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Abstract 

Blockchain systems have gained significant attention due to decentralization 

and security properties, but they struggle with scalability. The rapid increase of 

users and decentralized applications has pushed the limits of existing 

blockchain protocols. To address these limitations, Layer-2 scaling solutions 

and sharding architectures have emerged as promising approaches. Layer-2 

protocols propose off-chain or side-chain techniques that reduce congestion on 

the main chain, while sharding partitions the network state to enable parallel 

processing. This review paper examines the core principles, strengths, 

limitations, and recent advancements in scalable Layer-2 and sharding 

architectures. We highlight case studies such as Optimistic Rollups, zk-Rollups, 

Plasma, and sharding implementations in systems like Ethereum 2.0 and Near 

Protocol. A comparative analysis and discussion on future directions and open 

challenges is also presented. The paper concludes that combining Layer-2 

solutions with efficient sharding remains imperative for achieving high 

throughput and low fees in decentralized networks. 

 

Keywords: Blockchain, Layer-2 Scaling, Sharding, Rollups, Scalability, 

Decentralized Networks, Throughput, Parallel Processing 

 

INTRODUCTION 

Blockchain technology, represented by platforms such as Bitcoin and Ethereum, has 

transformed the perception of decentralized systems. While originally hailed for its security 

and transparency, blockchain architecture suffers from scalability bottlenecks. High 
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transaction fees, network delays, and limited throughput challenge mainstream adoption. 

Traditional blockchains like Bitcoin and Ethereum handle roughly 7–15 transactions per 

second (TPS), far below centralized payment systems such as Visa (> 1,500 TPS). This 

limitation spurred innovations in scaling techniques, primarily Layer-2 (L2) protocols and 

sharding architectures. 

 

Layer-2 approaches aim to reduce the load on the main chain (Layer-1) by offloading 

transactions to secondary protocols, preserving security guarantees but enabling faster 

throughput. Sharding, on the other hand, reorganizes the blockchain into multiple independent 

parts or shards that process transactions in parallel, theoretically increasing total network 

throughput. 

 

This paper reviews the fundamental concepts of Layer-2 and sharding, evaluates leading 

implementations, compares scalability prospects, and identifies remaining challenges. 

 

BACKGROUND 

Blockchain systems are inherently secure and decentralized, but these strengths often come at 

the cost of scalability. As decentralized applications (DApps) and users proliferate, the demand 

for faster transaction processing and higher throughput grows. To address this, modern 

blockchain research has introduced concepts like Layer-2 scaling and sharding. Before delving 

into these solutions, it is essential to understand the foundational challenges and distinctions 

between blockchain layers. 

 

Scalability Trilemma 

The Scalability Trilemma, first formulated by Ethereum co-founder Vitalik Buterin, is a 

fundamental principle in blockchain design. It posits that a blockchain system can optimize for 

at most two of the following three properties simultaneously: 

 

1. Security – The ability of the blockchain to resist attacks and ensure transaction integrity. 

Security mechanisms include consensus protocols (like Proof of Work or Proof of Stake), 

cryptographic verification, and economic incentives to prevent malicious behavior. 
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2. Decentralization – The degree to which control and decision-making are distributed across 

the network, preventing central authority or single points of failure. High decentralization 

ensures censorship resistance and trustless participation. 

 

3. Scalability – The capacity of the blockchain to process a large number of transactions per 

second (TPS) and handle growing network demand without performance degradation. 

 

Trade-offs in Practice 

• Bitcoin prioritizes security and decentralization but has low scalability (~7 TPS). 

• Ethereum (pre-2.0) similarly favors security and decentralization, achieving ~15 TPS. 

• High-performance blockchains like Solana or Polygon optimize scalability and security, 

but decentralization is partially compromised, relying on fewer validators. 

 

The trilemma underscores why achieving all three properties simultaneously is challenging. 

Layer-2 protocols and sharding are approaches that attempt to improve scalability while 

maintaining acceptable levels of security and decentralization. By carefully designing off-chain 

computation (Layer-2) or parallelizing network processing (sharding), blockchains can achieve 

higher throughput without heavily sacrificing security or decentralization. 

