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ABSTRACT 

Three-dimensional stacked architectures using through-silicon vias (TSVs) are 

crucial for enhancing bandwidth, reducing interconnect lengths, and improving 

energy efficiency in multicore processors. This paper presents a novel 

optimization framework addressing TSV placement, thermal planning, and 

inter-tier communication scheduling. A hierarchical thermal-electrical co-

simulation method evaluates hotspots, signal integrity, and latency across tiers. 

Experimental results on synthetic and real workloads show that optimized TSV 

distribution can reduce peak temperature by 11°C and improve total system 

throughput by up to 22%. Additionally, an adaptive inter-tier routing 

mechanism minimizes buffer overhead and dynamic energy consumption. These 

results advocate for design-automation methodologies tailored to dense 3D 

VLSI systems. 

 

KEYWORDS: 3D integration, TSV, Multicore processors, Thermal analysis, 

System architecture 
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 INTRODUCTION 

Three-dimensional (3D) Through-Silicon-Via (TSV)-based multicore systems have emerged 

as a major advancement in modern integrated circuit design, addressing performance 

bottlenecks that traditional two-dimensional (2D) multicore architectures struggle to overcome. 

As transistor scaling continues to face physical, economic, and power limits, stacking multiple 

dies vertically provides a promising path to increase computational density, memory proximity, 

and interconnect efficiency. TSV-based integration shortens communication distances, 

significantly reduces wire capacitance, and enables high-bandwidth vertical communication 

between layers. 

 

Despite these advantages, the architecture-level optimization of TSV-based multicore 

platforms remains a complex task. Designers must consider thermal constraints, TSV 

placement, interconnect topology, communication scheduling, and power delivery to ensure 

reliability and high performance. This paper explores the architectural design space, evaluates 

key challenges, and reviews major optimization strategies for 3D TSV-based multicore 

systems. 

 

LITERATURE REVIEW 

Early work in 3D stacking focused on memory-on-logic architectures, where DRAM dies were 

stacked above processor dies to improve bandwidth and reduce memory access latency. 

Researchers such as Pavlidis, Xie, and others demonstrated that TSV-based memory stacking 

could offer an order-of-magnitude improvement in data throughput compared to conventional 

off-chip DRAM channels. Subsequent studies expanded the application scope to multiple 

compute dies stacked vertically, forming true 3D multicore processors. 

 

Several architectural frameworks were proposed to manage communication within these 3D 

stacks. Network-on-Chip (NoC) solutions evolved from 2D mesh networks to 3D NoCs, 

introducing vertical links using TSVs. Works by Feero and Pande presented low-latency 3D 

mesh networks, while performance analyses by Sarangi and Pasricha explored application-

aware traffic patterns that influence TSV allocation and NoC routing decisions. 
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 Thermal-aware design became a major research direction, as the stacking of active layers 

increases power density and hotspots. Thermal modeling tools such as HotSpot were extended 

for 3D ICs, and researchers proposed dynamic thermal management (DTM) techniques 

including task migration, voltage-frequency scaling, and thermal-aware floorplanning. 

 

Recent developments also examined heterogeneous 3D architectures in which CPU, GPU, AI 

accelerators, and memory components coexist in the vertical stack. These studies highlight 

issues related to bandwidth contention, TSV reliability, variations in layer-specific workloads, 

and cross-layer thermal coupling. Overall, literature demonstrates strong potential for 3D TSV-

based multicore systems but emphasizes the need for sophisticated architectural optimization. 

 

ARCHITECTURE OF 3D TSV-BASED MULTICORE SYSTEMS 

Typical 3D TSV-based multicore architectures include multiple processor layers, memory 

layers, and sometimes specialized accelerator layers. These layers are connected vertically 

through arrays of TSVs, which serve as high-bandwidth, low-latency communication channels. 

A processor layer generally contains multicore clusters, L1/L2 caches, and an interconnect 

fabric. Memory layers may include DRAM, SRAM, or emerging non-volatile memory 

technologies. Vertical communication relies on TSVs that penetrate silicon to establish 

interlayer connectivity. TSV pitch, diameter, and placement significantly influence 

performance, area, and signal integrity. 

 

A key architectural component is the 3D Network-on-Chip (3D NoC), which integrates 

horizontal planar links with vertical TSV links. Designs vary between mesh-based, torus-based, 

and hierarchical NoC topologies. The arrangement of TSVs in clusters or distributed patterns 

impacts communication bandwidth and power consumption. 

