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ABSTRACT

Energy-harvested Internet of Nano Things (IoHNT) systems can enable self-sustainable nanoscale sensing in
biomedical monitoring, environmental surveillance, smart materials, and industrial nano-inspection. However,
nanodevices have extremely limited energy buffers, and terahertz (THz) nanocommunication is strongly affected
by distance-dependent spreading loss and molecular absorption. These coupled restrictions require medium
access control decisions that jointly consider energy availability, traffic state, packet urgency, and THz link qual-
ity. This paper presents a revised and strengthened cross-layer energy-neutral communication framework for
harvested-energy IoNT over THz nanonetworks. The baseline Priority-Aware Energy-Neutral TDMA () protocol
ranks nanonodes using residual energy, queue backlog, packet age, and THz distance while allowing transmis-
sion only when the energy-neutrality constraint is satisfied. To address the dependence on manually selected
priority weights, a Particle Swarm Optimization (PSO)-based extension, named , is introduced to optimize the
scheduling weights under high-traffic and low-harvesting conditions. MATLAB simulations with 30 independent
runs and 95% confidence intervals compare random access, conventional TDMA, CEH-TDMA-like scheduling,
fixed , adaptive , and . The revised validation adds percentage improvement, Welch statistical significance test-
ing, standardized effect-size interpretation, runtime-complexity comparison, and dense-network scalability up to
400 nanonodes. Results show that improves throughput, PDR, delay, energy efficiency, and outage probability
compared with fixed , including 14.25% delay reduction and 25.93% outage reduction. The optimized weights
emphasize residual energy and THz distance, confirming that energy feasibility and channel quality are the main
scheduling drivers in severely constrained loHNT systems.

1. INTRODUCTION

The Internet of Nano Things (IoNT) extends networked
sensing and communication to nanodevices operating
at extremely small scales. Such systems are attractive
for in-body diagnostics, molecular-level environmental
sensing, smart materials, precision agriculture, and in-
dustrial nano-monitoring. In contrast to conventional
loT nodes, nanonodes have severe restrictions on physi-

[1]. THz communication is a candidate physical layer
for electromagnetic nanonetworks because graphene-
enabled nano-antennas can operate at very high car-
rier frequencies. Nevertheless, THz links suffer from
spreading loss, molecular absorption, and short feasible
communication ranges [2—4]. Therefore, an [oHNT MAC
protocol should not schedule transmissions by traffic de-
mand alone; it must also account for residual energy and

cal size, memory, computation, antenna implementation,
and stored energy.

Energy availability is one of the most critical limitations.
Nanonodes may be deployed in biological, hazardous,
or inaccessible environments where battery replacement
is impractical. The Internet of Harvester Nano Things
(loHNT) concept addresses this issue by allowing nan-
odevices to harvest energy from ambient or external
sources, including vibration, radio-frequency transfer, bio-
chemical activity, and nanoscale harvesting mechanisms

THz link feasibility.

Energy-harvesting TDMA schemes show that energy
and packet states can improve scheduling decisions
[5]. However, a unified scheduler that combines energy-
neutral operation, backlog pressure, packet urgency, and
distance-aware THz link quality remains limited. More-
over, prior mean-only simulation reports are often in-
sufficient to establish practical superiority. This revised
manuscript therefore strengthens both the algorithmic
contribution and the validation evidence. The complete
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Optimization-driven energy-neutral scheduling for harvested-energy IoNT over THz nanonetworks

Figure 1. Graphical abstract of the revised PSO-optimized energy-neutral scheduling framework. The design combines
harvested-energy nanonodes, threshold-driven state reporting, controller-side PSO weight optimization, scheduling, THz channel
evaluation, and multi-metric performance monitoring.

optimization-driven communication pipeline is summa-
rized in Fig. 1.

The main contributions are:

+ A cross-layer loHNT model is formulated by jointly
considering harvested energy, residual storage,
queue state, packet age, and THz propagation loss.

+ An energy-neutral transmission rule is enforced so
that a nanonode transmits only when its stored energy
covers transmission and circuit costs.