 

Layer-1 vs Layer-2 

Blockchain architectures are commonly described in terms of layers. Understanding these 

distinctions clarifies how scaling solutions operate. 

 

Layer-1 (L1) 

Layer-1 refers to the base blockchain protocol itself. Examples include: 

• Bitcoin: Secure, decentralized, but limited in throughput. 

• Ethereum: Supports smart contracts but faces congestion issues during high demand. 

 

Layer-1 protocols are responsible for: 

• Consensus and finality 

• Maintaining the ledger and state 

• Validating transactions 
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Layer-1 improvements (like Ethereum 2.0’s PoS or sharding) aim to scale the network without 

adding additional layers, but such upgrades often require major protocol changes and are 

slow to implement. 

 

Layer-2 (L2) 

Layer-2 solutions are built on top of Layer-1 and aim to offload computational or 

transactional load from the base chain. Layer-2 solutions process transactions off-chain or in 

side networks and periodically anchor state changes back to L1 for security verification. 

 

Examples of Layer-2 Approaches: 

• State Channels: Users transact off-chain and settle only final balances on-chain (e.g., 

Lightning Network for Bitcoin). 

• Rollups: Bundle multiple transactions into a single on-chain proof to reduce congestion 

(e.g., Optimistic Rollups, zk-Rollups). 

• Plasma Chains: Child chains periodically report summaries to the main chain, reducing 

the number of on-chain transactions. 

 

Key Advantages of Layer-2: 

• High throughput: Can process hundreds to thousands of TPS. 

• Reduced fees: Minimizes expensive on-chain computations. 

• Maintains L1 security: The main chain still enforces correctness, preventing fraud. 

 

Challenges of Layer-2: 

• Dependency on the L1 protocol for security and finality. 

• Complexity in cross-chain or cross-rollup communications. 

• Risk of centralization in certain implementations if validators or operators control the off-

chain infrastructure. 

 

LAYER-2 SCALING SOLUTIONS 

Layer-2 solutions are varied but share an objective—enable faster and cheaper transactions 

while inheriting the strong security of the base chain. 
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Types of Layer-2 Solutions 

State Channels 

State channels allow participants to transact off-chain and commit only final states on-chain. 

This reduces transaction fees and latency. 

Example: Lightning Network for Bitcoin. 

 

Advantages: 

• High throughput 

• Near zero fees 

• Limitations: 

• Requires participant coordination 

• Not suitable for all use cases 

 

Plasma 

Plasma creates smaller blockchains (child chains) that periodically submit state roots to the 

main chain. It allows bulk transactions to be batched. 

 

Advantages: 

• Efficient batching 

• Faster processing 

 

Limitations: 

• Complex exit mechanisms 

• Potential data unavailability problems 

 

Rollups 

Rollups bundle multiple transactions into a single proof submitted to the main chain. 

• Optimistic Rollups: Assume validity of transactions; fraud proofs exist. 

• zk-Rollups: Use zero-knowledge proofs (SNARKs/STARKs) for strong cryptographic 

assurances. 
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Comparison Table 1: Rollup Types 

 

Table 1: Comparison of Optimistic vs zk-Rollups 

Feature Optimistic Rollups zk-Rollups 

Validation Assumed valid Verified cryptographically 

Finality Time Slower (challenge period) Faster 

Complexity Simpler More complex proofs 

Cost Efficiency Moderate High 

 

Layer-2 Case Studies 

Optimistic Rollups 

Optimistic Rollups, supported in platforms like Optimism and Arbitrum, improve throughput 

by minimizing on-chain state changes. Transactions are batched and submitted periodically, 

with fraud proofs handling dishonesty. 

 

Strengths: 

• Simple architecture 

• Compatible with existing smart contracts 

 

Weaknesses: 

• Delay due to fraud challenge period 

 

zk-Rollups 

zk-Rollups, such as zkSync and StarkNet, use zero-knowledge proofs to assert transaction 

correctness. This provides strong security and faster finality. 

 

Strengths: 

• Strong cryptographic security 

• Lower latency finality 
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Weaknesses: 

• Higher computational overhead for proof generation 

 

SHARDING ARCHITECTURES 

Sharding divides blockchain nodes into multiple groups (shards) that process transactions in 

parallel, similar to database sharding. 

