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Abstract- The System-on-Chip (SoC) technology has become an important topic in current electronics engineering.
The present study highlights various issues faced during the design of an SoC. These include scalability, energy
consumption, reliability, and difficulty in integration. An extensive review of the literature has been carried out for
methodology identification.
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obtained, but the power consumption issue and
I. INTRODUCTION hardware implementation problems were not
addressed sufficiently.

System-on-Chip  (SoC) technology integrates
multiple com-ponents such as processors, memory,
and communication mod-ules onto a single chip.
With the increasing demand for high-performance
and low-power devices, SoC design has become
more complex. This paper discusses various
challenges in SoC design and reviews existing
research contributions in this field.

Researchers in safety-critical systems studied Safe
System-on-Chip for critical applications, including
automotive  elec-tronics. They showed the
effectiveness of implementing fault detection and
safety-monitoring modules in the architecture.
However, extra hardware led to additional costs and
more difficult design procedures.

Researchers in CMOS sensorics conducted a survey
on the latest trends in CMOS integrated SoC sensoric
solutions. They considered the possibility of
integrating several types of sensors on the same
silicon wafer efficiently. Results obtained were
efficient in power consumption and size. Yet, there
remained unsolved issues regarding scaling, noise
influence, and power consumption control.

Il. LITERATURE SURVEY

The fast-paced development in SoC technology has
created a number of issues regarding scaling, energy
consumption, system integration, and reliability. In
this part, we discuss significant works that indicate
the progress and obstacles in SoC design.

Authors of the H.263 Case Study suggested an
object-oriented SoC-NoC template framework for
multimedia ap-plications. The methodology used
reusable object-oriented blocks verified by
simulation models. It was shown that the
methodology allowed for increased modularity and
scalability of SoC designs. However, the
methodology became compli-cated in large-scale
projects and did not have enough real-time
validations.

Power optimization specialists designed an energy-
efficient multicore SoC utilizing sophisticated power
management ap-proaches. In their work, simulation
and hardware models demonstrated decreased
energy consumption while maintain-ing adequate
performance. Still, the unavoidable compromise
between power efficiency and performance remains.
DNN hardware experts performed a comparison of
number systems used for designing DNNs on SoC-
based platforms. They found that using fixed-point
arithmetic simplifies the hardware and reduces
power consumption but sacrifices accu-racy.
Interconnect architecture researchers studied

Several researchers examined the increasing
difficulty of SoC design related to heterogeneity in

terms of processing modules. Analytical modeling intercon-nect architectures on chips and packaging

f\r‘dhl' Eorr(;pahrlson doff I’;;Odk'ﬂal" ar-chltectgres to solve latency and bandwidth problems in massive
Ighlighted the need for effective interconnections SoC systems. Chiplets and 3D integration

of modules. Performance improvements were "
approaches enhanced scalability and com-
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munication capabilities. Although these techniques efficiency SoCs. Based on simulation and prototype

have many advantages,
manufacturing difficulties persist as major concerns.
GaN technology researchers analyzed the
applicability of Gallium Nitride (GaN) for high-

Table |

Summary Of Literature Review On Soc Design

heat dissipation and testing, GaN demonstrated improved.

Sr. | Author(s) & Title Methodology | Key Findings Research Gap
No. | Year
1 | Wang et al. Intelligent Embedded Enhanced Limited
(2024) Disinfection System | system + Al automation and consideration for
us-ing STM32 and (YOLO) control for public scalabil-ity and SoC
YOLO sanitation optimization
2 | Macia” Perez et | Neuroregulator Multi-agent Reconfigurable SoC | Complex design
al. (2022) System based on system + FPGA| design for with limited prac-
SoC (FPGA) biomedical purposes | tical evaluation
3 | Abdelghani & | Microfluidic Design | CMOS and Effective humidity Low power output
Hussien (2025) | for Lab-on-Chip microfluidics sensing and en-ergy | requiring further
System technology harvesting development
4 | Alsuhli et al. Number Systems in | Comparative Minimized hardware | Some compromise
(2025) DNN Archi-tecture | study complexity through | on accuracy re-
optimal number quired
systems
5 Das et al. (2024)| Interconnects in SoC | Review Improved Challenges in thermal
Design interconnectivity management and
using NoC and manufacturing
chiplets architecture
6 | Nikandish GaN SoC Systems Circuit and High efficiency and | Fabrication
(2024) system-level power density complexity and cost
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Biomedical Use implementation | manipulation
8 | Lakshminarayan| CMOS Integrated Review study Compact, low- Signal integrity and
a et al. (2025) | Sensing SoC power sensing sys- | reliability is-sues
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9 | Hedayati et al. | On-Chip Antenna for| RF + CMOS Improved antenna Signal loss and
(2019) 5G design efficiency interference issues
10 | Solodovnikov et| SoC Verification FPGA-based Faster verification High cost and
al. (2024) Acceleration emulation process complexity
11 | Luo et al. (2025)| 3D Flip-Chip Qubit | Quantum chip | Improved qubit Complexity in
Design modeling performance integration
12 | Borcsok et al. Safe SoC Design Redundant Enhanced safety and | Increased hardware

