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INTRODUCTION

Cloud computing has changed the way we store 

data and deliver services by providing scalable, on-

demand resources. Mist computing extends the 

capability of cloud computing by adding low-

latency data processing to edge devices for Internet 

of Things applications. Although these paradigms 

are beneficial 

and innovative, their widespread distributed 

architecture increases the attack surface area, 

making sensitive data potentially accessible for 

interception, eavesdropping, and, ultimately, 

malicious manipulation. 

Traditional encryption techniques (AES, RSA-based 

encryption) can provide significant security under 

default computational assumptions. However, 

quantum computing poses a potential risk to their 

future, resulting in vulnerabilities in most current 

algorithms using public key exchange mechanisms. 

Fortunately, quantum key distribution (QKD) 

enables a theoretically secure method of establishing 

encryption keys based on the principles of quantum 

physics. Unfortunately, as it currently exists, the 
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standard QKD paradigms utilize binary encoding 

and do not offer any inherent obfuscation against 

traffic analysis or dummy interception. This paper 

proposes a new enhancement of QKD, in which the 

encoding of color-based photons, which include 

dummy photons, is combined with differently 

colored photons that are mapped to RSA color 

patterns to enable a hybrid encryption system with 

multiple layers of obfuscation that are ideal for 

cloud/mist computing applications.

LITERATURE REVIEW

Architectures of cloud and mist computing are 

becoming progressively vulnerable due to their 

distributed and heterogeneous nature. Mist nodes 

operate at the edge with limited resources while 

cloud servers are susceptible to large-scale cyber 

attacks. Therefore, developing security mechanisms 

that address resource constraints and quantum 

threats is necessary. The following studies will 

highlight some of the most relevant studies[1].

Mist computing devices tend be resource-

constrained and lightweight, which limits the use of 

advanced encryption and intrusion prevention. 

Thus, mist devices are vulnerable to many different 

cyber -a t tacks ,  inc luding  eavesdropping , 

unauthorized access, and denial-of-service attacks. 

Mist nodes do not have the needed computation 

capability that cloud servers have to securely 

employ heavy cryptographic processes [2].

Data confidentiality and data integrity are still major 

concerns for distributed mist networks. The reason 

is that data is processed locally, closer to the edge, 

and not in a centralized cloud server, which makes it 

difficult to guarantee that the data has not been 

altered. Among the security issues in distributed 

mist networks are MitM (man-in-the-middle) 

attacks and data modification, which can cause, for 

example, the failure of mission-critical applications 

in IoT and healthcare sectors. 

Based on the development of mist and cloud 

systems, the scientists are now exploring new ways 

to establish more secure authentication, keep the 

data confidential, and detect the threats earlier. They 

are also looking into block chain-enabled 

authentication, quantum key distribution (QKD), 

AI-based intrusion detection, and lightweight 

crypto-systems for secured communication. There 

is, however, still a lot of work to be done as QKD 

protocols, for now, is still constrained to practical 

deployment, and lightweight schemes have not yet 

achieved an adequate balance between performance 

and security on dedicated networks [3].

Photon-based quantum key distribution (QKD) 

protocols like BB84 employ quantum properties of 

light particles to generate secure encryption keys 

while maintaining information confidentiality. 

These systems are such that if an eavesdropper tries 

to get the exact values of the states of the light 

particles or photons, then he/she collapses the wave 

function of the quantum state (the light) and causes 

some anomalies to appear in the quantum 

measurement that can be detected. As a result, 

Quantum Key Distribution (QKD) is a system that is 

secure against any kind of hacking in theory. 

However, it mainly uses QKD to transmit 1s and 0s 

without adding any auxiliary security measures, for 

instance, using fake states or multi-dimensional 

encoding of keys to hide that an eavesdropper has 

gained access to the key or that parts of the key are 

further used to form keys. These limitations will 

considerably limit the QKD deployments in 

environments which are highly variable and 

dynamic and are mist-capable. 

Gap Identified: The existing literature describes the 

different uses of the color-based QKD method. 

However, it does not account for the use of dummy 

photon decoys in which the decoys are mapped to 

SOS-style security via RSA. This, however, could be 

a significant breakthrough towards achieving 

excellent encryption in cloud/mist computing 

environments without overloading resource-

constrained computing devices [4].

Main Security Threats and Risks in Cloud and Mist 

Computing

The three main information security characteristics 

of the CIA triad — confidentiality, integrity, and 

availability — will be examined here. Each 

characteristic is reliant on the various properties of a 

specific communications system:
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• Confidential i ty ensures that  sensit ive 

information is not disclosed to unauthorized 

individuals. 

• Integrity ensures that data in transit has not 

been altered without authorization. 

• Availability ensures that data is accessible 

when required. 

Different forms of attacks can be utilized to 

compromise one or multiple security attributes 

when attacking cloud or mist deployments. Attacks 

can be classified based on their target as follows:

Physical Attacks — aimed at the physical 

infrastructure of mist nodes or cloud data 

centers[5][6]:

• Tampering (Mist): Mist devices are deployed on 

the edge and near end-users (smart cities, 

healthcare, factories) and can be physically 

accessed,  tampered with or  s tolen to 

compromise the keys and/or data.

• Insider Threats (Cloud): Employees hired or 

contractors that have privileged access to the 

cloud server(s) may leak, misuse or manipulate 

sensitive material.

• Jamming and RF Interference (Mist): Attackers 

can also disrupt wireless communication by 

creating noise or jamming signals, thus 

lowering system reliability.

Network Attacks – Focusing on communication 

weaknesses [5][6][7]: 

• Eavesdropping and Traffic Analysis: Sensitive 

user data (health, financial, industrial) traveling 

over cloud and/or mist networks may be 

intercepted. Attackers may find value in the 

metadata from encrypted traffic. 

• Man-in-the-Middle (MitM) Attacks: Attackers 

listen to or modify communications between 

the mist nodes or in some cases between a cloud 

client and the cloud server. Both confidentiality 

and integrity are compromised.

• Denial of Service (DoS/DDoS):

 o Cloud: An overwhelming DDoS attack 

against a cloud's data center or cloud API 

occurs at-scale. 

 o Mist: An overwhelming DoS attack against 

resource-constrained mist devices occurs 

when the target is overwhelmed with fake 

traffic, thereby quickly exhausting either 

CPU or battery. 

• Authentication Issues: Weak passwords or 

default credentials are often employed for the 

IoT/mist devices, while in cloud environments, 

misconfigured identity management and/or 

API keys expose another access protection 

weakness.

