminating
unnecessary idle listening. The proposed mechanism is implemented in the Contiki-NG operating system and
evaluated using Energest-based power measurements. The evaluation showed a substantial reduction in Radio-
Rx energy consumption while maintaining Packet Delivery Ratio (PDR) and network convergence performance
[10,30].

The key contributions of this work are summarized below.

e Development of the ET-RxW approach: A deterministic scheduling technique is introduced for RPL leaf nodes,
where radio activation is synchronized with application-layer events instead of periodic channel polling. This
significantly reduces idle listening without modifying the existing RPL routing framework [8,9,11,32].

e Development of a cross-layer analytical energy model: A mathematical framework is formulated to establish
the relationship between receiver duty cycling, event publication timing, and cumulative energy consumption. The
proposed model enables systematic estimation of node lifetime and provides a theoretical basis for improving
energy efficiency in sparse-traffic IoT networks [11,15,33].

e Implementation and simulation-based validation: The ET-RxW mechanism is integrated into the Contiki-NG
networking stack and evaluated using Zolertia Z1 motes in the Cooja simulator. Evaluating the proposed work on
the Z1 platform—a system constrained by a 16-bit MSP430 processor and tight memory limits—provides a
realistic benchmark for actual, low-power loT deployment conditions. The results show that ET-RxW introduces
negligible computational overhead while remaining suitable for highly constrained sensor nodes
[10,34,35,36,37,38].

e Experimental demonstration of reliable and energy-efficient operation: Energest-based measurements show
that the proposed mechanism reduces Radio-Rx energy consumption by more than 80% compared with
conventional duty cycling while maintaining a Packet Delivery Ratio (PDR) of 100% and rapid network
convergence. These results demonstrate the practical applicability of ET-RxW for energy-efficient event-driven
monitoring systems

2. Related Work

In 6LoWPAN IEEE 802.15.4 RPL networks, energy conservation remains a critical bottleneck, with idle listening,
the state where a radio receiver remains active despite no incoming traffic accounting for more than half of the
total energy consumption in certain sensor nodes. To address this challenge, prior work has generally followed
two directions. Some studies intervene directly at the MAC and PHY layers, while others focus on routing-level
optimizations.

2.1. Direct Solutions for Idle Listening

Recent studies have explored ways to reduce unnecessary radio activity by controlling the radio state and
transmission schedule. PRIL-M [39], developed for multihop Time-Slotted Channel Hopping (TSCH) networks,
places sleep commands in data frames through Information Elements (IEs). Based on these commands, a receiver
can turn off its radio for a predicted number of upcoming cells. The approach reduces energy consumption by
about 75% compared with standard TSCH. However, it is mainly intended for periodic traffic and increases end-
to-end latency by nearly twenty times.

MILD [26] takes a different approach for higher-bandwidth IEEE 802.11 (Wi-Fi) networks. It uses PHY-aided
down-clocking, where specialized preambles help identify packet arrivals. A device can therefore remain at a lower
clock rate when the channel is idle and return to normal operation when traffic is detected. Reported energy
savings reach 23.6% with only a small throughput penalty. However, because the detection mechanism relies on
subcarriers, the approach is not directly suited to low-power IEEE 802.15.4 sensor nodes.

At the MAC layer, IEE-MAC [27] combines transmitter-initiated Low Power Listening (LPL) with adaptive sleep
scheduling. The sleep interval is adjusted according to the remaining energy of the node, which can improve packet
delivery and extend network lifetime under changing operating conditions. A limitation, however, is that receiver
activity is still not synchronized with unpredictable application-layer events.

2.2. Routing and Topology Optimizations

Another line of research has focused on improving the energy efficiency of RPL itself [31]. LEA-RPL combines
Particle Swarm Optimization (PSO) and Long Short-Term Memory (LSTM) techniques for parent selection and
Trickle Timer optimization. The reported results show a reduction of up to 66% in convergence time, along with
lower energy consumption through the consideration of QoS-related objectives. However, the energy savings in
this approach mainly result from improvements at the routing layer. It does not specifically address the energy
consumed by the radio receiver while a node remains in the idle-listening state.

Node mobility has also been considered in the design of energy-aware RPL protocols. In [30], BE-RPL uses RSSI-
based monitoring to detect mobility and distribute the routing load among stationary parent nodes. The protocol
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reacts to changes in link conditions by selecting alternative parents before a link is broken, thereby reducing
unnecessary control overhead and maintaining a higher packet delivery ratio (PDR) when nodes move. Although
this approach improves the robustness of the routing topology, its primary concern is mobility-related route
maintenance rather than the receiver energy spent during periods in which no packet is available for reception.