(2021)

architecture

reliability
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13 | Liwei & Sun NoC Template (H.263| Object-oriented | Modularity and Lacks real-time
(2008) Case Study) modeling scalability im- validation
provement
14 | Shaposhnikov | Control Systems System-level Control systems Insufficient

(2019) Conference Work

examination

advancements application to SoCs

15

Kolahimahmou
di et al. (2025)

Hybrid ADC for SoC
Testing

ADC technology

Observability and
testing enhance-
ment

Lower precision

energy efficiency and density. Yet, problems
associated with manufacturing and design
complexity hinder its widespread implementation.

Biomedical SoC researchers created an adjustable
DEP chip using CMOS technology for cellular
manipulation. Through electronic design combined
with biological application, the researchers achieved
precise control over cell movement. Al-though
successful, scalability and integration within the
wider biomedical field pose further challenges.

RF system researchers explored on-chip antenna
design for 5G communication systems. Using RF
simulation and nanoscale CMOS techniques, they
identified issues such as signal loss and interference.
Although integration reduces sys-tem size,
performance degradation due to material limitations
is still a concern.

Semiconductor integration researchers analyzed
challenges in modern SoC platforms through
experimental and device-level studies. Their work
showed improvements in system integration and
efficiency. However, transitioning these ad-
vancements into large-scale industrial applications
remains difficult.

Scientific Reports authors (2025) examined
scalability and reliability issues in modern integrated
electronic systems. Using a combination of
experimental and simulation-based approaches,
they demonstrated enhanced performance through
advanced integration techniques. However, long-
term  reliabil-ity and thermal management
challenges continue to require further investigation.

M. SOC ARCHITECTURE OVERVIEW

The term "System-on-Chip (SoC)" relates to an
advanced architecture in which different hardware
elements are inte-grated on a single semiconductor

device. This means that there is integration of
processing units, memory devices, interface ports,
and peripherals on a chip. Such a level of integration

ensures  performance  optimization,  energy
efficiency, and com-pactness.

A. Basic Structure of SoC

SoC architecture comprises of a processor,
memories, in-put/output ports, and a

communication network between all these elements.
All these elements are connected via bus net-works
or Network-on-Chip (NoC). It is designed in such a
way that there is a seamless transfer of information
and interaction between different blocks inside the
chip. This combination of hardware and software
enables optimum system performance.

B. Components of SoC
A typical SoC contains
components:

the following core

e Central Processing Unit (CPU): The CPU is a key
control unit that performs the instruction
execution task.

e  Graphics Processing Unit (GPU): The GPU deals
with parallel computing and is used for
processing graphical images and machine
learning tasks.

e Memory Modules: This module contains on-chip
mem-ories like SRAM, cache, and sometimes
even embedded DRAM to store data quickly.
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System-on-Chip (SoC) Architecture Block
Diagram

Fig. 1. Basic Architecture of a System-on-Chip

e Input/Output Interfaces (I/0): /O interfaces like
USB, UART, SPI, and GPIO are used to connect
the SoC with other hardware components.

e Interconnect Fabric: The interconnect bus is an
essential component in connecting various
modules inside the SoC.