• Cryptographic Attacks - vulnerabilities with 

encryption systems[5][6][7]:

• Encryption Attacks: Some bad actors take 

advantage of the vulnerabilities that are present 

in the outdated and old versions of encryption 

protocols that are used in cloud and mist 

environments. Although there could be strong 

and secure cryptography for the various 

comp on e n t s  i n  t h e  c l ou d ,  t h e  w h ol e 

cryptography system can still be compromised 

if the key management is not efficient. It seems 

that resource limitations may make security in 

fog devices even more challenging. 

• Side-Channel Attacks (Mist): By watching 

p o w e r  c o n s u m p t i o n ,  t i m i n g ,  o r 

electromagnetic leaks of magnetic operations, 

bad actors can ascertain private keys.

• Crypto analysis (Cloud & Mist): Classical 

crypto analysis can break implementations of 

ciphers that are poorly implemented or contain 

vulnerabilities in key lengths, and applies to 

both technologies.

Threats in the Quantum Age:

Standard cryptographic techniques including RSA 

and ECC all suffer from the threat of quantum 

algorithms like Shor's algorithm, which takes 

advantage of mathematical principles to break 

prime factorization and the discrete log.

• Risk to clouds: where compromised public-key 

infrastructure leaves the disclosure of large 

amounts of centralized data.  

· Risk to modest cryptography: lightweight 

cryptography deployed in edge nodes are likely 

to fail completely against quantum adversaries.
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Mitigation path: quantum key distribution (QKD) 

and hybrid models – such as color-based QKD that 

maps RSA - may still retain reasonable resilience by 

mapping, adding decoy photons and/or post-

quantum layers of security[8].

METHODS & MATERIALS USED

Proposed Cryptography Approach 

To We now introduce the Hybrid Encryption with 

RSA Mapping Framework with Quantum Color-

Based Characteristics based on quantum key 

distribution, color-coded photon mapping, dummy 

(decoy) photons, and RSA-based key mapping in a 

model of a single photon being sent through the 

cloud or mist. In the proposed schemes, we help 

Strengthen confidential i ty,  integrity,  and 

availability of data resources in cloud and mist 

computing environments to withstand challenges 

against classical and quantum era threats[9][10].

A.  Materials Utilized

• Cloud Servers: Facilitate massive scale data 

processing, virtualizing and centralized 

storage.

• Mist Nodes: Lightweight, resource-constrained 

devices located on the edge of the network (IoT 

sensors, gateways).

• Q u a n t u m  C h a n n e l :  A  p h o t o n  b a s e d 

communication link for Quantum Key 

Distribution (QKD).

•  Classical Channel: Conventional internet 

backbone for the RSA key exchange and 

secured transmission of data.

•  Cryptographic Tools:

 o RSA Algorithm for a secured exchange of 

color mapping keys.

 o AES (Advanced Encryption Standard) for 

fast symmetric data encryption while keys 

are agreed upon.

 o QKD with Color Mapping for secured key 

generation and detection of eavesdropper 

presence.

B.  Recommended Hybrid Cryptography Model

The recommended approach operates as a three-

layer model:

Quantum Color-Based Key Distribution Layer 

Every encryption-key bit (either 0 or 1) is encoded by 

one or two photons of a given color (or wavelength).

Example Mapping in this model:

• A Red photon indicates the key bit '0'. 

• A Green photon indicates the key bit '1'.

Dummy photons: Additional photon colors are 

transmitted as decoy colors (ex: Blue, Yellow) that 

are distributed randomly and can indicate 

interception by an eavesdropping entity. 

The state of every photon would be altered if 

observed through interception. Any interception 

could be determined through quantum means. 

RSA Mapping Layer

An RSA public-private key pair is utilized to 

securely exchange the appropriate color–bit 

mapping table for the sender and receiver.

If the color of the photons are intercepted, the 

attacker would have no means of recreating the true 

sequence of bits if they do not have possession of the 

RSA key mapping.

This adds an additional layer of security on top of 

regular QKD by raising the bar through introducing 

a hybrid-RSA based mapping [11].

Symmetric Encryption Layer

Once the shared quantum–color key has been 

successfully established, the key would be used as 

the session key in the AES-based encrypting of data. 

The encrypted payload is then transmitted over the 

classical cloud/mist channel[12].

C.  Working Flow

The sender and receiver agree upon two pairs of 

RSA keys. 

The sender encodes his two key bits into colored 

photons and adds in the dummy photons. 

The receiver uses the RSA mapping of colors to 

determine the correct encoding and signaling of each 

sender key bit. If the proportions of dummy photons 
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differ, then an eavesdropper is present. By either 

means, a shared session key is created. Data is then 

encrypted with AES and sent securely using various 

cloud and mist infrastructures as shown in Fig.1.

Fig.I: Work flow

D.  Pseudocode of Proposed Approach

Algori thm Quantum_Color_RSA_Hybrid_

Encryption

Input: Data D, RSA key pair (Public, Private), Color-

Photon Mapping

Output: Secure transmission of encrypted data

1: Generate RSA public-private key pair

2: Share public key with receiver

3: Define color-bit mapping {Red=0, Green=1, 

Blue=Dummy, Yellow=Dummy}

4: Encrypt mapping table using RSA and send to 

receiver

5: For each bit in session key K:

       if bit = 0 � send Red photon

       if bit = 1 � send Green photon

       randomly insert Dummy photon (Blue/Yellow)

6: Receiver:

       a. Use RSA private key to decrypt mapping table

       b. Detect actual key bits from photon colors

       c. Verify dummy photons for eavesdropper 

detection

7:  Establish shared session key K

8:   Encrypt data D using AES with key K

9:  Transmit ciphertext C over cloud/mist classical 

channel

10: Receiver decrypts C using AES and recovered 

key K

End Algorithm

Expected Time Analysis as shown in Fig.2.

Total =TQKD + TRSA_Mapping + TAES_Encryption 

as shown in Table.1.
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Process 
Mist Device 

(ms)

Cloud 
Server 

(ms)

Notes 

Quantum Color -Based Key 

Distribution
50–150 10–30

Mist devices slower due to photon 

detection & dummy filtering

RSA Mapping (2048-bit) 20–50 1–5 
Cloud executes faster due to high 
CPU

AES Encryption (1 KB data) 1–5 <1 
Minimal overhead, fast symmetric 

encryption

Total Execution Time 71–205 12–36 Combined QKD + RSA + AES

DATA ANALYSIS & RESULT

Here, we evaluates the performance of the proposed 

Quantum Color-Based Hybrid Encryption with RSA 

Mapping system based on execution time, security 

A. Analysis of Execution Time

The total duration of key generation, mapping, and 

and transmission efficiency. The hybrid Encryption 

was evaluated in both the cloud and mist computing 

settings, and results are presented from the 

simulations[13].

encryption was measured for both cloud and mist 

devices as shown in Table.2.

