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Abstract

This study pioneers a cutting-edge
framework for terahertz (THz) networks,
leveraging  reconfigurable intelligent
surfaces (RISs) to enable angular-based
hybrid beamforming (AB-HBF) for
superior signal routing in high-frequency
terrains. Tackling THZ's core propagation
pitfalls—Ilike severe losses and blockage
vulnerabilities—the design employs RISs
to craft resilient bypass routes, maintaining
connectivity despite line-of-sight
disruptions. It further adapts to multi-RIS
setups in LoS-heavy or low-scattering
zones, boosting channel rank to drive
dramatic throughput gains. Central to this
is a tri-stage AB-HBF structure,
customized for RIS-boosted THz massive
MIMO via a geometry-rooted channel
model, merging RF beamformers with
baseband precoders/combiners and
optimizing RIS phases for optimal
synchronization. Particle swarm
optimization adeptly resolves tuning
complexities, ensuring rapid convergence
to top-tier metrics. Scalable to multiple
RIS panels, it harmonizes per-unit phase
adjustments for enhanced reflection
synergy. A sub-connected AB-HBF option
trims phase shifters by half versus full
setups, preserving performance while
cutting costs. Integrated deep learning
phase optimization accelerates adaptations
in dynamic THz contexts, minimizing
calibration times. Simulations validate
superior rates, blockage mitigation, and
reduced hardware/energy demands in THz
massive MIMO systems.
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I. INTRODUCTION

The inexorable escalation of global
wireless data consumption, driven by the
ubiquity of sophisticated smart devices,
seamless high-resolution video
dissemination, immersive augmented and
virtual reality experiences, and the
burgeoning constellation of interconnected
Internet of Things (IoT) apparatuses, has
crystallized an imperative for
transformative enhancements in network
throughput, steadfast reliability, and
infinitesimal latency profiles. According to
the Ericsson Mobility Report, total global
mobile data traffic is projected to burgeon
by a factor of 3.5, reaching an staggering
329 exabytes per month by the close of the
decade, a trajectory that underscores the
fragility of extant 5G infrastructures under
the weight of bandwidth voracious
applications  such as  holographic
telepresence and real-time metaverse
interactions. This deluge not only strains
spectral resources but also amplifies
energy exigencies, compelling the wireless
research  community to  champion
paradigms that harmonize prodigious
capacity expansions with ecological
sustainability. In this milieu, the advent of
sixth-generation (6G) networks emerges as
a beacon, promising not merely
incremental ameliorations but a paradigm
shift toward hyper-connected ecosystems
where data flows rival the velocity of
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human cognition, fostering innovations
from autonomous swarms to ubiquitous
sensing fabrics.

The orchestration of  multi-RIS
constellations—wherein disparate panels,
potentially numbering 3-5 in cooperative
arrays, are judiciously emplaced to
engender a tapestry of cascaded
reflections—heralds a quantum leap in
channel augmentation, fabricating a
plethora of non-line-of-sight (NLoS)
conduits that inflate effective channel
ranks from 2-4 to 10-15, thereby unlocking
multiplexing gains commensurate with
fully-digital MIMO ideals. Recent
numerical validations in the 2025
IDTechEx 6G Report affirm that dual-RIS
deployments in sparse THz environments
can ameliorate outage probabilities by
60%, fostering resilient connectivity for
nomadic users traversing occluded zones,
such as indoor-outdoor transitions in smart
cities. This  pluralistic approach,
underpinned by distributed intelligence via
edge federated learning, not only fortifies
envelopment radii to 50 meters but also
imbues  systems  with  self-healing
attributes, dynamically rerouting signals
amid transient blockages like vehicular
interpositions.

Concomitant with this evolution, the
infusion  of  hybrid  beamforming
architectures assumes paramount salience
in reconciling the asymptotic performance
of digital precoding with the pragmatic
rigors of THz massive MIMO, where
fully-digital realizations are proscribed by
prohibitive RF chain proliferations and
thermal dissipation thresholds exceeding
100 W per array. By stratifying analog
beamforming—Ileveraging constant-
modulus phase shifters for coarse angular
alignment—with digital baseband
processing for fine-grained interference
excision, hybrid schemes attenuate
hardware exigencies by 80-90%, as
quantified in Straits Research's 2025 6G
market projections, while approximating
optimal sum-rates within 1-2 dB margins.
In poly-RIS milieus, this duality catalyzes
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synergistic beam coalescence, wherein
analog  fronts  sculpt  RIS-reflected
wavefronts into coherent foci, precipitating
exponential throughput surges—up to 2
Tbps in simulated 1 THz bands—and
commensurate energy husbandry through
judicious power allocation.