Table 1 Comparison of Existing Approaches and Limitations

Reference Key Contribution Limitation Relative to ET-RxW
PRIL-M: Proactive reduction of idle Specifically targets periodic traffic in

Scanzio et al. (2024) [39] listening in multihop TSCH networks TSCH networks; increases end-to-end
using sleep commands. latency by approximately 20 X.

Designed for IEEE 802.11 (Wi-Fi) and
mobile devices; not applicable to IEEE
802.15.4 LLNs.

IEE-MAC: Uses transmitter-initiated Low | Relies on general duty cycles and lacks

MILD: Reduces idle listening energy via

Park et al. (2025) [26] a PHY-aided down-clocking state.

Bengheni (2025)[27] Power Listening (LPL) and adaptive sleep | synchronization with specific application
scheduling. Pub—Sub events.
PSO-based LEA-RPL: Optimizes parent Focuses on reducing routing overhead
Mokrani et al. (2025) [31] selection and Trickle Timers using and convergence time rather than node-
Particle Swarm Optimization. level receiver scheduling.

Primarily addresses handover stability
and path loss; does not address idle
listening during event gaps.

BE-RPL: Monitors mobility via RSSI and

Hussain et al. (2023)[30] balances load across parent nodes.

Clustering using FSO: Bio-inspired Fish Topology-level management to prevent
Khan et al. (2022) [15] Swarm Optimization for optimal Cluster | “energy holes,” leaving physical idle

Head selection. listening unaddressed.

Comprehensive RPL Survey: Topics Extensive survey of protocol challenges
Kim et al. (2017) [10] include upward/downward routing, but lacks a proposed mechanism for

security, and interoperability. receiver-side duty cycling.

Event-Triggered RX-Window Eliminates idle listening by aligning
ET-RxW (Proposed) Scheduling: Synchronizes receiver wake-windows with application events

activation with Pub—Sub events. without specialized hardware.

Another approach was presented in [15], where Fish Swarm Optimization (FSO) was applied for cluster-head
selection in 6LoOWPAN networks. The FSO-based approach aims to distribute the energy consumption among the
nodes and thereby reduce the formation of energy holes. This helps avoid excessive energy depletion at particular
nodes by selecting cluster heads more effectively.

However, the approach does not address the energy consumed by leaf nodes while their receivers are idle. With
sporadic packet arrivals, the receiver can remain active between two communication events even though no
packet is being received

2.3. Comprehensive Standard Challenges

The broader challenges associated with the RPL standard have also been extensively discussed [10]. The survey
identifies RPL as the de facto routing standard for LLNs, while pointing out several continuing issues, including
downward routing, interoperability, and the complexity introduced by its numerous optional features. It also
reports that a large part of the RPL research has been evaluated through simulation, with relatively few large-scale
deployments in real-world environments.

2.4. Research Gap

The literature reviewed above shows a difference between how energy consumption is addressed at the routing
and MAC layers and how the application generates traffic. MAC-layer approaches such as PRIL-M and IEE-MAC
mainly use periodic traffic patterns or general duty-cycling mechanisms. Such mechanisms may not work
efficiently when communication events occur sporadically, as in Publish-Subscribe (Pub-Sub) applications.
LEA-RPL and BE-RPL mainly deal with routing decisions. LEA-RPL focuses on parent selection and related routing
optimization, while BE-RPL considers mobility and changes in the routing topology. These mechanisms can
improve network performance and reduce some sources of energy consumption. However, they do not control the
receiver according to when an application-layer event is expected. Thus, a leaf node may keep its receiver active
even during a period when no data packet is available.

This observation motivates the proposed ET-RxW protocol. ET-RxW uses an event-aligned scheduling mechanism
in which receiver windows are coordinated with application-layer Pub-Sub events. The objective is to reduce
unnecessary receiver-on periods in the 6LoWPAN stack while avoiding the need for specialized hardware and the
high latency associated with keeping the receiver continuously synchronized through proactive scheduling
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3. System Model and Problem Formulation

The network under consideration consists of an RPL based Internet of Things (IoT) deployment composed of
resource-constrained sensor nodes organized in a multi-hop topology. Within this framework, leaf nodes function
as Publishers in a Publish-Subscribe communication model, transmitting sensed data to a central subscriber only
when a monitored parameter exceeds a predefined threshold. Consequently, packet generation follows a
stochastic, event driven pattern rather than a deterministic periodic schedule.

