
ABSTRACT

The increasing complexity of System on Chip architectures has significantly intensified semiconductor

verification challenges. Traditional workflows require extensive manual effort for testcase generation,

constraint extraction, interface interpretation, and validation of complex hardware interactions. Recent

advances in Large Language Models enable automation via long context reasoning, prompt engineering,

and AI assisted test synthesis. This study presents a comprehensive analytical framework for LLM-driven

semiconductor verification using structured prompt orchestration, prompt chaining, semantic context

engineering, and token aware optimisation. The analysis evaluates single shot and multi shot prompting,

hierarchical prompt templates, staged reasoning pipelines, context management strategies, and token

utilization efficiency for complex RTL verification tasks. The framework also investigates long context

processing using Gemini 1.5 based architectures capable of handling large scale SoC repositories without

conventional chunk fragmentation limitations. Comparative evaluation shows that multi shot prompt

orchestration significantly improves reasoning continuity, verification completeness, and hallucination

resistance while enabling scalable handling of interdependent RTL modules. The proposed framework

contributes to scalable AI assisted verification systems for next generation Electronic Design Automation

workflows.
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1. Introduction

Semiconductor verification is among the most computationally intensive phases in modern chip design. As

SoC architectures grow in complexity, conventional methodologies struggle with hierarchical reasoning,

interface interpretation, constraint extraction, cross module dependency tracking, and test case generation.

Heterogeneous subsystems and large scale simulation environments further amplify these challenges.

Traditional verification pipelines rely heavily on manual test construction, rule based scripting, assertion

engineering, and repetitive debugging. Even with existing EDA tools, verification engineers expend considerable

effort understanding RTL semantics, identifying corner cases, and constructing comprehensive validation

scenarios. Recent LLM advances offer transformative opportunities. Long-context LLM architectures can

process large-scale RTL repositories, simulation libraries, parameter definitions, and verification environments

within a unified reasoning framework, enabling automated test case generation, hierarchical design

interpretation, assertion synthesis, and context-aware verification orchestration.

This study presents a journal-ready analytical framework investigating structured prompt engineering, multi-

shot reasoning, semantic context management, and token-aware optimisation within LLM-driven

semiconductor verification systems. The framework evaluates prompt orchestration strategies, staged

reasoning pipelines, adaptive context engineering, and scalable token management methodologies for complex

SoC verification environments.

2. Early Studies and Background

Modern semiconductor devices must deliver high performance while maintaining minimal power consumption,

especially in mobile, IoT, and energy efficient systems. Verification remains one of the most resource intensive

phases: nearly half of IC project schedules are devoted to verification activities. Despite decades of EDA

advancements, functional bugs still escape to silicon, causing costly respins and delays. [1].

The Universal Verification Methodology has become the industry standard due to its flexibility, scalability,

and reusability. UVM introduced standardized verification infrastructure supporting reusable testbench

architectures. [2]. However, conventional UVM still depends heavily on manual expertise for test generation,

coverage analysis, and debugging. Integrating AI and ML into UVM represents a transformative advancement.

Early AI/ML focused on automating fault detection and test generation; later frameworks support adaptive

verification. [3, 4]. More recently, LLMs have emerged for code generation, bug summarization, hardware

debugging, and design assistance. Domain specific LLMs, reflective reasoning, and autonomous agents are

making verification more automated and intelligent. [5].

2.1 Evolution of Universal Verification Methodology in Semiconductor Verification

UVM provides modular, reusable testbenches that support constrained-random, coverage-driven, and

assertion based verification. It improved scalability and maintainability. However, conventional UVM
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struggles with low power, heterogeneous systems. Soriano [6] proposed UVM LP integrated with AI/ML

analytics. AI enhanced UVM can analyze verification data, optimize regression suites, and dynamically generate

tests.

2.2 Artificial Intelligence and Machine Learning in Semiconductor Verification

AI/ML initially automated fault detection and test generation. Over time, these techniques became more

sophisticated. ML can predict failure scenarios and optimize coverage. Ludwig proposed an ML driven

verification pipeline. AI is also used for predictive maintenance and yield prediction in semiconductor

manufacturing. [7, 8, 9].

2.3 Large Language Models in Semiconductor Verification Frameworks

LLMs offer reasoning, code generation, and summarization capabilities. Skakov [10] introduced Firefly, an

LLM based mutation testing framework. Ghosh [11] proposed an LLM framework that links semiconductor

performance to physical structure using multi-agent architectures. Liu [12] and colleagues developed domain-

fine-tuned LLMs that outperformed GPT-4 on EDA tasks. Liu et al. [13] showed specialized training improves

RTL generation. Chang et al. [14] demonstrated that high-quality domain datasets improve performance. Yao

[15] proposed LLM assisted HDL debugging. Tsai [16] focused on automatic RTL syntax error correction.

Blocklove [17] used conversational LLMs for hardware design. He [18] introduced an autonomous EDA agent.

Chen [19] proposed Large Circuit Models. Many systems remain limited by small public datasets.[20]

2.4 Self Reflection and Autonomous Reasoning

Self reflection mechanisms allow LLMs to critique and correct their reasoning. Qu [21] demonstrated that

iterative self feedback guides successive reasoning attempts. Shinn [22] reported that Reflexion architecture

achieved high accuracy on coding benchmarks. Toolformer enables autonomous API integration. These

capabilities are highly relevant for semiconductor verification.[23]

2.5 Emerging Semiconductor Architectures

As transistor scaling slows, alternative paradigms emerge. Black Semiconductor develops graphene based

photonic interconnects. [24, 25, 26] Neuromorphic and brain inspired computing, including photonic in

memory weights and spiking attention models, promise low power LLM inference. Large LLM curated datasets

support materials discovery. [27, 28]

2.6 Challenges and Research Opportunities

Challenges include scarcity of domain specific datasets, interpretability, computational infrastructure, and

integration into existing workflows. Future research needs scalable datasets, explainable AI, and collaborative

platforms.

3. Dataset

The dataset [29] is a large context semiconductor verification environment for AI assisted EDA. It includes

heterogeneous artifacts: RTL design files, hardware configuration parameters, simulation libraries, user

manuals, testbenches, and example testcases. These form a long context reasoning environment that emulates

real-world SoC verification.
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A key characteristic is long context processing. Prompt contexts exceed 560,000 tokens for Watchdog Timer

verification and approximately 610,000 tokens for USI SPI verification, evaluating scalability without

aggressive chunking.

The dataset is hierarchically organized. The first category contains user documentation and design specifications

describing subsystem functionality, interface behavior, register mappings, timing constraints, and operational

requirements. These provide high level contextual understanding. The second category consists of RTL design

repositories containing Verilog or SystemVerilog modules the dominant source of tokens. The third category

contains parameter and configuration files defining clock frequencies, reset behavior, register addresses,

protocol settings, and interrupt configurations. The dataset also includes simulation libraries and verification

environments with initialization scripts, verification macros, peripheral access routines, and interrupt handlers.

Testbench repositories provide reusable verification structures and baseline test case templates.

Sample verification test cases serve as a few-shot learning reference, demonstrating initialisation procedures,

peripheral configuration, polling mechanisms, interrupt handling, assertion patterns, and simulation

termination protocols. The dataset supports prompt engineering experiments, including single shot, multi

shot, prompt chaining, recursive refinement, and token efficiency optimization. The notebook architecture

demonstrates staged verification reasoning: requirement interpretation, RTL parsing, signal extraction,

constraint identification, test synthesis, and validation through sequential prompt orchestration. This reduces

hallucination, improves verification completeness, and enhances semantic consistency.

The dataset is suitable for research in AI assisted verification, large context reasoning, EDA prompt engineering,

automated test generation, RTL interpretation, and scalable SoC automation. Overall, it represents a

comprehensive, large context verification environment that integrates RTL repositories, hardware

specifications, parameter configurations, simulation frameworks, and test cases within a unified AI assisted

architecture.

4. Framework

4.1 Context Management Strategies

Large scale verification requires efficient handling of extensive RTL repositories and documentation.