C. SoC Types
There exist several types of SoCs, including those
designed based on their purpose and function:

e Application-Specific Integrated Circuit (ASIC)
SoC: This is an SoC tailored specifically for
particular tasks, providing high performance but
less flexibility.

e Field-Programmable Gate Array (FPGA) SoC:
Such SoCs allow users to customize the
hardware capabilities post-fabrication, enabling
easy customization for a wide range of tasks.

e Heterogeneous SoC: This type of SoC
incorporates mul-tiple kinds of computing
blocks, including central pro-cessing units
(CPUs), graphic processing units (GPUs), and
other hardware accelerators.

IV. DESIGN METHODOLOGY FOR SOC

The design methodology for System-on-Chip (SoC)
plays a critical role in ensuring efficient development,
optimization, and implementation of complex
integrated systems. Due to the increasing complexity
of modern SoCs, structured design approaches are
essential to achieve performance, power effi-ciency,
and reliability goals.

A. Top-Down vs Bottom-Up Approach
Two primary approaches are commonly used in SoC
design: top-down and bottom-up.

The top-down approach begins with high-level
system specifications and progressively refines the
design into lower-level components. This method
focuses on system-level func-tionality, allowing
designers to optimize performance and architecture
early in the design process. It is widely used for
complex SoC designs as it ensures better planning
and integration.

Unlike the top-down strategy, the bottom-up
approach takes a starting point with design and
development of separate blocks or modules and
then proceeds with their integration into an entire
system. While such an approach provides an
opportunity to optimize individual blocks, it can
result in certain problems during the integration
stage.

In reality, the two strategies are combined in practice
to achieve the best results in terms of balancing
system-level optimization with efficiency at the block
level.
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B. Hardware-Software Co-Design

Another important aspect that characterizes the field
of SoCs is co-design that implies concurrent
designing of both hardware and software parts
rather than sequential develop-ment. Such a method
allows partitioning of different system functions
between hardware and software, thus providing
better performance and shorter development cycle.
Typically, co-design implies implementation of
computa-tions by hardware to ensure high speed
and control/user interface by software due to
flexibility requirements.

C. Design Flow
The flow of SoC design implies consecutive
performing of a number of stages as follows:

e Specifying: The first step in the design phase
involves identifying the needs of the system in
terms of its functionalities, performance, power
limitations, and ap-plications.

e Modelling: High-level models are created by
using HDL or system-level design approaches.
These models are used for simulating and
validating the functioning of the system.

e Synthesis: From the created high-level models,
the de-sign is transformed into the level of gate
circuitry that can be implemented on silicon. The
model goes through an optimization phase to
fulfill design limitations.

e Validation: The resulting design is checked for its
cor-rectness and reliability.

e An effective design methodology will ensure
smooth and reliable design implementation.

V. KEY CHALLENGES IN SOC DESIGN

The continuous development of SoC technology
brings about some key challenges because of
increased integration, performance requirements,
and complexity of SoCs. The need to overcome these
challenges is critical for the creation of an effective
SoC system.

A. Power Dissipation and Thermal Challenges

One of the key challenges that designers have to
address during the process of SoC design is the issue
of power dissipation. Large power consumption

causes the system to generate a lot of heat, thereby
affecting its performance. Techniques that are
employed in thermal management include heat
sinking, dynamic voltage control, and power gating.
But ensuring optimum performance along with
minimal power consumption proves to be very
challenging.

B. Scalability Issues

Due to the increasing needs of today's systems, it is
im-portant that SoCs be scalable with respect to the
number of processing elements and functions. With
increasing  complexity in  managing data
communication and coordination as well as resource
management within SoCs, there is an inherent need
to develop sophisticated SoC designs like NoC.

C. Complexity of Integration

One aspect of SoC design is the integration of
different processing modules, such as CPU, GPU,
memory units, accel-erators, and others. The
difficulty lies in ensuring that these modules are
properly integrated into one working unit without
any issues. This process is made more difficult
because of the need to integrate analog circuits
along with digital circuits.

D. Reliability and Fault Tolerance

Due to the miniaturization process in semiconductor
de-vices, it is becoming increasingly harder for
designers to ensure the reliability of the system. One
of the ways to achieve this objective is by
implementing some level of error detection and
correction schemes in SoC design, but at the same
time increasing the overhead.