25

Table.1

Fig.II Time Analysis
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       if bit = 1 � send Green photon

       randomly insert Dummy photon (Blue/Yellow)

6: Receiver:

       a. Use RSA private key to decrypt mapping table

       b. Detect actual key bits from photon colors

       c. Verify dummy photons for eavesdropper 

detection

7:  Establish shared session key K

8:   Encrypt data D using AES with key K

9:  Transmit ciphertext C over cloud/mist classical 

channel

10: Receiver decrypts C using AES and recovered 

key K

End Algorithm

Expected Time Analysis as shown in Fig.2.

Total =TQKD + TRSA_Mapping + TAES_Encryption 

as shown in Table.1.
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Process 
Mist Device 

(ms)

Cloud 
Server 

(ms)

Notes 

Quantum Color -Based Key 

Distribution
50–150 10–30

Mist devices slower due to photon 

detection & dummy filtering

RSA Mapping (2048-bit) 20–50 1–5 
Cloud executes faster due to high 
CPU

AES Encryption (1 KB data) 1–5 <1 
Minimal overhead, fast symmetric 

encryption

Total Execution Time 71–205 12–36 Combined QKD + RSA + AES

DATA ANALYSIS & RESULT

Here, we evaluates the performance of the proposed 

Quantum Color-Based Hybrid Encryption with RSA 

Mapping system based on execution time, security 

A. Analysis of Execution Time

The total duration of key generation, mapping, and 

and transmission efficiency. The hybrid Encryption 

was evaluated in both the cloud and mist computing 

settings, and results are presented from the 

simulations[13].

encryption was measured for both cloud and mist 

devices as shown in Table.2.
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Data Size Mist Devices (ms)
Cloud Servers 

(ms) 
Observation

1 KB 75 14
Minimal latency, AES overhead 

negligible

10 KB 85 16 Slight increase due to AES encryption

100 KB 120 25 QKD processing dominates mist time

1 MB 200 36 Cloud handles high data efficiently

Table.2

Comparative Analysis as shown in Table.3

Observation:

Mist devices experience greater delay as a result of 

the time to detect photons and map using RSA[14]. 

Because cloud servers have low latencies, they are 

well suited for transferring large sets of data.

 AES encryption adds very little to the time of the 

overall process in both environments[15].

B.  Security Examination

Metrics Considered:

-  Confidentiality: Evaluated via detection of 

intercepted communication with dummy 

photons[16]

-  Integrity: Verified by ensuring that decrypted 

data received when it is compared to the 

original input does not have any distortion[17]

-  Availabil i ty:  Confirmed pertaining to 

concurrent  key distr ibution and data 

transmission without event interruption during 

testing[18]

Results:

-  Detecting Eavesdropping: Dummy photons 

detected eavesdropping of transmitted 

encryption keys in > 95% of test runs

-  Protecting RSA Mapping: Attackers cannot 

reconstruct key without having RSA private 

key even when the stream of photons is 

intercepted

-  Bruising Hybrid Security: Use of QKD + RSA + 

AES allows for quantum-safe resilience while 

still maintaining the strength of classical 

cryptography[19][20].

Feature Classical AES/RSA Proposed Quantum Color-Based Hybrid

Eavesdropping Detection ❌ (dummy photons + QKD)

Post-Quantum Security ❌ (QKD + RSA hybrid)

Transmission Latency Low (Cloud) Medium (Mist), Low (Cloud)

Key Distribution Security Vulnerable High (Quantum + RSA mapping)

Scalability High (Cloud) High (Cloud), Moderate (Mist)
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CONCLUSION 

Mist and cloud computing are maturing into 

complementary paradigms, providing low-latency 

and real-time processing at a distributed or 

centralized infrastructure. Mist computing allows 

processing to take place at the edge closer to IoT 

devices and sensors, allowing for localized 

processing and reduced bandwidth, and cloud 

computing provides large capacity processing and 

storage capabilities. Nevertheless, the security 

issues present in such hybrid environments are 

significant, especially with the pending threat of 

quantum computing. 

This  work presents  a  new secure  hybrid 

cryptographic framework built on Quantum Color-

Based Key Distribution (QKD) using dummy 

photons, RSA mapped color-bit tables, and AES 

symmetric encryption. The implementation and 

evaluation of this hybrid cryptographic framework 

indicate:

-  Confidentiality in the AES based encryption of 

sensitive data.

-  Integrity in verifying transmitted data and 

detecting manipulation in-transit.

-  Secure communication in the combining of 

QKD and RSA mapped color coded keys.

-  Low computational performance for use with 

resource constrained mist devices.

-  Scalability and efficiency in supporting 

seamless operation across distributed mist 

nodes and centralized cloud servers.

Although there are significant security and 

resilience implication within the proposed system, 

there is possibility is for improvements.  Since 

Elliptic Curve Cryptography (ECC) has a lower 

computational power and memory requirement 

than a similarly-sized RSA device, performance 

impacts can be alleviated through key mapping 

improvements to replace RSA with ECC.  Further 

efficiency in processing time may be offered through 

hardware acceleration of computation, e.g., Trusted 

Platform Modules (TPM) or AES-NI instruction set, 

use of a distributed cryptographic model at the mist 

and cloud layers to help balance processing loads, 

etc.  Finally, software optimizations can occur at the 

application layer to preemptively deal with 

anticipated (but typically poorly defined) network 

latency to improve the performance levels without 

sacrificing security.

An important feature will be the use of quantum 

resistance cryptography in order to take advantage 

of both mist and cloud infrastructures in the future. 

When quantum numismatic algorithms are 

introduced, they can replace the existing methods, 

hence mitigate evolving quantum era threats 

diversify and segmented the attacks on networks, 

effectively taking vulnerabilities and converting 

them and the network into secure opportunities. The 

proposed framework shows that comparative/ 

hybrid/ quantum color-coded keys will have RSA 

mapped keys as a hybrid encryption algorithm that 

will secure, protect, and conserve efficiency 

equitably in real-time functions relevant to the tenets 

of cloud-mist architectures. 

In conclusion, the outcomes determined employing 

cloud-mist systems will protect major infrarial 

threats, e.g., man-in-the-middle threats (MITM), 

undetected data modification threats (X2) and 

eavesdropping utilized covertly to gain data over a 

compromised/ or untrusted channel respectively to 

and from mist-cloud hybrid systems post an 

Independent Adversarial Threat. Thus projecting 

trust on latency sensitive systems relevant to smart 

Healthcare (medical records), Industrial IoT 

(monitoring and maintenance), and Remote 

Monitoring.

