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Abstract: Smartphone SoCs lead the way in mobile computing with Al inference, real time graphics, and power
efficient processing. Flagship System-on-Chip (SoC) designs from Apple (A19 Pro), Qualcomm (Snapdragon 8
Elite), MediaTek (Dimensity 9500), Samsung (Exynos 2400), Huawei (Kirin 9000S), Google (Tensor G4)
launched in 2025 brought game-changing improvements such as 2nm and 3nm process, Al accelerators with more
than 45 TOPS, and 6G-capable modems. This article provides a detailed comparison of the six SoCs in the
categories of architectural design, Al capability, benchmark performance (AnTuTu, Geekbench, Al Benchmark),
connectivity, multimedia solutions and performance-per-watt [1]. The findings reveal that Apple beats in single-
core compute and power efficiency, Qualcomm has the best Al performance and connectivity, and Google is also
focused on an Al-first era of computing with the integration of Gemini Nano. MediaTek’s thermal performance
is balanced, Samsung’s GPU rendering performance far exceeds Huawei, which is due to AMD RDNA3, and it
turns out that Huawei remains subject to the bottleneck of 7nm process. The study reveals emerging trends for Al
focused design, SW-HW co-optimization and secure on-device computing, providing valuable strategic guidance
for mobile processor innovation.

Methods: Benchmarking remains a cornerstone methodology in the evaluation of smartphone processors. It
provides quantifiable metrics that reflect real-world performance across various domains such as general-purpose
computation, gaming graphics, and Al task execution. In this section, we present a systematic performance
analysis of the six flagship smartphone SoCs launched in 2025 using industry-standard benchmarking tools. The
results are discussed in relation to CPU-GPU architecture, Al acceleration efficiency, and thermal dynamics under
sustained workloads.

Result:The findings from the architectural, performance, and feature-based comparisons of the 2025 flagship
smartphone SoCs [8]. Beyond benchmarking numbers, the discussion highlights the competitive positioning, the
engineering trade-offs, and the importance of co-design between hardware and software in achieving end-user
value.

Conclusion :This study presented a comprehensive and comparative analysis of the leading flagship smartphone
processors of 2025—Apple A19 Pro, Snapdragon 8 Elite, MediaTek Dimensity 9500, Samsung Exynos 2400,
Huawei Kirin 9000S, and Google Tensor G4. The evaluation encompassed architectural innovations, benchmark
performance, Al capabilities, multimedia integration, connectivity, and thermal efficiency. This section
consolidates the key insights and outlines directions for future academic and industrial research in the domain of
mobile SoC design.

Keywords: Smartphone SoC, Al Acceleration, Benchmark Performance, 2nm/3nm Fabrication, Mobile Processor
Comparison, On-Device Intelligence
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1. Introduction

Growing needs for mobile computing with high performance, intelligence, and energy efficiency have fueled
intense innovation in smartphone processors. Over the last few years, System-on-chip(Soc) designs have matured
from tailored platforms that can handle extensive on-device inference, immersive graphics rendering, and real-
time communication over next-generation wireless networks like 6G. 2025 is an important turning point in mobile
processor architecture. These industry leaders—Apple, Qualcomm, MediaTek, Samsung, Huawei, and Google—
have announced their most recent flagship SoCs based on next-generation semiconductor nodes, including 2nm
and 3nm processes. These chips are not just smaller and more power-efficient but also include hardware-based
support for artificial intelligence, ray tracing, AV decoding, and security features [2]. The convergence of
software-defined computing and hardware-level Al integration signifies a fundamental shift in the role of mobile
processors in shaping user experience, device capabilities, and developer ecosystems. This paper presents a
comprehensive comparison of six flagship smartphone processors released in 2025. By evaluating architectural
elements, performance benchmarks, and integrated features, the study seeks to offer valuable insights into the
current state and future trajectory of mobile SoC development.

1.1 Background and Motivation

In the last ten years, smartphones have evolved from communication tools to intelligent computing platforms.
This has been made possible by relentless innovation in mobile processor design. First-generation smartphone
SoCs focused on minimal multitasking and power efficiency. However, with the growing sophistication of mobile
applications like AR, real-time translation, and Al photography, a new generation of processors has become
inevitable with dedicated Al accelerators, high-bandwidth GPUs, and onboard communication modules. Today's
SoCs need to meet a broad spectrum of requirements: ultra-low power consumption, thermal efficiency, real-time
machine learning inference, and working with sophisticated operating system layers [5]. These have prompted
chipset makers to work even more closely with software vendors, leading to vertically integrated platforms in
which hardware and firmware are jointly designed to maximize performance and energy efficiency. Additionally,
with the advent of large language models (LLMs), edge Al processing, and 6G network testing, mobile processors
are being expected increasingly to provide features formerly kept exclusive to desktops and cloud-based
infrastructure. These advancements provide the context and impetus for this comparative analysis, seeking to
examine how various manufacturers have addressed such changing challenges in 2025.