* A priority-aware TDMA scheme, , is proposed as
a low-complexity controller-side heuristic that ranks
nodes using residual energy, queue length, packet
age, and distance to the nano-controller.

» A PSO-optimized extension, , is introduced to tune the
priority weights using a multi-metric fitness function
instead of manual parameter selection.

* A practical threshold-driven state-reporting mecha-
nism is discussed to reduce unnecessary control sig-
naling.

» The revised evaluation includes 30 independent MAT-
LAB runs, 95% confidence intervals, percentage
gains, Welch p-values, standardized effect sizes,
runtime-complexity validation, and dense-network
scalability up to 400 nanonodes.

2. RELATED WORK AND NOVELTY POSI-
TIONING

Energy harvesting is widely considered essential for
long-lived IoNT and IoHNT deployments [1, 6, 7]. Elec-
tromagnetic nanonetworking in the THz band has also
been studied because it can support high data rates
over very short distances, but THz propagation is af-
fected by spreading attenuation and molecular absorp-
tion [3, 8—12]. At the MAC layer, centralized and dis-
tributed harvesting-aware protocols have been proposed
to reduce transmissions from nodes without sufficient
energy or data availability [5, 13—17]. These protocols
improve access efficiency, but they typically do not com-
bine packet age, queue pressure, residual energy, and
distance-related THz link quality in a single scheduling
metric.

Related work in RF energy harvesting, wireless-powered
communication, SWIPT, and THz-enabled loT shows that
resource allocation can improve energy efficiency and
lifetime [18—25]. Directly transferring those approaches
to IoHNT is difficult because nanonodes have much
tighter energy and processing budgets. Recent IoNT
routing, channel-access, and thermal-aware THz stud-
ies further motivate low-complexity protocols that are si-
multaneously energy-aware and channel-aware [26—-28].
Table 1 summarizes the principal methodological and
validation advances of the proposed framework, while Ta-
ble 2 positions it against representative energy-harvested
IoNT, IoHNT, and THz communication studies.

3. SYSTEM MODEL AND THZ CHANNEL

The considered IoHNT system contains N harvested-
energy nanonodes, one nano-controller, and an ambient
or wireless energy source. Nanonodes are randomly
distributed in a nanoscale square region. Each node
senses events and stores packets in a local queue. The
nano-controller collects data and performs scheduling.
The resulting cross-layer architecture and information
exchange among the energy, state-reporting, scheduling,
THz-link, and monitoring components are illustrated in
Fig. 2.

Let E;(t) denote the residual energy of node i at slot .
The energy evolution is modeled as

Ei(t+ 1) = min (Emax, E;(t) + Epi(t) — Egx,i(t)—
Erx,i(t) - Ec,i(t)) ’

where Enmay is storage capacity, Ej,;(t) is harvested en-
ergy, E;, ;(t) is transmission energy, E,, ;(f) is reception
energy, and E.;(t) is circuit consumption. The energy-
neutral transmission condition is

Ei(t) > Etx,i(t> + Ec,i(t)' (2)

1)

A node is scheduled only if (2) is satisfied.

The total THz path loss consists of spreading loss and
molecular absorption loss. For carrier frequency f and
distance d; between node i and the nano-controller,

pL(f/di) = PLspreud(fr di)PLabs(f/di)/ 3)
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Table[1]: Revised contribution summary compared with representative lo0HNT/THz MAC studies.

Evaluation component

Typical treatment
loHNT/THz MAC works

in existing

Proposed revised version

Energy-neutral transmission con-

straint

THz-aware MAC scheduling

Queue and packet-age aware-

ness

Optimization of priority weights
Control signaling overhead

Statistical confidence
Statistical significance

Practical effect size
Computational practicality
Dense-network scalability

Partial or implicit in several MAC for-
mulations

Often separated from MAC decisions
or limited to feasibility checks

Often omitted or treated separately

Usually manual or heuristic
Commonly idealized

Frequently mean-only reporting
Rarely reported

Rarely quantified
Mostly theoretical complexity
Limited stress testing

Explicit scheduling constraint before slot

allocation

Distance-aware THz priority term and

SNR feasibility check

Joint queue-age-energy-distance priority

score

PSO-optimized priority-weight vector
Threshold-driven state-reporting discus-

sion

30 runs with 95% confidence intervals

Welch  p-value
strongest baselines

validation

against

Standardized effect-size interpretation
Runtime and complexity validation
Validation up to 400 nanonodes

Table[2]: Comparison of recent related works on energy-harvested IoNT, loHNT, and THz communication.