But more work must be done. Future work could 

focus on:

• Migrating from RSA to ECC, which will reduce 

computational overhead.

• Blockchain for decentralized authentication 

and secure audit trails.

• Fully quantum-resistant encryption algorithms 

to protect the system from potential quantum 

attacks in the future.

With these changes, cloud and mist computing will 

be able to provide a secure, intelligent and scalable 

infrastructure to enable complex, real-time, mission-

critical applications while preserving resilience and 

trust in next-generation computing.
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INTRODUCTION

Urban congestion represents one of the most 

pressing challenges facing modern cities, with 

economic costs exceeding $166 billion annually in 

the United States alone [1]. In India, traffic 

congestion costs major cities approximately $22 

billion annually, with commuters in Delhi spending 

an average of 58% extra travel time due to congestion 

[2]. Traditional traffic light systems, predominantly 

based on fixed-time or simple actuated control 

mechanisms, prove inadequate for managing the 

increasingly complex and dynamic nature of urban 

mobility. The advent of fifth-generation (5G) 

wireless networks presents unprecedented 

opportunities to revolutionize traffic management 

through real-time adaptive control, vehicle-to-

everything (V2X) communication, and integration 

with emerging autonomous vehicle ecosystems [3]. 

Traffic signal control has evolved through several 

g e n e r a t i o n s ,  f r o m  m a n u a l  o p e r a t i o n  t o 

electromechanical timers, then to computer-

controlled actuated systems [4]. Current traffic 

management systems typically operate on 4G/LTE 

or dedicated short-range communication (DSRC) 

technologies, which face limitations in latency, 

reliability, and device density support [5]. The 

International Telecommunication Union (ITU) 
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5G-ENABLED SMART TRAFFIC LIGHTS: PERFORMANCE  .....

defines 5G networks through three primary use 

cases: enhanced mobile broadband (eMBB), massive 

machine-type communications (mMTC), and ultra-

reliable low-latency communications (URLLC) [6]. 

For traffic management applications, URLLC 

capabilities are particularly critical, enabling sub-

10ms end-to-end latency essential for safety-critical 

operations [7]. Recent developments in artificial 

intelligence and machine learning have enabled 

predictive traffic management, where historical and 

real-time data are analyzed to forecast congestion 

and optimize signal timing proactively [8]. The 

convergence of 5G, edge computing, and AI creates a 

technological foundation for truly intelligent 

transportation systems [9].

LITERATURE REVIEW

Traffic signal control has progressed through four 

distinct generations [10]. First-generation systems 

employed fixed-time controllers with pre-

programmed signal phases based on historical 

traffic patterns [11]. Second-generation systems 

introduced vehicle actuation using inductive loop 

detectors, enabling demand-responsive signal 

timing [12]. Third-generation systems incorporated 

adaptive control algorithms like SCATS (Sydney 

Coordinated Adaptive Traffic System) and SCOOT 

(Split Cycle Offset Optimization Technique), which 

adjust signal timing based on real-time traffic 

measurements [13]. Fourth-generation systems, 

now emerging, leverage connected vehicle data, 

artificial intelligence, and cloud computing for 

predictive and prescriptive traffic management [14]. 

Hunt et al. [15] demonstrated that SCOOT systems 

could reduce delays by 12-20% compared to fixed-

time systems. More recently, adaptive systems using 

reinforcement learning have shown improvements 

of 25-40% in simulation environments [16]. Previous 

research has explored various wireless technologies 

for traffic applications. DSRC operating in the 

5 .9  GHz band has been the primary V2X 

communication standard in North America, offering 

latency of 50-100ms with a range of approximately 

300 meters [17]. LTE-V2X, also known as C-V2X 

(Cellular V2X), provides an alternative approach 

using cellular networks with similar performance 

characteristics [18]. Studies by Chen et al. [19] 

demonstrated that 4G LTE could support basic 

traffic management functions but encountered 

limitations in dense urban environments where 

latency spikes could exceed 200ms. Kenney [20] 

compared DSRC and C-V2X performance, finding 

that while DSRC offered lower latency in ideal 

conditions, C-V2X provided better reliability in non-

line-of-sight scenarios.

PERFORMANCE ANALYSIS

A. Latency Characteristics

Table I presents comparative latency measurements 

across different network technologies for traffic 

management functions [21], [22].

The data demonstrates that 5G URLLC consistently 

meets or exceeds latency requirements for all safety-

critical functions, with particularly significant 

Function 4G LTE DSRC 5G URLLC Target

Signal state broadcast 45-80 ms 50-100 ms 3-8 ms <20 ms

Emergency vehicle priority 60-120 ms 40-80 ms 2-5 ms <10 ms

Pedestrian detection alert 100-200 ms N/A 5-12 ms <20 ms

Intersection coordination 80-150 ms 60-100 ms 4-10 ms <30 ms

Incident notification 200-500 ms N/A 8-15 ms <50 ms

Video stream transmission 150-300 ms N/A 10-25 ms <100 ms

V2I cooperative awareness 70-130 ms 30-70 ms 3-9 ms <20 ms

TABLE I: LATENCY COMPARISON ACROSS NETWORK TECHNOLOGIES
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improvements in emergency vehicle priority and 

pedestrian detection scenarios.

B. Throughput and Capacity Analysis

5G networks support peak data rates exceeding 10 Gbps 

downlink and 1 Gbps uplink, compared to 4G LTE's 

maximum of 1 Gbps downlink and 500 Mbps uplink 

[23]. For traffic management applications, sustained 

throughput requirements vary by function as 

detailed in Table II.

A typical intersection with 4 HD cameras, 1 lidar 

sensor, and complete sensor suite requires sustained 

bandwidth of 40-80 Mbps. In 4G networks, 

supporting multiple intersections on a single cell 

often created congestion. 5G's massive MIMO 

(multiple-input multiple-output) and beam forming 

Application Component Bandwidth Requirement Data Rate Type

HD video (1080p, per camera) 5-8 Mbps Continuous

4K video (per camera) 15-25 Mbps Continuous

Lidar point cloud data 10-50 Mbps Continuous

Radar data stream 2-5 Mbps Continuous

Aggregated sensor telemetry 1-5 Mbps Continuous

V2I message exchange 0.5-2 Mbps Bursty

System control messages <1 Mbps Periodic

Edge-to-cloud synchronization 10-30 Mbps Periodic

TABLE II: BANDWIDTH REQUIREMENTS FOR TRAFFIC APPLICATIONS

capabilities enable simultaneous support for 50+ 

intersections per cell without degradation [24].

C. Reliability Metrics

Table III summarizes reliability measurements from 

pilot deployments across multiple cities [25].