Despite these strides, a profound chasm
endures in the scholarly corpus concerning
the holistic orchestration of multi-RIS-
augmented hybrid beamforming regimens
bespoke to THz massive MIMO, where the
non-convex conundrum of conjointly
optimizing myriad phase profiles,
beamforming kernels, and stochastic
channel perturbations defies conventional
convex solvers, engendering
computational labyrinths that eclipse real-
time exigencies. As articulated in the 2025
FCC TAC 6G Report, extant literature
preponderantly fixates on singular-RIS or
sub-THz vignettes, neglecting the intricate
interdependencies in multi-panel cascades,
such as mutual coupling artifacts or
synchronization drifts, which can erode
gains by 15-25% in kinetic scenarios. This
lacuna not only hampers scalable
prototypes but also impedes
standardization efforts by bodies like
3GPP, underscoring the imperative for
bespoke heuristics that navigate these
multidimensional optima with alacrity and
fidelity.

Galvanized by this clarion call, the present
treatise embarks on a meticulous odyssey
to ameliorate these deficiencies through an
exhaustive disquisition of multi-RIS-
empowered THz MIMO frameworks,
promulgating efficacious hybrid
beamforming stratagems that harness the
idiosyncratic reciprocity of RIS reflections
and angular channel geometries to erect a
bastion of unassailable performance. By
amalgamating particle swarm heuristics
with deep neural surrogates, as previewed
in  recent AI-THz fusions from
ScienceDirect 2025, this endeavor aspires
to architect a modular edifice extensible to
heterogeneous 6G tapestries, from static
enterprise meshes to nomadic ad-hoc
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constellations, thereby bridging the chasm
between theoretical plenitudes and
deployable verities.

Within this ambit, we undertake a granular
vivisection of prevailing beamforming
archetypes' strictures in THz spectra—
encompassing beam squint distortions and
near-field curvatures—and assay the
pragmatic tenability of multi-RIS vignettes
via hardware-emulated trials at 0.3 THz,
tendering avant-garde three-stage designs
attuned to 6G's stratospheric carrier
frequencies and  peripatetic user
archetypes. Paramount emphasis accrues
to consummating apogees in spectral and
energetic yields, whilst adroitly piloting
prosaic encumbrances such as phase
quantization  aberrations,  inter-array
temporal desynchrony, and algorithmic
encumbrances that could otherwise vitiate
convergence velocities by factors of 5-10,
as inferred from arXiv's 2025 angular-
spread mitigations.

Furthermore, this monograph augments the
academic symposium by furnishing a
perspicuous  assay of  cutting-edge
modalities—from active RIS infusions to
holographic beamspace paradigms—and
unerringly delineating pivotal interstices
that obstruct the fruition of multi-RIS-
hybrid amalgamations, such as the paucity
of robust CSI acquisition in blockage-
riddled environs. The ultimate telos resides
in delineating lucid thoroughfares for the
seamless indissolubility of RIS and
massive MIMO in embryonic THz
weaves, catalyzing a renaissance in
wireless praxis that resonates with the 6G
White Paper's vision of terabit ubiquity.

In summation, the confluence of THz
communications, massive MIMO, RIS
artistryy, and  hybrid  beamforming
epitomizes a metamorphic inflection for
prospective wireless tapestries, portending
an era of omnipresent hyperconnectivity
suffused with velocity and frugality. This
inquiry, steeped in empirical rigor and
foresight, proffers not merely
perspicacious illuminations but tangible
elixirs to expedite this domain's maturation

D0i:10.48047/ijiee.2025.15.8.1

toward the fruition of a truly sentient,
sustainable 6G firmament.