E. Challenges Associated with Scalability

Due to rising demands for performance, modern
SoCs should have capability for scalability regarding
computing resources and their functions. With an
increasing number of components, efficient
communication, synchronization, and allocation of
resources become complicated. Therefore, it is
required to implement some innovative approaches
in archi-tecture to solve this problem, like NoC.
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F. Design Complexity

Modern SoCs integrate a large number of different
het-erogeneous components, including processing
units, memory modules, etc. Integration of these
various components is a difficult task and can be
associated with problems related to compatibility,
design verification, and testing. Moreover, it
complicates the process of integrating analog and
digital circuits on a single chip.

G. SoC Reliability and Fault Tolerance

As transistors’ size shrinks, there are more chances
that noise, radiation, and fabrication errors may
cause a malfunc-tion of SoCs' circuits. It becomes
necessary to design some fault tolerance methods
into a circuit to achieve high reliability. Such
methods add additional costs to the design process.

H. Scalability Issues

Since the current systems require high levels of
perfor-mance, the SoCs need to be scalable with
regard to their functional parts and components.
When the amount of com-ponents increases, the
problem becomes increasingly hard to manage since
efficient communication and coordination between
components is not straightforward. Therefore, it be-
comes necessary to use advanced architecture
technologies, such as NoC.

l. Integration Issues

The modern SoCs use components of various types,
such as CPUs, GPUs, memory components, and
acceleration blocks. The integration of such diverse
components is a challenging process due to
problems associated with their compatibility, design
validation, and increased time required to verify the
entire device. Moreover, the design complexity is
significantly increased because analog and digital
components are usually integrated into one chip.

J. Reliability and Fault Tolerance

The increasing density and smaller size of transistors
make the SoCs more prone to faults due to noise,
radiation, and production defects. Reliability of such
systems requires using fault-tolerant methods that
can identify errors and correct them. Nevertheless,
using such methods leads to additional costs.

VI. OPTIMIZATION OF POWER
CONSUMPTION

The optimization of power consumption becomes
one of the primary goals when developing System-
on-Chip because many SoCs belong to the category
of energy-limited systems.

A. Dynamic Voltage and Frequency Scaling
(DVFS)

Dynamic Voltage and Frequency Scaling (DVFS) is
the technique that allows decreasing the amount of
consumed power by lowering the voltage and
frequency of operation of the CPU according to its
workload. Dynamic adjustment can substantially
decrease power consumption but has a potential
negative impact on system performance.

SoC Power Optimization Cycle

Imglement DVFS Appty Clock Cating

Lmploy Low ! Utikze Pomer
Power Design : Cating

Fig. 2. Power Optimization Techniques in System-
on-Chip

L [ ook Gating P dmay

Power Consumption of SoC
Optimization Technigues

Fig. 3. Power Consumption Comparison of SoC
Optimization Techniques
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B. Clock Gating

This technology is applied to minimize power
dissipated in a system due to dynamic changes in
power consumption. Clock gating technology
disables the operation of the clock for some inactive
parts of the system to save consumed power since
clock switching is one of the primary reasons for
power dissipation.

C. Power Gating

In power gating, power is totally switched off to
inactive SoC blocks. Power gating helps in saving
leakage power since leakage power is prominent in
deep submicron devices. Power gating saves
considerable amount of power; however, it faces
issues like wake-up latency and state retention.

D. Other Low-Power Design Approaches

There are several other low-power design methods
used in addition to power gating. They include using
multi-threshold CMOS (MTCMOS), energy-efficient
architecture, and circuit design optimization. Other
design techniques include operand isolation and
adaptive body biasing to minimize power.

VIl. SOC DESIGN WITH EMERGING

TECHNOLOGIES

The advent of advanced technology has played a key
role in changing the course of SoC design.

A. Design Using Al/ML

Application of artificial intelligence (Al) and machine
learn-ing (ML) algorithms to SoC design is becoming
popular these days. SoCs designed using these
approaches come with accelerators and NPUs that
process data in real time. Such designs enhance
performance but also face several challenges
including power management.