 

Sharding Fundamentals 

In sharded blockchains, the entire network load is split across shards: 

• Each shard handles a subset of transactions and state 

• Validators are assigned randomly to shards 

• Cross-shard communication is essential but complex 

 

Benefits and Challenges 

Benefits: 

• Parallel transaction processing 

• Scalability improvements without huge hardware requirements per node 

 

Challenges: 

• Secure cross-shard communication 

• State consistency 

• Validator assignment and security 

 

Sharding in Practice 

Ethereum 2.0 (Consensus Layer + Sharding) 

Ethereum 2.0 (also called the Consensus layer) introduces a beacon chain and shard chains to 

increase throughput and reduce validator load. Sharding aims to eventually enable 64 shard 

chains. 

 

Key Points: 

• Beacon chain coordinates shards 

• Shards process transactions and store data 
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• Cross-links ensure consensus 

 

Near Protocol 

Near uses Nightshade sharding, where all shards produce blocks every epoch, and a block 

producer combines them into a unified structure. 

 

Benefits: 

• Balanced load across shards 

• Efficient communication 

 

Constraints: 

• Complex protocol design 

• Higher implementation complexity 

 

LAYER-2 + SHARDING: COMPLEMENTARY APPROACHES 

Combining Layer-2 solutions with sharding can maximize scaling benefits: 

• Sharding increases base chain throughput 

• Layer-2 further offloads traffic 

 

 

Figure 1: Conceptual Architecture of Combined Scaling 
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A layered diagram with: 

• Layer-0 (Networking) 

• Layer-1 (Sharded Base Chain) 

• Layer-2 Rollups and Channels 

• Application Layer (DApps) 

Arrows showing transactions flowing from user → L2 → Sharded L1 → Consensus. 

This combination supports thousands of TPS with low fees. 

 

COMPARATIVE ANALYSIS 

 

Table 2: Comparison of Layer-2 vs Sharding 

Feature Layer-2 Sharding 

Throughput Gains High (via batching) High (parallel processing) 

Security Dependency Inherits L1 security Depends on shard security 

Complexity Moderate High 

Finality Varied On-chain finality 

Adoption Growing fast Slower due to complexity 

 

CHALLENGES AND OPEN PROBLEMS 

Despite promising improvements, several issues remain: 

Data Availability 

Layer-2 solutions depend on data availability for fraud proofs and validations. If data is 

withheld, disputes may fail. 

Cross-Shard Communications 

Efficiently passing messages between shards remains intricate. Delays and security risks may 

occur. 

Validator Incentive and Security 

Sharding introduces new attack vectors, such as single-shard takeover. Random validator 

assignment and incentives must be strong. 
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Interoperability 

Different Layer-2 implementations and shard models challenge interoperability across 

ecosystems. 

Centralization Risk 

Some Layer-2 rollups or sharded coordinators may centralize authority due to infrastructure 

costs. 

 

FUTURE DIRECTIONS 

Research trends indicate: 

• Advanced zk-Techniques: Better zero-knowledge proof systems for faster verification. 

• Adaptive Sharding: Dynamically adjusting shard sizes based on load. 

• Cross-Chain Bridges: Secure, decentralized bridges between networks. 

• Hybrid Architectures: Combining state channels, rollups, and sharding in unified stacks. 

 

CONCLUSION 

Scalability is a central challenge for blockchains seeking mass adoption. This review highlights 

two promising approaches, Layer-2 scaling solutions and sharding architectures, as 

complementary mechanisms to enhance throughput while preserving decentralization and 

security. 

 

Layer-2 protocols like Optimistic Rollups and zk-Rollups offer immediate scalability 

improvements without altering the base chain. Sharding enables fundamental restructuring to 

increase network capacity via parallelism. While both techniques add complexity and face open 

research problems, their combined use paves a practical path toward scalable decentralized 

systems capable of supporting future demands. 

 

The future of blockchain scalability likely involves hybrid ecosystems where sharded Layer-1 

systems work in tandem with diverse Layer-2 protocols, achieving high throughput, low costs, 

and resilient decentralization. 
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