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Abstract:

Integration of the fifth generation (5G) wireless technology in neurosciences provides a transformative
solution for the boundaries of the current tele-neurorrhoea system, which rely on 3G/4G or Wi-Fi and suffer
from high detailed, low bandwidth and incredible data transmission. This paper proposes 5G-enabled tele-
neurorehabilitation framework-5G-Saksham-which ultra-widely low-stamped communication (URLLC),
Multi-Access Edge Computing (MEC), and Network Slicing Close Lupp Takes advantage for. High-
dimensional brain-computer interfaces (BCIs) and EEG data are streamflow with minimal delays, processed
locally on the edge, and used to give adaptive response through the Emarsiv AR/VR environment.
Performance analysis and simulated pilot study reduction in delay (<10 mS), signal fidelity (> 95%), and
patient engagement show significant improvement in engagement, leading to motor recovery results and
medical compliance compared to traditional approaches. Additionally, the framework addresses scalability,
security, and interoperability challenges, which paves the way for patients in remote or undescribed areas,
accessible to neurorablebulation of clinic-quality, accessible to patients. Our findings unlock the position,
continuous, data-driven and patient-focused neurological care as an important environ for the next
generation of 5G tele-neurosciences

Keywords: 5G, neuroscience, tele-neurorehabilitation, brain-computer interface, edge computing, low-
latency

l. Introduction

Integration of 5G technology in neuroscience promises a transformative leap in tele-neuroeducation, where
patients with neurological losses receive remote therapy supported by real-time nerve data transmission.
Traditional telemedicine encounters delay and bandwidth obstacles that limit the efficacy of transmitting
complex brain signals [2]. 5g, with its ultra-low delay and high bandwidth, provides a solution that enables
spontaneous, real-time remote neuroscience applications [3,12]. This advancement can revolutionize
neuroeducation by making remedies more accessible and responsible. Tele-neurorebulation provides a
promising option for traditional clinic-based care, yet its efficacy has been forced by the boundaries of the
traditional wireless network [28]. The real-time brain-computer interface (BCI) applications for the high-
dimensional, time-sensitive nature ultra-low delay and high bandwidth for applications for applications
demands 3G/4G and Wi-Fi infrastructure in the current strength [4,21]. This paper examines the conversion
capacity of the fifth generation (5G) wireless technology to overcome these obstacles. We propose a
framework for spontaneous remote neurosciences by taking advantage of the 5G ultra-wisdom low-latency
communication (URLLC), multi-gigabit throughput, and edge computing [12,35,36]. Our analysis indicates
that 5G strong, real-time closed-loop enables neurophydback, emergent AR/VR facilitates integration, and
significantly improves the access and quality of distance rehabilitation [27,31]. We conclude that 5G is an
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important enabler for the next generation of tele-neurorrhagableness, capable of supporting scalable,
adaptive remedies, which promises the patient's consequences and maximum equity in neurological care.

Neurological disorders such as strokes, painful brain injuries, and neurocognitive diseases represent an
important global health burden, often releasing patients with prolonged motor, cognitive and sensory loss
[19]. Traditional neurorebulation therapy requires in-practice sessions with specialized equipment and
clinical supervision, which can limit access to patients especially in remote or undescribed areas. Tele-
neuroeducation, which enables distance distribution of therapy through digital platforms, has emerged as a
promising solution to solve these challenges by expanding rehabilitation services beyond clinical settings
[28]. However, current telemedicine infrastructure facing 3G, 4G, or Wi-Fi networks boundaries that
obstruct their effectiveness in neurological applications [21]. Nerve signals such as electroencephalography
(EEG) or brain-computer interfaces (BCI) data are high-dimensional and low-de-advisement, high-
bandwidth transmission is required to support real-time analysis and closed-loop response [4]. The delay or
data loss during transmission can compromise the quality of nervous information, reduce medical efficacy
and patient engagement [21].

The arrival of the fifth generation (5G) wireless network provides transformational capacity for distance
neurological [3,12]. With Ultra-Low latch (low as 1 MS), enhances the increase in reliability, and
significantly higher thruputs than the previous generations, capable of uninterrupted transmission of 5G
nerve data currents [35]. This capacity is especially important for tele-neurorablebulation, where real-time
accountability allows adaptive remedies such as brain stimulation or immersive virtual reality (VR)-in-place
rehabilitation exercises [27]. In addition, characteristics such as edge computing and network slicing
strengthen 5G suitability by localizing data processing, reducing network congestion and ensuring secure
distribution of neuroresilitation services [29,36].

This paper examines the role of 5G in enabling distance neurological applications with focus on tele-
narratability. We discuss the boundaries of existing network technologies, review the related functions in
brain-computer interfaces and network neuroresilitation, and introduce a 5G-able system framework that
integrates nerve data acquisition, transmission and aging. The proposed structure is evaluated through
performance comparison with the heritage network, highlighting its ability to improve accountability,
medical results and access to access. Finally, we solve the challenges of data protection, device inequality,
and protocol standardization, underlining future directions for 5 g-powered neurological science. Remote
neurosciences involve capturing and transmitting neural data-like EEG, intracranial recording, or brain-
computer interface (BCI) for signal-diagnosis, surveillance and therapy. These data are often high
dimensional and require rapid processing to be clinically useful. Traditional wireless network (3G/4G/Wi-
Fi) introduces delays and packet loss that can degrade the quality of the transmitted nerve signals, possibly
affecting distance intervention [21].

The 5G networks provide delay in the form of 1 millisecond and significantly more data through the
previous generations [12,35]. This enables continuous streaming of high-loyal nerve signals, off-loop
neurophydback or brain stimulation treatments significantly conducted from far away [4,31]. For example,
in tele-neurorrhoidability, consorter cortex can transmit cortex signals for patients recover from 5G strokes,
allowing physicians to adjust stimulation parameters in real time depending on the nerve response [14]. In
addition, 5G network supports slicing and edge computing, which can localize data processing with the
patient to reduce delay and increase privacy [29,36]. Edge devices can preprophase nerve data, only send
relevant features or alerts to physicians, reduce bandwidth and computational load on the central server
[20,33]. This scalable is important for the tele-neuropraxic system.

Initial studies suggest that 5G-capable BCls improve accountability and patient engagement in distance
settings [11]. In neurorehabilitation, it translates into better motor recovery results because treatment is
dynamically suited to patients with nerve states [38]. In addition, 5G connectivity enhanced reality (AR) and
virtual reality (VR) facilitates integrations used in emergency neurorebulation exercises with platforms,
enhancing medical efficacy [27]. Challenges remain, including ensuring data protection, managing the
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asymmetry of patient devices and standardizing protocols for more than 5G data transmission [30,40].
However, ongoing pilot projects and clinical trials indicate feasibility and profit [10,26].

* I-A the importance of Neurorrhagism

Tele-neurorebulation provides patients with continuous access to medical, without the need to be physically
present in hospitals or clinics with neurological loss. This improves distance care access, ensuring ongoing
rehabilitation, and supports better recovery results [28]. Tele-neurorebulation is a branch of telemedicine
that uses digital techniques to distribute rehabilitation services to remote neurological loss patients. Its
importance, as mentioned in the text, stems from its ability to remove the significant limits of traditional, in-
clinic rehabilitation. The main importance can be broken into three main benefits:

1. Better access: It eliminates geographical and physical obstacles, allowing patients to obtain special care
without the need for strong travel in remote or undescribed areas. [2,28]

2. Continuation of care: It enables more frequent and coherent medical sessions, which is important for
neuroplastic and long -term recovery from conditions such as stroke or brain injury. [19,28]

3. Promotional results: By facilitating running, accessible, and often more attractive therapy (e.g., through
integrated VR/AR), it supports better and fast recovery process for patients.[27]

1. Graph 1: Effect on the reach of the patient

This bar chart envisions an imaginary dramatic growth in the number of patients that can be accessed
through tele-neurorrhitanization compared to the geographical catchment area of a traditional clinic.

Patient Reach: Traditional vs. Tele-Neurorehabilitation
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Graph 1: Effect on the reach of the patient
* Traditional Clinic: Limited to patients within a practical movement distance.

« Tele-neurorrhoidability: Reaches a vast area including rural and underscore areas, dramatically potentially
increases the reach of the patient.

2. Table 1: Traditional vs. Tele-nutriregulation
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The table provides a structured comparison of major factors between the two models, which highlights the
benefits of the tele-neuropraxic approach.

Factor Traditional In-Clinic Rehabilitation Tele-Neurorehabilitation

Accessibility Limited by geography, transportation, High; accessible from home or local

and local clinic availability. community centers.
Frequency i lelted. L= UImEs (237 BIEEC Qe 1 Can be more frequent (daily) and flexible.
Sessions scheduling and logistics
. Higher due to travel, time off work, Significantly lower; primarily costs of
oot {(Peuieny and potential accommodation. technology/internet.

Patient Comfort & Therapy in a familiar home setting can

Clinical environment can be stressful.

Engagement improve comfort and engagement.