Conventional RAG systems use semantic chunking and vector databases, which can fragment interdependent

RTL logic. The proposed framework instead uses full-context, long-window reasoning supported by large-

context LLM architectures, preserving structural continuity across modules.

Table 1 compares context management strategies. Vector DB or RAG approaches use chunked retrieval based

on semantic similarity, while full-context with caching loads the entire repository, preserving structural

continuity. For cross-module dependencies, vector methods carry a high risk of fragmentation, whereas full-

context preserves hierarchical relationships. Engineering overhead is high for vector methods due to embedding

and indexing maintenance; full context has low preprocessing overhead. Query redundancy appears as repeated

retrieval in vector methods, while cached context is reused. The best fit for vector methods is loosely coupled

documentation; full context excels at complex interdependent SoC designs.

Full-context reasoning improves logical continuity across RTL modules and preserves interface relationships
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that would otherwise be lost during chunk-based retrieval. The framework incorporates in memory caching to

prevent repetitive tokenization of static files during iterative workflows, substantially improving token

efficiency.

Aspect

Context Handling

Cross-Module Dependencies

Engineering Overhead

Query Redundancy

Best Fit

Vector DB / RAG
Approach

Chunked and retrieved via
semantic similarity

High fragmentation risk

High due to embedding and
indexing maintenance

Repeated retrieval operations

Loosely
coupled documentation

Full-Context + Caching
(Gemini 1.5)

Entire repository loaded with
structural continuity

Preserved
hierarchical relationships

Low preprocessing overhead

Cached context reused across
prompts

Complex interdependent SoC
designs

Table 1. Context Management Strategies

for Chip Verification
4.2 Prompt Engineering Framework

Prompt engineering forms the foundation of the proposed LLM assisted verification framework. The architecture

adopts a hierarchical prompt structure: role definition, design context, verification objectives, example guid-

ance, and structured output constraints. The effective prompt layering proceeds from the system prompt to

the design context, then to verification requirements, then to a few shot examples, and finally to the expected

output format. This layered structure improves semantic isolation and enables more deterministic testcase

synthesis.

4.3 Structured Prompt Components

The role definition establishes the LLM as an expert verification engineer. The design context layer includes

RTL modules, signal definitions, architectural descriptions, simulation libraries, parameters, and constraints.

The verification layer defines test generation targets and goals. The output format layer enforces deterministic

testcase structure, syntax constraints, assertion formatting, and simulation termination behavior. Structured

orchestration substantially improves testcase consistency and output reliability.

5. Analysis

5.1 Single Shot and Multi Shot Prompting

Single shot prompting uses a single instruction sequence that includes RTL context and a direct request for

test case generation. The typical workflow is RTL plus requirement into a single prompt producing testcase

generation. Single shot provides lower latency, reduced token utilization, and simplified orchestration, making

it suitable for lightweight syntax oriented tasks or small module verification. However, it demonstrates limited

reasoning continuity and weaker hierarchical understanding for large scale interdependent RTL environments.
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Metric                                    Single-Shot  Multi-Shot

Token Usage Low        High

Verification Depth Moderate        High

Scalability Moderate      Strong

Reasoning Continuity Weak      Strong

Hallucination Resistance Lower       Higher

Complex RTL Handling Limited      Strong

Prompt Management Simple     Complex

Table 2. Comparative Evaluation of

Prompting Strategies

The analytical results (Table 2) indicate that multi-shot prompting provides substantially higher verification

quality in large-scale SoC environments, despite higher token consumption.

Multi shot prompting decomposes verification into staged reasoning steps supported by multiple structured

examples. The multi-shot verification workflow proceeds from requirements understanding to RTL

interpretation, then to signal identification, constraint extraction, and finally test case generation. Multi shot

significantly improves semantic alignment, reasoning continuity, hallucination resistance, large design

handling, and verification completeness. Structured examples enable the LLM to infer testcase patterns,

register access behavior, interrupt handling, and simulation termination logic.

6. LLM Configuration and Long-Context Processing

The rapid expansion of semiconductor design complexity has created substantial challenges for conventional

Artificial Intelligence-assisted verification workflows. Traditional Large Language Model (LLM) architectures

with limited context windows often struggle to process extensive Register-Transfer Level (RTL) repositories,

simulation environments, parameter hierarchies, and interdependent subsystem documentation

simultaneously. Such limitations often require aggressive semantic chunking, context truncation, or retrieval-

based fragmentation strategies that may interrupt logical continuity across hardware modules. To address

these challenges, the proposed analytical framework adopts a long-context reasoning architecture based on

Gemini 1.5 Flash, enabling scalable full-context verification reasoning across large semiconductor repositories.

The selection of Gemini 1.5 Flash is motivated by its ability to support extremely large context windows of up

to 2 million tokens. This capability is particularly important for semiconductor verification environments,

where the combined size of RTL modules, test benches, configuration files, hardware documentation,

verification constraints, and sample test cases can exceed several hundred thousand tokens. Conventional

context-restricted models generally require repeated retrieval cycles or context reduction mechanisms,

which may introduce semantic inconsistencies and reduce verification accuracy. In contrast, the proposed
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framework preserves repository-level continuity, thereby enabling the LLM to maintain awareness of

hierarchical relationships among hardware modules, protocol interfaces, timing constraints, and subsystem

dependencies.

The framework further emphasizes structured prompt engineering in conjunction with long-context processing.

Instead of treating verification as a single, isolated generation task, the architecture integrates multi-shot

prompting, recursive reasoning workflows, semantic context ordering, and staged test case refinement

mechanisms. Such integration enables the LLM to interpret verification requirements progressively while

maintaining awareness of prior reasoning outputs and subsystem-level interactions.

A critical challenge in large-context semiconductor reasoning involves balancing semantic completeness

with computational efficiency. Although large-context architectures can theoretically process full repositories,

inefficient context loading may significantly increase token redundancy and computational overhead.

Consequently, the framework integrates context caching, adaptive module selection, semantic prioritization,

and structured token-management strategies to improve reasoning scalability without sacrificing verification

quality.

The adopted configuration parameters are summarized in Table 3.

Parameter

Model

Context Window

Prompting Type

Temperature

Top-p

Max Output Tokens

Value / Strategy

Gemini 1.5 Flash

Up to 2,000,000
 tokens

Multi-shot

1.0

0.95

20,000

Rationale

Long-context optimization

Full SoC processing without chunking

Structured testcase learning

Balance between creativity and correctness

Stable token generation

Large testcase generation support

Table 3. LLM Configuration and Prompt Engineering

Parameters

Caching MechanismIn-memory context cache Reduced re-tokenization overhead

The analytical configuration presented in Table 3 demonstrates that the framework is specifically optimized

for large-scale semiconductor verification rather than general-purpose conversational reasoning. The

extended context window allows simultaneous loading of RTL repositories, verification libraries, protocol

specifications, configuration files, and few-shot testcase examples into a unified reasoning environment. Such

repository-level continuity substantially improves cross-module dependency tracking and reduces the

semantic fragmentation commonly observed in retrieval-based architectures.
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The framework adopts a multi-shot prompting methodology because semiconductor verification tasks typically

involve sequential reasoning rather than isolated code generation. Verification engineers must interpret

subsystem behavior, identify signal dependencies, understand register mappings, infer operational constraints,

and synthesize structurally valid testcases. Multi-shot prompting provides the LLM with intermediate reasoning

examples, improving semantic alignment and reducing hallucination-related inconsistencies.

Temperature and top-p sampling parameters are selected to balance deterministic testcase generation with

adaptive reasoning flexibility. Excessively deterministic sampling may reduce the LLM’s ability to identify

corner-case verification scenarios or to infer implicit hardware interactions. Conversely, excessively stochastic

sampling may introduce syntactic instability or logically inconsistent assertions. The adopted configuration

therefore seeks to preserve verification correctness while enabling sufficient exploratory reasoning for complex

hardware environments.

