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Abstract - The deployment of 5G technology has 

commenced in India and other regions, aiming to facilitate 

higher data rates, reduced latency, and enhanced network 

capacity. Nonetheless, the nationwide implementation remains 

inconsistent, with service quality exhibiting considerable 

variation among operators and urban locales. This review 

evaluates 5G performance, particularly emphasizing ultra-low-

latency communication by assessing round-trip latency, 

throughput, and packet loss through empirical drive tests and 

application-level observations. Additionally, the study explores 

5G Reduced Capability (RedCap) devices as a crucial 

facilitator for industrial IoT, where it is imperative to minimize 

cost, power consumption, and hardware complexity while 

maintaining reliable connectivity. The paper underscores 

existing Quality of Service (QoS) deficiencies in 5G 

deployments and discusses the technical and policy 

interventions required to enhance latency-sensitive services in 

India. 
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I. INTRODUCTION  

 

Current 5G deployments in India by operators like Jio and 

Airtel support emerging use cases such as autonomous 

vehicles and industrial automation. However, achieving 

the sub-1ms latency required for mission-critical 

applications remains a challenge requiring further 

optimization. The deployment of 5G in India is recognized 

as a foundational technology for critical applications, 

including autonomous vehicles, remote surgery, and 

industrial automation [1][2]  (Mistry & Yadav, n.d.) (Kaur 

& Singh, n.d.). These sectors rely on Ultra-Reliable Low-

Latency Communication (URLLC), which is designed to 

enable mission-critical functions by supporting sub-1ms 

latency and 99.999% reliability [3] (Joshi, 2025).  While 

5G represents a significant advancement over previous 

generations for cyber-physical systems, current 

implementations are often viewed as a first generation that 

remains limited in terms of end-to-end predictability and 

scalability [4] 

Operator landscape and performance 

Major Indian telecommunications providers, specifically 

Reliance Jio and Bharti Airtel, have been at the forefront 

of 5G diffusion in the country [1] (Mistry & Yadav, n.d.) 

. These operators are increasingly partnering with 

stakeholders to implement 5G-enabled IoT and low-

latency services [2] (Kaur & Singh, n.d.). For instance, 

Jio has utilized its network infrastructure, such as Jio Air 

Fiber, to support low-latency requirements for 

specialized projects like smart tractor vehicle-to-

infrastructure (V2I) communication [5] (Ray et al., 2025). 

Furthermore, both Jio and Airtel have significantly 

expanded their 5G footprint, with their combined 

connections reaching 12 million in the context of fixed 

wireless access (FWA) services [6] (Bott, 2025). 

 

Latency optimization and challenges 

Achieving the performance benchmarks necessary for 

mission-critical URLLC requires rigorous network 

optimization. Research indicates that while 5G URLLC 

improves performance compared to 4G, specific 

technical configurations are required to meet sub-1ms 

targets [7][3] (Urbaniak et al., 2023) (Joshi, 2025) Table 

1 summarizes three latency optimization strategies 

commonly considered in real-time and ultra-reliable 

communication systems. It highlights how each 

technique affects latency and what cost or limitation is 

associated with its use. The comparison helps show that 

reducing delay often comes with compromises in 

throughput, control overhead, or scheduling flexibility. 

 

Table 1. Latency Optimization Strategies and Their 

Trade-offs  

Optimization 

Strategy  

Latency 

Impact 

Trade-off 

 

2-symbol mini-

slots 

52% lower 

latency 

30% throughput 

reduction 

Grant-free uplink 40% control 

plane 

reduction 

N/A 
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TDD frame 

constraints 

+1.8ms 

latency 

Requires 

dynamic 

adaptation 

   

Processing heterogeneity in user equipment (UE) can 

introduce significant latency variations, specifically 

±0.8ms in FDD and ±1.2ms in TDD, highlighting the 

need for standardized hardware capabilities [3] (Joshi, 

2025). Additionally, the integration of security features, 

such as user plane integrity protection, introduces 

overhead that can affect end-device performance, 

prompting operators to weigh security benefits against 

potential latency impairments [8] (Heijligenberg et al., 

2023). Ultimately, the transition to 6G and the evolution 

of edge computing are identified as necessary steps to 

bridge the gap between current network capabilities and 

the requirements for truly deterministic end-to-end 

communication [3][4] (Joshi, 2025) 

 

II. ULTRA-LOW LATENCY IN 5G 
Research from 2024-2025 highlights that while 5G achieves 

sub-1 ms latency via grant-free uplink and edge integration, 

commercial deployments face challenges. RedCap supports 

varied bandwidths across FR1 and FR2, though channel 

estimation remains a critical optimization bottleneck. 