Reference Main focus EH THz MAC Main limitation Relation to this work
Maitra [1] IoHNT vision Yes General No Conceptual framework  Motivates self-sustainable
without protocol-level  [oHNT systems
optimization
Akyildiz [2] THz communication  No Yes No Physical-layer focus Provides THz foundation
fundamentals
Xu [5] Centralized EH- Yes Yes TDMA Limited priority  Used as main baseline
TDMA and channel-aware
scheduling
Wang [13] Energy/spectrum- Yes Yes MAC Does not optimize Supports harvesting-
aware MAC multi-factor priority aware MAC design
weights
Shome [18] EH THz loT analysis  Yes Yes No loT-level analysis  Supports THz-aware EH
rather than loNT MAC  evaluation
RIS-SWIPT THz SWIPT and RIS Yes Yes Resource allocation  Requires  advanced Motivates future RIS-
THz [19] RIS infrastructure assisted IoHNT
Proposed / Cross-layer energy- Yes Yes Priority TDMA Requires  controller-  Integrates energy, queue,

neutral IoHNT

scheduling

side state reports

packet age, THz distance,
and PSO weight optimiza-
tion

Energy Supply Layer

Ambient / Wireless
Energy Source

Energy Harvester
Nano-Capacitor
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Cross-layer integration: harvested energy + traffic urgency + THz link feasibility + optimized priority weights

Throughput, PDR,
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Figure 2. Colored block chart of the proposed PSO-enhanced framework. The system integrates energy harvesting, state

reporting, controller-side scheduling, THz link evaluation, and performance monitoring.

where The received power and SNR are
4rfd;\? , P (GG P.(t
PLspreaa(f,di) = <%) . PLy(f, d;) = N4, P i(t) = M, SNR;(t) = Z:;O(B)' (5)
(4)
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A packet is successful if SNR;(t) > SNRy,.

The adopted THz model intentionally captures the dom-
inant first-order effects of spreading and molecular ab-
sorption. It does not explicitly include shadowing, scatter-
ing, antenna misalignment, stochastic blockage, humid-
ity/temperature variation, frequency-selective absorption
windows, or tissue-dependent attenuation. These simpli-
fications keep the scheduler evaluation tractable but may
overestimate link stability in practical in-body or harsh-
environment deployments. Similarly, the harvesting up-
date uses a linear storage model and does not include
nonlinear conversion efficiency, capacitor leakage, charg-
ing saturation, or minimum operating thresholds. These
limitations are explicitly acknowledged so that the simu-
lation results are interpreted as controlled protocol-level
evidence rather than a complete site-specific hardware
model.

4. PROPOSED AND SCHEDULING

The proposed protocol allocates slots to nodes with
sufficient energy and high priority. For node i, the priority
score is

QZ( ) + ﬁ Al(t),
Qmax Amax
where Q;(t) is queue length, A;(t) is packet age, d; is
distance to the controller, and e prevents division by zero.
The coefficients &, B, v, J control the relative importance
of backlog, residual energy, THz distance, and urgency.

E® 1
d+e

Tilt) = +9 (6)

max

The scheduling rule can be interpreted as a low-
complexity approximation of a constrained utility problem:

1}81(a;< U(t) = w1 T(t) + waPDR(t) +w3EE(t)
t

— W4D(t) — W5P0ut(t),
subject to
Ei(t) > Epyi(t) + Eci(t), Vie S(t), (8)
SNR;(t) > SNRy, Vie S(t), (9)
0< E ( ) < Emax; 0< Qi(t) < Qmax- (10)

The priority score in (6) is not claimed to be the exact op-
timizer of (7); it is a normalized marginal-utility heuristic.
This clarification directly avoids overstating the mathe-
matical optimality of the baseline design.

