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ABSTRACT

Chiplet-based SoC architectures are basically game changers to deliver the increasing needs of performance,
scalability, and energy-efficiency of modern-day computing devices. Breaking down the highly complex SoCs
into small functional chiplets not only helps in increasing yield and reducing the overall manufacturing cost
but also allows the integration of different types of processors, accelerators, and memory subsystems in the
form of chiplets. This way, High-Bandwidth Memory (HBM) and Low-Power Double Data Rate (LPDDR)
memories continue to be very instrumental in delivering the bandwidth, latency, and power efficiency that are
essential for Al, HPC, mobile platforms, and edge device applications. Nevertheless, bringing HBM and
LPDDR subsystems in chiplet architectures not only increases interconnect and thermal management
complexities but also poses challenges such as signal integrity, power delivery, memory coherence, and
packaging constraints. The proposed methodology in this paper for HBM/LPDDR subsystem integration in
chiplet SoCs is based on the use of highly optimized die-to-die interfaces, advanced packaging technologies,
hierarchical memory management, and adaptive power-control strategies. A case study is carried out that
shows a better bandwidth utilization, smaller access latencies, and higher energy-efficiency than the traditional
monolithic designs. These results emphasize scalable memory-centric chiplet architectures that can serve as the
base for future heterogeneous.
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1. INTRODUCTION

1.1. Background and Evolution of Chiplet SoCs

Demand for better computational performance, energy efficiency and functional scalability has
been a key driver behind the evolution of system-on-chip (SoC) architectures. For a long time, the focus
was on producing monolithic SoCs with all processing, memory, and communication modules
consolidated on a single silicon die. While this offered very high integration density, transistor scaling
became increasingly difficult and expensive as Moore's Law started to slow down. In addition, the
complexity of manufacturing advanced technology nodes made things worse. As a result, the chip
industry has shifted its focus towards heterogeneous computing and modular chiplet-based
architectures, where a number of smaller dies are combined in a single package performing specialized
functions. Chiplet ecosystems allow integration of different modules such as CPUs, GPUs, Al
accelerators, I/O controllers, and memory by employing advanced packaging techniques like
interposers and 3D stacking. At the same time, the intensity of data movement in Al, ML, cloud
computing, and mobile systems have led to a serious memory bottleneck. HBM and LPDDR have been
created as main memory solutions to address these problems. HBM is characterized by high bandwidth
and parallelism which is highly appreciated in Al accelerators and HPC systems, whereas LPDDR is a
low-power technology that is ideal for mobile and edge devices. In fact, these technologies are
becoming the building blocks of chiplet SoCs of the future.

1.2. Challenges in HBM and LPDDR Integration

Although HBM and LPDDR offer many benefits, combining the memory subsystems with
chiplet-based SoCs still has several technological issues to be resolved. Bandwidth and latency
management is the main concern since high-speed communication between compute chiplets and
memory chiplets demands efficient die-to-die interconnects with little transmission delay. Besides that,
the data transfer at multi-gigahertz operating frequencies is made reliable with great difficulty due to
signal integrity problems like crosstalk, electromagnetic interference, timing skew, and high-frequency
losses.On the other hand, power consumption is the third important aspect to be considered since
memory interfaces account not only for dynamic but also leakage power. At the same time,
temperature control is also a major problem in compactly integrated packages and in multiple-stacked
HBM architectures, especially where thermal coupling and heat concentration between chiplets lead
to reliability and performance degradation. Besides, manufacturing complexity through-silicon vias
(TSVs), interposers, and assembly reliability constraints is increased when advanced packaging
methods like 2.5D and 3D integration are introduced. Besides, another important aspect that needs to
be addressed is the scalability of interconnects as the future chiplet ecosystems will neither run without
communication frameworks standardization (UCle) nor without efficient Network-on-Chip (NoC)
architectures to support the seamless integration of heterogeneous components.