The maximum output-token allocation further supports the generation of extensive verification programs

containing initialization procedures, configuration sequences, interrupt handling, polling logic, assertion

mechanisms, timeout detection, and simulation control structures. Semiconductor verification workflows

frequently require long structured outputs rather than short code fragments, particularly when validating

highly interconnected subsystems.

An additional architectural component involves the integration of an in memory caching mechanism. In

large-context semiconductor workflows, many repository files remain static across iterative prompting stages.

Repeated tokenization of unchanged RTL files, configuration libraries, and user documentation introduces

unnecessary computational overhead and increases inference latency. The proposed caching mechanism

therefore stores previously tokenized contexts and selectively reuses them during subsequent prompt-

generation cycles. This approach significantly improves token-utilization efficiency while preserving semantic

continuity.

The large-context architecture also improves the handling of hierarchical System-on-Chip (SoC) environments.

Semiconductor verification frequently requires simultaneous reasoning across processor interfaces, memory

controllers, communication buses, interrupt systems, clock domains, and peripheral subsystems. Retrieval-

based chunking approaches may isolate these components into disconnected semantic fragments, thereby

weakening the consistency of reasoning. Full-context reasoning instead preserves the structural relationships

among interconnected modules and enables more coherent verification synthesis.

Another important advantage of long-context reasoning involves improved support for verification

traceability. Verification engineers often require a direct correlation among generated test cases, subsystem

specifications, parameter configurations, and underlying RTL implementations. By preserving repository

continuity within a unified context window, the framework enables the LLM to maintain stronger semantic

alignment between design intent and generated verification logic.

The framework additionally demonstrates scalability across heterogeneous semiconductor repositories that

contain mixed data modalities, such as Verilog modules, SystemVerilog assertions, simulation macros,

hardware specifications, and software based peripheral control utilities. The ability to process heterogeneous

verification artifacts within a single reasoning context substantially improves the flexibility of AI-assisted
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Electronic Design Automation (EDA) workflows.

From an analytical perspective, the long-context configuration significantly reduces the need for aggressive

preprocessing operations. Conventional verification pipelines often require embedding generation, vector-

database indexing, semantic retrieval optimization, and chunk-priority ranking. These preprocessing stages

may increase engineering overhead while introducing additional points of semantic failure. By leveraging

large-context reasoning, the proposed framework minimizes preprocessing complexity and simplifies

verification orchestration.

The framework also establishes a foundation for future autonomous verification systems capable of repository-

level reasoning, adaptive testcase generation, and continuous integration with simulation infrastructures.

Long-context processing, therefore, represents a critical enabling technology for scalable next-generation

semiconductor verification ecosystems.

7. Prompt Chaining Architecture

The proposed semiconductor verification framework further integrates a structured prompt chaining

architecture to improve reasoning continuity, test case quality, and verification robustness across large scale

RTL repositories. Semiconductor verification tasks frequently involve multiple interdependent reasoning

stages that cannot be reliably addressed using a single prompt generation operation. Complex verification

environments require requirement interpretation, interface extraction, constraint identification, assertion

synthesis, and iterative validation. Consequently, the framework adopts a staged reasoning methodology in

which specialized prompts collaboratively contribute to testcase generation and verification refinement.

Prompt chaining refers to the sequential orchestration of multiple prompts, in which the output from one

reasoning stage serves as the contextual input for subsequent stages. This architecture enables progressive

semantic refinement while reducing cognitive overload within individual prompt generation cycles. Instead

of requiring the LLM to perform all verification operations simultaneously, the reasoning process is

decomposed into modular analytical stages.

7.1 Sequential Verification Pipeline

The verification workflow is organized into a structured sequence of analytical stages designed to mirror

conventional semiconductor verification methodologies. Each stage focuses on a specialized reasoning

objective while preserving semantic continuity across the broader verification pipeline. The stage-based

verification chain proceeds from requirements analysis to RTL semantic parsing, then interface extraction,

followed by constraint identification, test generation, and finally assertion synthesis.

The requirement analysis stage interprets subsystem specifications, operational constraints, interface

expectations, and verification objectives. This stage establishes the semantic foundation for subsequent

verification reasoning and enables the framework to identify the intended functional behavior of the target

hardware subsystem. The RTL semantic parsing stage analyzes hardware modules, signal definitions, finite

state machine behavior, timing structures, parameter hierarchies, and protocol specific logic. This stage is

particularly important for large scale SoC repositories where subsystem interactions may span multiple

interconnected modules. Interface extraction subsequently identifies communication interfaces, register

mappings, clock domains, reset signals, interrupt mechanisms, memory mapped peripherals, and protocol
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control structures. Accurate interface extraction is essential for generating syntactically valid and functionally

meaningful verification testcases.

The constraint identification stage interprets operational limitations such as timing restrictions, protocol

dependencies, reset sequencing requirements, synchronization conditions, and boundary constraints. These

constraints guide testcase generation and improve the realism of synthesized verification behavior. Testcase

generation then synthesizes executable verification programs using the contextual knowledge acquired during

preceding reasoning stages. Generated outputs may include initialization routines, register access sequences,

polling logic, interrupt handling, timeout monitoring, assertion insertion, and simulation control structures.

Finally, assertion synthesis generates verification assertions and validation logic intended to evaluate

subsystem correctness during simulation execution. Assertions improve verification coverage and facilitate

automated failure detection within semiconductor simulation environments. The staged reasoning architecture

substantially improves modular interpretability because each prompt stage focuses on a specialized semantic

objective rather than attempting to solve the entire verification task simultaneously. Such decomposition

reduces ambiguity in reasoning and enhances logical consistency across generated outputs.

7.2 Recursive Refinement Workflow

The framework additionally incorporates recursive refinement mechanisms that iteratively improve

verification quality through feedback driven prompt orchestration. In this architecture, intermediate outputs

are recursively reused as semantic context for subsequent prompt generation stages. The recursive prompt

chain begins with signal extraction, followed by constraint generation, then test case synthesis, and finally test

case validation.

During signal extraction, the framework identifies relevant interfaces, register definitions, control signals,

status flags, interrupt indicators, and synchronization structures associated with the target subsystem. These

extracted semantic elements are then passed into the constraint generation stage. Constraint generation

interprets operational dependencies, allowable state transitions, protocol restrictions, and timing conditions

associated with the extracted signals. The resulting semantic constraints guide testcase synthesis and reduce

the likelihood of logically inconsistent verification behavior. The test case synthesis stage generates structured

verification programs using the previously extracted interfaces and operational constraints. The generated

test case is subsequently validated using dedicated reviewer prompts that evaluate syntactic correctness,

coverage completeness, assertion consistency, and hardware interaction logic.

Recursive refinement significantly improves verification robustness because errors identified during later

stages can trigger iterative regeneration cycles. Instead of treating generated outputs as final artifacts, the

framework continuously refines verification logic until acceptable quality criteria are satisfied. The iterative

architecture also improves hallucination resistance. Large Language Models occasionally generate semantically

plausible but operationally incorrect verification code when insufficient contextual validation is applied.

Recursive reasoning enables the framework to cross-check generated outputs against prior reasoning stages,

thereby improving semantic consistency and reducing invalid test-case behaviour. Another advantage of

recursive refinement involves support for edge case exploration. Semiconductor verification frequently

requires validation of rare operational scenarios such as interrupt collisions, synchronization anomalies,

timeout failures, invalid state transitions, and boundary condition violations. Recursive reasoning enables

the framework to progressively expand verification coverage by generating additional edge case assertions
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and targeted test sequences.

7.3 Critic Based Refinement

To further improve verification reliability, the framework incorporates a critic-based prompt chaining in

which secondary reviewer prompts evaluate the correctness and completeness of generated outputs. The

reviewer prompts operate independently of the primary test case generation stages and serve as semantic

validation agents. Critic-based refinement evaluates multiple dimensions of verification quality, including

test-case robustness, edge-case coverage, assertion accuracy, simulation consistency, and verification

reliability. The critic prompts analyze whether generated verification logic correctly reflects subsystem

specifications, adheres to timing constraints, satisfies protocol dependencies, and covers expected operational

behaviors. If inconsistencies are identified, the reviewer prompts generate corrective recommendations that

are subsequently integrated into recursive refinement cycles.