B. 3D ICs and Chiplets

Three-dimensional integrated circuits (3D ICs) and
chiplets offer better scalability and performance
through multi-layer circuit integration or chip
integration. This reduces the need for longer
connections and increases integration. Thermal

issues and complex production processes are some
of the major difficulties.

0 IC and Chiplet Architecturs

Fig. 4. 3D IC and Chiplet-Based SoC Architecture

C. GaN and Advanced Semiconductor Materials
The use of Gallium Nitride (GaN) and other advanced
semiconductors has gained popularity because of
their high power density and efficient operation.
They provide better performance by enabling fast
switching speeds. The high cost and complex
production process are major issues.

D. loT-Based SoC

loT-based SoCs are designed to reduce power
consumption and increase performance by
integrating sensors and commu-nication modules.
These SoCs are used to make loT-enabled devices.
Some of the difficulties in designing loT-based SoCs
include security and energy efficiency issues.

VIil. APPLICATIONS OF SOC

SoC has several applications since it provides
excellent performance and efficient operation in a
small space.

A. Mobile Devices

SoCs find extensive application in mobile devices
including smartphones, tablets, and wearables. The
incorporation of various features such as processor
cores, graphics processors, memory modules, and
communication interfaces results in efficient
computing and low power consumption.
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B. Automotive Systems

SoCs have wide usage in automotive electronics,
which  include driver assistance  systems,
infotainment systems, and autonomous vehicle
technology. These systems require ex-tremely
reliable and high-performance computing, along
with efficient safety features.

C. Medical Devices

In the healthcare domain, SoCs are widely applied in
wear-able biosensors, diagnostics systems, and
implanted devices. They facilitate real-time analysis
of biological signals and effective parameter
monitoring.

D. loT and Embedded Systems

Embedded systems and loT devices incorporate
SoCs owing to their efficient integration of multiple
features on a single chip. Such systems include smart
home devices and industrial automation systems.

IX. RESEARCH GAPS AND FUTURE
SCOPE

Although SoC design has witnessed substantial
develop-ments, there are still a number of research
gaps that need to be addressed to design future
generation SoC systems. The fulfillment of such gaps
will help create more efficient SoC systems in the
coming years.

A. Research Gaps

While research in the field of SoC has progressed
tremen-dously towards enhancing the system’s
performance, effi-ciency, and integration
capabilities, most of the existing studies only
concentrate on individual aspects like power
efficiency or communication architecture of an SoC.
Moreover, many of the proposed models have not
been implemented or validated in real-time
applications.

B. Open Issues

The following are some of the open issues related to

SoCs:

e Ultra-Low Power Consumption: The design and
devel-opment of an SoC that consumes ultra-

low power while achieving peak performance is
quite challenging.

e Scalability: Managing resources and
communication in large scale SoC is extremely
challenging due to the complexity involved.

e Security: Designing SoCs in order to prevent
attacks including side channel attack and
hardware Trojans at hardware level.

C. Future Directions

FFuture research in the field of SoC design will be fo-
cused on implementing cutting-edge technologies
like artifi-cial intelligence, machine learning, and
quantum computing.  Energy-efficient design
techniques, advanced interconnection technologies,
and safe SoC architecture will contribute towards
overcoming the current obstacles. In addition, new
fabrication techniques including 3D integration and
chiplets will ensure new advances in the field of
scalable SoC systems.

X. CONCLUSION

The current paper provided a detailed review of the
subject matter associated with the topic of SoC
design and dis-cussed its main features including
SoC architecture, design approaches, SoC chip
communication, and SoC optimization techniques.
This work also included a discussion of current
research studies dedicated to the subject matter of
SoCs along with the analysis of the shortcomings
associated with the current state of affairs.

It can be seen that despite the considerable
advancement of SoC technology, there is a range of
obstacles associated with this technological trend
that still remain unresolved. These obstacles should
be addressed in future research work in order to
allow electronics to develop further.

In summary, SoC technology remains one of the
most essential parts of modern digital systems.

REFERENCES

1. X.Wang, X. Li, H. Du, and J. Wang, “Design of an
intelligent disinfec-tion control system based on
an stm32 single-chip microprocessor by using

6



Khushi Gupta, International Journal of Science, Engineering and Technology,
2026, 14:2

10.

the yolo algorithm,” Scientific Reports, vol. 14, 12
2024.