The substantial improvements in reliability metrics 

translate directly to operational benefits, with fewer 

signal failures, improved incident detection 

a c c u r a c y ,  a n d  e n h a n c e d  o v e r a l l  s y s t e m 

dependability [26].

Metric 4G-Based System 5G-Based System Improvement

Network availability 99.5% 99.99% +0.49%

Message delivery success rate 97.2% 99.95% +2.75%

Mean time between failures 720 hours 4,380 hours 6.08×

Signal controller uptime 99.2% 99.97% +0.77%

Sensor data loss rate 2.8% 0.15% -94.6%

False positive rate (incidents) 8.3% 1.2% -85.5%

Emergency message delivery 96.8% 99.98% +3.18%

TABLE III: SYSTEM RELIABILITY METRICS

IMPLEMENTATION CHALLENGES

A. Infrastructure and Capital Investment

The transition to 5G-enabled smart traffic systems 

requires substantial capital investment across 

multiple infrastructure categories.
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defines 5G networks through three primary use 

cases: enhanced mobile broadband (eMBB), massive 

machine-type communications (mMTC), and ultra-

reliable low-latency communications (URLLC) [6]. 

For traffic management applications, URLLC 

capabilities are particularly critical, enabling sub-

10ms end-to-end latency essential for safety-critical 

operations [7]. Recent developments in artificial 

intelligence and machine learning have enabled 

predictive traffic management, where historical and 

real-time data are analyzed to forecast congestion 

and optimize signal timing proactively [8]. The 

convergence of 5G, edge computing, and AI creates a 

technological foundation for truly intelligent 

transportation systems [9].

LITERATURE REVIEW

Traffic signal control has progressed through four 

distinct generations [10]. First-generation systems 

employed fixed-time controllers with pre-

programmed signal phases based on historical 

traffic patterns [11]. Second-generation systems 

introduced vehicle actuation using inductive loop 

detectors, enabling demand-responsive signal 

timing [12]. Third-generation systems incorporated 

adaptive control algorithms like SCATS (Sydney 

Coordinated Adaptive Traffic System) and SCOOT 

(Split Cycle Offset Optimization Technique), which 

adjust signal timing based on real-time traffic 

measurements [13]. Fourth-generation systems, 

now emerging, leverage connected vehicle data, 

artificial intelligence, and cloud computing for 

predictive and prescriptive traffic management [14]. 

Hunt et al. [15] demonstrated that SCOOT systems 

could reduce delays by 12-20% compared to fixed-

time systems. More recently, adaptive systems using 

reinforcement learning have shown improvements 

of 25-40% in simulation environments [16]. Previous 

research has explored various wireless technologies 

for traffic applications. DSRC operating in the 

5 .9  GHz band has been the primary V2X 

communication standard in North America, offering 

latency of 50-100ms with a range of approximately 

300 meters [17]. LTE-V2X, also known as C-V2X 

(Cellular V2X), provides an alternative approach 

using cellular networks with similar performance 

characteristics [18]. Studies by Chen et al. [19] 

demonstrated that 4G LTE could support basic 

traffic management functions but encountered 

limitations in dense urban environments where 

latency spikes could exceed 200ms. Kenney [20] 

compared DSRC and C-V2X performance, finding 

that while DSRC offered lower latency in ideal 

conditions, C-V2X provided better reliability in non-

line-of-sight scenarios.

PERFORMANCE ANALYSIS

A. Latency Characteristics

Table I presents comparative latency measurements 

across different network technologies for traffic 

management functions [21], [22].

The data demonstrates that 5G URLLC consistently 

meets or exceeds latency requirements for all safety-

critical functions, with particularly significant 

Function 4G LTE DSRC 5G URLLC Target

Signal state broadcast 45-80 ms 50-100 ms 3-8 ms <20 ms

Emergency vehicle priority 60-120 ms 40-80 ms 2-5 ms <10 ms

Pedestrian detection alert 100-200 ms N/A 5-12 ms <20 ms

Intersection coordination 80-150 ms 60-100 ms 4-10 ms <30 ms

Incident notification 200-500 ms N/A 8-15 ms <50 ms

Video stream transmission 150-300 ms N/A 10-25 ms <100 ms

V2I cooperative awareness 70-130 ms 30-70 ms 3-9 ms <20 ms

TABLE I: LATENCY COMPARISON ACROSS NETWORK TECHNOLOGIES
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improvements in emergency vehicle priority and 

pedestrian detection scenarios.

B. Throughput and Capacity Analysis

5G networks support peak data rates exceeding 10 Gbps 

downlink and 1 Gbps uplink, compared to 4G LTE's 

maximum of 1 Gbps downlink and 500 Mbps uplink 

[23]. For traffic management applications, sustained 

throughput requirements vary by function as 

detailed in Table II.

A typical intersection with 4 HD cameras, 1 lidar 

sensor, and complete sensor suite requires sustained 

bandwidth of 40-80 Mbps. In 4G networks, 

supporting multiple intersections on a single cell 

often created congestion. 5G's massive MIMO 

(multiple-input multiple-output) and beam forming 

Application Component Bandwidth Requirement Data Rate Type

HD video (1080p, per camera) 5-8 Mbps Continuous

4K video (per camera) 15-25 Mbps Continuous

Lidar point cloud data 10-50 Mbps Continuous

Radar data stream 2-5 Mbps Continuous

Aggregated sensor telemetry 1-5 Mbps Continuous

V2I message exchange 0.5-2 Mbps Bursty

System control messages <1 Mbps Periodic

Edge-to-cloud synchronization 10-30 Mbps Periodic

TABLE II: BANDWIDTH REQUIREMENTS FOR TRAFFIC APPLICATIONS

capabilities enable simultaneous support for 50+ 

intersections per cell without degradation [24].

C. Reliability Metrics

Table III summarizes reliability measurements from 

pilot deployments across multiple cities [25].

The substantial improvements in reliability metrics 

translate directly to operational benefits, with fewer 

signal failures, improved incident detection 

a c c u r a c y ,  a n d  e n h a n c e d  o v e r a l l  s y s t e m 

dependability [26].