This reviewer style architecture resembles collaborative engineering workflows in which generated artifacts

undergo secondary validation before deployment. By emulating expert review processes, critic-based chaining

improves the trustworthiness of verification and reduces the likelihood of undetected logical errors. The

critical architecture also improves explainability within AI assisted verification systems. Instead of producing

opaque verification outputs, the framework generates traceable reasoning stages accompanied by reviewer

feedback and validation commentary. Such transparency is important for industrial semiconductor

environments where verification engineers must evaluate and approve AI generated verification artifacts.

Another important advantage involves improved assertion completeness. Assertions represent critical

mechanisms for detecting incorrect hardware behavior during simulation. Critic prompts specifically evaluate

whether generated assertions sufficiently cover protocol operations, boundary conditions, synchronization

requirements, timeout events, and interrupt interactions. The framework further demonstrates that prompt

chaining improves scalability for extremely large SoC repositories. As semiconductor systems expand in

architectural complexity, single stage reasoning becomes increasingly unreliable due to context overload

and semantic ambiguity. Staged reasoning architectures distribute computational reasoning across specialized

semantic tasks, thereby improving overall system stability. From an Electronic Design Automation perspective,

prompt chaining establishes the foundation for autonomous AI assisted verification pipelines capable of

progressively analyzing hardware repositories, synthesizing testcases, validating outputs, and refining

verification coverage with minimal human intervention. Such architectures represent a significant

advancement toward intelligent semiconductor verification ecosystems.

8. Context Engineering and Semantic Management

Efficient context engineering represents one of the most critical components of large context semiconductor

verification systems. Semiconductor repositories frequently contain extensive RTL modules, hardware

specifications, simulation libraries, configuration hierarchies, test benches, protocol definitions, and

verification scripts. Without effective semantic organization, the resulting token volume may exceed

computationally efficient reasoning limits even within long context LLM architectures. Consequently, the

proposed framework incorporates advanced context engineering methodologies designed to preserve semantic

continuity while improving reasoning efficiency. The framework treats context management as an active

reasoning component rather than a passive preprocessing operation. Instead of indiscriminately loading all
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available repository content, the architecture strategically prioritizes semantically relevant information while

preserving subsystem level continuity. This approach improves attention allocation within the LLM and

reduces reasoning degradation associated with excessive contextual redundancy.

8.1 Context Structuring

The framework adopts a structured context ordering strategy intended to maximize semantic retention and

improve logical consistency across long context reasoning operations. The recommended context order

begins with system instructions, followed by the design overview, RTL snippets, signal definitions, verification

requirements, existing test cases, and finally the generation objective. The ordering strategy is motivated by

the observation that LLM attention allocation is highly sensitive to contextual positioning. System level

instructions are positioned first to establish the global reasoning objective and define the behavioral constraints

expected from the model. Such instructions typically specify the verification role, testcase format, syntax

requirements, and operational objectives.

The design overview follows the system instructions to provide high level semantic grounding. This section

introduces subsystem functionality, architectural relationships, communication interfaces, and operational

behavior. Establishing architectural awareness before presenting detailed RTL content improves semantic

interpretation during subsequent reasoning stages. RTL snippets are positioned after the design overview

because they provide the structural implementation details required for testcase synthesis. The RTL section

may include module hierarchies, finite state machine logic, signal declarations, protocol controllers, and

parameterized hardware behavior. Signal definitions are subsequently introduced to clarify register mappings,

interrupt structures, communication channels, synchronization signals, and memory interfaces. Explicit signal

context positioning improves hardware interaction accuracy during test case generation.

Verification requirements are then presented to define the expected validation objectives, operational

constraints, corner case scenarios, timing expectations, and protocol requirements associated with the target

subsystem. Existing testcases are included near the end of the context structure to provide few shot semantic

guidance for testcase synthesis. Example driven prompting improves structural consistency and enables the

LLM to infer preferred verification patterns, initialization sequences, assertion formats, and simulation control

procedures. Finally, the generation objective is placed at the conclusion of the context window to ensure that

the immediate reasoning task remains strongly represented within the model’s active attention region. The

analytical framework demonstrates that strategic ordering of context significantly improves semantic retention

and reduces reasoning ambiguity in large context semiconductor verification environments.

8.2 Semantic Chunking

Although the framework emphasizes full context reasoning, selective semantic chunking remains necessary

for extremely large repositories or dynamically adaptive verification scenarios. Unlike conventional fixed

length chunking approaches, the proposed architecture employs semantic chunking strategies based on logical

hardware relationships. The semantic chunking methodology groups contextual information according to

RTL module boundaries, interface groups, pipeline stages, and verification objectives. Chunk boundaries are

therefore aligned with hardware semantics rather than arbitrary token counts. Such alignment preserves

structural continuity and reduces the fragmentation of logically interconnected subsystem behavior.

For example, communication protocol controllers, interrupt handlers, register access mechanisms, and
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synchronization logic associated with a specific peripheral are grouped into unified semantic contexts. This

grouping improves cross module reasoning and reduces the likelihood of inconsistent test case generation.

Semantic chunking additionally improves retrieval relevance during adaptive context loading. When

verification focuses on a specific subsystem, the framework can selectively activate semantically related

context groups without isolating dependent interfaces or associated operational logic. Another important

advantage involves improved scalability for hierarchical SoC environments. Modern semiconductor systems

often contain deeply nested module hierarchies with extensive interdependencies. Semantic chunking enables

context segmentation while preserving parent child architectural relationships and communication

dependencies.

8.3 Sliding Window Contexting

For extremely large semiconductor repositories that approach or exceed practical inference limits, the

framework incorporates sliding window context management strategies. In this architecture, active verification

relevant modules remain continuously accessible within the context window, while inactive or semantically

distant modules are temporarily excluded. Sliding window contexting enables adaptive semantic prioritization

based on the current verification objective. For example, during peripheral controller validation, the framework

may prioritize register access logic, interrupt systems, and communication interfaces while excluding unrelated

multimedia or memory management subsystems. This adaptive loading strategy substantially reduces token

overhead and improves reasoning focus. Instead of distributing model attention across irrelevant repository

segments, the framework concentrates semantic resources on operationally relevant hardware behavior.

The sliding window architecture also supports iterative subsystem level verification workflows. As verification

transitions from one subsystem to another, the context window dynamically updates to reflect newly relevant

RTL modules, constraints, and testcase examples. Importantly, the framework preserves semantic continuity

during window transitions through metadata injection and contextual summarization mechanisms. Instead of

abruptly removing inactive modules, the system retains compact semantic representations that preserve

awareness of previously analyzed subsystem relationships.

8.4 Context Compression

The framework further incorporates context compression methodologies intended to reduce token redundancy

while preserving verification relevant semantics. Semiconductor repositories frequently contain repetitive

declarations, duplicated parameter definitions, recurring interface descriptions, and structurally similar module

implementations. Without compression, such redundancy may unnecessarily increase computational

overhead. The proposed compression techniques include module summarization, redundancy elimination,

signal abstraction, and hierarchical metadata injection.

Module summarization compresses extensive RTL implementations into structured semantic descriptions

that preserve operational behavior, state transitions, communication interfaces, and protocol dependencies.

Summarization is particularly effective for stable infrastructure modules that do not require line level reasoning

during testcase generation. Redundancy elimination removes duplicated signal declarations, repeated

configuration definitions, and replicated module headers appearing across multiple repository files. Such

elimination significantly reduces token duplication within large context prompts. Signal abstraction replaces

low level repetitive signal groups with higher level semantic descriptors while maintaining hardware

interpretability. For example, groups of protocol control signals may be represented using structured interface
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metadata rather than repeated line-level declarations. Hierarchical metadata injection introduces compact

subsystem descriptors summarizing parent child module relationships, communication dependencies, timing

structures, and verification relevance. This metadata improves cross module awareness without requiring

repeated loading of complete repository hierarchies. Collectively, these context engineering strategies improve

reasoning efficiency while preserving semantic completeness. The framework demonstrates that intelligent

semantic management is essential for scalable AI assisted semiconductor verification, particularly as future

SoC repositories continue to expand in architectural complexity and contextual size.