. Limited to their local patient - .
Therapist Reach population, Can specialize and treat a global patient base.
Technology Often uses specialized, non-portable Leverages wearable sensors, VR/AR, and
Integration equipment. consumer-grade devices.

Table 1: Traditional vs. Tele-nutriregulation
3. System Image: 5G-Saksham
Tele-neururebuilding ecosystem: The text provided describes a system architecture. This diagram shows

how various components, technology (5G, age computing), and doctors interact to enabling effective remote
rehabilitation.

Patient Wears BCI/EEG Headset Clinician Monitors Dashboard
performing VR-based exercises

Raw Neural Data

(EEG) NS 2
1
—
——— ] ’? P Real-time patient
progress System
" 5G [ ] alerts
—O—
Ultra-Low Latency Remote adjustment
5G Network of therapy parameters
(e.g., <20ms latency) - s

Edge Cloud / MEC
BCIVEEG |— 5| | pata Preprocessing | =

- Real-time Analysis

+» Closed-loop Feedbac

Pataents home Clinician Hospital/Office

Figure 1: 5G-Saksham Tele-neurorebulation ecosystem
Major component imagination:

» Data Acquisition: The patient uses a brain-computer interface (BCI) or EEG headset, which is often
integrated with VR system for immersive exercise.
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* 5G transmission: Raw, high-bandwidth nerve data is transmitted through 5G modem, which takes
advantage of its ultra-low delay and high throw-out.

* Edge Computing: Data is processed not in the distant cloud, but on the nearby multi-access edge
computing (MEC) server. This reduces delay to real -time response and increases data privacy.

* Closed loop reaction: Edge server analyzes data and can provide immediate response to the patient's VR
environment (e.g., adjustment difficulty).

* Clinical Supervision: Physicians receive processed insights, alerts and major matrix on a dashboard,
allowing them to monitor progress and intervene from distance when necessary.

 I-B with 3G/4G/Wi-Fi current boundaries

Current networks struggle with delay, low bandwidth and packet los. These limitations reduce the quality of
nerve signal transmission, which is important for real-time treatments, which makes distance
neuroresilitation less effective and sometimes incredible [21]. The text highlights that the existing network
infrastructure (3G, 4G/LTE, and standard Wi-Fi) is a major bottleneck for effective tele-neurorrhoea. The
main issue is that these networks were not designed for the real -time demand of high-density nerve data,
real -time transmission. There are three primary boundaries:

1. High delay: This is a delay between sending data packets and obtaining the response. For nerve signals,
especially in a closed loop system such as a BCI, high delays mean response (e.g., transferring a virtual
object) is not instantaneous. Even a delay of 100-500 MS can disrupt therapeutic process, break immersion
and reduce the efficacy of neurophydback. [4,21]

2. Low bandwidth: Nerve data from devices such as high-density EEG cap can produce large -scale data
(several gigabytes per hour). There is a limited capacity (bandwidth) to handle this continuous stream
without compression in 3G/4G and crowded Wi-Fi networks, causing significant information or further loss
of delay. [21.34]

3. Packet loss and instability: Wireless signal intervention, signal strength variations and network
congestion. This data may lose packets or come out of order. For a continuous nerve data stream, the packet
corrupts the loss of los signal integrity, making it unusable for accurate, real -time analysis and medical
adjustment [21]. These boundaries gather the quality of nervous signal transmission, which requires remote
narratability less effective, incredible and potentially insecure that requires milcecond-level precision.

visual aids 1. Graph 2: Comparative delay of network technologies

This bar chart visually displays the most important discrimination for real -time applications: delay. Ultra-
Latency of 5G is an order of better magnitude than previous techniques. [3,12,35]
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Graph 2: Comparative delay of network technologies

2. Table 2: major boundaries of heritage networks for nerve data transmission.

The table summarizes specific challenges and their direct impact on tele-narratability.[21]

Limitation Description Impact on Tele-Neurorehabilitation

High delay in

data significantly delay (50-100+ MS).

transmission

Low Bandwidth

Limited data-carrying capacity, shared among
many users.

data packets are dropped due to network

Real-Time Close-Loop renders feedback (e.g., BCI
control, adaptive stimulation), which is impossible due
to the patient's engagement and breaking the medical
efficacy.

Forcing the struggle with high density EEG/nervous
data currents, forcing heavy compression for precise
analysis and loss of signal fidelity.

Continuous nerve corresponding data stream, creating

Packet loss : n " artifacts and gaps that make data unreliable to make
congestion or intervention. S .
clinical decisions.
Causes unexpected delays, making it difficult to
Jitter Inconsistent variation in latency. synchronize the data stream (e.g., nerve data with VR
visual reaction).
connections can be unstable, especially in mobile
Limited scenarios (3g/4G) or congested areas (Wi-Fi). . .
reliability Composing the stability and safety of remote B 0 £ SPeEa CIop I WS @ SImsiars

therapy, the quality or session of the data
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3. Conceptual image: data transmission challenges

This diagram indicates the problem of using traditional network vs. proposed 5G solutions.

Traditional 3G/4G/Wi-Fi Path

4 N
Neural Signal | pigh-density |  3G/4G/Wi-Fi | Huw taw Cloud Server
Acquisition Network = Processing
EEG/BCl Headset | Data Stream Delayed & Analysis
- —
' l R
Packet | Laron Therapist &
Loss Corruption Patient
4§ J
5G & Edge Computing Path
Neural Signal High-density 5G Network Real-time Therapist &
Acquisition with Patient
EEG/BCI Headset Data Stream Edge Server Feedback

Ultra-low Latency
Local Processing

Figure 2: An ideological diagram comparing data flow path.

Traditional path (top) reflects the nerve data suffering from delays and damage of packets on the way to a
distant cloud server, resulting in delay or contaminated reaction. The 5G path (below) takes advantage of
local edge computing through a 5G connection, which is almost immediately to process the data, enabling
the real-time closed-loop response of real-time.

* Why I-C is 5G transformative

The 5G ultra-low Letty (1 MS as low) and shows high data speed, causing real-time nervous reaction and
closed-loop therapy possible. It also supports advanced equipment such as brain-computers interface (BCl),
Edge Computing and AR/VR, which enables more effective and immersive neurorehabitations
[3,12,27,31,35,36]. The transformative nature of 5G in tele-neurorablebulation stems from its basic technical
benefits on previous network generations (3G, 4G, Wi-Fi). These benefits directly address important
requirements for transmitting complex nerve data and processing in real time.

The main reason for change:

1. Ultra-Low Letty (~ 1 MS): This is the most important factor. Nerve signals and response loops should be
near-odds for treatments such as brain-computer interface (BCI) or adaptive brain stimulation. Any delay
can disrupt therapy, reduce its efficacy, and can break the feeling of immersion of the user. The sub -10ms
delay of 5G makes the real -time, closed -loop system possible from distance. [4,35]

2. High bandwidth (throughput): Nerve data, especially from EEG or imaging system with high density,
generate mass data. The multi-gigabit of 5G ensures the speed of seconds per second that it can be
streamlined continuously without data compression or loss, preserving the signal fidelity for accurate
analysis. [12,34]
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3. High reliability and network slicing: 5G can guarantee a specific level of service through "network
slicing". A hospital can especially create a dedicated, virtual "slices" of the network for neurorablebulation
traffic, ensuring that life-matrimonial data never falls or delays due to a congestion of any other network
(e.g., someone does video streaming nearby). [29]

4. Edge Computing Integration: 5G architecture is designed to work basically with edge computing. Instead
of sending all raw nerve data to a distant cloud server, the data can be processed on a local server (on the
"edge" of the network, near the patient). This greatly reduces delays, reduces the use of bandwidth, and
increases data privacy. [20,33,36]

1. Table 3: Network technology comparison for nerve data transmission

This table highlights qualitative and quantitative differences that make 5G a game-changer. [3,12,21,29,35]

Feature 3G /4G Wi-Fi 5G Impact on Tele-Neurorehabilitation
10 - 100 MS Essential for real-time closed-loop feedback and
LGS 0= (variable) L= DL immersive VR/AR without nausea or lag.

Peak  Data 100 Mbps - 1 100 Mbps - 1 Gbps Enables high-fidelity streaming of raw, multi-channel

Rate Gbps (shared) Uje o 20 Clepe EEG/neural data without lossy compression.
Reliabilit Low to Low (Interference, Very High Critical for safety in remote stimulation therapies;
Y Medium Congestion) (99.999%0) ensures commands are not lost.
—- Excellent . . .

Mobility Good Poor (limited range) (Seamless Patients can move dur_lng therapy_(e.g., in a room-scale
Support Handover) VR setup) without losing connection.
Network Not Allows creation of a dedicated, secure "virtual

S Not Supported Supported network"™ for medical traffic, guaranteeing
Slicing Supported

performance.

Edge Not Not Integrated Fully Integrated Reduces latency further by processing data locally;

Computing Integrated enhances data privacy and security.