An adaptive weight-selection variant was tested using

[Q(t), Eqes (t), D(t), A(t)]
Q(t) + Eges (t) + D(t) + A(t)”
(11)
However, simple normalization can introduce scheduling
fluctuations. Therefore, a more systematic PSO stage is
introduced.

[a(t), B(£), v(£),6(8)] =

4.1. PSO-OpTIMIZED WEIGHT SELECTION

Each PSO particle represents a candidate weight vector:

xm = [“m/,Bm/')/mr&ﬂ}/ D(m + ﬁm + ')/m +§Wl == 1 (12)

The fitness function combines the main communication
objectives:

F= wngUg + ZUZPDR + ZU3EE — w4Dayg — ZU5P0ut. (1 3)

The particle velocity and position are updated as

okt xK)) + cory (gbest — xK)),

(14)
(15)
After each update, weights are clipped to non-negative
values and normalized. PSO is executed at the nano-
controller offline or periodically, so nanonodes do not
perform the optimization.

= cuv’,j1 + c1r1(pbesty, —

Xkl — yk okl

4.2. CONTROL SIGNALING AND COMPLEXITY

To reduce reporting overhead, can use threshold-driven
state signaling. Node i sends a compact state update
only when

|Ei(t) — Ei(t7)]

Emax

EGE, ‘Ql()_ (t )‘ >6Q/ (16)
Qmax

or when packet age satisfies A;(t) > 64. The con-
troller uses the most recent state for nodes without a new
update. Priority calculation and eligibility checking are
O(N), while sorting eligible nodes is O(Nlog N). Thus,
the online scheduling complexity is O(Nlog N); PSO
adds an offline or periodic controller-side stage. The
complete controller-side decision sequence, from energy
harvesting and queue updates to slot allocation, SNR
checking, and metric updates, is presented in Fig. 3.

5. SIMULATION SETUP AND METRICS

The proposed protocols are evaluated using MAT-
LAB simulations. Throughput is the average num-
ber of successfully received packets per slot, PDR =
Nreceived / Ngenerated, @verage delay is the mean slot dif-
ference between generation and reception, energy effi-
ciency is delivered bits per consumed picojoule, outage
probability is the fraction of energy-outage events, and
lifetime is the first slot at which at least N nodes ex-
perience outage with 7 = 0.1. The complete simulation
configuration used for these evaluations is listed in Ta-
ble 3.

For reproducibility, the revised package includes the MAT-
LAB scripts, fixed random seed, simulation constants,
and numerical tables used to generate the figures. No
external dataset is required; random topologies, packet
arrivals, and harvesting traces are generated internally.
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Figure 3. Operational flowchart of the proposed / framework for harvested-energy loNT communication over THz nanonetworks.

Table[3]: Main simulation parameters.

Parameter Value
Simulation area lcm x 1cm
Main number of nanonodes 120

Dense scalability set 120, 200, 300, 400
Simulation duration 2500 slots
Independent runs 30

Initial energy 120-280 pJ
Maximum energy 800 pJ
Mean harvested energy 1.55 pJ/slot
PSO stress harvested energy 1.45 pJ/slot
Idle energy cost 0.05 pJ/slot
Base transmission energy 7pd
Distance-based Tx energy term 26 pJ

Circuit energy 2pd

Packet size 128 bits
Main packet-generation probability 0.18

PSO stress packet-generation probability  0.30
Maximum TDMA slots 10

Fixed priority weights («, B, v, )
PSO optimized weights
Random seed in revision script

(0.38, 0.30, 0.22, 0.10)
(0.0233, 0.5762, 0.3764, 0.0241)
2026

6. RESULTS AND DISCUSSION
6.1. BASELINE AND HiGH-TRAFFIC RESULTS

Table 4 summarizes the original simulation scenario.
achieves the highest throughput and PDR and the low-
est delay, while CEH-TDMA-like scheduling obtains the
smallest outage in this scenario. The high-traffic results
with 95% confidence intervals are reported numerically
in Table 5 and visualized in Fig. 4. Together, these results

motivate a balanced conclusion rather than an overgen-
eralized dominance claim.