Technical and commercial latency gaps 

The gap between theoretical technical capabilities and 

commercial implementation is defined by the integration of 

specialized network architectures. While 5G networks are 

architected to achieve latency under 1 ms through mechanisms 

such as grant-free uplink transmission and preconfigured 

resources , practical industrial deployments often struggle to 

maintain these thresholds outside of controlled environments. 

Research indicates that while dedicated Ultra-Reliable Low-

Latency Communication (URLLC) slices can successfully 

facilitate safety-critical control by reducing latency, the reliance 

on centralized cloud infrastructure frequently introduces delays 

that necessitate a shift toward localized edge computing . The 

synergy of 5G and edge AI is specifically intended to bridge this 

divide by minimizing centralized processing, thereby enabling 

real-time decision-making for applications like autonomous 

vehicles and industrial automation . 

 

  
Figure 1: 5G's Sub-1 ms Latency 

 

Effectiveness of grant-free uplink and edge computing 

Grant-free uplink transmission is identified as a primary enabler 

for meeting sub-millisecond latency requirements in high-

density IoT environments . By bypassing traditional scheduling 

requests, this method significantly reduces the control-plane 

overhead that typically hinders time-sensitive applications . 

When combined with edge computing, which shifts localized 

processing closer to the data source, the overall system response 

time is substantially improved compared to standard 5G 

configurations . Furthermore, techniques such as mini-slot 

allocation and grant-free uplink are essential for maintaining 

synchronization in 6G-enabled digital twin architectures, 

proving that these features are foundational to both current 5G-

Advanced and future network standards . 

 

5g Nr Redcap Channel Estimation Advances 
Enhanced battery lifetime, cost, and chip-size reduction in 5G 

New Radio (NR) RedCap devices necessitate single-antenna 

reception, making efficient channel estimation critical; [10] 

Jendraszyk et al. demonstrate that a Time-Domain-Enhanced 

(TDE) MMSE algorithm outperforms standard MMSE by 0.9 

dB in multipath conditions with only 9% silicon-area overhead, 

offering superior robustness without prior channel knowledge. 

 

RedCap performance in FR1 and FR2 bands 

RedCap (Reduced Capability) technology is designed to balance 

performance requirements across diverse industrial IoT 

applications by operating within both Frequency Range 1 (FR1) 

and Frequency Range 2 (FR2) bands. In FR1, RedCap supports 

flexible bandwidth configurations, with capabilities typically 

specified at 20 MHz [9] (Veedu et al., 2022)and scaling up to 

100 MHz [11] (Pan, 2025). Conversely, the use of the FR2 

spectrum facilitates the deployment of more sophisticated, high-

capacity architectures that support higher throughput 

requirements [10] (Pan, 2025) . These configurations often 

leverage advanced MIMO antenna setups, such as 4Rx, to 

maintain connectivity and performance stability despite the 

reduced complexity of the user equipment. 

RedCap channel estimation and throughput bottlenecks 

 

The performance of RedCap is constrained by fixed radio 

parameters and the inherent complexities of channel estimation 

in dynamic industrial environments . While RedCap aims to 

provide a middle ground between low-power wide-area 

networks and high-end 5G, its reliance on standardized sub-

carrier spacing and fixed configurations can create throughput 

bottlenecks when network conditions fluctuate . Effective 

channel estimation is critical to mitigating these limitations, 

particularly when operating in the higher-frequency FR2 bands 

where signal propagation is more susceptible to interference 

[10] (Pan, 2025).Consequently, research emphasizes the need 

for advanced control strategies to manage these parameters and 

ensure consistent performance during transitions between 4G 

and 5G network layers . Channel estimation and performance 

optimization are crucial for the effective deployment of 5G New 

Radio (NR), especially for Reduced Capability (RedCap) 

devices with limited hardware resources. These devices often 

face challenges such as multipath fading and reduced antenna 

configurations, which can degrade performance. Advanced 

channel estimation techniques, such as Time-Domain-Enhanced 

(TDE) MMSE methods, offer improved robustness and 

efficiency, making them suitable for RedCap and industrial IoT 

applications. These methods, along with flexible estimation 

frameworks, help optimize performance while maintaining 

manageable implementation overhead. 
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Time-Domain-Enhanced Mmse Methods 

TDE MMSE methods outperform standard MMSE algorithms 

by 0.9 dB under strong multipath conditions, without requiring 

additional channel knowledge, thus enhancing 

robustness[11](Jendraszyk & Korb, 2024). The TDE approach 

includes unallocated spectrum extrapolation and threshold-

based significant tap selection, which are crucial for RedCap 

devices with single-antenna reception[11](Jendraszyk & Korb, 

2024). 