1.3. Problem Statement and Research Motivation
Existing monolithic memory architectures are failing to meet the expanding performance and
efficiency requirements of Al, HPC, and data-heavy applications. Chiplet-based designs, while offering
scalability and flexibility, still face significant challenges when it comes to integrating HBM and
LPDDR memory subsystems without compromising on bandwidth, latency, power consumption,
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thermal efficiency, silicon area, and manufacturing cost. More importantly, there is no current
comprehensive method that can align system integration of memory across different chiplet setups and
application areas in an optimized manner. These constraints lead to a necessity for research on effective
memory-centric chiplet structures that can deliver a good performance/energy efficiency trade-off. The
increasing number of companies adopting chiplet technology such as AMD, Intel, NVIDIA, Apple, and
TSMC, emphasizes the need for scalable memory integration methods in practice. Fresh applications
like AI accelerators, autonomous systems, cloud data centers, and edge computing platforms all call
for memory architectures offering high bandwidth, low power, and sustainable thermal levels. The
major reasons for doing this research are the scalable cost-effectiveness, enhancing manufacturing yield
by chiplet partitioning, heterogeneous integration flexibility, and next generation computing systems'
performance per watt optimization.

1.4. Objectives and Organization of the Study

This paper aims to explore the architectural aspects of HBM and LPDDR memory subsystems,
as well as their integration in chiplet-based SoCs, by analyzing the problems related to bandwidth,
latency, signal integrity, thermal behavior, power management, and advanced packaging technologies.
Subsequently, a framework for the integration of HBM and LPDDR subsystems into heterogeneous
chiplet environments is provided. The proposed approach is firstly tested by simulation and then
corroborated by case studies of bandwidth utilization, latency reduction, power efficiency, and thermal
performance. Meanwhile, the paper provides a detailed review of interconnect technologies and
packaging solutions contributing towards simultaneous scalability and reliability of chiplet systems.
The remaining part of this paper is sectioned into a number of chapters that expound upon the memory
subsystem architectures, the integration challenges, the proposed methodologies, the experimental
analysis, case studies, results, and future avenues of research in Al accelerators, HPC platforms, mobile
processors, and edge computing devices.

2. LITERATURE REVIEW

2.1. Evolution of Memory Architectures

The progress in memory designs is a key factor in enabling computing at a massive scale and
with excellent response time, eventually supporting advanced domains of computer science such as
artificial intelligence (Al), high-performance computing (HPC), cloud systems, and mobile devices.
Refined Double Data Rate (DDR) memory technologies have led the way from DDR to DDR5, offering
at every turn increased bandwidth, faster operation frequencies, and more reliability. DDR5
supplements channel efficiency and significantly escalates data transfer rates which is a great match
for server and enterprise workloads. On the downside, DDR memories consume quite some power
and are subjected to scalability problems for data-intensive applications.

Low-Power Double Data Rate (LPDDR) memory technologies have developed from LPDDR3
to LPDDR5X in order to meet the requirements of energy efficiency in mobile and edge devices. LPDDR
memory layouts rely on low-power operating modes, highly selective refresh, and Dynamic Voltage
and Frequency Scaling (DVEFS) for energy reduction without compromising performance. LPDDR5X
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also raises transfer speed and efficiency substantially making it very suitable for smartphones, edge Al
platforms, and automotive systems.

High-Bandwidth Memory (HBM) came into existence to break the bandwidth barriers in Al
and HPC environments. The move from HBM to HBM2E and HBM3 has led to the development of
stacked memory architectures featuring Through-Silicon Vias (TSVs) and wide I/O interfaces. HBM3
offers a very high bandwidth at the same time lowering power per bit transferred which is why it is
very efficient for Al accelerators and large-scale computing platforms. While HBM3's bandwidth may
be much better than DDR5 and LPDDRS5, at the same time, it needs advanced packaging technologies
along with higher manufacturing costs.

Table 1: Comparison of Memory Technologies

Memory Key Feature Advantages Limitations Main
Technology Applications
DDR5 High-speed Improved Higher power Servers, Enterprise
conventional bandwidth and consumption Systems
DRAM reliability
LPDDR5/LPDDR5X Low-power Energy efficient, Lower bandwidth Smartphones,
memory low standby power than HBM Edge Al
Automotive
HBM3 Stacked high- Very high High packaging cost Al Accelerators,
bandwidth throughput, low and thermal HPC
memory power per bit complexity

2.2. Chiplet-Based SoC Architectures

Due to the slowing down of Moore's Law and the increased complexity of building chips,
chiplet-based System-on-Chip (SoC) designs have become an alternative to the usual monolithic
designs. In a chiplet architecture, several smaller chips are combined within one package to carry out
different functions, e.g., a chip for processor, chip for memory management, chip for graphics
acceleration, and chip for input/output communication. This design with smaller parts not only helps
in producing good chips more frequently but also reduces the cost of development and allows for
different components to be built using different technology nodes to be integrated seamlessly.