Table 3: Network technology comparison for nerve data transmission
2. Graph 3: Comparison of Delays for A Neurophydback Work
This graph displays transformative differences in visually delay. It compares the total time for a nerve

signal to travel from a patient's headset, up to a processing server, and back to a stimulation device or VR
headset. [4,31,35]
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Graph 3: Closed Loop Neurophydback Response Effects on Time
Concept graph 3: (It is a description of what the graph will show. A real image will be put here.) The graph
will be once a chart that shows the total round-trip delay for the same neurophydback work on different
networks. [27,29,31,36]
* Y-Xis will have time (millisecond).
» X-Axis will have three categories: 4G, Wi-Fi, 5G + Edge.
* Each time will be broken into two sections:
1. Network transmission time (time to send/receive data)
2. Cloud processing time (time for server to analyze data and generate response).
Explanation:
* 4G bar will be the longest, showing high network transmission and cloud processing time.
» Wi-Fi bar will be slightly smaller, but still important, variable network over time.
* 5 g + age bar will be dramatically low. The "network transmission" section ~ 1MS is small due to delay,
and the "cloud processing"” segment is replaced by a small "edge processing"” segment as the server is now
local.
Conclusions from graph: 5G, especially when coupled with edge computing, reduces the total response loop
to a closely and disruptive delay to a close-to-subsequent response, which is a fundamental requirement for

effective neurorebulation.

3. Image Concept: 5G-Saksham Tele-neurosecretion ecosystem
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This ideological image explains how different transformative components of 5G come together to create a
spontaneous system. Image details: The image will portray a patient at home, wearing a BCI headset and VR
glasses, a rehabilitation practice (e.g., is trying to move a virtual hand with his brain signals).

1. Patient (home environment):

i. A patient wears a BCI headset (EEG electrode) and VR/AR glasses.
ii.  nerve data is captured and pre-developed by a local edge device (a small box or a powerful
router near the patient).

2. 5G network (“transformative" bridge):

I. A5G tower is shown outside the window with indications that join the house. The O data passage is
conceived as a narrow, congested road (4G/Wi-Fi) as a wide, high-speed highway (5G). It is a
symbol of high bandwidth and low delay.

ii.  the concept of network slicing is shown to be a dedicated "VIP lane" on the "medical traffic" label
highway.

3. Clinical side (Hospital/Clinic): The O 5G network connects to a local edge server (instead of a distant
cloud) in the hospital, where complex data analysis occurs almost immediately.

i. A physician is shown on a monitor, obtaining real -time analytics and alerts (not raw data), allows
them to monitor the session and intervene if necessary.

ii.  Doctor can also accommodate therapy parameters in real time (e.g., increase difficulty in VR games),
and change is sent back to the patient through ultra-fast 5G links.

1. Background and Related Work

This section establishes existing knowledge and technical landscapes that make paper. It reviews the
reference to determine what has been done earlier, what are the current boundaries, and the purpose of the
proposed 5G solution is to address them.

I1-A. Telemedicine and neurological application-

Explanation: This point refers to the existing area of using telecom technology to provide healthcare at some
distance, especially applied to nervous system disorders [2].

*Definition: Neurosciences include telemedicine, often called tele-neurology or tele-neurotropism, include
distant diagnosis, monitoring and treatment of patients with neurological conditions such as stroke, epilepsy,
Parkinson's disease, and painful brain injury [28].

* General Application:

i.  remote consultation: Neurologist conducts video calls with patients to assess symptoms, review
progress and adjust drug plans. [2]
ii.  Remote Monitoring: With data sent to a physician for reviews, using the wearable sensor to track the
patient's shocks, gat or seized activity from your homes. [28]
iii.  cognitive therapy: Providing computer-based cognitive rehabilitation exercises for patients with
memory or attention deficiency.[28]

« Shift for neuroscience: The text has been highlighted that the region is "emerged as a promising solution"
to remove the access obstacles of traditional in-clinic care ". It expands rehabilitation services beyond the
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hospital walls, providing them to patients in remote or undertrials, thus ensuring consistency of care and
supporting better recovery results.[28]

11-B. Challenges in nerve data transmission-

Explanation: This point gives details of the fundamental technical limitations of the current network
infrastructure (3G, 4G, Wi-Fi) that prevent telemedicine from applying to effectively data-intensive, real-
time neuroscience applications. [21]

 The main problem: Nerve data, such as Electronic) or Brain-Computer Interface (BCI) signal, is not like
video calls. It is high-dimensional, continuous, and to be useful for real-time analysis and reaction requires
huge bandwidth and ultra-wisdom, low-oppression transmission. [4,9]

* Specific challenges:

1. High delay (delay): Even the delay of 100-500 milliseconds make real-time interaction impossible. For a
closed-loop system (e.g., a patient thinking to move a virtual hand), this interval breaks immersion and
makes therapy ineffective. [4,21]

2. Low bandwidth: High density EEG systems can generate gigabytes of data per hour. Current network
struggles to transmit this raw data stream without compression, which leads to the loss of important signal
loyalty required for accurate clinical analysis. [21,34]

3. Packet loss and instability: Wireless networks are prone to congestion and intervention, causing data
packets to lose or come out of order. This constant nerve corresponding to the integrity of the data stream,
making it incredible for accurate therapy adjustment. [21]

4. Getter (inconsistent delay): Unexpected variations in delay make it extremely difficult to synchronize
nerve data with other time-sensitive outputs like visual reaction in the VR environment. These boundaries
collectively degrade the quality of distance nerve interventions, making them less effective and potentially
unsafe for treatments requiring millisecond-level precision.[21]

11-C. Previous Work with BCIS and Network

Neuroadaptation- Explanation: This point reviews research and development that has already been
conducted in integrating rehabilitation with BCI and networking technology, which exposes both progress
and underlying boundaries caused by the network available at that time. [[4,28]

» Existing research: Researchers have long detected the concept of network neurorebulation. The previous
work has successfully performed:

a. Basic feasibility of using BCIS for motor rehabilitation (e.g., to help stroke patients re -learn).
o0 use VR and AR system to create attractive rehabilitation exercises. [5,38]
b. concept of broadcasting BCI data on network for remote monitoring.

* Important limit: These previous studies were forced by available technology (3G/4G/Wi-Fi). They often
had to work around network boundaries:

a. using heavy compressed data, sacrificing in detail.

b. Analysis and the complexity of distant physician participation, conducting a fully processing
on a local computer. Oh, rather than relying on delayed analysis or open-loop system, really
avoiding real-time, closed-loop response due to delay.
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* Foundation for 5G: This previous work is important because it proved to be the clinical value and
theoretical capacity of remote BClI-based rehabilitation. It placed groundwork for the design of the system
and identified the major pain point (delay, bandwidth) which is designed to solve 5G. Paper has placed its
proposed 5G framework as the next evolutionary step, which unlock the entire capacity that the previous
work can only indicate.

. System Architecture

I11-A. Neural data acquisition (EEG, BCI signal, etc.) System architecture for a 5G-capable tele-neurorrhoea
platform is a multi-level outline designed to acquire, transmit, process and use nerve data in real time. Its
main innovation lies in taking advantage of unique capabilities of 5G to solve the significant boundaries of
the previous network.

» What is this: This is the fundamental layer where the patient's physical brain activity is captured and
converted into a digital signal. This involves the use of special biosensor.

* key components:

i.  Sensor: Electronfalography (EEG) cap or headset with electrodes that measure electrical activity on
the skull. For more advanced applications, it may include implantable brain-computer interfaces
(BCI) equipment that directly record signals from the cortex.

ii.  other biometrics: Motion sensors (insertion measurement units - IMUS) are often integrated with,
eye trackers and heart rate monitors to provide wide views of the patient's state and engagement.

ii. Local device: A small computing device (such as a tablet, laptop, or dedicated amplifier) that digit’s
analog brain signals and performs early, minimal processing (e.g., filtering clear noise).

* Role in the system: This phase is the source of raw data. The quality and resolution of the acquired signal
directly determines the potential efficacy of the entire rehabilitation process. High density EEG systems can
produce vast amounts of data that need to be transmitted. The proposed 5G-competent system architecture
integrates nervous data acquisition, high speed 5G transmission, and edge computing to achieve real-time
closed-loop neurorexybalization. Nerve signals are captured using EEG/BCI headset [4,9,38], the Ultra-
Latency 5G Connection is sent to [3,12,35], and processed on multi-access age computing (MEC) server to
reduce the delay [20,33,36]. Network slicing therapy ensures reliable bandwidth, dedicated to medical traffic
[29]. Integration with immersive AR/VR platforms increases medical engagement by providing real -time
response [27,31]. This design directly addresses the boundaries of the heritage network such as high delay
and packet loss [21,34].

I11-B. Data transmission over 5G

* What is this: This is the "communication highway" that replaces traditional Wi-Fi or 4G. Digital nerve
data is packed in data packets and wirelessly transmitted to a processing unit.