To balance connectivity with power conservation, each node employs Radio Duty Cycling (RDC) [40]. The radio
transceiver operates in four states: transmission (TX), reception (RX), CPU-active, and low-power sleep mode
(LPM) [36,37,38,41,42]. In conventional RPL operations, nodes periodically activate their receivers to perform
channel assessments, regardless of whether a communication event has been triggered. In sparse, event-driven
applications, this periodic activation leads to significant idle listening, which remains the dominant factor in
energy depletion.

3.1. Energy Consumption Model

For an observation interval T, during which sensing events occur with an average rate A, the total energy
consumption Ettal of a leaf node is formulated as in Equation (1), is the sum of the transmission, reception, CPU,
and low-power mode energies.

Etotal = Etx + Erx + Ecpu + Elpm (1)
where E is the energy consumed during the transmission state; Erx is the energy consumed during the receiver
state, encompassing both active reception and idle listening; Ecpu is the energy consumed during the CPU-active
state; and Eipm is the energy consumed during the low-power sleep mode [36,37,38].

3.2. Problem Statement

In monitoring scenarios where sensing events are infrequent (A<«1), the energy expenditure associated with
repeated receiver activations without actual packet exchange (Erx ) becomes the dominant contributor to the total
energy budget [33,40] Consequently, minimizing this idle listening behaviour is critical for extending node
longevity. The primary objective of this research is to minimize Ex by eliminating periodic idle listening and
precisely aligning receiver activation with discrete communication events, while simultaneously ensuring a high
Packet Delivery Ratio (PDR) and minimal network convergence delay [26,30].

3.3. Baseline Energy Consumption Analysis

In standard RPL-based deployments, nodes follow asynchronous RDC protocols to maintain network reachability
[23,41,42]. In this mechanism, the radio transceiver is periodically activated to perform channel checks (Clear
Channel Assessments) to detect incoming transmissions. This approach works well when traffic is periodic
because it helps maintain routing connectivity. In event-driven Publish-Subscribe systems, however,
communication is sparse and irregular [19,33,40]. As a result, periodic channel checks increase receiver energy
consumption.

3.4. Mathematical Formulation of Baseline Rx Energy

In a baseline RDC setup, energy consumption depends mainly on how often the radio checks the channel and how
long the radio stays on during each check. Let T represent the total observation interval and f,. denote the
channel check frequency (typically 8 Hz or 16 Hz in standard configurations). The periodic channel check interval
is defined as Theck = 1/ feheck- The total number of receiver activations during the interval T, denoted as Ny, is

calculated as:

T

Nbase =T- fcheck = T
check

The cumulative receiver energy consumption in baseline operation, E rxbase, is formulated as:

Erx,base = Nbase ' Tlisten : Prx (3)
where Tjigen is the fixed duration of each radio-on phase during a channel check, and P, is the power consumption
of the radio in receive mode (e.g.,, 18.8 mA at 3.3 V for the CC2420 transceiver) [36,37,38].

3.5. Analysis of Idle Listening Overhead

In Publish-Subscribe communication, sensing events occur infrequently. As a result, the number of receiver checks
is much higher than the number of data packets actually transmitted [32,33]. Consequently, the term Ej g iS
dominated by idle listening, energy spent searching for a carrier signal that does not exist.

Experimental data obtained through Energest-based power tracking confirms that in baseline operations, the
Radio-Rx state represents the largest fraction of the total node energy budget [12,34,35]. This disproportionate
consumption shortens the operational lifetime of leaf nodes, necessitating a transition from periodic, agnostic
wake-ups to the event-aligned strategy proposed in this study [30,31].

(2)

4. Proposed Rx-Window Scheduling Model (ET-RxW)

To mitigate the idle-listening overhead identified in Section 3, the proposed Energy-Aware Rx-Window (ET-RxW)
strategy transitions from the asynchronous, time-driven wake-up pattern characterized by Equations (2) & (3) to
a deterministic, event-aligned activation model. Under this framework, the radio receiver is activated only within
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a constrained temporal window, Tw, which is strictly coupled with a sensed publication event rather than with a
fixed system clock.