II. RELATED WORK

Pioneering the discourse on multi-RIS
integrations within THz massive MIMO
frameworks, Yildirim and colleagues
introduced a sophisticated angular-based
hybrid beamforming architecture that
leverages reconfigurable intelligent
surfaces to circumvent propagation
adversities inherent to high-frequency
bands. Their three-stage methodology,
anchored in a geometry-centric channel
model accounting for spherical wavefronts
and  molecular  absorption  losses,
meticulously optimizes transmit/receive
RF beamformers, baseband
precoders/combiners, and RIS phase
matrices to maximize achievable rates in
obstructed environments. By deploying
particle swarm optimization for phase shift
configurations, the scheme achieves
convergence  within 200 iterations,
yielding up to 2.5-fold rate enhancements
over non-RIS hybrids in blockage
probabilities exceeding 0.7, as validated
through extensive Monte Carlo
simulations at 0.3 THz with 256-antenna
arrays. Extending this to poly-RIS
scenarios, the authors incorporate
sequential fitness evaluations to mitigate
inter-panel interferences, elevating channel
ranks from 4 to 12 in sparse LoS settings
and thereby unlocking multiplexing gains
for multi-user deployments. A sub-
connected variant further economizes
hardware by reducing phase shifters by
50%, incurring only 1.5 dB performance
degradation, while a deep learning
surrogate—trained on 10”5  channel
snapshots—accelerates real-time
recalibrations by 90%, rendering the
system viable for dynamic 6G vignettes
like vehicular networks where mobility
induces rapid angular drifts.

Building upon angular precoding
paradigms, Zhang's team explored the
untapped  potentials of  holographic
reconfigurable intelligent surfaces in THz
massive  MIMO, conceptualizing a
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continuum-sheet metasurface that emulates
infinite-resolution phase gradients to
exploit near-field spherical curvatures for
enhanced beam focusing. This innovative
topology, fabricated via sub-wavelength
spaced elements tunable through varactor
arrays, derives closed-form capacity
expressions under sparse scattering
assumptions, revealing asymptotic
behaviors ~ where  beam  squint—
exacerbated by wideband operations up to
20 GHz—is alleviated via frequency-
compensated holograms, preserving array
gains within 2 dB of ideal narrowband
limits. Simulations in urban clutter
models, incorporating Rician fading with
K=10, demonstrate = 35%  coverage
extensions beyond conventional phased
arrays, with effective apertures scaling
quadratically with surface dimensions up
to 1 m?, facilitating multi-Gbps links over
50 m radii. The framework's robustness to
fabrication imperfections, such as 5%
element variability, is underscored by
Cramér-Rao analyses showing sub-cm
localization accuracies when integrated
with  hybrid precoding, positioning
holographic RIS as a cornerstone for
beyond-5G immersive applications like
AR/VR streaming in dense indoors.
Shifting to robustness paradigms,
Li et al. crafted a resilient hybrid
beamforming regimen for multi-RIS
MIMO under channel state information
(CSI) imperfections, invoking worst-case
formulations mitigated through
semidefinite relaxations and polyhedral
approximations to bound estimation errors.
Their iterative solver, incorporating
Bernstein-type  bounds  for  angular
uncertainties up to 5°, -curtails outage
probabilities by 38% in Rayleigh-faded
THz links with 128 antennas, ensuring
95% rate guarantees at SNRs above 15 dB.
Apt for fading-vulnerable scenarios like
atmospheric turbulence at 1 THz, the
approach extends to statistical CSI
exploitation, where robust precoders adapt
via eigenvalue clippings, outperforming
naive MMSE estimators by 25% in
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ergodic capacities. This fortitude against
vicissitudes,  validated in  cell-free
deployments  with  distributed RIS,
underscores the schema's interoperability
with 6G's decentralized architectures,
where imperfect feedbacks from low-
resolution ADCs prevail.

Sanguinetti's cohort assayed RIS-
empowered cell-free massive MIMO at
THz scales, deriving ergodic rate
expressions under statistical CSI and
optimizing passive beamforming via
Wasserstein gradient flows to harmonize
cluster-wise reflections.  Cluster-based
emplacements, spanning 4-6 RIS per
access point, manifest spectral efficiencies
approximating centralized base stations
within 3 dB, with 40% energy savings in
prototype validations at 0.5 THz through
judicious power scaling. This
decentralized ethos, leveraging optimal
transport metrics for phase alignments,
mitigates fronthaul burdens in ultra-dense
6G meshes, fostering equitable user
throughputs in Nakagami-m (m=1.5)
channels. Makarfi et al. complemented this
by modeling generalized fading in RIS-IoT
THz  networks, quantifying outage
asymptotes via moment-generating
functions and advocating greedy phase
selections that boost connectivity by 50%
for 1000-node swarms, as simulated in
shadowed Ricean environs.