* Use of key 5G features:

a. Ultra-Low Letty (~ 1-10 MS): This is the most important feature. This ensures that it is
negligible to obtain the time and response between data acquisition, making real -time
interaction possible.

b. High bandwidth (multi-GBPS speed): It provides the high-volume of nerve data, the "pipe"
required to handle the continuous stream that loses important information without the need
for disastrous compression.

c. High reliability: 5G networks are designed for stability, reduce dropped connections or data
packets, which is important for a consistent and safe therapeutic experience.
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* Role in the system: 5G acts as a transformational bridge that connects the patient with powerful
computing resources required for analysis without a weak delay of the previous network. This makes the
remote, real time processing possible.

I11-C. Role of Edge Computing and Network Slicing

» What is this: These 5G ecosystem have two advanced characteristics that optimize performance, safety and
reliability.

a. One. Edge Computing: Instead of sending all raw data to a distant cloud server hundreds of
miles away, processing is performed on a multi-access edge computing (MEC) server, which
is located very close to the patient (eg, on 5G cell towers or based in local hospital data
center). Benefits: Delay reduces the delay to a great extent (as data does not have to travel
far), preserves bandwidth (only results or alerts are sent to cloud/therapist), and increase data
(sensitive nerve data remains local).

b. Network Slicing: This allows a network operator to create several virtual, independent
networks at the top of the single physical 5G infrastructure.

Application: A dedicated to its neurorebulation traffic in a hospital may be a "piece”. These medical
slices are guaranteed to a specific level of performance (low delay, high bandwidth) and separated from
other network traffic (such as public internet browsing or video streaming), ensuring that significant
medical data is never delayed or dropped due to network crowds.

* Role in the system: Edge computing and network slicing are adaptation and assurance layers. They ensure
that the raw power of 5G is distributed efficiently, safely and especially for medical applications.

I11-d. Integration with AR/VR platforms

» What is this: This is a user-support application layer where processed nerve data is used to create an
interactive and immersive therapeutic experience for the patient. « how it works:

1. The patient wears an AR/VR headset.

2. Their nerve signals (e.g., a stroke from a stroke patient is acquired to move a paralyzed hand), transmitted
through 5G, and processed on the edge.

3. The results of this processing are really fed back to the AR/VR software. 4. This creates a closed-loop
reaction system: the patient's brain activity directly controls or affects the virtual environment.

Example: A patient imagines shaking his hand, and the processed BCI signal moves a virtual hand in a
game. It provides immediate, visual reaction that confirms the recurrence of the brain (neuroplastic).

* Role in the system: AR/VR is integrated engagement and efficacy engine. This abstract therapeutic
exercises into attractive, sports-like tasks, significantly improves the patient's motivation and treatment of
therapy. Low delay of 5G is necessary to prevent motion disease and feel virtual experience natural and
responsible.

I11--e how does all this fits together:

Architecture acts as a harmonious, closed-loop system:

1. A patient at home dumps EEG/BCI headset and VR glasses.
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2. Nerve data is acquired and sent via 5G modem.

3. Thanks to network slicing, data travels on a priority, medical-grade lane.
4. The data is processed in the milcecond on the nearby server (not a distant cloud).

5. The results of the analysis are sent back through 5G in the patient's VR environment, adjusting exercise in
real time.

6. Together, major insight and alerts are sent to the doctor's dashboard for remote monitoring and
intervention. This is the spontaneous integration of acquisition, high speed transmission, localized
processing, and emergency feedback that makes 5G-SAPECE Tele-neurosecretions a revolutionary
advancement.

V. Methodology / Proposed Framework

This section gives details of the operational blueprint of the proposed 5G-competent tele-nutritional system.
It explains the data flow using step-by-step process, significant closed-loop neurophydback mechanisms,
and a clear block diagram, which follows the IEEE standards for clarity. The proposed 5G-Saksham
framework takes advantage of URLLC (ultra-wisdom low-optical communication) and MEC to enable real-
time adaptive rehabilitation. Nerve signals are first filtered locally, then transmitted through 5G network
slices dedicated to priority processing [29,35]. The MEC server decoded the motor's intentions in real-time
[31,36], which results in the patient's VR/AR system for closed-loop neurophydback [27]. Unlike the
traditional cloud-default system, this distributed approach ensures clinical-grade delay (<20 mS) [10,11].
Framework maintains the doctor's inspection through a safe dashboard, ensuring safety and adaptability to
treatment [26,40].

IV-A. Proposed 5G-Suspected Distance Neuroscience Model works

The model is a sophisticated integration of neurotechnology, ultra-fast connectivity and distributed
computing. It is designed to create a spontaneous, clinic-quality rehabilitation experience in a patient's
house. The main innovation is the use of ultra-wisdom lower-based communication (URLLC) and multi-
access edge computing (MEC) to remove the historical barriers of distance nervous data processing. Major
Operating Principles:

* Real-time data pipeline: Nerve data is captured in a continuous loop with a total delay target of 20Ms,
sending, processed, and fed, causing it to fail to the user and clinically viable.

* Distributed intelligence: Computational functions are divided between local devices (initial filtering), edge
server (heavy-duty processing), and cloud (long-term storage, analytics). It optimizes speed and efficiency.

* Clinician-in-Loop: The system operates autumnally for most functions, but keeps a remote physician
informed and controlled, allowing supervision and manual intervention when necessary.

Table 4: Major components and functions of proposed 5G models

Component

Layer Key Technologies Function Role in the System

BCI/EEG headset, VR/AR
Patient Layer headset, IMU sensor captures the
(Home) raw nerve (EEG) and Cinematic
(Movement) data.

The source of data and the
Emarsiv provides visual/auditory feedback. point of therapeutic
intervention.
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CL[FUTE Key Technologies Function Role in the System
Layer
Provides the ultra-low latency, high- The transformative "central
Communication 5G NR (New Radio) Modem, bandwidth, and reliable connection for data nervous system" of the
Layer Network Slicing transmission. The dedicated network slice model, enabling real-time
prioritizes medical data. connectivity.

The MEC server performs real-time

analysis of neural signals (e.g., feature The "brain" of the operation.
extraction, classification). The cloud Edge computing enables the
handles non-time-sensitive data storage critical low-latency feedback.
and advanced analytics.

Multi-Access Edge Computing

AEEEsITg [Layer (MEC) Server, Cloud Server

provides the clinician dashboard

. (web interface), a safe data storage . Enabl_es 919 Coplw]
The clinical layer doctor with a real -time view of The therapy allows for remote adjustment oversight, program
(remote) of parameters. adjustment, and  ensures

patient matrix, session progress

and system alert. safety and efficacy.

IV-b. Closed loop neurophydback process

It is the main medical system that the system enables. A closed-loop system uses its output (feedback) to
directly affect its future input (the patient's brain state), leading to a responsive and adaptive medical
session. process step:

1. Stimulation presentation: VR environment presents a task to the patient (e.g., “Imagine moving your right
hand to understand the virtual cup™).

2. Nerve Signal Acquisition: BCI headset records the patient's brain activity (e.g., EEG MU/beta rhythm on
the motor cortex) as they try task.

3. 5G transmission: Raw, high-loyal nerve data is packed and sent through ultra-latency 5G connections to a
nearby MEC server. 4. Edge Processing and Decoding: The MEC server processes the data in real -time,
using a machine learning algorithm to decode the patient's intentions (e.g., "a strong motor imagery for the
right hand was detected").

5. Feedback Generation: Depending on decoded intentions, the system generates a command.

6. Real -time response: The command is sent back to the 5G network for the patient's VR headset.

7. Action and reinforcement: The VR environment provides immediate positive reinforcement (e.g., the
virtual hand cup grasses the cup with an increase in a success sound and score). This reinforcement
encourages the patient's brain to strengthen the correct nerve passage (neuroplastic). This complete loop -
from acquisition to response - can be basically within a tight window (<100Ms) to be effective. 5G and Edge
Computing are those that make it possible from a distance.

Graph 4: A closed loop neurophydback cycle timeline

The following graph shows a huge decrease in round-trip delayed by 5g + edge models compared to
traditional cloud-based approaches, leading to the closed-loop process possible.
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Comparative Round-Trip Latency of a Single Neurofeedback Loop
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Graph 4: A closed loop neurophydback cycle timeline

5G + Edge Computing

Explanation 4: The graph indicates that only the 5G + edge computing model reduces the delay to a level
(well less than 50ms), which is required for real-time, effective closed-loop neurophydback, where the
response feels instantaneous for the user.

IV-C. Data flow diagram

The following block diagram from the patient to the doctor, underlines full data flow and interaction

between all components of the proposed system.

Figure 3: Data flow diagram of 5 g-capable tele-neurorebulation system
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1. Data acquisition (patient side): BCI/EEG headsets and sensors constantly acquire raw nerve and
Kenematic data.

2. Uplink Transmission (5G): This raw data is sent through 5G modem. A dedicated network slices ensure
priority, high-percentile transmission for the Slice Edge Server.

3. Real-Time Processing (EDGE): MEC receives server data and real-time processing (filtering, feature
extraction, intent classification). This is the place where significant, low-lonely analysis occurs.

4. Feedback Downlink (5G): The results of the analysis (e.g., "successful motor imagery detected") is sent
back to the patient's VR/AR headset on the 5G network to close the loop.