4.1. Mathematical Formulation of ET-RxW Energy

Unlike Ebaserxin Equation (3), where receiver activation is a function of elapsed time T through the check count
Niase, the proposed model defines receiver activity as a function of discrete sensing events Ne. If Ne represents the
total number of sensing events detected during the observation interval T, the proposed receiver energy
consumption Erxprop is formulated as:

Erx,prop = Ne ' Tw ' Prx (4)
where Ne is the total number of discrete sensing events (publications) occurring within T, Tw is the duration of
the receiver activation window per event, and Prx retains the same receive-mode power value used in Equation
(3).
4.2. Synchronization and Temporal Guard Bands
In the implemented ET-RxW prototype, the receiver window Tw is distributed around the transmission
timestamp, comprising a short synchronization probe phase followed by a post-transmission listening phase.
This structure provides a temporal buffer to accommodate processing delays, hardware interrupt latencies, and
clock drift between the leaf node and its parent router, while also allowing the node to solicit and receive routing
updates through a DODAG Information Solicitation (DIS) and DODAG Information Object (DIO) exchange
immediately before transmission.
The proposed configuration sets Tw=750 ms, comprising a 250ms pre-transmission synchronization phase
followed by a 500ms post-transmission Rx window, as specified in Algorithm (1) and justified analytically in
Section 5. During the prolonged idle intervals between successive Ne events, the radio transceiver remains in low-
power mode. Consequently, the proposed ET-RxW model is designed to eliminate the dominant receiver energy
overhead identified in Section 3. While a fixed window duration is utilized in the experimental validation to ensure
high reliability for downward acknowledgments and routing updates, the formulation in Equation (4) allows
dynamic tuning of Tw to balance aggressive energy conservation against network responsiveness.
4.3. Energy Saving Ratio
A performance metric, the Energy Saving Ratio 7, is defined as the fractional reduction in receiver energy achieved
by ET-RxW relative to the baseline established in Equation (3):

n — 1 _ Erx,prop (5)

E rx,base

Substituting Equation (4) and (3) into Equation (5), and noting that the common factor P, cancels, yields the
closed-form efficiency expression:

NeTw  _ 4 NeTy 6)
Npase Tlisten Tfcheck Thisten
This expression shows that the magnitude of energy conservation is governed primarily by the sparsity of sensing
events (N,) relative to the baseline channel-check frequency (f,ccc), consistent with the idle-listening dominance
argument of Section 3.5.
4.4. Theoretical Performance Bounds
In applications where sensing events are highly infrequent (N, /T — 0), consistent with 4 < 1 in Section 3, the
saving ratio n approaches unity, representing the near-total elimination of idle listening overhead. Equation (6),
however, treats Tlisten as a single fixed duration corresponding to an idle channel clear-assessment (CCA) check,
consistent with the baseline formulation of Equation (3).
This simplification does not capture a second mode of receiver behaviour present in the ContikiMAC
implementation: whenever a CCA check detects channel activity from a neighbouring node’s transmission or
routing control traffic, the receiver extends its listening duration beyond the idle-check time in order to receive
the full frame. Section 4.5 refines the baseline model to account for this second mode, establishing the bounds
within which the achievable energy saving must lie.
4.5. Channel-Activity-Aware Refinement of the Baseline Model
The ContikiMAC implementation defines two distinct receiver on durations relevant to Tj;.., in Equation (3): an
idle-channel check duration, Tiyj, incurred when a CCA finds the channel clear, and an extended listening duration,
Tyetect corresponding to the LISTEN_TIME_AFTER _PACKET _DETECTED parameter of the ContikiMAC source
incurred whenever a CCA detects activity and the receiver must remain on to capture the incoming frame. The
effective per-check listening duration is therefore modelled as a probability-weighted mixture:

Tlisten,eff =D Tdetect + (1 - p) : Tidle (7)

n=1-

where p is the probability that a given baseline channel check detects activity rather than finding the channel idle.

Substituting Equation (7) for Ty, in Equation (6) gives the refined efficiency expression:
Ne Ty

nm= 1- T-fcheck” (@ Tdetect+(1-P) Tidie) (8)

The refined model collapses to Equation (6) at p = 0 (no background traffic) and reaches its maximum predicted

saving at p = 1, where every channel check coincides with detected activity.
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Algorithm 1 ET-RxW Leaf Node Operation

Require: EVENT INTERVAL, HEARTBEAT INTERVAL, CO; THRESHOLD, Tsync, Trxwin
Ensure: UDP publication(s) to the fog broker via the RPL root

