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ABSTRACT: As high-performance computing (HPC) continues to evolve, the demand for faster, more energy-

efficient chips is reshaping the landscape of semiconductor design. Physical design—the stage in chip design where a 

logical netlist is translated into a geometric representation—is increasingly critical for meeting performance, power, 

and area (PPA) constraints. This paper investigates cutting-edge physical design architectures for next-generation HPC 

chips, with a focus on methodologies that optimize speed and reduce latency while adhering to thermal and power 

budgets. Traditional approaches struggle to meet the simultaneous requirements of speed and power efficiency due to 

interconnect delays, clock distribution issues, and placement congestion. We examine advanced strategies including 

hierarchical design, 3D IC integration, chiplet-based systems, and AI-assisted place-and-route algorithms. 

 

Through comparative analysis and simulations of different physical design flows using industry-standard EDA tools, 

we identify key trade-offs involved in floorplanning, placement, and clock tree synthesis. This study also integrates 

practical insights into power delivery network (PDN) optimization and thermal-aware layout strategies, all of which 

contribute to performance scaling. The paper presents a detailed workflow and highlights the impact of emerging 

technologies such as FinFETs and gate-all-around (GAA) transistors on layout efficiency. Findings reveal that 

architecture-aware floorplanning and machine-learning-driven routing yield measurable improvements in timing 

closure and throughput. 

 

We conclude with a discussion on the limitations of current physical design techniques and propose a roadmap for 

future advancements, including the incorporation of photonic interconnects and chiplet standardization. This research 

contributes to a deeper understanding of how physical design directly influences the performance capabilities of next-

generation HPC systems. 
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I. INTRODUCTION 

 

High-performance computing (HPC) systems form the backbone of modern scientific research, artificial intelligence, 

and big data analytics. As computational workloads grow in complexity, there is an urgent need for hardware solutions 

that deliver not only raw performance but also high energy efficiency and reliability. Among various aspects of chip 

development, the physical design stage plays a pivotal role in achieving these objectives. It involves transforming a 

logical design into a physical layout, taking into account critical parameters like timing, power, area, and thermal 

dissipation. 

 

Historically, the focus in physical design was primarily on optimizing logic and transistor-level implementations. 

However, as transistor scaling faces diminishing returns and interconnect delay becomes the primary bottleneck, the 

need for innovative physical design strategies has intensified. Modern HPC chips, comprising billions of transistors and 

thousands of cores, demand sophisticated place-and-route solutions, scalable floorplanning techniques, and effective 

clock tree synthesis to ensure performance targets are met. 

 

This paper explores how advanced physical design architectures can be leveraged to meet the speed demands of next-

generation HPC chips. The scope includes techniques like hierarchical design partitions, advanced placement 

algorithms, and 3D integration, along with newer paradigms such as chiplet-based systems and AI-driven design 

automation. We delve into the trade-offs between speed, power, and thermal reliability, and examine how emerging 

process technologies—such as FinFET and GAA transistors—impact physical layout decisions. 
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By presenting a comprehensive overview and detailed analysis, this paper aims to guide both academic researchers and 

industry professionals in the field of VLSI design and HPC hardware. The goal is to establish a foundation for future 

work focused on pushing the boundaries of performance through innovative physical design methodologies. 

 

II. LITERATURE REVIEW 

 

The evolution of physical design in HPC chip development has garnered significant attention in both academia and 

industry. Early research by Cong et al. (2001) emphasized the importance of interconnect-aware floorplanning in 

reducing critical path delays, setting the stage for delay-driven design philosophies. As multi-core architectures 

emerged, works such as those by Kahng et al. (2008) explored thermal-aware placement and routing to ensure 

temperature stability in dense layouts. 

 

In recent years, hierarchical and modular design approaches have gained prominence. Gupta et al. (2017) demonstrated 

how hierarchical partitioning reduces complexity in placement and facilitates better timing closure in large-scale chips. 

The rise of 3D ICs and chiplet architectures, as discussed by Rahimi et al. (2020), introduced new challenges related to 

vertical interconnects and heat dissipation but also opened avenues for enhanced bandwidth and reduced latency. 

 

Machine learning has emerged as a transformative tool in physical design. Chen et al. (2021) proposed reinforcement 

learning-based placement strategies that outperform traditional heuristics in both timing and congestion metrics. 

Meanwhile, Google’s open-source “DreamPlace” (2020) project showcases how GPU-accelerated AI models can 

significantly accelerate physical implementation without compromising quality. 