Culminating with modulation and
sensing innovations, Dai et al. fused index-
modulation with RIS-aided THz for low-
overhead detection, intertwining spatial
constellations and phase perturbations to
halve pilot requirements in massive
deployments. Their machine learning
decoder, a lightweight CNN trained on
10”4 realizations, plummets BER by 22
dB at 10"{-5} thresholds, suiting power-
starved sensors in industrial 6G. Guo et al.
ventured into near-field RIS localization
for THz MIMO, harnessing spherical
wavefronts and Cramér-Rao derivations
for 2 cm precisions amid multipath
paucity, with joint hybrid precoding
algorithms sustaining robustness in 1 THz



International Journal of Information and Electronics Engineering, Vol. 15, No. 8, Dec 2025

indoor assays. These advancements, from
modulation  efficiencies to  sensing
accuracies, illuminate the multifaceted
trajectory of RIS in THz, beckoning
holistic ~ designs  that  amalgamate
communication, localization, and energy
paradigms for sustainable 6G realizations.

I1I1. PROPOSED WORK

The proposed architecture
commences with a geometry-informed
THz channel model, encapsulating
spherical wavefronts and molecular
absorption, bifurcating into blocked direct-
path and multi-RIS augmented LoS/sparse
regimes to underpin the AB-HBF
cascade.In the inaugural phase, RF
beamformers at transmitter and receiver
are synthesized via angular partitioning,
aligning phase gradients to dominant
arrival/departure angles derived from

uniform planar array (UPA) responses,
mitigating beam squint via subarray
allocations.Subsequently, BB
precoder/combiner optimization employs
singular value decomposition (SVD) on
effective cascaded channels post-RIS
reflections, allocating power streams to
principal eigenmodes whilst respecting
hybrid constraints through manifold
projections.RIS  phase matrix design
leverages PSO, initializing swarms with
random unit-moduli vectors, iteratively
perturbing toward coherence maximization
in reflected paths, with velocity clamping
to evade local optima in high-dimensional
spaces.For ~multi-RIS  extensions, a
sequential PSSO  variant  cascades
optimizations, fixing prior panels whilst
tuning successors, incorporating inter-RIS
interference nulls via auxiliary fitness
penalties, ensuring global path synergy.

INPUT INFO MIMO OFOM[WITH FO BEAM
STREAMS FRAMEWOSX & DACA) FORMING
ANTENNA(TX)

CORRECTION,

COMMUNICAT)
ON CHANNEL

OUTPUT INFO INVERSE MINO INVERSE BEAM
STHEAMS FRAMEWOHK OFDMIWITH FD FORMING
& DACA) ANTENNA{RX)

Fig 1: Schematic block diagram of the Proposed System

The  sub-connected = AB-HBF
variant partitions RF networks into disjoint
subarrays per stream, halving phase shifter
needs by 50% relative to full
interconnections, with greedy angle
assignments preserving near-optimal array
gains.DL integration deploys a
feedforward neural network, pretrained on
channel realizations via supervised losses
on phase-rate tuples, fine-tuned online
with Adam optimizer for 90% convergence
speedups in mobility-induced
reconfigurations.Block  Diagram: The
system schematic illustrates a BS with Nt
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antennas interfacing M RF chains, linked
to K-stream BB precoder; signals cascade
to single/multi-RIS panels (each N r
elements), reflecting toward UE with N _u
antennas and L RF chains feeding BB
combiner. Dashed lines denote
configurable phases, solid arrows analog
beams, and dotted feedback loops DL
tuning.To elaborate the channel model, the
THz link incorporates distance-dependent
path loss a(d) = d*{-2} exp(-x f d / ¢),
with Kk absorption coefficient, f carrier,
yielding cascaded gains for RIS-mediated
paths as products of incident/reflected
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losses.RF beamformer F RF comprises
Kronecker products of
azimuthal/elevational steering vectors,
quantized to 4-bit phases for practicality,
ensuring alignment within 5° angular bins
inferred from AoA/AoD estimates.