1 seq < O; battery < 100

2 REGISTERUDPCONNECTION

3 while ~ROUTING.ISREACHABLE do > RPL bootstrap

4 SENDDIS; wait 5 s

5: end while

6 wait guard delay; RADIO.OFF

7 sample timer & EVENT INTERVAL,; heartbeat timer < HEARTBEAT INTERVAL

8 loop

9: wait for next PROCESSEVENT

10:  if sample timer.expired V heartbeat timer.expired then D> Tier-1 wake CPU only, radio off
11:  co2 < READSENSOR

12:  trigger ¢ None

13: if co2 > CO2_THRESHOLD then

14:  trigger < Co2Event

15:  else if heartbeat_timer.expired then

16:  trigger & Heartbeat

17: end if

18: if trigger/~ None then > Tier-2 wake radio on
19: RADIO.ON; SENDDIS

20:  wait Teync (250 ms)

21:  if ROUTING.ISREACHABLE A GETROOTADDR(root) then

22: seq<seq+1l

23:  topic € (trigger = Co2Event) ? 1:99

24:  payload ¢ ENcODE (node id, topic, seq, co2, temp, hum, battery)

25:  Senp(payload, root)

26:  wait Ty win (500 ms) > Rx window ACK / downlink
27:  heartbeat_timer < HEARTBEAT_ INTERVAL > Reset on any successful TX
28:  endif

29:  RaDIO.OFF

30: endif

31:  sample timer < EVENT_INTERVAL

32:  endif

33:  endloop

4.6. Multi-Tier Timing Model

The leaf-node implementation distinguishes two independent wake tiers, which together define the scope of
applicability of the energy model above. In the first tier, the microcontroller wakes from low-power mode every
EVENT_INTERVAL (20s) to sample the sensor and evaluate the threshold condition introduced in Section 3; the
radio subsystem is not invoked at this tier and remains off, so this activity contributes to Ecpu in Equation (1)
rather than to E,.,. In the second tier, the radio is explicitly activated only once the first-tier evaluation confirms a
trigger condition, a threshold violation or heartbeat expiry to perform DIS solicitation, transmission, and the post-
transmission Rx window, before returning to the off state. Algorithm (1) formalizes this two-tier procedure as
implemented.

4.7. Heartbeat Semantics

Algorithm (1) (lines 13-17) evaluates the heartbeat condition only when the sensing threshold has not been
exceeded, and line 27 re-arms heartbeat timer upon any successful transmission, irrespective of whether the
triggering condition was a threshold event or heartbeat expiry. This establishes the heartbeat mechanism as a
parent-liveness beacon: its role is to guarantee that the node demonstrates reachability to its parent at least once
every HEARTBEAT_INTERVAL (300 s), rather than to enforce a periodic sensor report that competes with event-
driven publication.

4.8. Simulation Parameters and Calculated Energy Saving Ratio

The analytical validation reuses the CC2420 receive power P, = 62.04 mW (18.8 mA at 3.3 V) and baseline check
frequency fiheck = 8 Hz introduced in Section 3, together with an observation interval T = 3600 s, a radio
activation window T, = 0.75 s per Algorithm (1), an idle channel-check duration Tjq, = 2.5 ms, and an activity-
detection listening duration Tgetect = 12.5 ms derived from the ContikiMAC
LISTEN_TIME_AFTER_PACKET_DETECTED constant. The event rate N, = 12 events per hour, corresponding to
the 300 s heartbeat interval, represents a sparse-event, heartbeat-only lower bound on transmission frequency,
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Table 2 Reconciliation of the analytical model with the measured energy saving ratio.

Scenario |4 Tlisten,eff n
Idle-channel only (lower bound) 0% 2.50 ms 87.5% (analytical)
Implied by experimental ~53% 7.81 ms 96% (measured)
measurement

Fully traffic-loaded (upper bound) 100% 12.50 ms 97.5% (analytical)

since threshold-triggered transmissions occur in addition to the heartbeat and are evaluated separately against
the experimental results in Section 6. Under these parameters, ET-RxW reduces the number of discrete radio
activations by a factor of

feheek XT 8x3600
N, = 12
relative to Npaee in Equation (2), while the application layer continues uninterrupted monitoring via the Tier-1
sampling cycle. Evaluating Equation (8) at its two limiting cases, p = 0 and p = 1, establishes the theoretical
envelope for n:
4.9. Reconciliation with Experimental Results
Energest-based energy instrumentation in Contiki-NG Section 6. measured a receiver-side energy reduction of
96% for the ET-RxW configuration relative to the baseline of Equation (3), falling within the theoretical envelope
of Table 2 and close to its upper bound. Solving Equation (8) for p using the measured n = 96% recovers the
implied probability that a baseline channel check encounters activity in this deployment Equation (9).
_ NeTw _ ~ 530