Scalability is one of the major advantages of chiplet architectures as designers can not only reuse
but also combine chiplets to make custom systems tailored for specific uses. A number of top-notch
industry technologies are a clear testimony to this. AMD's Infinity Fabric is a medium which facilitates
fast communication between the computing and memory chiplets. Intel's Foveros is a technology that
allows 3D stacking of logic and memory dies for compact integration. TSMC's CoWoS technology
employs silicon interposers for high-bandwidth communication in Al accelerators, NVIDIA's Grace
Hopper architecture is a combination of CPUs, GPUs, and HBM for very large-scale Al processing.
Such innovations emphasize the role of chiplet ecosystems in coming heterogeneous computing
platforms.
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2.3. HBM and LPDDR Subsystem Design

HBM subsystem design focuses on TSV-based stacked memory and wide I/O communication
channels. Multiple DRAM dies are vertically stacked to achieve massive memory bandwidth with
improved energy efficiency. Silicon interposers are commonly used to connect HBM stacks with
compute chiplets, enabling high-speed communication. The primary advantages of HBM include very
high throughput, reduced power per transferred bit, and efficient support for Al and HPC workloads.
However, HBM integration also creates thermal hotspots, increases packaging complexity, and raises
manufacturing cost due to advanced TSV and interposer technologies.

LPDDR subsystem design emphasizes low-power operation and energy-efficient data transfer.
LPDDR memories use DVFS, sleep modes, and optimized signaling techniques to reduce power
consumption in battery-powered devices. These features make LPDDR suitable for smartphones, edge
computing systems, and automotive electronics. Although LPDDR provides lower bandwidth than
HBM, it offers excellent energy efficiency for mobile-oriented applications.

2.4. Interconnect Technologies and Research Gaps

Chiplet and memory subsystem communications can work seamlessly if resilient efficient
interconnect technologies are deployed. SoC Network Architectures (NoC) can be thought of as
scalable data routing techniques that can be used to route data traffic within the chiplet ecosystem.
Universal Chiplet Interconnect Express (UCle) is a totally new communication standard for die-to-die
communication which is designed to enhance the interoperability of chiplets. In addition to that, to
increase the bandwidth of advanced packaging systems and levels of integration, other emerging
technologies like Embedding Multi-Die interconnect Bridge (EMIB), silicon interposers, and organic
substrates are being widely used.

In spite of a few recent advances, many research challenges still lie ahead. The current HBM
and LPDDR studies are largely limited to each of the memory technologies separately. Limited studies
exist that propose unified integration frameworks with chiplet SoCs combining both memory
technologies. Thermal-aware optimization techniques are far from perfect for extremely integrated
systems. Therefore scalable orchestration methods for multi-chiplet memory communication are also
lacking. Overall, these issues must be resolved to invent the future energy-efficient yet high-
performance chiplet architectures.

3. PROPOSED METHODOLOGY

3.1. Overview of the Proposed Architecture

Basically, the proposed approach involves using a hybrid High-Bandwidth Memory (HBM)
and Low-Power DDR (LPDDR) subsystems integrated into a chiplet-based System-on-Chip (SoC)
architecture. The main aim of the design is to offer very high computational performance, the
scalability to expand capacity over time, and low energy consumption for a variety of applications
including artificial intelligence (AI), high-performance computing (HPC), cloud systems, edge
computing as well as mobile platforms. The architectural idea is to combine the very high bandwidth
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feature of HBM with the extremely low power consumption feature of LPDDR to create a well-
balanced and versatile memory hierarchy.

The endeavor is trying to build a complex combination of processing chiplets, memory
controllers, HBM stacks, LPDDR modules, and a very fast connecting fabric. Computing chiplets
comprise CPUs, GPUs, and Al accelerators that are the main units capable of carrying out the execution
of the workloads. HBM stacks are located extremely close to the computing chiplets using highly
efficient packaging methods such as the silicon interposer to provide communication that is not only
very fast but also very wide in terms of bandwidth. LPDDR modules represent the low-power memory
resources that are both physically and logically optimized for mobile and very energy-efficient
operations. A main memory controller oversees and manages data exchange and the allocation of the
workloads between the processing units and memory subsystems.