6.2. ADAPTIVE AND PSO-OpPTIMIZED EVALU-
ATION

The adaptive variant tests whether direct online normal-
ization of weights improves the fixed configuration. The
results show that naive adaptive weighting does not con-

©2026 The Author(s). This article is licensed under CC By 4.0

2371


https://creativecommons.org/licenses/by/4.0/.
https://journals.su.edu.ye/index.php/jast

=P

A}

‘ Murad Abdullah Albahri and Abdulsalam Alkholidi.

Table[4]: Original quantitative performance comparison from MATLAB simulation.

Protocol Throughput PDR Delay Outage
Random Access 1.7872 0.5155 955.21 0.1427
TDMA 3.6339 0.6846 770.92 0.0468
CEH-TDMA-like 4.3059 0.7203 649.98 0.0000

4.3135 0.7205 646.10 0.0008

Table[5]: High-traffic performance comparison with 95% confidence intervals.

Protocol Throughput PDR Delay EE Lifetime Outage
packets/slot slots bits/pJ slots
Random Access  0.8716 +0.0829  0.0259 £0.0025 12094 +6.37 0.6155£0.0613  196.33 £15.23  0.2345 4 0.0345
TDMA 1.3641 +£0.1247  0.0406 £0.0037 1151.5+£750 09671 +£0.0926  463.00 £128.72  0.0809 £ 0.0281
CEH-TDMA-like ~ 1.6411+£0.1528  0.0489 £0.0045 1139.7 +5.19  1.19524+0.1201 2442.8 +112.18 0.0175 £ 0.0329
1.6637 +0.1579  0.0495+0.0047 1121.4+4.13 1.22214+0.1258 2268.6 £252.73 0.0310 £ 0.0365
Throughput Packet Delivery Ratio
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Figure 4. Enhanced high-traffic evaluation with 95% confidence intervals. improves delivery, delay, and energy efficiency, while
CEH-TDMA-like remains more conservative for lifetime and outage.

sistently outperform fixed because frequent weight vari-
ation may reduce scheduling stability. This observation
motivates PSO optimization.

The optimized weights reported in Table 6 assign dom-
inant importance to residual energy and THz distance.
Table 7 shows that achieves the best throughput, PDR,
delay, energy efficiency, and outage probability under
the high-stress scenario, and Fig. 5 visualizes the cor-
responding multi-metric comparison. This is technically
meaningful because energy-neutral loHNT operation is
mainly constrained by available harvested energy, while
THz reliability is strongly affected by distance-dependent
attenuation. The relative gains over all baselines are
quantified in Table 8 and summarized graphically in

Fig. 6.

6.3. STATISTICAL SIGNIFICANCE, RUNTIME,
AND SCALABILITY

A two-sided Welch statistical comparison was performed
between and the two strongest competing schemes,
fixed and CEH-TDMA-like scheduling. Table 9 shows
that the improvements are statistically significant at the
0.05 level for throughput, PDR, delay, energy efficiency,
and outage probability, and Fig. 7 visualizes these sig-
nificance levels relative to the p < 0.05 threshold. Stan-
dardized effect-size estimates in Table 10 clarify practical
relevance: the largest practical effect appears in delay
reduction, while outage reduction is especially visible
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Table[6]: PSO-optimized priority weights for .
Priority component Optimized weight
Queue length a 0.0233
Residual energy 0.5762
THz distance y 0.3764
Packet age ¢ 0.0241
Best fitness value 0.8150
Table[7]: Performance comparison of with 95% confidence intervals.
Protocol Throughput PDR Delay EE Lifetime Outage
packets/slot slots bits/pJ slots
Random Access  0.9477 +0.0809  0.0263 +0.0022  1226.8 +15.54  0.6693 + 0.0578 1242 +11.18 0.4851 4 0.0519
TDMA 1.5653 £0.1329  0.0435+0.0037 1127.5+1593 1.1086+0.0959  124.03+37.88  0.2810 £ 0.0691
CEH-TDMA-like  1.5653 £0.1376  0.0435+0.0038  113594+9.11  1.11004+0.1009  1554.7 +265.55  0.2691 + 0.0873
Fixed 1.5722 +£0.1386  0.0437 +£0.0039  11174+846  1.1186+0.1023 610.73 £269.04 0.3378 4-0.0814
1.6409 +0.1521 0.0456 + 0.0042 958.09 +7.45 1.1732+0.1150 1261.5+282.17 0.2502 4+ 0.0791
Throughput Packet Delivery Ratio
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Figure 5. PSO-optimized high-stress performance comparison with 95% confidence intervals. The optimized protocol improves

delivery-oriented and delay-oriented metrics while reducing energy outage.