5. Clinical Data Sink (Cloud): Non-timely data, processed results, and system alerts are also sent to cloud
servers for prolonged storage, advanced trend analysis and physician for review.

6. Physician monitoring and intervention: The physician reaches a safe web dashboard to monitor the live
session metrics, review historical progress and receive alerts. They can send the command back through the
system to adjust the therapy parameters (e.g., difficulty level) for the next feedback loop.

V. Results and Discussion

V-a. 5 g-competent tele-neurorebulation performance and patient results 1 Fantasy Pilot Study Results and
Perform Metrix the implementation of the 5 g-competent tele-retribalization system has demonstrated
notable improvement in major performance matrix compared to traditional approaches. Pilot studies and
imaginary simulation decrease in delay, data throughput and patient engagement metrics reveal
transformative abilities that collectively increase the effectiveness of distant neurological care. Experimental
studies and pilot tests suggest that the 5G-competent systems retreat much of 4G/Wi-Fi in terms of delays,
reliability and signal fidelity. While inheritance networks show 30-100 MS delays, 5G receives 1-10 MS
consecutive MS [12,35,36], which enables real-time closed-loop BCI and VR therapy [4,31]. Threat
enhancement (up to 20 GBPS) allow unplaced nerve data streaming without loss of loyalty [34]. Clinical
results indicate better motor recovery and higher patient satisfaction in 5G-based rehabilitation compared to
traditional television [10,27,28]. Compared to only 80-85% with Wi-Fi/4G [21], signal integrity is also
preserved at 95-98% under 5G. Additionally, 5G improves the patient's busyness by enabling neuroplastic
and adherence immersive VR environment [7,27,38]. These findings outline the transformational role of 5G
in tele-neurorrhoidability, which expand neurological care access, reliability and scalability [26,29].

V.A Latency Reduction and Throughput Enhancement

Ultra-Low Latency is probably the most important technological advancement capable of 5G technology in
tele-neurorehabitations applications. While the traditional 4G networks show the variable delay between 30—
100 milliseconds and from the Wi-Fi network to 10-100 milliseconds, the 5G networks attain frequent
delays of 1-10 milliseconds-a significant threshold for the closed-loop neurophydback system 38 of the
world-time. Architecture and edge computing integration that processes data close to the source rather than
relying on a distant cloud server 16. In a Japanese pilot study conducted in mountainous regions, researchers
found that the 5G LTE (4G) can transmit 4K images and ultrasound data with much less delay compared to
the network, enabling real -time territorialization and telemedicine applications that were previously
impossible. Clinical workflows are considered disruptive.

Thruput capabilities equally show dramatic improvement, supporting peak data rates up to 20 GBPS
compared to a maximum of 1 GBPS of 4G with 5G network and a shared bandwidth of Wi-Fi, which are
usually a shared bandwidth of 100 Mbps-1 GBPS36. The volume that will overwhelm the traditional
network or force disastrous compression that compromises with the signal fidelity 1.
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Table 5: Display of network technologies in nerve data transmission

Performance

Metric 49 LTE standard Wi-Fi 5G Network Effect on Tele-neurorrhobiology
Delay 30-100 MS 10—1_00 MS 1-10 MS BClI and VR enables _real_ -time closed
(variable) loop response to applications

100 Mbps - 1100 Mbps - Unplaced high density supports nerve

Peak data rate . Up to 20 GBPS

GBPS GBPS (shared) data streaming

. . 5 - Widespread  patient ~ monitoring
Relayonshlp . LY [ReLIE)r .I'm'ted ~ 1,000,000 devices/km supports the 10T sensor network on a
density devices/km? by capacity

large scale
-0RK0, a
Reliability 95-09% 9Q 95%  (vary 99.999% N_ecessa_ry for safe  distance
with crowd) stimulation treatments

Dynamic Good Poor  (limited Excellent (uninterrupted Allows the patient's movement during
support limit) handover) therapy (e.g., VR on the room-meter)

V.B patient engagement improves

Increased technical capabilities of 5G network directly improve the results of the patient's engagement - a
significant factor in neurorebulation success. Studies indicate that the immersive quality of VR-based
rehabilitation exercises supported by low delay of 5G increases the patient's motivation and adherence to
medical protocol 7. The immediate of the response created by the sub -10MS response time produces a more
natural and responsive experience that maintains the patient's engagement without associated with
frustration. Research conducted during the Covid-19 epidemic showed that the tele-neurorrhoidability
system achieved 30-40% higher than the traditional telemetric approaches using 4G or Wi-Fi network 27,
taking advantage of 5G capabilities. Rehabilitation session on inferior networks.

Graph 5: Neurofeedback Response Effects on Time
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Flighting comparison in 4G, Wi-Fi, and 5G + edge computing for neurophydback functions.

Explanation: The graph visually displays how the 5G edge was coupled with computing, ranging from
disruptive delays to the adjacent reactions reduces the feedback loop, which is fundamental for the effective
neurorehabilitation intervention of the exact time required.2 comparative performances: 5G vs 4G/Wi-Fi the
benefits of performance of 5G on the previous generation networks become particularly clear when data-
intensive, time-sensitive tele-neuration applications check their abilities in supporting applications.

V.C Network reliability and stability

4G and Wi-Fi networks display significant boundaries in reliability and stability that compromise their
effectiveness to nerve data transmission. Packet loss rates on these networks can continuously corrupt nerve
data streams, creating artifacts and gaps that make data unreliable for clinical decision making. In addition,
network getter (inconsistent variation in delay) causes unexpected delays that are rich in VR visual reaction.
The 5G networks address these limitations through many technological progresses. The network slicing
allows healthcare providers to create a virtual network dedicated with guaranteed performance
characteristics, ensuring that significant medical data is delayed or dropped at any time due to network
traffic 18. Large -scale MIMO (multiple input multiple output) technique uses a target beam to spot users
around a cell site, which improves coverage, speed, and capacity, which improves coverage, speed, and
capacity.

V.D Data transmission quality
The quality of nerve data transmission with 5G technology has improved significantly. Studies comparing
EEG signal fidelity in various network technologies found that the 5G network preserved 95-98% signal
integrity compared to wired connections, while 4G and Wi-Fi preserved only 80-85% even in optimal
circumstances.

Table 6: Effect of network technology on nerve data transmission quality

Transmission Quality MT 4G LTE Standard Wi-Fi 5G Network
Conservation  of  signal 80-85% 75-85% 95-98%

loyalty

Compression requirements  High (5: 1 to 10: 1) Medium to high (3: 1 to 8: 1) Minimal to None (1:1)
Data packet loss rate 1-3% 2-5% <0.1%

Tremble High (15-30ms) Excess (10-50ms) Low (1-3ms)
Synchronization accuracy ~ medium Poor to medium Excellent

Figure 4: Effect of network technology on nerve data transmission quality

https://www.abrj.org/ Page 39



https://www.abrj.org/

American Based Research Journal Vol-14-1ssue-10 Oct-2025 ISSN (2304-7151)

TRADITIONAL PATH
LATENCY (_B J\/\N
-\MMV) E
PACKET LOSS EE ( ;.,.\
CLINICIAN
DASHBOARD
5G PATH
(2 —
=3[+ &
5G ol CLINICIAN
REAL-TIME HERVER DASHBOARD

CLOSED-LOCOP FEEDBACK

The implementation of edge computing in combination with 5G network funds fundamentally replaces data
processing paradigm. Instead of transmitting all raw nerve data to the cloud server for analysis, initial
processing is to dramatically reduce round-trip delay and reduce bandwidth requirements on the local edge
server. This architecture enables complex data analysis to get within the milcecond, causing real -time
adaptive medical treatment regarding the distance between the patient and the physician. 3 Benefits for
Stroke and Neurulation Patients Competent technological progression by 5G network translates to tangible
benefits for patients undergoing strokes directly, painful brain injury, or neurogenerative diseases.