e 7.81 ms = p = 53% 9)
An implied activity-detection probability of approximately 53% is physically consistent with the evaluated
topology, which comprises eight nodes sharing a single personal area network, with forwarder nodes operating at
99.6-99.9% radio-on time as measured independently in Section 6 . This indicates that Equation (6) correctly
establishes a conservative lower bound on the achievable saving, consistent with the idle-listening dominance
identified analytically in Section 3, and that the refined model of Equation (8) accounts for the measured 96%
reduction through realistic background channel activity, without requiring any modification to the ET-RxW
mechanism itself.

= 2400

Tlisten,eff =

5. Design Trade-Off Analysis of Rx-Window Duration

The choice of Tw affects both energy consumption and communication reliability. A shorter listening window keeps
the radio on for less time, which can save energy. However, the receiver then has less time to detect an incoming
packet, and packet loss can occur because of clock drift, MAC-layer contention, or processing delays. Based on this
trade-off, Tw=750 ms is used throughout Section 4 and is also specified in Algorithm (1).

5.1. Reliability and Synchronization Constraints

To sustain a high packet delivery ratio, Tw must accommodate the total temporal uncertainty between the leaf
node and its parent router. As specified in Algorithm (1) (lines 19-26), this window comprises a 250 ms pre-
transmission synchronization phase, triggered immediately on radio activation and allowing a single DIS
solicitation and routing state verification before the packet is dispatched, followed by a 500 ms post-transmission
RX window providing a dedicated interval for receiving link-layer acknowledgments and downward control traffic
from the broker.

5.2. Analytical Impact of Window Scaling

The total energy consumed during a single communication event is proportional to the sum of the constituent
phase durations a shown in Equation (10) and Equation (11)

Eepent = Tsync (P + Pcpu) + Ty (P + Pcpu) + Trx,win (P + Pcpu) (10)
which can be expressed more compactly as:

Ecene =Ty - Pcpu + Tsync Py + Ty Py + Trx,win Py (11)
where T, = Tgyne + Tix + Trxwin 1S the total active window duration, F, is the CPU active-mode power, and P, and
P, denote the transmit and receive power of the radio respectively. On the CC2420 transceiver used in this work,
P and P, are of comparable order of magnitude at the configured transmit power level, and F.,, is substantially
smaller than both radio power terms, so the synchronization and RX-window phases account for the majority of
E.yent- Experimental observations on the target platform indicate that a total window of 750 ms constitutes an
effective guard band, sufficient to absorb cumulative clock drift and software interrupt latency in the network
stack, confirming T,, = 0.75 s as the configuration adopted throughout Section 4
5.3. Adaptability to Traffic Sparsity
In the considered setup, sensing takes place every 20 s, whereas the heartbeat communication interval is 300 s.
Therefore, the additional radio-on time associated with a 750 ms activation window has a relatively small effect
on the overall energy consumption. The longer window is used to provide sufficient time for reliable reception of
event-driven publications while still retaining the energy advantage of the Publish-Subscribe approach. The
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Figure 1 Simulated 5-2-1 IoT Network Topology

calculation in Section 4.8 gives a conservative lower-bound energy saving of 87.5%. The experimental results in
Section 6 show an even larger reduction of 96%.

5.4. Reliability and Synchronization Constraints

To sustain a high packet delivery ratio, T,, must accommodate the total temporal uncertainty between the leaf
node and its parent router. As specified in Algorithm (1) (lines 19-26), this window comprises a 250 ms pre-
transmission synchronization phase, triggered immediately on radio activation and allowing a single DIS
solicitation and routing-state verification before the packet is dispatched, followed by a 500 ms post-transmission
Rx window providing a dedicated interval for receiving link-layer acknowledgments and downward control traffic
from the broker.

6. Performance Evaluation

To validate the effectiveness of the proposed ET-RxW scheduling mechanism, two experiments were conducted
using the Contiki-NG operating system within the Cooja network simulator. The primary objective was to quantify
the reduction in receiver-side energy consumption while maintaining identical network traffic conditions.