Besides that, the architecture is capable of workload-aware memory management too.
Specifically, data-heavy Al and HPC workload products will be forwarded to HBM, whereas low-
power, background tasks will be performed using LPDDR memory. Such a hybrid format leads to
significantly improved performance-per-watt and considerably lower power consumption while still
being very scalable and flexible.

CPU GPU / Al 1/0
Chiplet Chiplet Chiplet

| I I

[ Interconnect Fabric I
T

T
High-Speed Interface Low-Power Inverface
‘
;’ LPDDR Chiplet ’
e = =]
High-Bondividth Memory Low-Power DDR

Fig 1 - Hybrid HBM and LPDDR Integration in Chiplet-Based SoC Architecture

3.2. System-Level Design Flow and HBM Integration

The system-level design flow starts with performing a requirement analysis to identify the
application needs such as bandwidth, latency, power efficiency, and thermal limits. Then, based on
these, a SoC could be divided into multiple chiplets to improve modularity, reduce manufacturing
complexity, and increase yield. Subsequently, different memory allocation methods are designed to
distribute HBM and LPDDR resources according to the prioritization of the workloads.

The selection of an interconnect topology is done to guarantee the efficient communication
between the compute chiplets and the memory modules. Along with that, advanced packaging
technologies like 2.5D integration and using a silicon interposer help to reduce the communication
delay and at the same time, to increase the bandwidth density. Moreover, thermal-aware floorplanning
techniques are also utilized in this stage to spread the heat over the package and thus reduce the heat
concentration. Also, power optimization techniques are planned and included at this point to help in
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reducing the power consumption while at the same time ensuring performance is not negatively
impacted.

The aim of the HBM integration is to provide high memory throughput and at the same time,
to keep the communication overhead at a minimum level. As the HBM uses memory dies stacked one
on top of another and connected via Through-Silicon Vias (TSVs), special attention should be paid to
the TSV placement in order to avoid routing congestion and at the same time, to raise the electrical
performance. In addition, efficient interposer routing is a must to meet the requirements of high-speed
communication between the compute chiplets and the HBM stacks.

Wide I/ O communication channels are required for parallel data transfer in Al accelerators and
HPC systems. Therefore, dynamic bandwidth allocation schemes are introduced to efficiently allocate
memory resources according to workload demand. This way, memory utilization is improved and
performance deterioration due to bottlenecks is prevented even during the highest operating
conditions.

3.3. LPDDR Integration and Interconnect Optimization

The core of LPDDR integration approach centers on energy-efficient and low power operation.
LPDDR memories serve as secondary memory resources which are combined with the high
performance HBM subsystem. Through Dynamic Voltage and Frequency Scaling (DVFS) methods,
changes in voltage and operating frequency based on workload are achieved, and this leads to cutting
down on power consumption when it is not required.

The method involves adaptive refresh mechanisms and low-power standby modes to continue
the trend of energy efficiency improvements. These characteristics make LPDDR the right choice for
the smartphone, automotive electronics, edge Al and other battery-powered systems markets. While
LPDDR offers lower bandwidth than HBM, it is very power-efficient which makes it very suitable for
mobile-oriented applications.

A strong set of interconnects is very essential in bringing together various chiplets and memory
modules in general communication. The line of action mentioned here takes advantage of chiplets
interconnecting through UCle together with the network-on-chip (NoC) architecture for very fast data
transfer. The use of packet scheduling algorithms is a way to prioritize the most latency-sensitive traffic
as well as to keep the network load balanced dynamically. Optimized routing methods result in
reduced congestion and increased bandwidth availability for the entire chiplet environment.

3.4. Thermal-Aware Design and Reliability Verification

Thermal management remains a critical challenge in the development of chiplet SoCs, most
notably in stacked HBM architectures. This work presents various thermal-aware design strategies
that, combined, have the potential to alleviate heat accumulation and enhance the overall system
reliability over the lifetime. Temperature measuring units are dispersed without a particular pattern
on both the compute chiplets and the memory stacks to record the temperature changes during
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operation. Similarly, the concept of using heat spreading materials and cooling methods are also a part
of the overall design to improve the overall heat removal performance.