Table[8]: Improvement percentage of over baseline protocols.

Baseline Throughput PDR Delay reduction  Energy efficiency Outage reduction
Random Access 73.15% 73.37% 21.90% 75.28% 48.41%
TDMA 4.83% 4.93% 15.03% 5.83% 10.93%
CEH-TDMA-like 4.83% 4.90% 15.66% 5.70% 7.01%
Fixed 4.37% 4.36% 14.25% 4.89% 25.93%

against fixed . The measured runtime and theoretical on-
line complexity are compared in Table 11 and Fig. 8, con-
firming that controller-side PSO tuning preserves runtime
close to fixed . The temporal energy-outage behavior in
Fig. 9 further demonstrates the benefit of energy-neutral

scheduling under harvested-energy constraints.

Dense-network tests were conducted for N =
120,200, 300, and 400 nanonodes. Table 12 and Fig. 10
show that scales favorably in throughput and energy
efficiency while preserving low energy outage in dense

©2026 The Author(s). This article is licensed under CC By 4.0

2373


https://creativecommons.org/licenses/by/4.0/.
https://journals.su.edu.ye/index.php/jast

‘ Murad Abdullah Albahri and Abdulsalam Alkholidi.

=P

A}

PSO-PAEN-TDMA Performance Gains

w N v
o o o
L L L

Improvement / Reduction (%)

N
o
L

101

gando™

TOMA

I Throughput
I PDR

cent

Fxed paeN

Table[9]: Statistical significance analysis of performance gains.
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Figure 6. Improvement percentage of over baseline protocols for throughput, PDR, delay reduction, and energy efficiency.

Metric Comparison Approx. p-value Significant at 0.05
Throughput PSO vs Fixed 0.0032747 Yes
Throughput PSO vs CEH-TDMA-like 0.0030549 Yes
PDR PSO vs Fixed 0.0051218 Yes
PDR PSO vs CEH-TDMA-like 0.0022891 Yes
Delay PSO vs Fixed 9.7823 x 10152 Yes
Delay PSO vs CEH-TDMA-like ~ 1.4233 x 10136 Yes
Energy efficiency PSO vs Fixed 0.0034816 Yes
Energy efficiency PSO vs CEH-TDMA-like 0.0026432 Yes
Outage PSO vs Fixed 7.3338 x 1028 Yes
Outage PSO vs CEH-TDMA-like 3.5677 x 107> Yes
Statistical Significance of PSO-PAEN-TDMA Gains
== p = 0.05 threshold

140 1

1201
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Table[10]: Estimated standardized effect size of gains.

Metric PSO vs Fixed PSO vs CEH-TDMA-like
Throughput 0.169 0.187
PDR 0.168 0.188
Delay reduction 7.152 7.646
Energy efficiency 0.180 0.209
Outage reduction 0.391 0.081

deployments. Delay may increase under very dense traf-
fic because the scheduler delivers more packets from a

Figure 7. Statistical significance of gains. Values above the dashed line indicate significance at p < 0.05.

larger competing set, but delivery and energy-efficiency
behavior remain strong. Finally, Fig. 11 documents the
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Table[11]: Runtime and computational complexity comparison.