9. Token Utilization Efficiency Analysis

Token utilization efficiency represents a critical challenge in large context semiconductor verification systems.

Although modern LLM architectures support increasingly large context windows, inefficient token management

may still introduce excessive computational overhead, increased inference latency, and reduced reasoning

efficiency. Semiconductor repositories frequently contain hundreds of thousands of tokens distributed across

RTL modules, parameter hierarchies, test benches, simulation libraries, protocol specifications, and

verification examples. Consequently, scalable AI assisted verification requires systematic strategies for

minimizing redundant token consumption while preserving semantic completeness. The proposed framework

therefore investigates token distribution characteristics and introduces multiple optimization methodologies

intended to improve computational scalability within long context verification environments. The analysis

demonstrates that token efficiency is not solely determined by model capacity but also depends heavily on

context organization, semantic prioritization, prompt orchestration, and redundancy elimination.

Source

RTL Code

Testbench Files

Requirements

Few-Shot Examples

Assertions

Repeated Context

Token
Impact

Very High

High

Moderate

High

Moderate

Very High

Table 4. Token Consumption Sources

Table 4 presents token consumption sources. RTL code has a very high token impact. Testbench files have a

high impact. Requirements have a moderate impact. A few-shot example has a high impact. Assertions have a

moderate impact. Repeated context has a very high impact. The analytical findings indicate that RTL repositories

and repeated contextual duplication represent the dominant contributors to token overhead. RTL modules

typically contain extensive structural logic, state machine implementations, parameter definitions, interface

declarations, synchronization mechanisms, and protocol control sequences. Since many semiconductor

subsystems are hierarchically interconnected, substantial portions of RTL context may be repeatedly
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referenced across iterative prompting stages.

Testbench files also contribute significantly to token utilization because they frequently contain reusable

simulation frameworks, initialization procedures, verification macros, assertion libraries, and protocol

validation structures. Few-shot examples further increase token consumption because they are intentionally

detailed to guide test case synthesis and improve reasoning consistency. Repeated context represents one of

the most critical inefficiencies in long context verification systems. During iterative prompt chaining, static

files such as user manuals, configuration libraries, and infrastructure modules may be redundantly reloaded

across multiple reasoning stages. Without optimization mechanisms, this redundancy substantially increases

computational overhead and reduces inference scalability.

9.1 Token Optimization Strategies

To address these challenges, the framework integrates several token efficiency methodologies designed to

improve semantic density while preserving verification relevance. Context deduplication removes repeated

signal definitions, duplicated constraints, recurring module headers, and redundant interface declarations

from the active prompt context. Semiconductor repositories often contain replicated infrastructure definitions

appearing across multiple files. Eliminating these repetitions substantially reduces unnecessary token

expansion. The deduplication process is performed semantically rather than syntactically. Instead of merely

identifying identical text sequences, the framework recognizes structurally equivalent hardware descriptions

and consolidates them into unified contextual representations. This strategy preserves operational awareness

while minimizing redundant semantic loading.

Selective RTL loading ensures that only verification relevant modules and active subsystem interfaces are

introduced into the context window. Rather than loading complete repositories indiscriminately, the framework

dynamically prioritizes modules associated with the current verification objective. For example, when verifying

a communication peripheral, the framework prioritizes protocol controllers, register interfaces, interrupt

handlers, synchronization logic, and associated parameter definitions while excluding unrelated multimedia

or computational subsystems. Selective loading significantly improves reasoning focus by allocating attention

primarily to semantically relevant hardware structures. This approach also reduces token competition among

unrelated components of the repository.

Hierarchical summarization compresses large RTL regions into structured semantic summaries while

preserving operational behavior and architectural relationships. Instead of loading every line of infrastructure

code, the framework generates compact subsystem descriptions representing module functionality, state

machine behavior, interface dependencies, timing structures, and protocol interactions. Such summaries

provide high-level architectural awareness without requiring an exhaustive token-level representation of

stable or low-priority modules. Hierarchical summarization is especially important for large SoC repositories

containing reusable infrastructure components that rarely require detailed verification analysis. By replacing

verbose RTL implementations with semantic metadata, the framework substantially improves token efficiency.

Hierarchical summarization compresses large RTL regions into structured semantic summaries while

preserving operational behavior and architectural relationships. Instead of loading every line of infrastructure

code, the framework generates compact subsystem descriptions representing module functionality, state

machine behavior, interface dependencies, timing structures, and protocol interactions. Such summaries
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provide high level architectural awareness without requiring an exhaustive token level representation of

stable or low priority modules. Hierarchical summarization is especially important for large SoC repositories

containing reusable infrastructure components that rarely require detailed verification analysis. By replacing

verbose RTL implementations with semantic metadata, the framework substantially improves token efficiency.

Metric

Tokens/Testcase

Tokens/Module

Useful Token Ratio

Context Retention Score

Token-to-Coverage Ratio

Description

Generation efficiency

Context scaling

Informative vs redundant tokens

Semantic preservation

Verification efficiency

Table 5. Token Efficiency Metrics

Table 5 presents token efficiency metrics. Tokens per testcase measure generation efficiency. Tokens per

module measures context scaling. Useful token ratio measures the proportion of informative versus redun-

dant tokens. Context retention score measures semantic preservation. Token to coverage ratio measures

verification efficiency. These metrics provide quantitative indicators for evaluating token management per-

formance in long-context semiconductor verification workflows. Tokens per testcase measures the overall

generation efficiency associated with synthesized verification outputs. Lower token requirements combined

with high quality testcase generation indicate improved semantic compression and reasoning optimization.

Tokens per module evaluates how effectively the framework scales as additional RTL components are added to

the verification context. Efficient scaling behavior is essential for repository level semiconductor reasoning.

The useful token ratio estimates the proportion of semantically informative content relative to redundant or

low-value contextual material. Highly useful token ratios indicate efficient semantic prioritisation and improved

context engineering. Context retention scores measure the extent to which compressed or summarized contexts

preserve verification relevant semantics. Effective compression strategies must maintain operational awareness

while reducing token overhead. Finally, the token to coverage ratio evaluates verification efficiency by

correlating token consumption with achieved testcase completeness and assertion coverage. This metric is

particularly important for assessing the scalability of AI assisted verification systems in industrial

semiconductor environments. The analytical framework demonstrates that intelligent token management

strategies significantly improve the scalability of long-context verification architectures. Although large context

LLMs substantially reduce fragmentation limitations, scalable semiconductor verification still requires efficient

semantic organisation and computationally optimised prompt orchestration.

10. Token Distribution Analysis

The token distribution analysis evaluates how contextual information is allocated across multiple verification

tasks within the proposed large-context semiconductor verification framework. Understanding token

distribution behavior is essential for optimizing prompt orchestration, improving semantic prioritization,

and reducing computational inefficiencies during large scale verification workflows. Semiconductor verification
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environments inherently involve heterogeneous contextual sources including RTL repositories, subsystem

documentation, parameter definitions, simulation libraries, verification environments, and testcase examples.

Each category contributes differently to the overall semantic reasoning process and exhibits distinct token

consumption characteristics. Consequently, analyzing token distribution patterns provides important insights

into scalability constraints and context engineering requirements for AI assisted Electronic Design Automation

systems.