Methods of dynamic thermal management adjust the operating frequency along with spreading
the workload based on the changes in temperature that have been detected instantaneously. On the
other hand, thermal-aware floorplanning is an effective way of decreasing the thermal coupling
between neighboring chiplets thereby enhancing the stability of the entire system.

Signal integrity checks, error correction, fault tolerance are examples of techniques to confirm
reliability of the system. Evaluating crosstalk, electromagnetic interference, timing skew, and high-
frequency losses allows a crosschecking of the signal path for reliable high-speed communications.
Performance and timing closure are validated by simulating different workload scenarios and testing
them for performance, thermal behavior, and power efficiency. This kind of verification gives
confidence that the proposed hybrid HBM and LPDDR memory subsystem can deliver scalable,
reliable, and energy-efficient performance for future computing systems.

4. CASE STUDY

4.1. Case Study Overview

This study shares the story of the new System-on-Chip (SoC) design using chiplets for artificial
intelligence (AI) accelerator application and assesses its performance. The proposed system comprises
four computing chiplets, two High-Bandwidth Memory version 3 (HBM3) modules, and one Low-
Power DDR5 (LPDDR5) unit, all combined in a heterogeneous chiplet environment. This case study
aims to assess the efficacy of the hybrid memory fusion in aspects like throughput enhancement,
latency minimization, power expenditure improvement, and thermal condition preservation in Al-
related work.

Compute chiplets contain Al processing cores, vector processors, and also dedicated
accelerators for deep learning and matrix-intensive operations. Two HBM3 stacks are combined to
provide the very high memory bandwidth that Al training and inference require. On the other hand,
the LPDDR5 subsystem serves as the energy-efficient memory for background tasks, control
operations, and less important things. The chiplets are connected with a UCle-based die-to-die
interconnect network which uses 2.5D packaging technology.

The architecture employs a hybrid memory hierarchy where high-bandwidth transactions are
routed to HBM3 while low-power transactions are served by LPDDRS. Such a strategy gives the ability
to distribute workload effectively over memory resources and results in a significant leap in the overall
system performance. Case study shows that advanced packaging, interconnect optimization, and
thermal-aware design techniques reveal how these aspects dictate the performance and reliability of
the chiplet SoC.
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4.2. System Specifications and Architecture

The chiplet SoC, which was implemented, utilizes 5 nm process technology to achieve a high
transistor density while at the same time an improvement in energy efficiency. The HBM3 subsystem
delivers a memory bandwidth of around 1.2 TB/s, which makes it possible to have very fast data
transfers for Al and high-performance computing workloads. The LPDDR5 subsystem operates at a
data rate of 8533 MT/s and is intended for low-power communication with very low standby energy
consumption.

The link between compute chiplets and memory subsystems is based on the Universal Chiplet
Interconnect Express (UCle) protocol that allows for standardized high-speed die-to-die connectivity.
From the architectural point of view, it is manifested in a 2.5D Chip-on-Wafer-on-Substrate (CoWoS)
type of packaging where silicon interposers are used to combine compute and memory chiplets into
one single package. This packaging method improves signal integrity, reduces communication latency,
and supports high-density interconnect routing.

Architecturally, there are dedicated memory controllers that, along with the scheduling of
workloads, also handle memory allocation and bandwidth management between the HBM3 and
LPDDR5 resources. The HBM3 stacks are located close to the compute chiplets to minimize
communication overhead and maximize data throughput, on the other hand, LPDDR5 modules are
connected as secondary low-power memory resources. Besides that, the system is equipped with
thermal sensors and power management modules that keep track of operating conditions and adjust
energy efficiency on the fly.