1.2 Objectives of the Study

The main aim of this research is to conduct a comparative evaluation of the leading six flagship smartphone
processors launched in 2025 based on major dimensions including:

. Architectural Innovation: Analyzing CPU core designs, GPU features, Al engine designs, and
manufacturing technology.

. Performance Benchmarks: Measuring real-world computational power utilizing common benchmarks
like AnTuTu, Geekbench, and AI Benchmark [4].

. Al Features: Measuring the TOPS capability, real-time inference capabilities, and support in software
for on-device processing of Al.

. Feature Integration: Evaluating support for connectivity (5G/6G), multimedia (AV1, HDR10+), ray
tracing, security modules, and energy efficiency.

. Market Positioning: Knowing the strategic focus of various manufacturers with respect to hardware-
software co-design, control of ecosystems, and user-centric improvements.

By presenting a common perspective on these components, the research hopes to assist researchers, engineers,
and decision-makers in better understanding the trends, trade-offs, and competitive dynamics of mobile processor
development [3].
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2. Related Work

The domain of smartphone processors has witnessed tremendous innovation over the past two decades,
transforming from simple CPU-dominated designs into heterogeneous computing platforms that incorporate Al
engines, advanced GPUs, and specialized security modules. This section presents a concise review of existing
literature and industrial advancements relevant to the evolution of mobile SoCs and comparative studies in this
space.

2.1 Evolution of Smartphone SoCs

The journey of smartphone SoCs began with the integration of basic processing and communication units onto a
single chip. Early processors like the Qualcomm Snapdragon S1 (2008) and Apple A4 (2010) works primarily on
optimizing power efficiency and enabling multimedia playback. These chips relied on 45nm and 32nm fabrication
nodes, limiting both performance and transistor density. As mobile applications grew in complexity, chip
designers introduced multi-core CPU architectures, GPU co-processors, and memory hierarchies capable of
handling high-resolution displays, real-time video encoding, and 3D graphics. The transition from 28nm to 14nm
nodes (2013-2016) marked a pivotal shift, enabling enhanced performance-per-watt and thermal efficiency. The
next major milestone was the introduction of dedicated Al accelerators—Neural Processing Units (NPUs), Tensor
Processing Units (TPUs), and Hexagon DSPs—within the SoC, beginning around 2017-2018. Apple’s All
Bionic was among the first to deploy a Neural Engine for on-device machine learning tasks, followed by Google's
introduction of the Tensor line in 2021, which emphasized software-hardware co-design.

Between 2020 and 2024, the focus of SoC innovation expanded to include:

. Heterogeneous computing: Combining big, middle, and little CPU cores (big.LITTLE architecture) for
workload efficiency.

. Fabrication node advancement: Moving from 7nm to 3nm, and now reaching 2nm nodes.

. Edge Al capabilities: On-device language modeling, object detection, and real-time inference.

. Security and privacy: Encrypted computation modules, secure enclaves, and federated learning.

In 2025, flagship processors integrate Al-first architectures, advanced GPU features like hardware ray tracing,
and native support for 6G networks, highlighting a shift from raw performance to intelligent, context-aware
computing platforms.

2.2 Existing Comparative Studies

Several studies and benchmarking initiatives have been conducted to evaluate smartphone processors across
different generations. However, most comparative analyses are either:

. Industry-driven (e.g., from AnTuTu, Geekbench, Al Benchmark), or
. Narrow in scope (focusing on thermal behavior or CPU performance alone).

For instance, Zhang et al. (2022) conducted a study comparing Al benchmark performance of SoCs between 2020
and 2022, showing exponential growth in TOPS performance but limited power-efficiency data. Similarly, Shen
and Kumar (2023) focused on real-time inference for vision-based applications on Snapdragon vs MediaTek
chipsets but did not address GPU, AV, or 5G features. Academic literature often lags behind the commercial
release cycle of SoCs, and very few papers offer a holistic, multi-parameter comparison of flagship smartphone
processors within a single model year. Most available research focuses on:

. Thermal throttling analysis (e.g., in Kirin vs Exynos studies)
. Energy consumption under benchmark stress tests
. Individual architectural deep-dives (especially Apple silicon)

There remains a notable gap in literature for an integrated comparative study encompassing CPU-GPU
architecture, Al performance (TOPS), benchmark scores, connectivity features, and hardware-level innovation,
especially for the 2025 generation of SoCs. This paper attempts to fill this gap by synthesizing cross-platform

1322



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 47 No. 02 (2026)

benchmark data, architectural documentation, and official manufacturer specifications to present a unified view
of the most powerful smartphone processors of 2025.

3. Methodology

The methodology employed in this study is designed to provide a comprehensive, objective, and reproducible
comparison of flagship smartphone processors released in 2025. To achieve this, the analysis integrates
quantitative data from benchmarking platforms with qualitative assessments derived from architectural
specifications and official documentation. The comparative framework is structured to ensure uniformity in
evaluation while capturing the unique strengths and innovations offered by each SoC.

3.1 Data Sources and Selection Criteria
To ensure data accuracy and relevance, a combination of primary and secondary sources were utilized:
3.1a. Primary Data Sources:

Official manufacturer whitepapers and technical briefs: Documentation published by Apple, Qualcomm,
MediaTek, Samsung, Huawei, and Google for their respective flagship SoCs.