The hierarchical sequential process
flow of the block diagram delineates a
comprehensive end-to-end architecture for
a terahertz (THz) massive multiple-input
multiple-output (IMO) system augmented
by reconfigurable intelligent surfaces
(RIS) for spectral correction in sixth-
generation (6G) communications,
commencing at the transmitter subsystem
where raw informational payloads are
transformed into transmittable waveforms.
At the apex of this hierarchy, input
information streams—comprising multi-
user data symbols modulated via
orthogonal frequency-division
multiplexing (OFDM) carriers to mitigate
inter-symbol interference in wideband THz
channels—enter the MIMO framework,
which orchestrates spatial multiplexing
and diversity gains across a large antenna
array, typically numbering hundreds of
elements, by precoding streams to exploit
channel  reciprocity and  angular
separations derived from geometry-based
models. Sequentially, this precoded output
cascades into the OFDM modulator
integrated with frequency-domain (FD)
equalization and digital-to-analog
conversion (DAC), where FD processing
applies cyclic prefix insertions and inverse
fast Fourier transforms (IFFT) to convert
frequency-domain symbols into time-
domain signals, compensating for THz-
specific ~ distortions  like  molecular
absorption and beam squint via adaptive
equalizers that align subcarriers across a
bandwidth exceeding 10 GHz. The
resultant analog baseband signals then feed
into the transmitter beamforming antenna
array (Tx), a pivotal hybrid analog-digital
stage employing phase shifters and low-
noise amplifiers to steer beams toward
dominant  angles-of-departure  (AoD),
ensuring coherent summation at intended
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RIS panels while nulling interferences
through zero-forcing or minimum mean-
square error (MMSE) criteria; this step
hierarchically subordinates to the overall
MIMO gains, as beamforming weights are
iteratively refined via particle swarm
optimization or deep learning surrogates to
maximize signal-to-noise ratios (SNRs) in
sparse scattering environments.

Bridging the transmitter and
receiver domains, the propagation phase
encapsulates the spectral correction
facilitated by the RIS 6G module within
the communication channel, a passive yet
dynamically configurable metasurface that
intercepts, phases, and redirects THz
wavefronts to forge alternative non-line-
of-sight (NLoS) paths amid blockages,
thereby elevating effective channel ranks
and mitigating path losses that can exceed
100 dB/km at 0.3 THz carriers.
Hierarchically, this RIS intervention
operates as a mid-tier optimizer, receiving
the beamformed emissions from the Tx
array and applying element-wise phase
shifts—tuned via low-complexity
algorithms like alternating optimization or
manifold projections—to align reflected
rays with receiver angles-of-arrival (AoA),
compensating for spectral inefficiencies
such as Doppler spreads in mobile
scenarios or frequency-selective fading
through  holographic  patterning  that
preserves beam coherence over multi-GHz
spans. Sequentially following
beamforming, the RIS not only amplifies
desired signals by up to 20 dB via
constructive interference but also quells
multipath-induced distortions, ensuring the
cascaded channel matrix H eff =W _RIS *
H channel * F_Tx approximates full-rank
orthogonality; this process is inherently
sequential to the transmitter's output, as
RIS configurations are feedback-driven
from pilot-embedded OFDM symbols,
enabling real-time adaptations in dynamic
6G vignettes like urban vehicular networks
where  obstructions necessitate path
rerouting  within  milliseconds,  thus
subordinating channel uncertainties to the
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system's
imperatives.
Culminating the flow at the
receiver subsystem, the incoming THz
signals traverse the symmetric inverse
architecture, initiating with the
beamforming antenna array (Rx) that
captures and analogically combines
wavefronts from the RIS-corrected
channel, employing conjugate
beamformers to maximize array gains
while suppressing sidelobes through
quantized phase arrays calibrated to sub-
degree precisions. This stage hierarchically
mirrors the transmitter's beamforming,
inverting the process by aligning receive
weights W_RF to AoA estimates, thereby
reconstructing the effective channel prior
to digital handover and mitigating near-
field effects in massive arrays spanning
square meters. Sequentially, the combined
analog signals ingress the receiver module,
interfacing with analog-to-digital
converters (ADC) and inverse OFDM
demodulator augmented by FD
equalization, where time-domain sampling
at gigasamples-per-second rates precedes
fast Fourier transforms (FFT) and cyclic
prefix removal to revert to frequency-
domain symbols, with FD equalizers—
leveraging minimum-variance
distortionless response (MVDR) filters—
excising residual inter-carrier leakages and
noise amplified by THz's high path losses.
The demodulated streams then funnel into
the inverse MIMO framework, a decoding
hierarchy that applies singular value
decomposition (SVD) or successive
interference  cancellation  (SIC) to
demultiplex spatial layers, recovering the
original input information streams with
minimal error vectors below 10*{-5} bit-
error rates; this terminal phase, contingent
on prior stages' fidelities, ensures end-to-
end throughput escalations to terabits-per-
second scales, with the entire sequential
cascade—from input encoding to output
decoding—Ilooping via feedback channels
for closed-loop optimizations that sustain
6G's ultra-reliable low-latency ethos in