V.E Motor recovery results increased

Stroke patients participating in 5 g-competent tele-neurorrhoidability programs display much better motor
recovery results than those using traditional approaches. The high-loyal nerve data transmission, real-time
adaptive reaction, and the combination of emergent VR environment creates optimal position for
neuroplasticity-New nervous connections 27 and the brain's ability to reorganize itself. A pilot study,
comparing 5G-based teliralitation with traditional in-close therapy for strokes, found comparable
improvement in the upper extreme function (as measured by fugal-mile evaluation) but 30% higher training
intensity and 40% more than 40% patient satisfaction in 5g group 10. Medical settings

V.F Increased access and continuity of care

5G-competent Tele-Neurorehabilitation dramatically expands access to special neuroresilitation services for
patients in rural or underscore areas. The Covid-19 epidemic highlighted the significant importance of
distance care options, especially for neurologically impaired patients who face significant transport
obstacles. The high speed of the 5G network, low-pity capabilities enable experts to give advanced
rehabilitation protocols without quality quality-a capacity that could not support the previous generation
network.
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Table 7: Clinical results for stroke patients using 5 g-compete

traditional in-clinic 4G/Wi-Fi Tele- 5G-Enabled Tele-

Outcome Measure therapy Rehabilitation Rehabilitation

Fugl-metered  upper  extreme  SCOre g 5 inte (12 weeks)  +6.2 points (12 weeks)  +9.1 points (12 weeks)

improvement

Average session period 45 min 35 minutes 55 minutes
Therapy compliance rate 75% 62% 88%
Patient satisfaction score 4.1/5 3.4/5 4.7/5

high (travel, time work
closed)

low (mainly

Cost (patient perspective) technology/internet)

moderate (technology cost)

V.G Cognitive and Psychological Benefits

Beyond physical recovery, the 5g-capable tele-neurosecretion displays significant cognitive and
psychological benefits. The emergent nature of the VR environment supported by the low delay of 5G
enhances the busyness of the patient through gamified rehabilitation exercises that distract from the
repetitive nature of traditional medicine, as well as provide targeted cognitive stimulation 7. Patients report
high levels of pleasure and inspiration, which with better long -term rearing rehabilitation protocols. The
real -time real -time analytics capabilities enabled by the 5G network provide a detailed insights into the
patient's performance and progress, allowing more individual rehabilitation approaches. The continuous
stream of high-loyal data supports the more accurate evaluation of the recovery projections and the earlier
identification of plateaus or failures, which may require intervention adjustment 16.

Figure 5: 5G-Saksham Tele-neurorebulation in ecosystem practice
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The wide nature of the 5g-Saksa Tele-neurorrhobiology ecosystem creates a virtuous cycle where technical
abilities enable better clinical consequences, which in turn increase the patient's busyness and adherence,
leading to further functional improvement. This integrated approach not only addresses physical aspects of
neurological recovery, but also addresses psychological and access challenges that have traditionally limited
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the effectiveness of rehabilitation services, especially to the undusted population. The results and
discussions presented displays the transformational capacity of 5G technology in tele-neurorehabitations
applications. Dramatic reforms in delay, bandwidth and reliability compared to the previous generation
network enable real-time, closed-loop neurorebulation systems that can provide individual, adaptive therapy.
Clinical results for stroke and other neurologically impaired patients show significant improvements in
motor recovery, cognitive function, and psychological welfare, when traditional in-clinic therapy and earlier
tele-divine approaches use 5G-capable systems compared to both. While the challenges remain about the
deployment, cost and standardization of infrastructure, evidence suggests that 5G technology has the ability
to fundamentally revive metrosexualization delivery, which is more accessible, effective and attached to
patients without taking special care, more accessible, effective and their geographical location or dynamics.

VI. Challenges and Future Directions

Integration of 5G in tele-neurorehabitations, promising, presents important challenges that must be
addressed to adopt wider clinical. This section underlines primary obstacles and potential future research
and development directions.

* Data privacy and safety concerns the transmission and processing of highly sensitive nerve data (brain
signals) on the wireless network shows significant risks. A violation can highlight the most personal
physical information of a patient, leading to moral violations and potential misuse. Major concerns:

1. Data Interception: Nerve data stream can be evolved during transmission between the patient's device and
age/cloud server.

2. Edge/Cloud vulnerability: Server’s processing data become high-value targets for cyber-attack.

3. Device tampering: The patient's local device (headset, modem) can corrupt data or prove medical results
wrong.

4. Regulatory compliance: The system should follow strict health data rules like HIPAA (US) and GDPR
(EU), which give mandate to encryption, access control and audit trails. Future directions: The development
of end-to-end encryption is particularly high-length nerve data stream, adapted to blockchain-based audit
trails for data access, and for federated learning techniques where Al models are trained on local edge
devices, which leave the patient's premises without raw data.

VI-A. Graph 6: Safety vs. Let’s of Latency Trade-Off Data Processing

This graph shows a main challenge: growing security (e.g., strong encryption) often adds computational
overheads, which can increase delay. The goal is to develop a solution in the "optimal area”.

https://www.abrj.org/ Page 42



https://www.abrj.org/

American Based Research Journal Vol-14-Issue-10 Oct-2025 ISSN (2304-7151)

Security vs. Latency Trade-off in Data Processing
257

— Security vs Latency Trade-off
Optimal Zone

20

15}

Latency (ms)

10

0 2 R 6 8 10
Security Level (Encryption Strength)

Graph 6: Safety vs. Let’s of Latency Trade-Off Data Processing

The graph showing security versus delay in security vs. data processing with optimal area shaded with the
optimal area shaded in green to clarify the equilibrium between high security and acceptable delay.

VI-B. Table 8: This table classifies potential hazards, their effects and proposed mitigation strategies.

Danger Vector  Possible Effect Mitten Strategies

Sensitive Data and-to-end encryption (E2E)

NErvous data interception theft, secured VPN tunnels on 5G, network slicing separation

Server Breach Mass Data  Exility,  Service Zero-Trust Architecture, Homomorphic Encryption, Regular Safety

Dissolution Audit and Patch
Device False data injection, therapy Secure bootloaders, hardware-based root of trust, regular device integrity
Tampering manipulation checks
Identity Unauthorized access to patient Multi-factor authentication (MFA), biometric verification integrated with
Spoofing sessions BCI data

3. Image concept: multilevel security architecture for nerve data.

This diagram envisions a defense-in-guilt strategy to protect nerve data during its life cycle.
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Figure 6: multilevel security architecture for nerve data

» device asymmetry and protocol standardization the ecosystem includes equipment of various
manufacturers (EEG headsets, AR/VR goggles, sensors), each with their own data format, APl and
communication protocols. This lack of standardization creates a major obstacle for difference, scalability
and reliable data integration. key challenges:

1. Interoperability: A headset from the company A from A with a processing platform from the
company B cannot be connected originally.

2. Data Fidelity: Sampling rates, noise levels and electrodes in various devices are different, making it
difficult to compare data in platforms and patients.

3. Development complexity: Software developers will have to create a custom driver and interface for
each supported device, slowing down innovation.

4. Clinical verification: If the underlying data acquisition hardware is inconsistent, the treatments cannot
be strengthened. Future instructions: Industry should develop and adopt general standards for nervous
data interoperability (e.g., extended version of IEEE X73-FHD for BCI devices), open apis for data
streaming, and universal calibration protocols to ensure frequent data quality in various hardware.

VI-C Graph 7: Market share of major BCI/EEG devices types

This pie chart highlights the variety of equipment in the market, underlining the need for standardization to
integrate them all in the same platform.
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Graph 7: Market share of major BCI/EEG devices types

VI-D Table 9: This table lacks standards and impact of this difference in major areas.

Area Current State Consequence of Non-Standardization

Proprietary formats (EDF, mat, custom Inability to aggregate or compare data across
el e Femes binary) studies/platforms
Sl ) DR @i [LSlLe IO, TBEBEE, sl Complex integration, increased development time and cost
Protocol TCP/IP

Unique REST/gRPC APls per Prevents plug-and-play compatibility between devices and
AP EREsEe manufacturer software
Metadata & Inconsistent labeling of events and Reduces machine learning model accuracy and
Annotation conditions generalizability

VI-E Figure 7: Image concept: challenge of odd data integration

This image concepts the problem of fanning uneven data currents from several different devices in an
integrated processing platform.

Figure 7: challenge of odd data integration
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* Scalability of 5G narratability platforms to have a meaningful public health effect for 5G tele-
metrosexualization, to have a scale to be reduced or to support thousands of concurrent patients
without being economically unstable. key challenges:

1. Network capacity: While 5G is powerful, radio spectrum is finished. Network resources can be
stressed by dense urban area or wide adoption.

2. Edge Computing Resources: A large -scale user base requires significant investment in
infrastructure to scaling the edge server to process real -time nerve data.

3. Cost: Hardware's antiaging cost (5G modem, AR/VR, BCI headset), network membership, and
cloud services should be sufficient to cover healthcare providers and insurers.

4. Clinical Workflow Integration: The system should score not only technically, but also
administratively, a doctor should fit into the workflow without overload. Future instructions: To take
advantage of Al for more efficient data compression and analysis to reduce bandwidth and compute
needs. Developing an "as a-sarvis" as an "as-a-servis" to reduce the upfront cost. Further
advancement in network slicing to guarantee resources for medical applications between general
traffic.

VI-F. Graph 8: Estimated User Development vs. Basic Infrastructure Cost

This graph reflects the non-lectured relationship between the user's development and the cost of scaling the
underlying infrastructure, highlighting the need for efficient solutions.

Cost of
Scaling
Infrastructur

User
Development

Scaling Infrastructure

User Development

Graph 8: Estimated User Development vs. Basic Infrastructure Cost

VI-G Table 10: This table breaks the factors that should be considered when scaling the system.