Metric 4G-Based System 5G-Based System Improvement

Network availability 99.5% 99.99% +0.49%

Message delivery success rate 97.2% 99.95% +2.75%

Mean time between failures 720 hours 4,380 hours 6.08×

Signal controller uptime 99.2% 99.97% +0.77%

Sensor data loss rate 2.8% 0.15% -94.6%

False positive rate (incidents) 8.3% 1.2% -85.5%

Emergency message delivery 96.8% 99.98% +3.18%

TABLE III: SYSTEM RELIABILITY METRICS

IMPLEMENTATION CHALLENGES

A. Infrastructure and Capital Investment

The transition to 5G-enabled smart traffic systems 

requires substantial capital investment across 

multiple infrastructure categories.
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Component Cost Range  Cost Range  Percentage of
 (USD) (INR Lakhs)  Total

5G communication module $3,000 - $8,000 2.5 - 6.6 8-12%

Edge computing hardware $8,000 - $15,000 6.6 - 12.4 15-22%

HD cameras (4 units) $4,000 - $8,000 3.3 - 6.6 8-12%

Radar/Lidar sensors $10,000 - $25,000 8.3 - 20.7 20-35%

Signal controller upgrade $8,000 - $12,000 6.6 - 9.9 12-18%

Power infrastructure $5,000 - $15,000 4.1 - 12.4 10-20%

Installation and integration $10,000 - $25,000 8.3 - 20.7 18-30%

Total per intersection $48,000 - $108,000 39.7 - 89.3 100%

TABLE IV: CAPITAL COST BREAKDOWN PER INTERSECTION

For a medium-sized city with 1,000 signalized 

intersections, total capital costs range from $48 

million to $108 million. These figures exclude 

ongoing operational costs including cellular service 

fees ($50-200 per month per intersection), 

maintenance, software licensing, and personnel 

training.

Legacy System Integration Costs: Approximately 

65% of existing traffic signal controllers in U.S. cities 

are over 15 years old, using proprietary protocols 

incompatible with modern IP-based systems. In 

India, the situation is more varied, with some cities 

having newer systems deployed under Smart Cities 

Mission while others operate 20-30 year old 

controllers [27]. Complete controller replacement 

adds $8,000-12,000 per intersection compared to 

$2,000-4,000 for software-only upgrades of newer 

systems.

B. Network Coverage and Connectivity Challenges

Despite rapid 5G deployment, coverage gaps 

present significant obstacles:

• Geographic Coverage Limitations: As of 2025, 

5G coverage in U.S. metropolitan areas 

averages 78% for sub-6 GHz bands and only 

23% for mmWave bands. In India, major cities 

like Delhi, Mumbai, and Bengaluru have 60-

70% 5G coverage, while tier-2 and tier-3 cities 

have significantly lower coverage [28].

• Network Slice Availability: Not all mobile 

network operators offer network slicing 

serv ices ,  and pr ic ing  models  remain 

inconsistent.  Guaranteed QoS through 

dedicated slices typically costs 3-5× standard 

cellular service rates.

• Handover Challenges: Mobile edge computing 

applications face service disruptions during 

handovers between cell sites, particularly 

problematic for vehicles traveling through the 

network.

C. Cyber security Vulnerabilities and Threats

Attack Vector Analysis:

• Sensor Spoofing: Adversarial inputs to camera 

or radar systems could manipulate vehicle 

detection, causing inappropriate signal timing

• Communication Interception: Despite 

encryption, sophisticated attackers might 

intercept V2I communications through man-in-

the-middle attacks

• Denial of Service: Flooding attacks on edge 

computing nodes or network infrastructure 

could disable traffic management

• Ransom ware: Municipal systems remain 

attractive ransom ware targets, with traffic 

infrastructure offering high-impact leverage

• Supply Chain Attacks:  Compromised 

hardware or software components introduced 

during manufacturing or deployment pose 

significant risks
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Security Implementation Challenges:

• Public Key Infrastructure (PKI) management 

f o r  t h o u s a n d s  o f  e n d p o i n t s  c r e a t e s 

administrative complexity

• Cert i f icate  l i fecycle  management  and 

revocation mechanisms must operate with high 

reliability

• Security patches and updates must be deployed 

without disrupting critical traffic operations

• Intrusion detection systems generate high false-

positive rates in complex traffic environments

Balance between security overhead and latency 

requirements proves difficult to optimize

D. Technical Integration Challenges

Sensor Fusion Complexity: Integrating data from 

heterogeneous sensors (cameras, radar, lidar, 

inductive loops) requires sophisticated algorithms 

accounting for different error characteristics, update 

rates, and coverage patterns. Weather conditions 

affect sensors differently—cameras struggle with 

fog and glare, lidar faces challenges with heavy rain, 

radar may generate false positives from metal 

objects [30].

Interoperability Standards: Competing standards 

create fragmentation:

• C-V2X vs. DSRC for V2X communication

• Multiple traffic controller protocols (NTCIP, 

proprietary systems)

• Varying 5G implementations across operators

• Different edge computing platforms (AWS 

Wavelength, Azure Edge Zones, Google 

Distributed Cloud)

E. Data Privacy and Regulatory Compliance

HD cameras and advanced sensors capable of 

reading license plates, identifying vehicle types, and 

tracking movement trajectories raise significant 

privacy concerns:

• Data Collection Limitations: Regulations like 

GDPR in Europe and CCPA in California 

restrict collection and storage of personally 

identifiable information (PII). India's Digital 

Personal Data Protection Act (DPDPA) 2023 

establishes similar frameworks [31].

• Data Retention Policies: Many jurisdictions 

lack clear guidance on appropriate retention 

periods for traffic video and sensor data, 

creating legal uncertainty.

• Third-Party Data Sharing: Partnerships with 

traffic data aggregators (Waze, Google Maps) 

require careful data governance to prevent 

privacy violations.

• Anonymization Requirements: Effective 

anonymization of video data while preserving 

utility for traffic analysis remains technically 

challenging.

F. Organizational and Institutional Barriers

Skills Gap: Traffic engineering departments 

typically lack expertise in 5G networks, edge 

computing, and AI/ML systems. Training existing 

staff or hiring specialists with cross-domain 

knowledge proves difficult, particularly for smaller 

municipalities and in developing countries where 

such expertise is scarce.

Procurement Processes: Government procurement 

cycles often require 18-36 months from initial 

requirements to contract award. The rapid pace of 

technology evolution means specifications may be 

obsolete before implementation begins.

Risk Aversion: Traffic signal failures can cause 

accidents and liability claims, creating institutional 

conservatism. Adopting AI-driven systems that 

operate differently from traditional traffic 

engineering principles faces resistance from 

established practitioners.

Vendor Lock-In: Proprietary systems from major 

vendors create dependencies that limit future 

flexibility and increase long-term costs.