F. M. Pe'rez, L. Z. Mendez, J. V. B. Mart’inez, R. S.
Lima, and I. L. Fonseca, “Architectural model of
the human neuroregulator system based on
multi-agent systems and implementation of
system-on-chip using fpga.” Microprocessors
and Microsystems, vol. 89, 3 2022.

M. Abdelghani and O. Hussien, “Microfluidic lab-
on-chip design for ef-ficient relative humidity
sensing using a capacitive transducer,” Scientific
Reports, vol. 15, 12 2025.

G. Alsuhli, V. Sakellariou, H. Saleh, M. Al-Qutayri,
B. Mohammad, and

T. Stouraitis, “A survey and comparative analysis
of number systems for deep neural networks,”
Proceedings of the IEEE, vol. 113, pp. 172-207,
2025.

A. Das, M. Palesi, J. Kim, and P. P. Pande, “Chip
and package-scale interconnects for general-
purpose, domain-specificc, and quantum
computing systems - overview, challenges, and
opportunities,” IEEE Journal on Emerging and
Selected Topics in Circuits and Systems, vol. 14,
pp. 354-370, 2024.

R. Nikandish, “Gan system-on-chip: Pushing the
limits of integration and functionality,” IEEE
Journal of Microwaves, vol. 4, pp. 594-604, 2024.
W.-Y. Lin, L.-H. Lai, Y.-W. Lin, and C.-Y. Lee, "A
programmable cmos dep chip for cell
manipulation,” IEEE  TRANSACTIONS ON
BIOMEDICAL CIRCUITS AND SYSTEMS, vol. 19, p.
827, 2025.

[Online].
https://doi.org/10.1109/TBCAS.
S. Lakshminarayana, H. Park, and S. Jung,
"Emerging technologies in cmos integrated
sensing system-on-chip: A review,” IEEE Sensors
Reviews, vol. 2, pp. 397-404, 7 2025.

M. K. Hedayati, A. Abdipour, R. S. Shirazi, M. J.
Ammann, M. John,

C. Cetintepe, and R. B. Staszewski, “Challenges in
on-chip antenna design and integration with rf
receiver front-end circuitry in nanoscale cmos
for 5g communication systems,” IEEE Access, vol.
7, pp- 43 190-43 204, 2019.

A. P. Solodovnikov, A. L. Pereverzev, and A. M.
Silantyev, “Software-hardware complex for

Available:

11.

12.

13.

14.

15.

accelerating system-on-chip design
verification,” Russian Microelectronics, vol. 53,
pp. 722-727, 12 2024.

Z. Luo, T. Mayer, D. Zahn, C. M. Guizan, J. Weber,
S. Lang, H. Bender,

L. Schwarzenbach, L. Nebrich, R. Pereira, and A.
Hagelauer, “A demonstration of multifloating
superconducting qubits on a 3-d flip-chip
platform with tls loss mitigation via apertures,”
IEEE Microwave and Wireless Technology
Letters, vol. 35, pp. 832-835, 2025.

J. Borcsok, W. Muller, E. Hahn, M. Schwarz, and
M. Abdelawwad, “Safe-system-on-chip for
functional safety,” in 18th IEEE International
Multi-Conference on Systems, Signals and
Devices, SSD 2021. Institute of Electrical and
Electronics Engineers Inc., 3 2021, pp. 619-624.

M. A. Liwei and Y. Sun, "Object-oriented system-
on-network-on-chip template and
implementation: H.263 case study *-on-chip;
system-on-chip; system-on-network-on-chip,”
Tech. Rep., 2008.

S. Shaposhnikov, Proceedings of 2019 IEEE lI
International Confer-ence on Control in
Technical Systems (CTS) October 30 -
November 01, 2019, St. Petersburg, Russia. Saint
Petersburg Electrotechnical University “LETI",
2019.

N. Kolahimahmoudi, G. Insinga, and P. Bernardi,
"Extended design and linearity analysis of a 6-bit
low-area hybrid adc design for local system-on-
chip measurements,” Microprocessors and
Microsystems, vol. 118, 11 2025.