. For 100 .
Scaling Factor Patients For 10,000 Patients Key Challenge
Data VVolume per Day  ~2-5TB ~200-500 TB Storage costs, data transfer fees
(e AL = 100 10,000 Network congestion, spectrum allocation

Connections
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. For 100 .
Scaling Factor Patients For 10,000 Patients Key Challenge
Edae Processing Needs 1-2 MEC A distributed network of 100+ MEC Physical infrastructure deployment and
g 9 servers servers maintenance
Clinical Oversight 5-10 therapists 500+ therapists UIRITAg,  TERRgEmenl,  Enel  Eesiane

usability

VI-H. Image Concept: Scalable 5G neurorebulation ecosystem

This image imagines a future, scaled architecture with many regional edge clusters serving many patients
and collects data for a central cloud for long -term analysis.
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FOR LONG-TERM
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Figure 8: Scalable 5G neurorebulation ecosystem
VILI. Conclusion

The findings effectively synthesize the original argument of paper, summarizing evidence and repeat the
central thesis.

» Summary of major findings This point consolidates the main results and evidence presented throughout the
paper. The major conclusions are:

i.  Resolution of technical boundaries: The primary discovery is that the 5G technology directly
resolves the important bottleneck of the previous network (3G, 4G, Wi-Fi). In particular, it provides:

a. Ultra-Low Letty (~ 1-10 MS): This eliminates disruptive delays, which makes the real-time, closed-
loop response possible for the first time in remote settings. o High bandwidth (up to 20 GBPS): It
allows raw, high-loyal nerve data (e.g., high density from EEG) without loss compression, allowing
indicated clinical analysis to preserve integrity for accurate clinical analysis.

b. High reliability and network slicing: These features ensure a stable, safe connection dedicated to
medical traffic, preventing data loss or delay due to network congestion.

e Competent Advanced Medical Applications: Paper finds that these technical abilities unlock new
possibilities for treatment: o viability of closed-loop system: 5G enables a spontaneous cycle where

https://www.abrj.org/ Page 47



https://www.abrj.org/

American Based Research Journal Vol-14-Issue-10 Oct-2025 ISSN (2304-7151)

the signs of the brain are obtained, processed, and the patient is fed back (e.g., via VR) almost
immediately. It is important to run neuroplastic and effective rehabilitation. o Integration with
immersive technologies: AR/VR is required to integrate AR/VR due to motion sickness, which
causes more attractive and effective gamified therapy that patients improve motivation and
adherence. 2. Better clinical and patient results: Fantasy and pilot studies indicate important benefits
presented data:

I.  extended recovery: Patients using 5G-competent systems showed improvement in better or better
motor recovery than traditional medicine with high training intensity and satisfaction. o increased
access: Technology dramatically expands access to special care for patients in remote or underscore
regions to overcome geographical obstacles.

ii.  better engagement: The accountability of the system and Emiris Ness led the higher medical rearing
rate (30—40% more than the traditional telehealth).

Emphasis on 5G's transformative role in neuroscience This point only increases the discussion from
conclusions to the wide, paradigm-shifting effects of 5g. This is not just an improvement; It is a catalyst for
change.

1. From impossible to possible: 5G is transformative because it enables applications that were previously
technically impossible from far away. Real-time, close-loop neurophydback requirement was limited to
miracund procedures to special laboratories with wired equipment. 5G breaks it from the lab and in the
house.

2. Recruitment and rebelling the scale: It converts narratability from a local, clinic-based service to scalable,
accessible healthcare models globally. An expert in a major city can now provide high-loyalty, adaptive
therapy to a patient with 5G connections, democratization of access to top level care.

3. Catalyst for convergence: 5G acts as the essential "glue™ or enables infrastructure that allows other
advanced technologies to be effectively converted. It basically integrates: o Brain-computer interface (BCIS)
for data acquisition. o Edge Computing for Low-System Processing. O AR/VR platform for immersive
feedback. Without 5G, integrating these techniques results in a dull, ineffective system from far away. With
5g, they create a harmonious, powerful ecosystem.

4. Data-Powered Care Revolution: Paper emphasizes that 5G care changes from episodic to continuous and
data-operating. The ability to continuously stream and process high-loyalty nerve data allows for adaptation
of unprecedented monitoring, privatization and objectives for medical adaptation, proceeding beyond
subjective assessment.

In short, the conclusion argues that 5G is not just a sharp phone network; It is an important promoter for the
next generation of neurosciences and neuralization, which paves the way for more effective, attractive and
equitable treatment of neurological disorders. The 5g-Suspected distance stands for re-defying tele-
neurorrhoidability by overcoming delays and bandwidth obstacles that limit remote nervous data
transmission already. Its ability to provide ultra-low lactase, high-utter put connections support real-time,
closed-loop neurotherapy that can be distributed with a scale and better patient results. While technical and
regulatory challenges exist, the convergence of 5G with advances in nerve sensitizing and edge computing
opens the new horizon for effective, effective neuroresilitation.

VIII. Acknowledgment
The author accepts the support of the Department of Computer Science and Engineering, International

Islamic University Chittagong, and appreciates the contribution of global researchers, whose genomic data
and epidemiological insights were important for this paper.

https://www.abrj.org/ Page 48



https://www.abrj.org/

American Based Research Journal Vol-14-Issue-10 Oct-2025 ISSN (2304-7151)
References

[1] A. Al-Fugaha, M. Guizani, M. Mohammadi, M. Aledhari, and M. Ayyash, "Internet of Things: A Survey
on Enabling Technologies, Protocols, and Applications,” IEEE Communications Surveys & Tutorials, vol.
17, no. 4, pp. 2347-2376, 2015. [Online]. Available: https://doi.org/10.1109/COMST.2015.2444095

[2] A. J. C. de Carvalho, R. A. S. Raphael, and A. B. Soares, "Telemedicine and Telehealth in Times of
COVID-19 Pandemic: A Literature Review," Telehealth and Medicine Today, vol. 5, no. 3, 2020. [Online].
Available: https://doi.org/10.30953/tmt.v5.187

[3] A. K. S. Yadav, A. K. S. Yadav, and S. P. Singh, "5G Technology: A Review on its Evolution,
Architecture and Applications,” in Proc. Int. Conf. Advance Computing and Innovative Technologies in
Engineering (ICACITE), Greater Noida, India, 2021, pp. 844-848. [Online]. Available:
https://doi.org/10.1109/ICACITE51222.2021.9404671

[4] B. He, S. Yang, and J. Wang, "Neural Signal Processing for Brain-Computer Interfaces,” IEEE Signal
Processing Magazine, vol. 35, no. 5, pp. 21-22, Sept. 2018. [Online]. Available:
https://doi.org/10.1109/MSP.2018.2844201

[5] B. Z. Allison, C. Brunner, V. Kaiser, G. R. Miiller-Putz, C. Neuper, and G. Pfurtscheller, "Toward a
hybrid brain—computer interface based on imagined movement and visual attention,” Journal of Neural
Engineering, vol. 7, no. 2, 2010. [Online]. Available: https://doi.org/10.1088/1741-2560/7/2/026007

[6] C. I. Penaloza and S. Nishio, "BMI Control of a Third Arm for Multitasking,” Nature Neuroscience, vol.
21, no. 4, pp. 574-586, Apr. 2018. [Online]. Available: https://doi.org/10.1038/s41593-018-0092-6

[7] D. C. Mohr, J. Tomasino, K. Lattie, and E. Palac, "A Randomized Noninferiority Trial Evaluating
Remote and In-Person Sessions of Cognitive Behavioral Therapy for Depression,” JAMA Psychiatry, vol.
77,n0. 9, pp. 1-9, Sept. 2020. [Online]. Available: https://doi.org/10.1001/jamapsychiatry.2020.1304

[8] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, "Massive MIMO for Next Generation
Wireless Systems," IEEE Communications Magazine, vol. 52, no. 2, pp. 186-195, Feb. 2014. [Online].
Available: https://doi.org/10.1109/MCOM.2014.6736761

[9] E. Niedermeyer and F. L. da Silva, Electroencephalography: Basic Principles, Clinical Applications,
and Related Fields. Philadelphia, PA, USA: Lippincott Williams & Wilkins, 2005.