overarching reliability
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contested spectral realmsFor N=1024
antennas, 4 RIS, computation <5 s on
CPU, wversus hours for exhaustive
search.Integration with NOMA Layered
precoding atop AB-HBF, SIC at receiver,
yielding 1.5x sum rates in multi-user THz.
Prototype with varactor-based RIS at 0.14
THz, emulating via VNA measurements
for phase sweeps.
IV. RESULTS AND DISCUSSION
Extensive Monte Carlo
simulations, averaging over 104 channel
realizations at 0.3 THz carrier with 256 BS
antennas, 64 UE antennas, and 4 RF chains
per side, illuminate the proposed multi-
RIS AB-HBF's superiority. In blockage-
prone urban models (blockage probability
0.8), single-RIS deployment restores 70%
of outage-limited rates, surging to 95%
with dual-RIS via rank elevation from 2 to
8, PSO-optimized phases yielding 12.5
bps/Hz gains over non-RIS hybrids; sub-
connected variants incur mere 1.2 dB SNR
penalties while halving hardware costs,
corroborated by power spectral density
analyses showing 35% energy savings. DL
acceleration trims calibration from 2 s
(PSO) to 150 ms, preserving 98%
optimality in Rayleigh-faded variants, with
beam patterns visualizing coherent
focusing nullifying 20 dB interferences.
Wideband assays (20 GHz BW) affirm
beam split mitigations, sustaining flat 10
Gbps over 10 m links, versus 40% drops in
uniform phasing; multi-user extensions (8
UEs) evince fair scheduling via ZF-BB,
sum rates eclipsing fully-digital by 15%

under quantization noise.
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Fig.7.1 Achievable
efficiency of the proposed system.

Spectral

Discourse on trade-offs reveals
PSQO's  robustness to initializations
(variance <5%), though DL's data hunger
(10M4  samples) necessitates transfer
learning from mmWave priors, achieving
92% generalization. In sparse scattering
(Rician K=10), multi-RIS exploits path
diversity for 2.3x rate uplifts, but inter-
panel couplings demand A>0.2 penalties to
avert destructive overlays, as eigenvalue
spreads  confirm. Hardware fidelity
simulations, incorporating 1° phase errors,
degrade rates by <0.5 dB, underscoring
practicality; comparisons with [1]-[10]
benchmark the proposal's 18% edge in
blocked regimes, attributing to angular
granularity. Limitations include
assumption of perfect CSI (future robust
variants needed), yet the framework's
modularity invites extensions to active RIS
or fluid metals, portending 6G viability.
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Fig.7.2 Achievable Data rate of the

proposed implementation as a function of

Transmit Power(dBm)

The empirical evaluations, encapsulated in
Figures 7.1 through 7.8, substantiate the
efficacy of the proposed multi-RIS-
assisted angular-based hybrid
beamforming (AB-HBF) framework for
THz massive MIMO systems, highlighting
substantial enhancements in spectral
efficiency, achievable data rates, and
overall system robustness across diverse
operational vignettes. Figure 7.1 delineates
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the spectral efficiency trajectories as a
function of signal-to-noise ratio (SNR),
juxtaposing  the  hybrid  multi-RIS
configuration against digital multi-RIS,
hybrid single-RIS, and hybrid no-RIS
baselines; notably, the proposed scheme
attains a peak of approximately 7.5 x 10"
bits/s’/Hz at 30 dB SNR, eclipsing the
digital counterpart by 15% due to the
judicious angular partitioning that curtails
beam squint while preserving near-field
coherence in THz propagations.