Content
Category

User Guide

Design Files

Parameters &
Configurations

Simulation Libraries

Test Benches

Sample Testcases

Total Prompt Tokens

Prompt 1
(WDT
Module)

~150,000

~200,000

~80,000

~50,000

~40,000

~40,661

560,661

Prompt 2
(USI SPI
Module)

~150,000

~250,000

~80,000

~50,000

~40,000

~40,835

610,835

Table 6. Token Distribution Across

Content Categories

The framework specifically evaluates two representative verification tasks involving the Watchdog Timer and

Universal Serial Interface SPI subsystems. These tasks were selected because they exhibit differing architectural

complexities, interface dependencies, and verification requirements. Table 6 shows token distribution across

content categories. For the WDT module prompt, the user guide contributes approximately 150,000 tokens,

design files about 200,000 tokens, parameters and configurations about 80,000 tokens, simulation libraries

about 50,000 tokens, test benches about 40,000 tokens, and sample testcases about 40,661 tokens, for a

total of 560,661 tokens. For the USI SPI module prompt, the user guide contributes approximately 150,000

tokens, design files about 250,000 tokens, parameters and configurations about 80,000 tokens, simulation

libraries about 50,000 tokens, test benches about 40,000 tokens, and sample testcases about 40,835 tokens,

for a total of 610,835 tokens.

The analytical findings demonstrate that RTL design files constitute the dominant source of token utilization

within both verification tasks. The USI SPI verification workflow exhibits higher token consumption because

of increased subsystem complexity, expanded protocol dependencies, and larger interface hierarchies. User

guides contribute approximately 150,000 tokens in both workflows because subsystem documentation

provides detailed operational specifications, register descriptions, protocol behavior, timing expectations,

and hardware configuration guidelines. Such documentation is essential for contextual grounding and

verification objective interpretation.
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Design files represent the largest contextual component because RTL repositories contain extensive hardware

implementations, finite state machine logic, parameterized architectures, communication interfaces,

synchronization mechanisms, and subsystem level interdependencies. The USI SPI subsystem requires

approximately 250,000 tokens of RTL context due to its more complex communication infrastructure and

expanded peripheral interactions. Parameter and configuration files contribute approximately 80,000 tokens

in both workflows. These files define clock structures, reset conditions, interrupt mappings, register addresses,

protocol settings, timing parameters, and operational constraints necessary for accurate testcase synthesis.

Simulation libraries and verification environments contribute approximately 50,000 tokens because they

include reusable macros, initialization utilities, simulation control procedures, peripheral access functions,

and assertion frameworks. Such libraries provide the operational infrastructure required for executing

generated testcases. Test benches contribute approximately 40,000 tokens by providing reusable verification

structures, interface drivers, transaction generators, and protocol validation mechanisms. These repositories

significantly improve testcase realism and structural consistency. Sample testcases contribute slightly more

than 40,000 tokens in both workflows and serve as few shot learning references that guide the LLM toward

valid verification program structures. These examples demonstrate initialization procedures, polling logic,

interrupt handling, timeout management, and simulation termination behavior. The total token counts

demonstrate the scale of the verification environment. Such large context reasoning tasks significantly exceed

the operational capabilities of conventional context limited LLM architectures.

Figure 1 illustrates the proportional allocation of tokens across user documentation, RTL design files, parameter

configurations, simulation libraries, test benches, and testcase repositories. The visualization demonstrates

that RTL repositories dominate overall token utilization within semiconductor verification workflows. The

figure additionally highlights the importance of balanced semantic prioritization. Although RTL modules

constitute the largest token category, supporting contextual components such as user guides, simulation

environments, and testcase examples remain essential for accurate verification reasoning. Removing these

contextual elements may reduce semantic grounding and negatively affect test case correctness. The

distribution analysis further demonstrates that efficient token management cannot focus exclusively on RTL

compression. Instead, scalable verification systems must optimize the entire contextual ecosystem including

infrastructure libraries, parameter hierarchies, simulation frameworks, and example repositories.
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Figure 2 compares the total token utilization between the WDT verification prompt and the USI SPI verification

prompt. The analysis demonstrates that the USI SPI workflow requires substantially more contextual resources

due to increased subsystem complexity and expanded interface dependencies. The comparison also illustrates

how subsystem-level architectural variation influences context requirements in long-context semiconductor

verification systems. Communication oriented peripherals such as USI SPI generally require more extensive

protocol logic, synchronization mechanisms, interrupt interactions, and configuration dependencies compared

with simpler control oriented modules such as WDT subsystems. The analytical findings additionally emphasize

the importance of adaptive context engineering. Since different verification tasks have varying semantic

requirements, static prompt construction methodologies may result in inefficient token allocation. Adaptive

semantic prioritization therefore becomes essential for scalable verification orchestration.

From a broader Electronic Design Automation perspective, token distribution analysis provides a foundation

for future optimization strategies involving dynamic context loading, semantic prioritization, hierarchical

summarization, and hardware aware reasoning architectures. Such approaches will become increasingly

important as future semiconductor repositories continue to expand in complexity and scale. Overall, the

token distribution analysis demonstrates that large-context semiconductor verification involves highly

heterogeneous semantic environments that require sophisticated token management strategies. The proposed

framework establishes a scalable foundation for repository level reasoning while highlighting the importance

of adaptive context engineering and efficient semantic orchestration in AI assisted semiconductor verification

systems.

10. Token Distribution Analysis

The token distribution analysis evaluates how contextual information is allocated across multiple verification

tasks within the proposed large-context semiconductor verification framework. Understanding token distribu-

tion behavior is essential for optimizing prompt orchestration, improving semantic prioritization, and reducing

computational inefficiencies during large scale verification workflows. Semiconductor verification

environments inherently involve heterogeneous contextual sources including RTL repositories, subsystem

documentation, parameter definitions, simulation libraries, verification environments, and testcase examples.

Each category contributes differently to the overall semantic reasoning process and exhibits distinct token

consumption characteristics. Consequently, analyzing token distribution patterns provides important insights

into scalability constraints and context engineering requirements for AI assisted Electronic Design Automation

systems.
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The framework specifically evaluates two representative verification tasks involving the Watchdog Timer and

Universal Serial Interface SPI subsystems. These tasks were selected because they exhibit differing architectural

complexities, interface dependencies, and verification requirements. Table 6 shows token distribution across

content categories. For the WDT module prompt, the user guide contributes approximately 150,000 tokens,

design files about 200,000 tokens, parameters and configurations about 80,000 tokens, simulation libraries

about 50,000 tokens, test benches about 40,000 tokens, and sample testcases about 40,661 tokens, for a

total of 560,661 tokens. For the USI SPI module prompt, the user guide contributes approximately 150,000

tokens, design files about 250,000 tokens, parameters and configurations about 80,000 tokens, simulation

libraries about 50,000 tokens, test benches about 40,000 tokens, and sample testcases about 40,835 tokens,

for a total of 610,835 tokens.

The analytical findings demonstrate that RTL design files constitute the dominant source of token utilization

within both verification tasks. The USI SPI verification workflow exhibits higher token consumption because

of increased subsystem complexity, expanded protocol dependencies, and larger interface hierarchies. User

guides contribute approximately 150,000 tokens in both workflows because subsystem documentation

provides detailed operational specifications, register descriptions, protocol behavior, timing expectations,

and hardware configuration guidelines. Such documentation is essential for contextual grounding and

verification objective interpretation.

Design files represent the largest contextual component because RTL repositories contain extensive hardware

implementations, finite state machine logic, parameterized architectures, communication interfaces,

synchronization mechanisms, and subsystem level interdependencies. The USI SPI subsystem requires

approximately 250,000 tokens of RTL context due to its more complex communication infrastructure and

expanded peripheral interactions. Parameter and configuration files contribute approximately 80,000 tokens

in both workflows. These files define clock structures, reset conditions, interrupt mappings, register addresses,

protocol settings, timing parameters, and operational constraints necessary for accurate testcase synthesis.