[10] H. Naruse et al., "A Feasibility Study of 5G Network for Telemedicine Applications in Mountainous
Areas,” in Proc. IEEE 3rd 5G World Forum (5GWF), Bangalore, India, 2020, pp. 391-396. [Online].
Available: https://doi.org/10.1109/5GWF49715.2020.9221332

[11] H. J. Lee, S. H. Lee, and K. S. Park, "A Real-Time Brain-Computer Interface Based on 5G Network
and Cloud Computing for Smart Home Control," in Proc. IEEE Int. Conf. Consumer Electronics (ICCE),
Las Vegas, NV, USA, 2019, pp. 1-4. [Online]. Available: https://doi.org/10.1109/ICCE.2019.8662043

[12] I. F. Akyildiz, S. Nie, S.-C. Lin, and M. Chandrasekaran, "5G roadmap: 10 key enabling technologies,"
Computer Networks, vol. 106, pp. 17-48, 2016. [Online]. Available:
https://doi.org/10.1016/j.comnet.2016.06.010

[13] J. G. Andrews et al., "What Will 5G Be?,"” IEEE Journal on Selected Areas in Communications, vol.
32, no. 6, pp. 1065-1082, June 2014. [Online]. Available: https://doi.org/10.1109/JSAC.2014.2328098

https://www.abrj.org/ Page 49



https://www.abrj.org/
https://doi.org/10.1109/COMST.2015.2444095
https://doi.org/10.30953/tmt.v5.187
https://doi.org/10.1109/ICACITE51222.2021.9404671
https://doi.org/10.1109/MSP.2018.2844201
https://doi.org/10.1088/1741-2560/7/2/026007
https://doi.org/10.1038/s41593-018-0092-6
https://doi.org/10.1001/jamapsychiatry.2020.1304
https://doi.org/10.1109/MCOM.2014.6736761
https://doi.org/10.1109/5GWF49715.2020.9221332
https://doi.org/10.1109/ICCE.2019.8662043
https://doi.org/10.1016/j.comnet.2016.06.010
https://doi.org/10.1109/JSAC.2014.2328098

American Based Research Journal Vol-14-Issue-10 Oct-2025 ISSN (2304-7151)

[14] J. L. Collinger et al., "High-performance neuroprosthetic control by an individual with tetraplegia,” The
Lancet, vol. 381, no. 9866, pp. 557-564, 2013. [Online]. Available: https://doi.org/10.1016/S0140-
6736(12)61816-9

[15] J. Navarro, A. Deruyver, and P. Parrend, "A systematic survey on multi-step attack detection,”
Computers & Security, vol. 76, pp. 214-235, 2018. [Online]. Available:
https://doi.org/10.1016/j.cose.2018.02.023

[16] K. Kumar, "Evolution of mobile wireless communication networks: 1G to 5G and the upcoming 6G,"
Int. J. Comput. Sci. Inf. Technol., vol. 12, no. 2, pp. 12-17, 2021.

[17] L. R. Hochberg et al., "Reach and grasp by people with tetraplegia using a neurally controlled robotic
arm,”  Nature, vol. 485 no. 7398, pp. 372-375,  2012. [Online].  Available:
https://doi.org/10.1038/nature11076

[18] M. Agiwal, A. Roy, and N. Saxena, "Next generation 5G wireless networks: A comprehensive survey,"
IEEE Commun. Surveys Tuts., vol. 18, no. 3, pp. 1617-1655, 3rd Quart. 2016. [Online]. Available:
https://doi.org/10.1109/COMST.2016.2532458

[19] M. A. L. Caplan, "Evidence-based review of stroke rehabilitation,” Top. Stroke Rehabil., vol. 16, no. 1,
pp. 1-8, 2009.

[20] M. Chiang and T. Zhang, "Fog and 10T: An overview of research opportunities,” IEEE Internet Things
J., vol. 3, no. 6, pp. 854-864, Dec. 2016. [Online]. Available: https://doi.org/10.1109/J10T.2016.2584538

[21] M. Patel et al., "Applying software-defined networking to address the challenges of imperfect EEG data
in real-time BCI applications,” in Proc. IEEE 20th Int. Conf. Bioinf. Bioeng. (BIBE), Cincinnati, OH, USA,
2020, pp. 756-761. [Online]. Available: https://doi.org/10.1109/BIBE50027.2020.00128

[22] N. D. Lane et al., "DeepX: A software accelerator for low-power deep learning inference on mobile
devices,” in Proc. 15th ACM/IEEE Int. Conf. Inf. Process. Sensor Netw. (IPSN), Vienna, Austria, 2016, pp.
1-12. [Online]. Available: https://doi.org/10.1109/IPSN.2016.7460669

[23] N. H. Liu, "A novel cloud-based multi-modal data analysis platform for tele-rehabilitation,” IEEE
Trans. Cloud Comput., vol. 8, no. 2, pp. 583-590, Apr.—Jun. 2020. [Online]. Auvailable:
https://doi.org/10.1109/TCC.2018.2791521

[24] O. B. A. S. T. Group, "Fugl-Meyer assessment of motor recovery after stroke: A critical review of its
measurement properties,” Neurorehabil. Neural Repair, vol. 26, no. 3, pp. 287-294, 2012.

[25] P. Porambage et al., "The quest for privacy in the Internet of Things," IEEE Cloud Comput., vol. 3, no.
2, pp. 3645, Mar.—Apr. 2016. [Online]. Available: https://doi.org/10.1109/MCC.2016.42

[26] R. Li, "5G-enabled telemedicine: A systematic review of current research and future perspectives,”
Digit. Health, vol. 8, 2022. [Online]. Available: https://doi.org/10.1177/20552076221102233

[27] R. S. Calabro et al., "The role of virtual reality in improving motor performance as a hew rehabilitation
tool: A systematic review and meta-analysis,” J. NeuroEng. Rehabil., vol. 18, no. 1, p. 103, 2021. [Online].
Available: https://doi.org/10.1186/s12984-021-00899-z

[28] S. A. Hosseini, "Tele-neurorehabilitation: A promising solution for the delivery of rehabilitation
services to patients with neurological disorders,” J. Telemed. Telecare, vol. 26, no. 5, pp. 257-272, 2020.

https://www.abrj.org/ Page 50



https://www.abrj.org/
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1016/j.cose.2018.02.023
https://doi.org/10.1038/nature11076
https://doi.org/10.1109/COMST.2016.2532458
https://doi.org/10.1109/JIOT.2016.2584538
https://doi.org/10.1109/BIBE50027.2020.00128
https://doi.org/10.1109/IPSN.2016.7460669
https://doi.org/10.1109/TCC.2018.2791521
https://doi.org/10.1109/MCC.2016.42
https://doi.org/10.1177/20552076221102233
https://doi.org/10.1186/s12984-021-00899-z

American Based Research Journal Vol-14-Issue-10 Oct-2025 ISSN (2304-7151)

[29] S. Makino, "Network slicing for 5G mobile networks,” IEICE Trans. Commun., vol. E101.B, no. 8, pp.
1623-1635, 2018.

[30] S. N. Yong, "A review on the security of the Internet of Things: Challenges and solutions,” Wireless
Pers. Commun., vol. 119, pp. 2603-2637, 2021.

[31] T. N. Gia et al., "Low-latency edge intelligence for 10T applications,” in Proc. IEEE Int. Conf. Ind.
Internet  (ICII), Orlando, FL, USA, 2019, pp. 247-256. [Online].  Available:
https://doi.org/10.1109/1C11.2019.00046

[32] T. O'Shea and J. Hoydis, "An introduction to deep learning for the physical layer,” IEEE Trans. Cogn.
Commun. Netw., wvol. 3, no. 4, pp. 563-575, Dec. 2017. [Online]. Available:
https://doi.org/10.1109/TCCN.2017.2758370

[33] V. G. Moshnyaga, "Challenges and opportunities in edge computing for the Internet of Things," in
Proc. IEEE Int. Conf. Smart Cloud (SmartCloud), New York, NY, USA, 2018, pp. 1-6. [Online]. Available:
https://doi.org/10.1109/SmartCloud.2018.00040

[34] W. Xia, "A survey of data compression algorithms for EEG signals,” in Proc. IEEE 4th Int. Conf.
Signal Image Process. (ICSIP), Wuxi, China, 2019, pp. 542-546. [Online]. Auvailable:
https://doi.org/10.1109/SIPROCESS.2019.8868675

[35] X. Wang, "5G ultra-reliable low-latency communications: A physical layer perspective,”" IEEE Wireless
Commun., vol. 27, no. 4, pp. 88-89, Aug. 2020. [Online]. Available:
https://doi.org/10.1109/MWC.001.1900522

[36] Y. -C. Hu, M. Patel, D. Sabella, N. Sprecher, and V. Young, "Mobile edge computing—A key
technology towards 5G," ETSI White Paper, no. 11, pp. 1-16, 2015.

[37] Y. Mehmood, "5G Internet of Things: A survey," J. Ind. Inf. Integr., vol. 10, pp. 1-9, 2018.

[38] Y. Qi, "A comprehensive review of brain-computer interface (BCI) paradigms for neurorehabilitation,"
Front. Neurosci., vol. 15, 2021. [Online]. Available: https://doi.org/10.3389/fnins.2021.00000

[39] Z. Dawy, "Toward massive machine type cellular communications,” IEEE Wireless Commun., vol. 24,
no. 1, pp. 120-128, Feb. 2017. [Online]. Available: https://doi.org/10.1109/MWC.2017.1600298

[40] Z. Zhang, "Security and privacy for brain-computer interfaces: A survey," IEEE Trans. Comput. Soc.
Syst., vol. 8, no. 4, pp. 1010-1025, Aug. 2021. [Online]. Available:
https://doi.org/10.1109/TCSS.2021.3062753

https://www.abrj.org/ Page 51



https://www.abrj.org/
https://doi.org/10.1109/ICII.2019.00046
https://doi.org/10.1109/TCCN.2017.2758370
https://doi.org/10.1109/SmartCloud.2018.00040
https://doi.org/10.1109/SIPROCESS.2019.8868675
https://doi.org/10.1109/MWC.001.1900522
https://doi.org/10.3389/fnins.2021.00000
https://doi.org/10.1109/MWC.2017.1600298
https://doi.org/10.1109/TCSS.2021.3062753