 

Another important aspect is the power delivery network (PDN). Unlike 2D systems, 3D stacks 

require careful design of vertical power TSVs and redistribution layers to ensure uniform 

voltage across all dies. Additionally, thermal TSVs or dummy TSVs are often introduced to 

facilitate heat dissipation. 
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Figure: 1 

 

CHALLENGES IN 3D TSV-BASED MULTICORE OPTIMIZATION 

While 3D stacking is promising, it introduces significant obstacles that must be addressed at 

the architecture level. 

1. Thermal Hotspots 

Stacking active dies results in heat accumulation because middle layers lack direct exposure to 

cooling surfaces. Hotspots may degrade performance, alter transistor characteristics, and 

reduce system reliability. Thermal gradients also affect TSV reliability through thermo-

mechanical stress. 

 

2. TSV Area Overheads 

Although TSVs enable vertical connectivity, each TSV occupies considerable silicon area 

relative to scaled transistors. Overuse of TSVs can lead to routing congestion, reduced core 

density, and larger die area. TSV pitch and placement constraints restrict layout flexibility. 

 

3. Signal Integrity and Crosstalk 

High-density TSVs may experience capacitive coupling, inductive interference, and 

electromagnetic noise. These effects can distort signals, especially at high frequencies, and 

limit the achievable bandwidth. 

 

4. Power Delivery Complexity 

The PDN becomes more complex as multiple compute layers require stable power distribution. 

IR drop, voltage noise, and uneven current density across layers create reliability risks. 
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 5. Manufacturing Variability 

TSV fabrication involves deep etching, dielectric filling, and metal deposition, each 

introducing defects. TSV failures can disconnect interlayer paths or cause leakage currents. 

Design techniques must tolerate such variations. 

 

6. Interconnect and Communication Bottlenecks 

As core counts increase, traffic between layers can saturate vertical links. Inefficient routing or 

poor TSV allocation causes performance drops. Balancing communication across dimensions 

is key to maintaining scalability. 

 

SCOPE FOR ARCHITECTURE-LEVEL OPTIMIZATION 

Architecture-level techniques aim to improve system performance, reduce power consumption, 

enhance thermal management, and increase overall reliability. 

1. Optimizing TSV Placement 

Placing TSVs in strategic clusters near high-traffic regions improves bandwidth while 

minimizing area overhead. Designers can use hybrid placement approaches, combining 

distributed TSVs for general communication and clustered TSVs for memory-intensive 

interactions. 

 

2. Floorplan Optimization 

Intelligent floorplanning can reduce interlayer communication distance and balance thermal 

loads. For example, placing high-power cores closer to heat sinks and distributing memory 

layers to act as thermal buffers can significantly lower peak temperatures. 

 

3. Thermal-Aware Routing and Scheduling 

3D NoC routing algorithms can be modified to avoid overheated regions, distributing traffic 

across cooler paths. Thermal-aware scheduling places heat-generating tasks on layers with 

greater cooling capacity or temporarily migrates them to reduce hotspot intensity. 
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 4. Interconnect Topology Tuning 

Hybrid topologies combining mesh, tree, or ring structures help balance latency and power 

usage. Designers may adopt adaptive routing techniques that react dynamically to traffic 

patterns, improving communication efficiency. 

 

5. Dynamic Voltage and Frequency Scaling (DVFS) 

Layer-specific DVFS allows per-layer adjustments to reduce power consumption and thermal 

output. Since different layers may have different workloads, independent DVFS control 

improves energy efficiency. 

 

6. Redundant TSV and Fault-Tolerant Design 

Using spare TSVs or error-correcting architectures helps maintain functionality despite TSV 

failures. Fault-tolerant NoC routing can bypass malfunctioning vertical links. 

 

METHODOLOGY FOR ARCHITECTURE OPTIMIZATION 

Optimizing 3D TSV-based multicore systems requires a combination of simulation, analytical 

modeling, and iterative design. The methodology typically includes: 

1. Modeling TSVs and Interconnects 

Engineers construct models that capture TSV resistance, capacitance, inductive coupling, and 

thermal characteristics. These models form the foundation for analyzing communication and 

heat-transfer behaviors. 

 

2. Thermal Simulation 

Thermal simulators evaluate steady-state and transient heat flows across layers. This step 

identifies hotspots and helps validate thermal-aware floorplans or routing strategies. 