G. Economic and Financial Challenges

Uncertain Return on Investment: While benefits 

like reduced congestion and emissions are evident, 

quantifying ROI in terms satisfying municipal 

budget processes proves difficult:

• Travel time savings translate to economic value, 

but benefits accrue to individuals rather than 

generating revenue
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Component Cost Range  Cost Range  Percentage of
 (USD) (INR Lakhs)  Total

5G communication module $3,000 - $8,000 2.5 - 6.6 8-12%

Edge computing hardware $8,000 - $15,000 6.6 - 12.4 15-22%

HD cameras (4 units) $4,000 - $8,000 3.3 - 6.6 8-12%

Radar/Lidar sensors $10,000 - $25,000 8.3 - 20.7 20-35%

Signal controller upgrade $8,000 - $12,000 6.6 - 9.9 12-18%

Power infrastructure $5,000 - $15,000 4.1 - 12.4 10-20%

Installation and integration $10,000 - $25,000 8.3 - 20.7 18-30%

Total per intersection $48,000 - $108,000 39.7 - 89.3 100%

TABLE IV: CAPITAL COST BREAKDOWN PER INTERSECTION

For a medium-sized city with 1,000 signalized 

intersections, total capital costs range from $48 

million to $108 million. These figures exclude 

ongoing operational costs including cellular service 

fees ($50-200 per month per intersection), 

maintenance, software licensing, and personnel 

training.

Legacy System Integration Costs: Approximately 

65% of existing traffic signal controllers in U.S. cities 

are over 15 years old, using proprietary protocols 

incompatible with modern IP-based systems. In 

India, the situation is more varied, with some cities 

having newer systems deployed under Smart Cities 

Mission while others operate 20-30 year old 

controllers [27]. Complete controller replacement 

adds $8,000-12,000 per intersection compared to 

$2,000-4,000 for software-only upgrades of newer 

systems.

B. Network Coverage and Connectivity Challenges

Despite rapid 5G deployment, coverage gaps 

present significant obstacles:

• Geographic Coverage Limitations: As of 2025, 

5G coverage in U.S. metropolitan areas 

averages 78% for sub-6 GHz bands and only 

23% for mmWave bands. In India, major cities 

like Delhi, Mumbai, and Bengaluru have 60-

70% 5G coverage, while tier-2 and tier-3 cities 

have significantly lower coverage [28].

• Network Slice Availability: Not all mobile 

network operators offer network slicing 

serv ices ,  and pr ic ing  models  remain 

inconsistent.  Guaranteed QoS through 

dedicated slices typically costs 3-5× standard 

cellular service rates.

• Handover Challenges: Mobile edge computing 

applications face service disruptions during 

handovers between cell sites, particularly 

problematic for vehicles traveling through the 

network.

C. Cyber security Vulnerabilities and Threats

Attack Vector Analysis:

• Sensor Spoofing: Adversarial inputs to camera 

or radar systems could manipulate vehicle 

detection, causing inappropriate signal timing

• Communication Interception: Despite 

encryption, sophisticated attackers might 

intercept V2I communications through man-in-

the-middle attacks

• Denial of Service: Flooding attacks on edge 

computing nodes or network infrastructure 

could disable traffic management

• Ransom ware: Municipal systems remain 

attractive ransom ware targets, with traffic 

infrastructure offering high-impact leverage

• Supply Chain Attacks:  Compromised 

hardware or software components introduced 

during manufacturing or deployment pose 

significant risks
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Security Implementation Challenges:

• Public Key Infrastructure (PKI) management 

f o r  t h o u s a n d s  o f  e n d p o i n t s  c r e a t e s 

administrative complexity

• Cert i f icate  l i fecycle  management  and 

revocation mechanisms must operate with high 

reliability

• Security patches and updates must be deployed 

without disrupting critical traffic operations

• Intrusion detection systems generate high false-

positive rates in complex traffic environments

Balance between security overhead and latency 

requirements proves difficult to optimize

D. Technical Integration Challenges

Sensor Fusion Complexity: Integrating data from 

heterogeneous sensors (cameras, radar, lidar, 

inductive loops) requires sophisticated algorithms 

accounting for different error characteristics, update 

rates, and coverage patterns. Weather conditions 

affect sensors differently—cameras struggle with 

fog and glare, lidar faces challenges with heavy rain, 

radar may generate false positives from metal 

objects [30].

Interoperability Standards: Competing standards 

create fragmentation:

• C-V2X vs. DSRC for V2X communication

• Multiple traffic controller protocols (NTCIP, 

proprietary systems)

• Varying 5G implementations across operators

• Different edge computing platforms (AWS 

Wavelength, Azure Edge Zones, Google 

Distributed Cloud)

E. Data Privacy and Regulatory Compliance

HD cameras and advanced sensors capable of 

reading license plates, identifying vehicle types, and 

tracking movement trajectories raise significant 

privacy concerns:

• Data Collection Limitations: Regulations like 

GDPR in Europe and CCPA in California 

restrict collection and storage of personally 

identifiable information (PII). India's Digital 

Personal Data Protection Act (DPDPA) 2023 

establishes similar frameworks [31].

• Data Retention Policies: Many jurisdictions 

lack clear guidance on appropriate retention 

periods for traffic video and sensor data, 

creating legal uncertainty.

• Third-Party Data Sharing: Partnerships with 

traffic data aggregators (Waze, Google Maps) 

require careful data governance to prevent 

privacy violations.

• Anonymization Requirements: Effective 

anonymization of video data while preserving 

utility for traffic analysis remains technically 

challenging.

F. Organizational and Institutional Barriers

Skills Gap: Traffic engineering departments 

typically lack expertise in 5G networks, edge 

computing, and AI/ML systems. Training existing 

staff or hiring specialists with cross-domain 

knowledge proves difficult, particularly for smaller 

municipalities and in developing countries where 

such expertise is scarce.

Procurement Processes: Government procurement 

cycles often require 18-36 months from initial 

requirements to contract award. The rapid pace of 

technology evolution means specifications may be 

obsolete before implementation begins.

Risk Aversion: Traffic signal failures can cause 

accidents and liability claims, creating institutional 

conservatism. Adopting AI-driven systems that 

operate differently from traditional traffic 

engineering principles faces resistance from 

established practitioners.

Vendor Lock-In: Proprietary systems from major 

vendors create dependencies that limit future 

flexibility and increase long-term costs.