6.1. Network Topology and Architecture

The experimental setup models a multi-hop, three-tier IoT network implemented in the Cooja simulation
environment. Figure 1 shows the simulated eight-node topology arranged in a 5-2-1 hierarchy.

e Leaf Publisher Nodes (5):

Five leaf publisher nodes (Nodes 4-8) generate event-driven sensor data and operate using the proposed ET-
RxW approach, keeping their radio transceivers in a low-power state until a predefined sensing threshold is
exceeded or heartbeat expiry, as formalized in Algorithm (1)

e Forwarder Nodes (2):

Nodes 2 and 3 participate fully in the RPL DODAG as non-root routers, acting as intermediate relays to maintain
multi-hop connectivity between the leaf tier and the fog broker. These nodes maintain a continuous receiver duty
cycle to ensure packet forwarding availability at all times.

o Fog Node, RPL Root and Broker (1):

Node 1 serves as the central sink, RPL DODAG root, and publish—subscribe broker, aggregating all sensor publications
from the leaf tier via the forwarder tier.

This 5—2-1 hierarchical topology, whose operational and simulation parameters are summarized in Table 3 and Table
4 ensures that energy optimization is primarily applied at the network edge (leaf nodes), while routing stability is
preserved within the network core (forwarder nodes). The cluster-based structure limits the number of leaf nodes per
forwarder to a maximum of six, consistent with the queue-buffer and neighbor-table constraints of the target
platform.

6.2. Comparative Study Design

To rigorously evaluate the impact of the proposed scheduling mechanism, two experimental scenarios were
defined. All parameters—including topology, traffic patterns, and RPL configuration—were kept identical to
ensure a fair comparison. Scenario

6.2.1. Scenario A: Baseline (Standard RDC)

In the baseline scenario, nodes follow the same sensing (20 seconds) and heartbeat (300 seconds) logic. However,
radio operation is governed by the standard RDC mechanism operating at approximately 8 Hz . As a result, the
receiver performs periodic channel checks irrespective of actual communication events, leading to continuous idle
listening
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Table 3 Simulation Parameters

Parameter Value

Simulator Cooja

Operating System Contiki-NG

Hardware Platform Zolertia Z1 (MSP430/CC2420)
Simulation Duration 3600 seconds (1 hour)

Leaf Nodes 5

Forwarder Nodes 2

Fog/Root Node 1

Energy Monitoring Energest

6.2.2. Scenario B: Optimized (ET-RxW Enabled)

In the optimized scenario, identical sensing and traffic conditions are maintained. However, the radio remains in
a low-power state by default and is activated only during scheduled communication events. Specifically, the
receiver is enabled for a fixed 750 ms RX window (Tw), eliminating unnecessary channel checks and restricting
radio usage to actual communication instances.

B Scsoano 1 (Bassine; [ Scsnano 2 (with Rx Window)

250000

200000
150000
100000
50000
0 — = —Sen e Mam S =
1 2 3 [ 5 6 7
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Figure 2 Total energy consumed by the node in Scenario 1 and Scenario 2

7. Results and Discussion

The performance of the proposed ET-RxW mechanism was evaluated against the baseline RDC approach using a
3600 second simulation. The analysis focuses on leaf nodes (Nodes 4-8), as Node 1 acts as the sink and Nodes 2-
3 function as Forwarders, which are not expected to benefit from Rx window optimization due to their continuous
routing responsibilities. Figure 2 shows Total energy consumption of all 8 nodes in scenario 1 and 2. It is observed
that there is significant energy saving in Scenario 2 ( ET-RxW )in leaf nodes 4,5,6,7 and 8.

7.1 Radio-RX Energy Reduction

The Radio-RX state is the dominant contributor to energy consumption in RDC-based systems due to continuous
idle listening]. Based on the data from Table 5 and Table 6 the average Radio-RX energy for leaf nodes was reduced
from =~ 219,580m/ to a range of 5,622-8,260 m]. This results in an average reduction of approximately 96%,
demonstrating the efficacy of aligning radio activity with actual communication events.

7.2. Reliability and Communication Performance

A key concern with aggressive duty cycling is the potential degradation of communication reliability. However,
ET-RxW maintains a 100% Packet Delivery Ratio (PDR) for all leaf nodes. The 750ms RX window (Tw) effectively
accommodated the cumulative clock drift and processing latencies inherent in the Contiki-NG stack, ensuring that
reliability is not compromised for energy savings

Table 4 ET-RXW Operational Parameters

Parameter Value Functional Justification

Sensing Interval 120 Seconds Periodic CPU activation for sensing.