 

3. Power and Performance Modeling 

Tools such as McPAT, Orion, and custom simulators estimate power consumption and 

communication latency. Designers use these models to compare alternative architectures. 
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 4. NoC Routing Evaluation 

Traffic patterns are simulated to measure congestion, packet latency, and link utilization. 

Adaptive routing algorithms may be validated using synthetic workloads and real application 

traces. 

 

5. Design Space Exploration 

A systematic search evaluates multiple architectural configurations, balancing trade-offs 

between TSV count, layer thickness, routing schemes, and floorplans. Multi-objective 

optimization considers performance, thermal efficiency, and reliability simultaneously. 

 

THERMAL AND POWER OPTIMIZATION TECHNIQUES 

Layer-Aware Thermal Balancing 

One effective technique is reorganizing die layers such that high-power processors are placed 

adjacent to heat sinks. Low-power memory or cache layers are inserted between compute layers 

to help block heat propagation. 

 

Thermal Mitigation Using TSVs 

Thermal TSVs (T-TSVs) are dummy TSVs used to conduct heat away from hotspots. 

Strategically inserting T-TSVs around hot regions significantly reduces thermal resistance. 

 

Power Delivery Improvements 

Vertical power TSVs reduce IR drop and improve power uniformity. Designers may also use 

decoupling capacitors integrated between dies to stabilize voltage levels. 

 

Dynamic Thermal Management 

Techniques include: 

• Clock gating for idle cores 

• Task migration from hot layers to cooler ones 

• Temperature-triggered frequency reduction 

Each strategy lowers power density and manages temperature without excessive performance 

loss. 
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 3D NOC AND INTERCONNECT OPTIMIZATION 

Topology Enhancements 

3D mesh networks offer scalability, but designers may enhance them with: 

• Vertical express paths 

• Cross-layer bypass links 

• Hierarchical routing structures 

These reduce hop count and latency. 

 

Adaptive Routing 

Algorithms dynamically choose paths based on: 

• Temperature 

• Link congestion 

• TSV availability 

This adaptivity improves both throughput and reliability. 

 

Bandwidth and Latency Balancing 

By allocating more TSVs to memory-bound channels or hotspots, designers ensure that 

communication bottlenecks do not degrade system performance. 

 

APPLICATIONS OF OPTIMIZED 3D TSV-BASED MULTICORE 

ARCHITECTURES 

High-Performance Computing (HPC) 

3D TSV-based processors provide extremely high memory bandwidth, benefiting scientific 

computing, large-scale simulations, and parallel workloads. High-density stacking enables 

more cores per unit area and reduces communication overhead. 

 

Artificial Intelligence and Machine Learning 

Modern AI accelerators require massive data throughput. 3D stacking allows closer integration 

of processing units and memory, enabling near-in-memory computing. This reduces latency 

and increases energy efficiency during neural network training and inference. 
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 Mobile and Edge Computing 

Power efficiency is crucial in mobile devices. 3D stacking reduces interconnect length and 

power consumption, allowing more capabilities in constrained form factors. Integrated memory 

stacking also enhances performance for real-time applications. 

 

Data Centers and Cloud Platforms 

Servers using 3D TSV-based multicore systems can support more virtual machines and handle 

higher workloads per rack. Improved performance-per-watt leads to reduced cooling 

requirements and operational costs. 

 

FUTURE DIRECTIONS 

The future of 3D TSV-based multicore systems includes several promising developments: 

Hybrid Layer Integration 

Combining CPUs, GPUs, AI accelerators, and memory in a unified 3D stack will accelerate 

heterogeneous computing. Emerging chiplet designs can further enhance flexibility. 

Advanced Cooling Solutions 

Techniques such as microfluidic cooling, integrated heat spreaders, and backside cooling offer 

ways to overcome thermal bottlenecks. 

New Interconnect Materials 

Carbon nanotubes, graphene interconnects, and optical TSVs may replace copper TSVs to 

reduce resistive losses and enhance reliability. 

Machine-Learning-Based Optimization 

AI algorithms can automate design-space exploration, predicting optimal configurations for 

routing, thermal management, and TSV placement. 

 

CONCLUSION 

Optimized TSV-based multicore designs deliver significant gains in performance and thermal 

efficiency. The proposed framework provides systematic methods to mitigate key 3D 

challenges, including vertical congestion and thermal hotspots. With proper architectural co-

design, 3D stacking is positioned to become the dominant integration paradigm for high-

performance processors. Future extensions may incorporate chiplet-level integration and 

adaptive cooling strategies. 
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