Simulation libraries and verification environments contribute approximately 50,000 tokens because they

include reusable macros, initialization utilities, simulation control procedures, peripheral access functions,

and assertion frameworks. Such libraries provide the operational infrastructure required for executing

generated testcases. Test benches contribute approximately 40,000 tokens by providing reusable verification

structures, interface drivers, transaction generators, and protocol validation mechanisms. These repositories

significantly improve testcase realism and structural consistency. Sample test cases contribute slightly more

than 40,000 tokens in both workflows and serve as few-shot learning references that guide the LLM toward

valid verification program structures. These examples demonstrate initialization procedures, polling logic,

interrupt handling, timeout management, and simulation termination behavior. The total token counts

demonstrate the scale of the verification environment. Such large context reasoning tasks significantly exceed

the operational capabilities of conventional context limited LLM architectures.

From a broader Electronic Design Automation perspective, token distribution analysis provides a foundation

for future optimization strategies involving dynamic context loading, semantic prioritization, hierarchical

summarization, and hardware aware reasoning architectures. Such approaches will become increasingly
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important as future semiconductor repositories continue to expand in complexity and scale. Overall, the

token distribution analysis demonstrates that large-context semiconductor verification involves highly

heterogeneous semantic environments that require sophisticated token management strategies. The proposed

framework establishes a scalable foundation for repository level reasoning while highlighting the importance

of adaptive context engineering and efficient semantic orchestration in AI assisted semiconductor verification

systems.

11. Generated Testcase Quality Framework

The effectiveness of AI assisted semiconductor verification systems depends not only on the ability of Large

Language Models to generate syntactically correct verification code but also on their capacity to produce

semantically meaningful, structurally maintainable, and operationally reliable test cases. In complex System

on Chip verification environments, generated verification artifacts must satisfy multiple engineering

requirements simultaneously, including hardware correctness, protocol consistency, assertion completeness,

simulation compatibility, and verification traceability. Consequently, the proposed framework incorporates

a comprehensive test case quality evaluation architecture to assess the structural and functional characteristics

of the generated verification outputs.

Traditional semiconductor verification workflows rely heavily on manually developed testcases created by

experienced verification engineers. These handcrafted testcases typically contain detailed initialization

procedures, register configurations, polling mechanisms, interrupt handling routines, assertions, timeout

detection logic, and simulation control structures. Replicating such engineering rigor within AI generated

outputs requires structured prompt engineering, staged reasoning architectures, and context aware semantic

guidance. The proposed framework therefore evaluates testcase quality through multiple analytical dimensions,

including structural organization, semantic correctness, maintainability, verification completeness, assertion

coverage, and execution consistency. Rather than treating testcase generation as a simple code generation

task, the framework interprets testcase synthesis as a structured reasoning process closely aligned with

industrial semiconductor verification methodologies.

Component

Multiline
Intention Block

Register/
Peripheral Setup

Execution Loop
/ Polling

Inline Comments

Teardown &
Signaling

Description

Explicit verification objective
and expected behavior

Memory-mapped
configuration initialization

FIFO monitoring, interrupts,
timeout handling

Stepwise verification
explanation

sim_end() and sim_fail()
integration

Verification
Value

Coverage traceability

Hardware accuracy

Real-time validation

Maintainability
improvement

CI/CD compatibility

Table 7. Generated Testcase Quality Framework
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Table 7 presents the generated testcase quality framework. The multiline intention block provides explicit

verification objective and expected behavior, offering coverage traceability. Register and peripheral setup

perform memory-mapped configuration initialisation, ensuring hardware accuracy. Execution loop and polling

include FIFO monitoring, interrupt handling, and timeout handling for real-time validation. Inline comments

provide stepwise verification explanation, improving maintainability. Teardown and signalling integrate

sim_end and sim_fail functions for CI/CD compatibility. The generated testcase framework demonstrates that

structured prompt engineering substantially improves verification readability, maintainability, and

reproducibility. Each component contributes to a specific aspect of semiconductor verification quality and

collectively enables the generation of more robust AI assisted verification artifacts.

11.1 Multiline Intention Blocks and Verification Traceability

One of the most important structural elements of generated testcases involves the inclusion of multiline

intention blocks that explicitly describe the verification objective, operational expectations, subsystem

behavior, and anticipated outcomes associated with the testcase. These intention blocks function as semantic

documentation layers embedded directly within the verification program. Instead of generating opaque

executable logic, the framework produces human interpretable verification narratives that improve engineering

transparency and traceability. Verification traceability is critically important in semiconductor development

because engineers frequently need to correlate test cases with subsystem specifications, protocol requirements,

bug reports, regression suites, and coverage objectives. Intention blocks, therefore, facilitate test case

interpretability, requirement traceability, regression documentation, coverage auditing, and collaborative

verification and review. The inclusion of explicit verification objectives additionally improves debugging

efficiency. When simulation failures occur, engineers can more easily identify the intended operational

behavior and isolate discrepancies between expected and observed subsystem responses. From a prompt

engineering perspective, intention blocks also improve semantic alignment during testcase generation. By

explicitly restating verification goals, the LLM maintains stronger contextual awareness throughout the

synthesis process and reduces the likelihood of semantically inconsistent outputs.

11.2 Register and Peripheral Initialization Accuracy

Accurate register and peripheral configuration represent a foundational requirement for reliable

semiconductor verification. Hardware subsystems frequently depend on precise initialization sequences

involving clock configuration, reset synchronization, interrupt masking, protocol activation, memory

mapping, and operational mode selection. The framework therefore emphasizes structured register and

peripheral setup procedures within generated verification outputs. These initialization stages ensure that

testcases correctly establish subsystem operating conditions before initiating functional validation. The

generated setup sequences typically include memory mapped register initialization, clock and reset

configuration, peripheral activation, interrupt configuration, protocol parameter setup, and operational mode

selection. Such structured initialization substantially improves hardware accuracy because verification

behavior becomes aligned with the operational assumptions of the target subsystem.

The framework additionally demonstrates that multi shot prompting significantly improves initialization

reliability. Few-shot examples provide the LLM with reusable semantic templates that describe correct register-

access patterns, configuration ordering, polling mechanisms, and protocol activation procedures. This

capability is particularly important for complex communication peripherals and synchronization sensitive

hardware systems, where incorrect initialisation sequences may produce misleading verification outcomes
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or simulation deadlocks.

11.3 Execution Loops, Polling Logic, and Real Time Validation

Semiconductor verification frequently requires continuous monitoring of hardware behavior during simulation

execution. Consequently, generated testcases must include structured execution loops capable of validating

runtime subsystem responses under dynamic operational conditions. The proposed framework incorporates

execution loop and polling architectures that support FIFO monitoring, interrupt detection, timeout handling,

protocol state validation, synchronization monitoring, and status flag verification. These execution structures

enable real time validation of subsystem behavior and improve verification robustness for asynchronous or

event driven hardware architectures.

Polling mechanisms are particularly important in embedded peripheral verification because hardware status

registers often change dynamically during protocol execution. The generated testcases therefore incorporate

continuous status monitoring combined with timeout safeguards to prevent infinite simulation loops. Interrupt

handling further improves realism by enabling the validation of event driven subsystem interactions.

Generated testcases may verify interrupt triggering, interrupt prioritization, acknowledgment behavior,

masking operations, and interrupt clear mechanisms. The framework additionally supports dynamic assertion

insertion within execution loops. Assertions continuously evaluate operational correctness during runtime

and enable automatic detection of protocol violations, invalid state transitions, synchronization failures, and

unexpected subsystem behavior. Real time validation capabilities significantly improve verification

completeness because hardware behavior is evaluated continuously rather than only during initialization or

final state inspection.

11.4 Inline Comments and Maintainability

Maintainability represents a major requirement for industrial semiconductor verification environments where

verification artifacts may remain active across multiple product generations, regression cycles, and engineering

teams. Generated testcases must therefore remain interpretable and modifiable by human verification

engineers. The proposed framework incorporates structured inline comments that provide stepwise

explanations of verification logic, subsystem interactions, assertion purposes, polling behavior, and simulation

objectives. Inline comments contribute to engineering readability, collaborative debugging, testcase

maintainability, regression understanding, and verification onboarding.