Protocol Complexity Runtime (s/run)
Random Access O(N) 0.0281 + 0.0019
TDMA O(N) 0.0414 + 0.0015
CEH-TDMA-like O(NlogN) 0.0399 + 0.0014
Fixed O(NlogN) 0.0462 £+ 0.0017

Offline PSO + O(Nlog N)  0.0474 +0.0018

Runtime and Complexity Validation offline PSO
0.05 O(N log N) ¢
O(N)
O(N log N)
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0.04 L
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Figure 8. Runtime comparison of the evaluated MAC schemes. maintains a runtime close to fixed because the PSO stage is
executed at the controller side and does not alter the dominant online scheduling order.
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Figure 9. Energy outage behavior over time under different MAC protocols. The outage trend supports the importance of
energy-neutral scheduling under harvested-energy constraints.

temporal variation of the adaptive weights and reinforces redundant updates, but a complete overhead-aware sim-
the motivation for systematic PSO-based optimization ulation with explicit control-packet energy remains an im-
rather than naive online normalization. portant extension. Second, the THz channel model uses

a compact absorption representation. Real deployments
7. LIMITATIONS AND FUTURE WORK may include frequency-selective molecular absorption,

scattering, blockage, antenna misalignment, humidity
The proposed framework still has practical assumptions. and temperature effects, and tissue-dependent attenua-
First, centralized scheduling requires state reporting from tion. Third, the harvesting model does not include nonlin-

nanonodes. The threshold-driven signaling rule reduces

©2026 The Author(s). This article is licensed under CC By 4.0 2375
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A

Table[12]: Dense-network scalability summary of .

Nanonodes Throughput PDR Delay EE Outage Throughput gain over Fixed
120 1.6233 0.0451 946.31 1.1566  0.2948 3.45%
200 2.5030 0.0417 1129.30 2.0603 0.0000 58.52%
300 3.5849 0.0398 1194.80 3.2457 0.0000 112.40%
400 5.0075 0.0417 1223.00 4.6893 0.0000 153.98%
Throughput scalability PDR scalability
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Figure 10. Dense-network scalability evaluation from 120 to 400 nanonodes. scales favorably in throughput and energy efficiency
while preserving very low energy outage in dense deployments.
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Figure 11. Adaptive weight evolution over time. The observed variation motivates systematic optimization such as PSO rather

than naive

online normalization.

ear nano-rectenna behavior, capacitor leakage, charging cessive heat generation, but this must be validated using
saturation, or conversion efficiency. Fourth, biomedi- thermal-aware in-body models. Finally, the present val-
cal deployments require thermal and safety constraints. idation is simulation-based; hardware-level, molecular
Because and reduce unnecessary transmissions and testbed, or high-fidelity emulator validation remains nec-
enforce energy feasibility, they may indirectly reduce ex- essary.
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Future work will investigate RIS-assisted THz power
focusing, nonlinear harvesting circuits, explicit control-
overhead accounting, thermal-aware routing, safety-
constrained transmission, real in-vivo THz channel valida-
tion, and lightweight online learning at the nano-controller
beyond offline PSO optimization.

8. CONCLUSION

This paper presented a strengthened cross-layer energy-
neutral communication framework for energy-harvested
IoNT over THz nanonetworks. The fixed protocol ranks
nanonodes using residual energy, queue backlog, packet
urgency, and THz distance, while scheduling only nodes
satisfying the energy-neutral operation constraint. To
further strengthen novelty and remove manual weight
dependence, was introduced to optimize the priority
weights using a multi-metric fitness function that rewards
throughput, PDR, and energy efficiency while penalizing
delay and outage.

The enhanced MATLAB evaluation with 30 independent
runs and 95% confidence intervals shows that fixed im-
proves the basic delivery-delay-energy trade-off com-
pared with random access, TDMA, and CEH-TDMA-
like scheduling. The PSO-optimized extension provides
stronger evidence by improving throughput, PDR, delay,
energy efficiency, and outage over fixed . In particular,
reduces delay by 14.25% and outage by 25.93% com-
pared with fixed , while also improving throughput, PDR,
and energy efficiency. Welch p-value tests confirm that
the PSO gains are statistically significant at the 0.05 level.
Effect-size, runtime, and dense-network analyses further
show that the optimized scheduler is statistically reliable,
computationally practical, and scalable up to 400 nanon-
odes. The conclusion is balanced: CEH-TDMA-like can
preserve lifetime in some scenarios, but provides the
strongest overall delivery-delay-efficiency-outage trade-
off for mission-driven IoHNT operation.
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