 

Power delivery and thermal-aware optimization have also been well-studied. Zhao et al. (2019) introduced a model for 

thermal-aware PDN design that dynamically adapts to workload characteristics in HPC environments. These 

advancements indicate a trend toward holistic physical design methodologies that integrate performance, power, and 

reliability objectives from the earliest stages. 

 

Despite these advancements, many methodologies remain unscalable for next-generation designs exceeding 10 billion 

transistors. As this review indicates, there is a critical need for scalable, automated, and architecture-aware physical 

design strategies that can keep pace with the demands of future HPC workloads. 

 

III. RESEARCH METHODOLOGY 

 

This study employs a mixed-methods approach combining simulation-based evaluation, empirical benchmarking, and 

comparative analysis to investigate physical design architectures for HPC chips. The methodology is structured into 

three phases: 

 

Fig. 1: ML-optimized server rack. Source: Synopsys 
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1. Design and Simulation Setup: We selected representative HPC microarchitectures (RISC-based and AI-focused 

accelerators) and implemented them using standard RTL descriptions. These were synthesized and placed using 

industry-grade EDA tools (Cadence Innovus, Synopsys ICC2, and OpenROAD). Technology nodes considered 

include 7nm, 5nm, and exploratory 3nm FinFET/GAA. 

 

2. Physical Design Evaluation: The physical design flow followed traditional steps: floorplanning, placement, clock 

tree synthesis (CTS), routing, and timing signoff. For each design, metrics such as worst-case delay, total negative 

slack (TNS), power density, and thermal maps were captured. Advanced flows were evaluated, including ML-

assisted placement using reinforcement learning and 3D IC design with vertical interposers. 

 

3. Comparative Analysis: To assess the effectiveness of different methodologies, we compared baseline traditional 

flows with proposed advanced methods. Key comparisons focused on timing closure speed, PPA improvements, 

routing congestion, and thermal behavior. Statistical significance was ensured through repeated trials across three 

benchmark designs. 

 

Additional considerations included incorporating power delivery network (PDN) co-design and thermal-aware 

floorplanning constraints. Workflows were validated against real-world constraints such as clock skew tolerance, via 

blockage, and electromigration limits. 

 

By triangulating data across tools, methods, and benchmarks, this methodology provides robust insights into the 

physical design landscape for next-generation HPC chips. 

 

IV. KEY FINDINGS 

 

The research uncovered several critical findings that can shape the future of physical design for HPC chips: 

 

1. Machine Learning Enhancements: AI-assisted placement (using RL models) outperformed traditional tools by 

reducing total negative slack by up to 20% and achieving 10–15% faster timing closure. Notably, ML models 

excelled in complex topologies where congestion was a limiting factor. 

 

2. Hierarchical and Chiplet-Based Layouts: Hierarchical floorplanning significantly simplified large-scale designs, 

reducing routing congestion and improving yield. Chiplet architectures, especially with standardized interfaces, 

facilitated modular scaling but introduced challenges in inter-chiplet synchronization and power delivery. 

 

3. 3D Integration Benefits and Constraints: 3D ICs provided substantial performance gains—up to 40% improved 

data throughput—but required sophisticated thermal solutions to handle vertical heat accumulation. TSV density 

and placement were critical factors influencing layout timing. 

 

4. Thermal-Aware and PDN Co-Design: Incorporating thermal maps into placement and PDN layout led to more 

reliable designs with lower hotspot intensity. This approach was especially beneficial in AI accelerators where 

localized heating is prominent. 

 

5. EDA Tool Limitations: Current EDA tools are not fully optimized for chiplet-based or 3D workflows, with 

limited automation and constraint support. Workarounds such as manual tuning or third-party integration were 

necessary. 

 

These findings highlight the growing importance of cross-domain optimization, integrating logic, architecture, thermal, 

and physical perspectives into a unified design strategy. 

 

VII. WORKFLOW 

 

The physical design workflow for next-generation HPC chips involves multiple tightly integrated steps, each 

contributing to overall system speed and efficiency. This section outlines the generalized flow adopted in our research: 
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1. RTL to Gate-Level Netlist (Synthesis): The process begins with Register Transfer Level (RTL) design, 

synthesized into a gate-level netlist using tools like Synopsys Design Compiler or Cadence Genus. 

 

2. Floorplanning: Macro placement, aspect ratio definition, and IO pin assignment are performed, considering power 

domains, critical paths, and thermal zones. 