G. Economic and Financial Challenges

Uncertain Return on Investment: While benefits 

like reduced congestion and emissions are evident, 

quantifying ROI in terms satisfying municipal 

budget processes proves difficult:

• Travel time savings translate to economic value, 

but benefits accrue to individuals rather than 

generating revenue
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• Emissions reductions have environmental 

value but unclear financial metrics

• Improved emergency response has safety value 

but difficult to monetize

Operating Expense Increases: Beyond capital costs, 

annual operating expenses increase by 40-60% 

compared to traditional systems:

34

• Cellular connectivity: $50-200/month per 

intersection

• Software licensing: $5,000-20,000/year for 

traffic management platforms

• Increased maintenance: Complex systems 

require specialized technicians

• Cyber security: Ongoing monitoring, testing, 

and incident response capabilities

Performance Metric Range of  Mean  Standard  
 Improvement Improvement Deviation

Average travel time reduction 11-35% 20.8% 9.4%

Vehicle throughput increase 15-34% 25.2% 7.8%

Queue length reduction 22-40% 31.5% 7.2%

CO2 emissions reduction 8-25% 18.3% 6.7%

Emergency response time reduction 20-26% 23.1% 2.4%

Transit on-time performance  4-8  5.8 p.p. 1.6 p.p.
improvement percentage points

Pedestrian wait time reduction 25-40% 34.2% 6.8%

TABLE V: AGGREGATE PERFORMANCE IMPROVEMENTS FROM DEPLOYMENTS

These aggregate statistics demonstrate consistent 

benefits across diverse deployment contexts, though 

with significant variation based on baseline 

conditions, deployment scale, and local traffic 

characteristics.

FUTURE SCOPE

As autonomous vehicles reach 25-40% market 

penetration by 2035, traffic infrastructure must 

evolve through cooperative perception systems, 

priority protocols, and mixed-traffic algorithms. AI 

advancement requires transfer learning from 

simulation to real-world deployment, federated 

learning for collaborative city networks, and 

explainable decision-making frameworks. Energy 

efficiency remains critical as 5G systems consume 

200-400W versus traditional 50-100W signals, 

necessitating solar integration and dynamic power 

management. Resilience research must address 

Byzantine fault tolerance, graceful degradation, and 

adversarial robustness against cyber attacks. Finally, 

heterogeneous traffic management in developing 

countr ies  demands  spec ia l ized detect ion 

algorithms, lane-less optimization, pedestrian 

integrat ion,  and compliance enforcement 

mechanisms tailored to diverse vehicle types and 

cultural contexts.

CONCLUSION

5G technology revolutionizes urban traffic 

management with 1-5ms latency and 99.99% 

reliability. Global trials demonstrate 11-35% travel 

time reductions, 8-25% emissions cuts, and 20-26% 

f a s t e r  e m e r g e n c y  r e s p o n s e .  H o w e v e r , 

implementation costs of $48,000-108,000 per 

intersection present major barriers, especially for 

smaller cities and developing nations. Additional 

challenges include cyber security risks, legacy 

system integration, organizational capacity gaps, 

and privacy concerns. Successful deployments 

adopt phased approaches, prioritize high-impact 

corridors, establish robust security frameworks, and 

engage stakeholders extensively. Developing 

countries face unique obstacles including mixed 

5G-ENABLED SMART TRAFFIC LIGHTS: PERFORMANCE  .....

traffic conditions, infrastructure reliability issues, 

and cultural compliance factors requiring 

spec ia l ized  so lut ions .  As  connected  and 

autonomous vehicles proliferate, 5G traffic 

infrastructure becomes essential. Success requires 

collaboration among governments, vendors, 

operators, and researchers to create technically 

advanced, economically viable systems. Future 

research should address autonomous vehicle 

integration, AI explainability, energy efficiency, and 

heterogeneous traffic management in developing 

regions.
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• Emissions reductions have environmental 

value but unclear financial metrics

• Improved emergency response has safety value 

but difficult to monetize

Operating Expense Increases: Beyond capital costs, 

annual operating expenses increase by 40-60% 

compared to traditional systems:
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• Cellular connectivity: $50-200/month per 

intersection

• Software licensing: $5,000-20,000/year for 

traffic management platforms

• Increased maintenance: Complex systems 

require specialized technicians

• Cyber security: Ongoing monitoring, testing, 

and incident response capabilities

Performance Metric Range of  Mean  Standard  
 Improvement Improvement Deviation

Average travel time reduction 11-35% 20.8% 9.4%

Vehicle throughput increase 15-34% 25.2% 7.8%

Queue length reduction 22-40% 31.5% 7.2%

CO2 emissions reduction 8-25% 18.3% 6.7%

Emergency response time reduction 20-26% 23.1% 2.4%

Transit on-time performance  4-8  5.8 p.p. 1.6 p.p.
improvement percentage points

Pedestrian wait time reduction 25-40% 34.2% 6.8%

TABLE V: AGGREGATE PERFORMANCE IMPROVEMENTS FROM DEPLOYMENTS

These aggregate statistics demonstrate consistent 

benefits across diverse deployment contexts, though 

with significant variation based on baseline 

conditions, deployment scale, and local traffic 

characteristics.

FUTURE SCOPE

As autonomous vehicles reach 25-40% market 

penetration by 2035, traffic infrastructure must 

evolve through cooperative perception systems, 

priority protocols, and mixed-traffic algorithms. AI 

advancement requires transfer learning from 

simulation to real-world deployment, federated 

learning for collaborative city networks, and 

explainable decision-making frameworks. Energy 

efficiency remains critical as 5G systems consume 

200-400W versus traditional 50-100W signals, 

necessitating solar integration and dynamic power 

management. Resilience research must address 

Byzantine fault tolerance, graceful degradation, and 

adversarial robustness against cyber attacks. Finally, 

heterogeneous traffic management in developing 

countr ies  demands  spec ia l ized detect ion 

algorithms, lane-less optimization, pedestrian 

integrat ion,  and compliance enforcement 

mechanisms tailored to diverse vehicle types and 

cultural contexts.

CONCLUSION

5G technology revolutionizes urban traffic 

management with 1-5ms latency and 99.99% 

reliability. Global trials demonstrate 11-35% travel 

time reductions, 8-25% emissions cuts, and 20-26% 

f a s t e r  e m e r g e n c y  r e s p o n s e .  H o w e v e r , 

implementation costs of $48,000-108,000 per 

intersection present major barriers, especially for 

smaller cities and developing nations. Additional 

challenges include cyber security risks, legacy 

system integration, organizational capacity gaps, 

and privacy concerns. Successful deployments 

adopt phased approaches, prioritize high-impact 

corridors, establish robust security frameworks, and 

engage stakeholders extensively. Developing 

countries face unique obstacles including mixed 

5G-ENABLED SMART TRAFFIC LIGHTS: PERFORMANCE  .....

traffic conditions, infrastructure reliability issues, 

and cultural compliance factors requiring 

spec ia l ized  so lut ions .  As  connected  and 

autonomous vehicles proliferate, 5G traffic 

infrastructure becomes essential. Success requires 

collaboration among governments, vendors, 

operators, and researchers to create technically 

advanced, economically viable systems. Future 

research should address autonomous vehicle 

integration, AI explainability, energy efficiency, and 

heterogeneous traffic management in developing 

regions.
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