Table 2: System Specifications of the Proposed Chiplet SoC

Component Specification Purpose/Application
Process Technology 5 nm High transistor density and energy efficiency
Compute Chiplets 4 AI Compute Chiplets Al processing and acceleration
Memory Type 2 x HBM3 + 1 x LPDDR5 Hybrid high-performance and low-power
memory
HBM3 Bandwidth ~1.2TB/s High-speed Al and HPC workloads
LPDDRS5 Data Rate 8533 MT/s Low-power background operations
Interconnect UCle High-speed die-to-die communication
Protocol
Packaging 2.5D CoWoS with Silicon Interposer Improved signal integrity and integration
Technology
Target Applications Al Accelerators, HPC, Edge High-performance heterogeneous computing
Computing

4.3. Implementation Flow and Experimental Setup
The proposed chiplet SoC method first partitions the chiplets identifying the processing units,
memory controllers, and memory subsystems as separate, independent functional chips. This
partitioning method not only enhances scalability and manufacturing yield but also provides the
capability to integrate heterogeneous components in a flexible way. After partitioning, memory
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mapping is used to decide which part of the workload is to be handled by HBM3 or LPDDRS5,
considering their bandwidth and power characteristics.ss

Then, routing optimization is carried out to minimize inter-chiplet communication delay and
enhance bandwidth utilization in the interposer network. The routing plan is designed to reduce
congestion and enable efficient packet transmission through UCIe communication links. Also, thermal
simulation run at floorplanning stage assists in finding possible heat concentration areas which can be
mitigated by chiplet placement optimizing heat dissipation.

Various commercially available tools are chosen for implementation and study purposes.
Cadence and Synopsys are used for chiplet design, floorplanning, timing analysis, and interconnect
verification. ANSYS RedHawk comes into play when thermal and power integrity analysis is to be
performed and MATLAB and SystemC are chosen for performance simulation and workload
modeling. The setup of the experiments measures a variety of system parameters including
throughput, communication latency, power consumption, and thermal profile during Al inference and
training workloads.

The system behavior is analyzed under different workload conditions simulating peak
processing activity and low-power modes. The work experiments the hybrid memory subsystem of
HBM3 and LPDDRS5 against the traditional monolithic memory architectures in terms of performance.
This is one of the ways to assess the role of hybrid memory integration in enhancing system-level
efficiency and scalability.

4.4. Observations and Performance Analysis

The experimental analysis presents evidence of HBM3 integration resulting in a drastic
enhancement of the overall system throughput performance on the basis of its ultra-high bandwidth
and parallel communication features. Al tasks like matrix manipulation, DNN training, and extensive
data movements run faster on HBM3-based systems than on regular DDR systems. Additionally, the
communication delay of memory accesses is as well minimized with the HBM3 stacks residing closely
with the compute chiplets.

The LPDDRS part of the memory system is a major factor in reducing the standby and
background power consumption. Background and standby tasks that are given to the LPDDRb are not
only less energy-consuming but also quite capable of delivering a decent level of performance. Besides,
a dynamic division of work between HBM3 and LPDDR5 is done towards overall power efficiency
improvement, and at the same time, it makes balanced utilization of memory resources possible.

The findings of the research are that the communication latency and bandwidth utilization are
significantly affected by interposer routing strategies. Great routing leads to a reduction of congestion
and the transfer of packets across chiplets is sped up. On the other hand, a thermal study shows that
the memory activities that take place near the HBM3 stacks together with the dense vertical integration
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are the reasons for the generation of thermal hotspots. These spots may pose a risk to reliability in the
long run if they are not addressed correctly.

The use of thermal-aware floorplanning as well as the employment of dynamic thermal
management methods together result in the reduction of the risk associated with overheating by
redistributing the workloads and lowering the frequency of operation, among other things, during
thermal peak situations. To sum up, the case study demonstrates that a combination of HBM3 and
LPDDRS5 in chiplet SoCs could cause a breakthrough in throughput, scalability, and energy efficiency,
thereby catering to the increasing requirements of the modern Al and HPC applications.

5. RESULTS AND DISCUSSION

5.1. Performance Analysis

Here are the performance results of the hybrid chiplet architecture. The throughput, bandwidth
utilization, and latency reduction reach significantly higher levels than in the monolithic SoC designs.
In fact, three different architectures were tested: regular monolithic SoCs, chiplet SoCs integrated with
LPDDR, and chiplet SoCs integrated with HBM. The monolithic architecture performed the worst
because of a lack of memory parallelism and the resulting communication bottlenecks. For chiplet
architecture with LPDDR, moderate performance gains were attainable while low power consumption
was maintained. The highest processing power was achieved by the chiplet architecture with HBM
primarily due to the characteristics of its stacked memory, wide 1/O interfaces, and high-speed
communication channels.