Heartbeat Interval 300 Seconds Periodic keep-alive for session persistence.

Event Threshold CO2 > 450 ppm Triggers asynchronous event-driven transmission.
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Table 4 ET-RXW Operational Parameters

Parameter Value Functional Justification

Sync Guard Band 250 ms Pre-transmission synchronization margin .

Post-TX RX Window 500 ms Reception window for ACKs and downstream packets.
Total RX Window (Tw) 750 ms Total radio ON duration per communication event.

Table 5 Baseline Radio Energy (Leaf Nodes)

Node CPU (m]) LPM (m]) Tx (m]) Rx (m]) Total (m]) PDR (%) Pkts
1 556 267 14 219,606 220,443 N/A N/A
2 659 267 76 219,538 220,540 N/A N/A
3 494 268 57 219,559 220,377 N/A N/A
4 375 268 31 219,587 220,261 100 134

5 444 268 36 219,583 220,330 100 139

6 373 268 30 219,588 220,260 100 124

7 379 268 33 219,585 220,265 100 144

8 373 268 33 219,586 220,259 100 138

Table 6 Optimized Radio Rx Energy With Rx Scheduling

Node CPU (m]) LPM (m]) Tx (m]) Rx (m]) Total (m]) PDR (%) Pkts
1 773 2767 16 219,604 220,660 N/A N/A
2 1423 265 379 219,209 221,277 N/A N/A
3 903 267 288 219,308 220,765 N/A N/A
4 412 268 43 7,625 8,347 100 114

5 503 268 58 7,735 8,563 100 122

6 614 267 151 7,874 8,906 100 129

7 375 268 42 8,260 8,945 100 137

8 340 268 41 5,622 6,271 100 52

7.3. Total Energy Consumption and Node Lifetime

Beyond Rx energy, total node energy includes CPU activity and Radio-TX operations. ET-RxW achieved a total
energy reduction of approximately 96% by decoupling the sensing plane (20 s interval) from the communication
plane (300 s heartbeat). Battery model observations indicate that while baseline nodes retained approximately
96.2% of their capacity after one hour, ET-RxW nodes retained approximately 99.1%, suggesting that this strategy
can significantly extend node longevity in practical IoT deployments

7.4. Behavior of Non-Leaf Nodes

Nodes 1-3 behave differently in terms of energy consumption. Node 1 (Sink) keeps its radio active for data reception,
whereas Nodes 2-3 (Forwarders) are involved in multi-hop packet forwarding. Hence, the Rx energy reduction at
these nodes is limited. The main energy saving of ET-RxW is expected at the leaf nodes, where communication events
are sparse and the receiver can remain inactive between events.

7.5. Discussion of Key Findings

The results validate that traditional RDC mechanisms are inefficient for Publish-Subscribe IoT systems due to the
dominance of idle listening. By aligning radio activity with application-layer events, ET-RxW achieves a near-
optimal energy profile suitable for event-driven environments like industrial monitoring

8. Conclusion
This work investigated the energy-efficiency limitations of conventional Radio Duty Cycling (RDC) in RPL-based
Publish-Subscribe loT networks, where periodic channel probing introduces unnecessary receiver energy
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consumption. The proposed ET-RxW mechanism separates the frequent CPU sensing cycle (20 s) from the
comparatively infrequent application-driven radio communication cycle (300 s), making it well suited for event-
driven applications such as environmental monitoring.

Experimental evaluation in the Contiki-NG/Cooja environment using a 5-2-1 network topology shows that ET-
RxW reduces Radio-Rx energy consumption of leaf nodes by approximately 96% compared with conventional
RDC. This improvement is achieved by eliminating periodic idle listening and activating the radio only during
application-defined communication windows.

The reduction in receiver energy consumption is achieved without affecting network reliability. The proposed
approach maintains a Packet Delivery Ratio (PDR) of 100% while preserving stable RPL operation. The selected
750 ms receive window also provides sufficient tolerance for synchronization uncertainty and normal network
dynamics. Consequently, the overall reduction in energy consumption is expected to extend node lifetime, making
the proposed mechanism suitable for long-term deployments in resource-constrained loT applications.

The results indicate that incorporating application awareness into receiver scheduling can significantly improve
the energy efficiency of event-driven IoT networks. Since the proposed mechanism operates without modifying
the RPL routing framework, it can be integrated into existing RPL-based systems with minimal changes while
reducing unnecessary receiver activity.
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