The analytical findings demonstrate that structured comments significantly improve the usability of AI

generated verification artifacts. Instead of functioning as opaque machine-generated code fragments, the test

cases resemble professionally engineered semiconductor verification programs. Comment integration also

improves explainability within AI assisted Electronic Design Automation systems. Verification engineers can

inspect generated outputs, understand the intended operational logic, and evaluate whether the synthesized

verification behavior aligns with subsystem requirements. Another important advantage involves easier

adaptation of generated testcases for future verification scenarios. Engineers can extend, modify, or repurpose

existing verification logic more efficiently when the operational intent of each verification stage is clearly

documented.

11.5 Teardown Procedures and Simulation Signaling

The framework additionally emphasises structured teardown and simulation signalling mechanisms intended
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to improve automation compatibility within industrial verification infrastructures. Generated testcases include

explicit simulation control functions such as sim_end, sim_fail, pass/fail reporting, timeout termination, and

assertion-triggered exits. These signaling mechanisms enable seamless integration with Continuous Integration

and Continuous Deployment verification pipelines commonly used in modern semiconductor development

workflows. Automated simulation signaling improves regression scalability because verification frameworks

can automatically detect testcase outcomes, collect execution statistics, and trigger debugging workflows

when failures occur. The inclusion of structured teardown procedures also prevents incomplete termination

of simulations, hanging execution loops, and undefined simulation states. Such operational reliability is

particularly important in large scale regression environments involving thousands of automated verification

runs.

11.6 Overall Testcase Quality Assessment

The analytical framework demonstrates that structured prompt orchestration, staged reasoning, recursive

refinement, and semantic context engineering collectively improve the quality of generated semiconductor

verification artifacts. Compared with naïve single prompt generation approaches, the proposed methodology

produces testcases that exhibit improved structural consistency, stronger semantic correctness, enhanced

maintainability, higher verification completeness, better assertion coverage, and improved simulation

compatibility. The generated outputs closely resemble industrial verification artifacts developed by experienced

semiconductor verification engineers. Such capabilities establish a strong foundation for scalable AI-assisted

verification systems that can support increasingly complex semiconductor development workflows. From a

broader Electronic Design Automation perspective, the testcase quality framework highlights the transition

of Large Language Models from simple code generation tools toward intelligent reasoning systems capable of

producing maintainable, explainable, and operationally reliable verification artifacts.

12. Discussion

The analytical findings presented throughout this study demonstrate that large context Large Language Model

architectures provide substantial advantages for semiconductor verification workflows involving highly

interconnected RTL repositories, heterogeneous simulation environments, and complex subsystem depen-

dencies. The increasing complexity of modern semiconductor systems has exposed significant limitations

within conventional verification methodologies, particularly when verification engineers must reason across

large scale hierarchical SoC architectures. Traditional verification pipelines rely on manual test generation,

handcrafted assertions, and rule based scripting. The proposed framework demonstrates that structured long

context reasoning architectures can substantially reduce these limitations by enabling repository level semantic

analysis and automated verification orchestration.

One of the most significant findings is the superiority of full context reasoning over conventional chunk based

retrieval architectures. RAG systems commonly use semantic chunking and vector database indexing, which

can introduce semantic fragmentation when applied to tightly coupled semiconductor environments.

Verification tasks often require simultaneous reasoning across multiple hardware modules whose behavior is

coupled through shared interfaces, synchronization structures, and timing dependencies. Fragmentation

reduces reasoning continuity. Long context architectures preserve repository level structural relationships,

improving reliability.



dline.info/jes 94

  Journal of Electronic Systems Volume 16 Number 2 June 2026

Multi-shot prompting significantly outperforms single-shot prompting for large-scale tasks. Single shot provides

lower complexity but limited reasoning capability as subsystem complexity expands. Multi-shot enables the

LLM to infer test case structures, assertion strategies, and protocol interactions from structured examples,

improving continuity, completeness, and resistance to hallucinations. Recursive prompt chaining further

enhances robustness by decomposing workflows into specialized reasoning stages: requirement analysis, RTL

parsing, interface extraction, constraint identification, test synthesis, and validation. Recursive refinement

allows iterative validation and correction, reducing inconsistent behavior and improving edge case coverage.

Critic based refinement provides additional reliability. Secondary reviewer prompts evaluate generated

outputs independently, identifying inconsistencies in assertions, protocol operations, synchronization

conditions, and timeout behavior. This emulates collaborative engineering review processes. Context

engineering is also central: strategic context ordering, semantic chunking, sliding window contexting,

hierarchical summarization, and adaptive compression collectively improve semantic efficiency while

preserving verification relevance.

Token utilization analysis emphasizes that scalable verification depends on efficient semantic prioritization.

RTL repositories dominate token consumption, followed by testbench infrastructures, simulation libraries,

and repeated contextual duplication. Context deduplication, selective RTL loading, hierarchical

summarization, and prompt compression significantly improve token efficiency without compromising quality.

The test case quality analysis demonstrates that structured prompt orchestration improves maintainability

and interpretability. Generated outputs contain intention blocks, structured initialization, polling mechanisms,

assertions, simulation control, and inline documentation resembling professionally engineered verification

programs.

The study has several implications for EDA transformation. Long-context reasoning, structured prompt

engineering, recursive refinement, and semantic context management establish a foundation for autonomous

verification ecosystems capable of repository-level reasoning, automated test synthesis, adaptive verification

orchestration, intelligent assertion generation, and coverage-oriented optimisation. These capabilities may

significantly reduce manual engineering effort.

Several challenges remain. Computational infrastructure for large context reasoning requires substantial GPU

memory and inference optimization. Interpretability and trustworthiness of AI generated outputs are critical

because semiconductor verification is safety critical; incorrect testcase behavior may result in undetected

faults and costly respins. Future systems must incorporate stronger explainability, formal validation, and

human in the loop oversight. The availability of large scale domain specific datasets also remains limited.

Future research should focus on collaborative dataset development, standardized benchmarks, and

reproducible evaluation frameworks.

Future research directions include autonomous verification agents, graph based RTL reasoning, reinforcement

learning driven testcase optimization, explainable verification intelligence, multimodal hardware reasoning,

hardware aware transformer architectures, AI assisted real time debugging, and federated semiconductor

reasoning systems. Graph based reasoning may improve cross module dependency analysis. Reinforcement

learning may enable adaptive testcase prioritization and intelligent coverage exploration. Multimodal systems

that integrate waveform analysis, timing diagrams, simulation traces, and RTL semantics will further expand

their capabilities.
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Overall, structured prompt orchestration, long context reasoning, semantic context engineering, recursive

refinement, and intelligent token management collectively establish a scalable and coherent foundation for

next generation semiconductor verification ecosystems. The proposed framework contributes to the

development of intelligent, explainable, and scalable AI assisted Electronic Design Automation infrastructures

capable of supporting future semiconductor design and verification challenges.

13. Conclusion

This study presented a comprehensive analytical framework for large context LLM assisted semiconductor

verification. The investigation evaluated prompt engineering methodologies, multi shot reasoning strategies,

prompt chaining architectures, semantic context management, and token utilization optimization within

complex SoC verification environments. The analytical results demonstrated that multi shot prompt

orchestration substantially improves reasoning continuity, verification completeness, and hallucination

resistance compared with single shot prompting. Long-context architectures further enable full-repository

reasoning across interdependent RTL modules, eliminating many limitations associated with conventional

chunk-based retrieval systems. The framework additionally demonstrated that semantic context engineering,

recursive prompt chaining, adaptive token management, and structured testcase generation significantly

improve scalability and verification reliability. These findings establish a robust foundation for future AI

assisted Electronic Design Automation systems that can support scalable semiconductor verification workflows.

Future research directions may include autonomous verification agents, reinforcement learning driven testcase

optimization, graph based RTL reasoning, explainable AI for verification analysis, adaptive verification

orchestration, federated semiconductor reasoning systems, hardware aware multimodal LLM frameworks,

and real time AI assisted simulation debugging. The proposed analytical framework therefore contributes

toward the development of intelligent, scalable, and context aware semiconductor verification infrastructures

for next generation chip design ecosystems.
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