Hybrid architecture is able to utilize improved memory parallelism, i.e., multiple compute
chiplets accessing memory resources concurrently. This makes it possible to alleviate memory
bottlenecks in Al training, matrix operations, and other demanding tasks. The use of HBM leads to a
significant enhancement in data transfer rates and reduction of communication delays between
processing units and memory subsystems. UCle-optimized communication and judicious interposer
routing are two additional measures to minimize latency and enable strong synchronization among
chiplets.

Another way dynamic sharing of work between HBM and LPDDR helps in better bandwidth
utilization. The more urgent Al and HPC tasks are executed on HBM, whereas low-power and
background activities rely on LPDDR memory. Adopting such a memory management policy based
on proportion has resulted in better overall system response and higher computational power. The test
results validate that the hybrid architecture proposed here outperforms the conventional DDR-based
memory systems in terms of both scalability and performance.
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Fig 2 - Performance Comparison between Chiplet SoC and Monolithic SoC Architectures

5.2. Power Consumption and Thermal Analysis

Power consumption study indicates that the new combined HBM and LPDDR memory system
reaches a good compromise between delivering high performance and saving energy. Due to the high-
speed data transfers and ongoing stacked memory operations, HBM, as expected, has higher power
consumption during its active state. Nevertheless, when measured in terms of energy consumed per
bit of data, HBM still outperforms the conventional DDR systems mainly because it utilizes shorter

communication paths and supports higher parallelism.

Through implementing the Dynamic Voltage and Frequency Scaling (DVFS), adaptive refresh
strategies, and low-power standby modes, LPDDR can significantly reduce power consumption. One
of the ways to find out that LPDDR contributes to a great energy saving, especially in standby mode,
is through measuring leakage power and this is consistent with its usage in cell phones, automotive,
and edge Al devices, among others.

A hybrid system smartly directs the combination of the two types of memory depending on the
performance and power requirements, which means that HBM can be given the task of handling high
bandwidth work while LPDDR is operating in low power tasks. This way of allocating work based on
the nature of workload is very helpful in not only decreasing the energy consumption of the system
but also improving the performance-per-watt ratio.

The study on heat distribution revealed that the integration of HBM causes appearance of
heated-up spots around stacked memory areas due to dense vertical integration and heavy data
movement. These thermal hotspots are primarily located around HBM stacks and interposer
communication areas. However, LPDDR has lower thermal impact because of its energy-saving
operating mode and reduced communication activity.

Thermal-aware floorplanning and dynamic thermal management are included in the design
considerations to address thermal issues. Temperature sensors are responsible for monitoring
temperature changes on chiplets and memory modules, thus enabling the workload transfer from the
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overheated parts. Besides that, heat spreading materials and cooling methods play a major role in
raising the overall thermal reliability of the system. Also, the study finds that active cooling is a must
for AI accelerators and HPC systems using several HBM stacks under extended high-performance
conditions.

5.3. Signal Integrity and Reliability Analysis

Signal integrity evaluation shows that very fast chiplet communication leads to several
problems such as crosstalk, EMI, timing skew, and transmission loss. By analyzing the eye diagram
one can see that through proper routing and the use of controlled signaling, the reliability of
communication can be significantly increased even at the highest frequencies. Efficient interposer
routing can not only minimize the interference among different communication channels but also lead
to a better synchronization of the chiplets.

Bit Error Rate (BER) analysis validates uninterrupted communication capability through UCle-
based die-to-die interconnects under various workload conditions. Along with shielding and
impedance matching, other crosstalk reduction methods lead to further improvement of signal quality.
Communication robustness during high-bandwidth data transfer is enhanced by error correction
codes, as well as adaptive retransmission techniques.

Timing closure verification allows the compute chiplets, HBM stacks, and LPDDR subsystems
to be synchronized at the desired operating frequencies. When localized failures and thermal-induced
errors occur, redundant communication paths and adaptive rerouting as fault tolerance techniques will
help in increasing system reliability. With these methods, the hybrid memory subsystem's operation is
firmly maintained both in Al and HPC scenarios.

5.4. Cost and Scalability Analysis

The architecture based on chiplet is getting more and more common nowadays because it can
supply the benefit of greater scalability and easier manufacturing compared with the monolithic SoCs.
The partition into chiplets can improve the manufacturing yield greatly since the probability of defects
in smaller dies is lower. Besides, the modular design enables components made with different process
technologies to be integrated heterogeneously, which in turn lowers development complexity and
increases design flexibility.