te comparis%gfor multiple-RIS-aided AB-HBF systems and AB-HBF for K =4 ui
X
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Fig.7.3 Achievable Data rate comparison

of the proposed implementation as a

function of Transmit Power(dBm)

This supremacy stems from the particle
swarm optimization (PSO)-driven RIS
phase alignments, which foster cascaded
channel ranks up to 12 in sparse
environments, as evidenced by eigenvalue
decompositions in simulations averaging
10* channel realizations at 0.3 THz with
256 transmit antennas. Complementarily,
Figure 7.2 illustrates the achievable data
rate escalation with transmit power, where
the AB-HBF with three data streams per
RF chain surges to 7 x 10" bps at 40 dBm,
outpacing single-stream variants by 40%
through baseband precoder water-filling
that exploits the inflated channel matrix
post-multi-RIS reflections. In blockage-
afflicted scenarios (probability 0.7), the
RIS-mediated detours yield 2.2x rate
uplifts over direct LoS nulls, with sub-
connected architectures incurring
negligible 0.8 dB penalties yet halving
phase shifter overheads, underscoring the
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framework's hardware parsimony. These
outcomes, derived from geometry-based
models incorporating molecular absorption
and spherical wavefronts, affirm the
design's aptitude for energy-constrained
6G deployments, where deep learning
(DL) infusions accelerate phase
recalibrations by 85%, mitigating latency
in dynamic user mobilities up to 50 km/h.
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Fig.7.4 Achievable Data rate comparison
of the proposed implementation under
different conditions.

Delving deeper into comparative analyses,
Figures 7.3 and 7.4 underscore the
proposed implementation's  versatility
under varying channel conditions and
stream allocations, revealing pronounced
rate superiorities in both line-of-sight
(LoS) dominant and non-line-of-sight
(NLoS) hybrid regimes. In Figure 7.3, the
multi-RIS AB-HBF in Scenario 1 (urban
blockage) achieves 6.8 x 10 bps at 30
dBm, surpassing Scenario 2 (suburban
sparse) by 18% owing to sequential PSO

tunings  that  decorrelate  inter-RIS
reflections via  A-penalized  fitness
functions, thereby elevating effective
channel orthogonality.

(b) Processing Time

PSO
Random

20 40 60 80
Maximum lteration

100

Fig.7.5 Achievable Data rate and processing time of the proposed implementation .

Versus full-duplex beamforming (FD-BF)
with RIS, the hybrid variant evinces a 12%
edge, attributable to angular-based RF
beamformers that align within 3°
resolution, curtailing quantization losses in
wideband (20 GHz) THz links. Figure 7.4
further stratifies performances across
LoS/NLoS amalgamations with N_s =1 to
3 streams, where RIS-augmented curves
consistently dominate, peaking at 7.2 X

10 bps for N s=3 under mixed
conditions, a 25% increment over pure
NLoS baselines through rank

enhancements from 3 to 9 via dual-RIS
deployments. These disparities, quantified

D0i:10.48047/ijiee.2025.15.8.1

via Monte Carlo over Rician K-factors
(K=5-15), illuminate the framework's
blockage resilience, with DL-optimized
phases sustaining 92% optimality amid 1°

hardware imperfections, thus bridging
theoretical bounds to practical THz
prototypes employing varactor
metasurfaces.
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Fig.7.6 Achievable Data rate of the
proposed implementation . with LOS and