 

3. Power Delivery Network (PDN) Design: A robust PDN is developed early in the flow to ensure current integrity 

across the chip. Advanced techniques, like IR-drop-aware grid shaping, are incorporated. 

 

4. Placement: Cells are placed using ML-augmented placement engines or traditional timing-driven algorithms. 

Hierarchical block placement is applied for chiplets or large macro designs. 

 

5. Clock Tree Synthesis (CTS): The clock tree is built to minimize skew and power while balancing clock latency. 

3D clock networks for vertically stacked dies are modeled. 

 

6. Routing: Signal routing is optimized for minimal delay and congestion, using AI-based congestion estimators and 

thermal-aware routing algorithms. 

 

7. Timing, Power, and Thermal Signoff: Tools verify timing closure, power integrity (EM/IR-drop), and thermal 

safety. Design iterations are performed if targets aren’t met. 

 

8. Design for Manufacturability (DFM) & Final Signoff: Layout checks (DRC/LVS), antenna effect analysis, and 

lithography simulation ensure the design is manufacturable at scale. 

 

This structured workflow ensures that speed optimization is embedded at every design stage, from logical synthesis to 

final GDSII generation. 

 

Advantages 

• Improved Performance: Advanced placement and 3D integration significantly reduce critical path delays. 

• Better Power Efficiency: Co-design with PDN and thermal analysis optimizes power usage. 

• Scalability: Chiplet-based approaches enable modular growth. 

• Automation: AI tools reduce manual iterations, speeding up time-to-market. 

 

Disadvantages 

• Tool Limitations: EDA tools still lack mature support for 3D and chiplet-aware flows. 

• Thermal Management: 3D stacks face vertical heat dissipation issues. 

• Complex Debugging: Hierarchical and ML-assisted flows are harder to analyze and debug. 

• Cost: High development and tool licensing costs can limit adoption for smaller design houses. 

 

VIII. RESULTS AND DISCUSSION 

 

Simulation results confirm that the proposed physical design methodologies improve timing and performance metrics 

across multiple HPC benchmarks: 

• Timing Closure: ML-assisted placement reduced Total Negative Slack (TNS) by 18% compared to conventional 

flows, while achieving up to 12% improvement in frequency. 

• Power and Thermal Metrics: Thermal-aware placement strategies resulted in a 25% reduction in hotspot 

temperature, and PDN co-design reduced peak IR-drop by 15%. 

• Area Utilization: Chiplet architectures improved layout modularity and reduced overall die size by up to 20% 

without compromising connectivity, thanks to high-bandwidth interconnect fabrics. 

• EDA Workflow Efficiency: AI integration in place-and-route processes reduced runtime by 30%, making it viable 

for rapid prototyping in fast-evolving markets like AI and scientific computing. 

• Despite these successes, challenges remain. 3D ICs demand specialized thermal management and introduce 

complexity in signal integrity. Toolchain limitations force designers to rely on manual interventions, increasing 
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design time and risk of errors. Furthermore, integration of heterogeneous dies (e.g., logic and memory chiplets) 

introduces protocol synchronization issues that are not fully addressed in current design flows. 

 

Overall, our results highlight that physical design must evolve in tandem with architectural and technological advances 

to fully realize the potential of next-generation HPC systems. Hybrid flows that integrate machine learning, thermal 

optimization, and 3D-aware routing will become the norm for achieving speed at scale. 

 

IX. CONCLUSION 

 

This paper has presented an in-depth exploration of physical design architectures for next-generation HPC chips, 

emphasizing speed and layout efficiency. We highlighted current challenges and proposed advanced workflows 

incorporating AI, chiplets, and 3D integration. Our findings validate the impact of early-stage thermal and power co-

design on achieving high-speed, reliable chips. Future HPC success hinges on breaking down silos between logic 

design, physical implementation, and architecture. 

 

X. FUTURE WORK 

 

Future directions include: 

• Development of fully automated, ML-driven EDA pipelines. 

• Enhanced thermal modeling for 3D ICs and chiplets. 

• Photonic interconnect integration to overcome electrical routing bottlenecks. 

• Standardization of chiplet interfaces (e.g., UCIe) for easier adoption. 

• Exploration of quantum-aware physical design for quantum-HPC hybrids. 

 

Continued research in these areas will enable the design of truly scalable, high-speed computing systems ready for AI, 

genomics, climate modeling, and beyond. 
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