On the other hand, high-end packaging solutions such as silicon interposers, TSV-based HBM
integration, and 2.5D CoWoS packaging can increase the manufacturing and assembly costs. However,
the chiplet ecosystems that feature high scalability and performance probably can make up the
increased packaging expenses in Al and HPC operations.

The hybrid HBM and LPDDR subsystem put forward here, when measured against other
methods reported in the literature, is able to show greater throughput, better energy efficiency, and
wider workload flexibility. Integration of HBM is capable of delivering bandwidth that is an order of
magnitude greater than the bandwidth of conventional DDR-based systems, whereas LPDDR helps to
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achieve significant power savings especially during standby and low-activity modes. Modular chiplet
partitioning in combination with optimized interconnect utilization is also a way for the architecture
to achieve enhanced area efficiency.

5.5. Comparative Discussion

The comparative analysis validates that the proposed hybrid architecture stands out as a well-
balanced option that caters to the demands of future heterogeneous computing systems. Typically, the
traditional monolithic memory architectures face several challenges such as limited scalability, power
inefficiency, and high temperatures. On the other hand, the chiplet-based design not only offers the
very high bandwidth of HBM but at the same time it leverages the low power feature of LPDDR,
thereby resulting in the overall system performance enhancement.

Moreover, the architecture is capable of accommodating the expanding requirements of Al
accelerators, cloud platforms, and edge devices effectively due to the incorporation of cutting-edge
interconnect technologies, deployment of thermal-aware design methodologies, and implementation
of dynamic workload management. It has been confirmed through the evaluation that hybrid memory-
centric chiplet architectures are an excellent choice for future scalable, high-performance, and energy-
efficient computing systems.

6. CONCLUSION AND FUTURE SCOPE

6.1. Conclusion

This paper illustrates a Hybrid integration of High-Bandwidth Memory (HBM) and Low-Power
DDR (LPDDR) with chiplet-based System-on-Chip (SoC) architectures to create heterogeneous
computation platforms for modern applications. The escalating computational needs of artificial
intelligence (Al), high-performance computing (HPC), cloud systems, and edge devices urging for
memory architecture that can offer high bandwidth, low latency, and energy-efficient operation.
Traditional monolithic SoCs running into hefty major problems of scalability, power efficiency, and
thermal management are almost a thing of the past due to chiplet-based architectures becoming the
future systems choice.

The designed hybrid HBM and LPDDR unit demonstrated in the method that it is possible to
achieve a better performance and increased system flexibility thanks to the drastic bandwidth increase
offered by HBM and the low-power and standby energy consumption benefits brought by LPDDR.
Besides that, the architectural interconnect strategies, thermal-aware floorplanning, and dynamic
workload allocation mechanisms have been simultaneously optimized and incorporated resulting in
efficiency and reliability improvements of the whole system.

The principal points include: a unified integration framework for hybrid memory subsystems,
execution of thermal-aware optimization strategies, and investigation of performance, power, and
scalability factors in chiplet ecosystems which all constituting major contributions of this paper are
discussed in detail. Testing steadily verified that throughput had been boosted, communication
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bottlenecks minimized, power efficiency enhanced, and scalability additionally improved beyond that
offered by traditional monolithic memory architectures.

6.2. Future Scope

Future studies may be based on adding the latest memory devices such as HBM4 and LPDDR6
in order to further increase bandwidth and lower energy consumption. Using artificial intelligence,
adaptive memory management algorithms may continuously optimize the distribution of workloads,
the thermal conditions, and the power consumption. Cutting-edge methods of 3D heterogeneous
integration along with the use of optical chiplet interconnects are viable candidates for the reduction
of latency and improvement of communication scalability in future chiplet ecosystems.

Besides this, there is more that can be done in the area of developing machine-learning-based
thermal prediction models, designing security-aware memory subsystem architectures, and producing
standardized chiplet interoperability frameworks that allow the integration of different components of
heterogeneous origin from multiple vendors in a seamless manner. Also, the use of advanced cooling
techniques such as liquid cooling and microfluidic systems may turn out to be crucial for dealing with
the heat produced by future Al accelerators and HPC platforms.
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