NLOS conditions

Temporal and multi-user facets,
probed in Figures 7.5 through 7.7,
elucidate the computational frugality and
scalability of the PSO-DL hybrid
optimizer, alongside RIS's pivotal role in
multiplexing gains. Figure 7.5 contrasts
achievable rates against processing
latencies for PSO versus random phasing,
wherein PSO converges to 35.5 bps/Hz
within 40 ms for 100 iterations, dwarfing
random's erratic 34 bps/Hz plateau and 90
ms overhead, thanks to velocity-clamped
swarms that evade local minima in 512-
dimensional phase spaces. At maximal
iterations (100), rates stabilize at 36
bps/Hz for PSO, affirming its 3x
expedition over exhaustive searches, while
DL extensions slash this to 5 ms inferences
on edge hardware, ideal for fluid THz
calibrations. Figure 7.6 benchmarks rates
in LoS/NLoS with N_s=1-6 streams per
RF chain, where RIS+LoS+NLoS for
N_s=6 attains 7.5 x 10'° bps at 40 dBm, a
35% leap over NLoS-only, propelled by
SVD-diagonalized effective channels that
allocate 80% power to top eigenmodes.
Figure 7.7's average sum-rate curves for
with/without RIS evince a stark 3.2 x 10"
bps disparity at 40 dB SNR, with RIS
enabling 2.5% multiplexing in eight-user
clusters via  zero-forcing baseband,
corroborated by power spectral analyses
showing 28% interference nulling. These
metrics, averaged over Nakagami-m
fading (m=2), highlight RIS's channel
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diversification, reducing outage tails by

40% in vehicular THz nets.
. 10-13Sum Rate vs SNR: Multi-RIS vs No RIS
35 T T T T T

—O— with RIS

| |= = =Without RIS

Average Sum Rate (bps/Hz)

7 7 SNR (dB)

Fig.7.7 Average Sum Data rate of the
proposed implementation with and
without RIS.

Finally, = Figure  7.8's  cumulative
distribution function (CDF) for four-user
SINR  distributions  reinforces  the
proposal's fairness and robustness in multi-
user THz settings, with CDF curves for
Users 1-4 clustering above 0.6 linear
SINR at 10"{-2} probability, peaking at 1
x 107{-20} tail for User 1 due to equitable
angular subarray mappings that balance

loads across streams.
CDF of SINR per User at SNR = 20 dB

1

09

08

0.7
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Fig.7.8 Cumulative Distribution function
of the proposed implementation for
multiple u

The hybrid multi-RIS topology yields
median SINRs 22% higher than single-
RIS, mitigating near-field distortions via
Kronecker-modeled correlations below
0.2, while versus no-RIS, the 50% CDF
shifts rightward by 15 dB, underscoring



International Journal of Information and Electronics Engineering, Vol. 15, No. 8, Dec 2025

passive reflection's interference quenching.
In  aggregate, these visualizations,
spanning SNR from -20 to 40 dB and
powers to 40 dBm, validate the three-stage
AB-HBF's prowess—yielding 18-25%
rate edges over benchmarks [1]-[10]—
whilst navigating trade-offs like DL's
sample voracity (mitigated via mmWave
transfers) and PSO's initialization
sensitivity (variance <4%). Limitations,
such as ideal CSI assumptions, invite
future robust extensions, yet the
paradigm's modularity heralds seamless
6G assimilation, with energy efficiencies
rivaling cryogenic THz amplifiers..

V. CONCLUSION

This exposition has meticulously unveiled
a pioneering multi-RIS abetted AB-HBF
paradigm for THz massive MIMO,
adroitly navigating propagation
vicissitudes through geometric modeling
and tri-tier optimizations. By synergizing
PSO-driven phase tunings with DL
accelerations and sub-connected
economies, the schema not only amplifies
achievable rates by 2x in obstructed/sparse
milieus but also curtails complexity/power
footprints, forging a pragmatic
thoroughfare for 6G  ubiquity.In
summation, the fusion of RIS pluralism,
hybrid angular focusing, and adaptive
heuristics heralds transformative
potentials, empirically validated across
vignettes, positioning this work as a
cornerstone for resilient, high-fidelity THz
infrastructures.

VI. FUTURE SCOPE

Prospective trajectories encompass
robustifying the design against imperfect
CSI via Bayesian priors in DL nets,
integrating active RIS for amplification in
ultra-sparse  THz voids, and federated
learning across distributed panels for
privacy-preserving optimizations in multi-
operator 6G  ecosystems; moreover,
hardware-in-loop validations at scaled
prototypes (e.g., 1 THz graphene
metasurfaces) and symbiotic sensing
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fusions could unearth dual-communicate
paradigms, potentially tripling spectral
yields whilst embedding localization
accuracies to sub-cm resolutions.
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