 

Flexible Estimation Frameworks 

Flexible channel estimation frameworks, such as those 

implemented on vector digital signal processors (vDSP), allow 

adaptation to various IoT standards and workloads, achieving a 

15.9x speed-up compared to non-vectorized approaches[12] 

(Damjancevic et al., 2021).These frameworks are essential for 

handling the high application variability and weak radio signal 

conditions typical in IoT deployments[12] (Damjancevic et al., 

2021) 

. 

Graph Neural Networks for Channel Estimation 

Lightweight Graph Neural Networks (GNNs) like GraphNet 

offer a scalable solution for channel estimation, matching or 

exceeding the performance of traditional methods in dynamic 

environments[13](Norouzi et al., 2025). GraphNet's low 

computational footprint makes it suitable for real-time 

deployment on edge devices, enhancing robustness in 

challenging channel conditions[13](Norouzi et al., 2025). 

 

Statistical Modelling and Optimization 

Novel statistical models using LS and MMSE algorithms 

improve channel estimation accuracy by incorporating precise 

measurements of channel coefficients, enhancing performance 

in various fading scenarios[14](Sabuncu & Bilgehan, 2025). 

These models are particularly effective in non-line-of-sight 

(NLOS) and multipath environments, offering a nuanced 

approach compared to pilot-based estimation[14](Sabuncu & 

Bilgehan, 2025). 

While these advanced methods significantly enhance channel 

estimation and performance optimization, challenges remain in 

real-world 5G deployments, such as those in India. Variability 

in service quality across regions and operators highlights the gap 

between theoretical capabilities and user experience, 

emphasizing the need for continued innovation and adaptation 

in channel estimation techniques[15](Karimi & Pan, 2009). The 

integration of Time-Sensitive Networking (TSN), Deterministic 

Networking (DetNet), and network slicing within 5G networks 

significantly enhances their capability to support mission-

critical applications. TSN synchronizes devices and manages 

packet timing, while DetNet ensures deterministic behavior 

across IP networks. Network slicing allows for the separation of 

various service types, such as Ultra-Reliable Low-Latency 

Communication (URLLC), enhancing performance and 

reliability. The following sections elaborate on these 

mechanisms. 

 

TSN and DetNet Integration 

TSN provides precise timing and synchronization, crucial for 

industrial automation, ensuring minimal packet loss and robust 

communication under challenging conditions[16] (Abuibaid et 

al., 2023). DetNet extends these capabilities across IP networks, 

guaranteeing end-to-end latency and packet loss assurances for 

real-time applications[17](Deshpande et al., 2024). 

 

Network Slicing Benefits 

Network slicing enables the creation of virtual networks tailored 

to specific service requirements, such as low latency for URLLC 

and higher reliability for industrial applications [18] (Vaideghy 

et al., 2025). Simulations indicate that network slices can 

maintain latencies as low as 6 ms for vehicular traffic, even 

under peak load conditions  [18](Vaideghy et al., 2025). 

 

Practical Implementations 

The integration of TSN with network slicing allows for 

orchestrated management of resources, enhancing the 

performance of critical applications like factory automation 

[19](Bhattacharjee et al., 2021).Beyond 5G (B5G) networks are 

anticipated to further improve URLLC capabilities, leveraging 

mature transport networks for enhanced reliability[20] (Abbou 

et al., 2023). 

While the integration of these technologies presents significant 

advantages, challenges remain in ensuring that non-critical 

services do not adversely affect the performance of critical 

applications, highlighting the need for careful management and 

resource allocation. 

 

 III. CHALLENGES AND FUTURE SCOPE 

Despite its promise, 5G still faces several challenges in 

delivering consistent ultra-low latency. These include radio 

congestion, limited spectrum availability, backhaul delays, 

uneven infrastructure rollout, and operator-specific optimization 

differences. Future work should focus on edge intelligence, AI-

based scheduling, RedCap optimization, and joint radio-core-

network tuning. In addition, policy support and infrastructure 

planning are needed to improve QoS in high-density urban 

areas. As 5G matures, it is likely to play a central role in real-

time communications and industrial automation. 
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3. CONCLUSIONS 

 
The online version of the volume will be available in LNCS 

Online. Members of institutes subscribing to the Lecture Notes 

in Computer Science series have access to all the pdfs of all the 

online publications. Non-subscribers can only read as far as the 

abstracts. If they try to go beyond this point, they are 

automatically asked, whether they would like to order the pdf, 

and are given instructions as to how to do so. 
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