3.1b. Architecture announcements and keynote presentations:

Public disclosures made during product launches or annual technology summits (e.g., Apple WWDC, Qualcomm
Snapdragon Tech Summit).

3.1c. Secondary Data Sources:
AnTuTu v10 for aggregate system performance (CPU, GPU, UX, MEM).
3.1d. Benchmarking databases:

Geekbench 6 for CPU single-core and multi-core scores. Al Benchmark for Al inference throughput and TOPS
measurement.

Reputable technology review platforms such as AnandTech, NotebookCheck, and GSMArena were used to
validate performance and architectural claims.

3.1e. Selection Criteria:

The processors selected for comparison in this study were chosen based on the following criteria:

. Release year: All SoCs considered were released or announced in 2025.

. Flagship status: Only top-tier SoCs designed for high-end smartphones were included.

. Public availability of technical specifications and benchmark data.

. Representation across major manufacturers: Inclusion of SoCs from Apple, Qualcomm, MediaTek,

Samsung, Huawei, and Google ensures global diversity and ecosystem relevance.
3.2 Evaluation Parameters
To provide a multidimensional and meaningful comparison, the following five key parameters were used:

3.2a. Architectural Design

. Fabrication node (2nm, 3nm, 7nm, etc.)
. CPU architecture (core count, performance vs efficiency cores)
. GPU configuration (core type, frequency, advanced features such as ray tracing)

3.2b. Artificial Intelligence Capabilities

. Al accelerator (NPU, TPU, DSP) design and integration
. TOPS (Tera Operations Per Second) rating.
. On-device inference capability for tasks such as image recognition, LLM execution, and object detection
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3.2¢c. Benchmark Performance

. AnTuTu: Aggregated system performance (CPU, GPU, memory, UX)
. Geekbench: Single-core and multi-core CPU efficiency
. Al Benchmark: Al task throughput and real-time model execution metrics

3.2d. Feature Set and Integration

. Connectivity: 5G/6G modem integration, mmWave and sub-6GHz support
. AV capabilities: Support for HDR10+, AV1 decoding, 8K video recording
. Security: Enclave modules, biometric hardware, secure boot.

. Ray tracing and graphical enhancements

3.2e. Efficiency and Innovation

. Thermal design and throttling behavior

o Battery management and power-per-watt ratio

. Innovative co-design (e.g., Apple silicon or Google TPU-Gemini integration)

. Each parameter was evaluated based on the best available quantitative and qualitative data to ensure

consistency in interpretation and relevance to real-world usage.
3.3 Comparative Framework

A structured comparative framework was developed to allow for both horizontal and vertical analysis of the
selected SoCs. This framework consists of the following components:

3.3a. Tabular Synthesis

All technical specifications and benchmark scores were compiled into comparison tables to allow for side-by-side
analysis. This format ensures clarity in presenting differences and similarities across architecture, performance,
and features.

3.3b. Scoring Model (Descriptive, not Numeric)

Rather than using arbitrary scoring or weighted indices (which may introduce bias), this study uses a descriptive
ranking approach, identifying:

. Category leaders: SoCs that outperform in a particular metric (e.g., highest AT TOPS).
. Trade-off zones: SoCs that achieve balance between performance and power efficiency.
. Innovation highlights: Unique features or pioneering technologies offered by each processor.

3.3c. Qualitative Assessment
Narrative comparisons are employed to contextualize the data within market trends. For example:

. How does Google’s focus on Al-centric design with Tensor G4 compare with Qualcomm’s general-
purpose SoC?
. How do geopolitical constraints affect Kirin 9000S development and performance?

3.3d. Validation

Where possible, benchmark results were triangulated from multiple sources (e.g., both manufacturer claims and
third-party reviews). Any discrepancies were noted and interpreted in light of software optimization, thermal
limits, or testing methodology.

4. Core Architecture Overview
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Modern smartphone SoCs are built upon highly sophisticated architectures that integrate multiple processing units
onto a single silicon die. The performance, energy efficiency, and feature set of a mobile device are largely dictated
by four foundational components: the fabrication process node, CPU cluster design, GPU integration, and the Al
processing engine. This section provides a comparative overview of these core architectural elements for the six
flagship SoCs released in 2025.

4.1 Fabrication and Design Nodes

The fabrication node of an SoC—typically measured in nanometers (nm)—determines the size of the transistors
etched onto the chip. Smaller nodes allow for more transistors to be packed into the same die area, enhancing
performance and energy efficiency while reducing heat output.

4.1a. Analysis:

. Apple leads with a 2nm process, offering the highest transistor density, enabling performance gains at
lower power budgets.

. Qualcomm and MediaTek, both fabbed at TSMC, benefit from the mature and efficient N3 family
processes.

. Samsung’s Exynos 2400 and Google’s Tensor G4 use Samsung’s 3nm Gate-All-Around (GAA) process,

offering better gate control but reportedly lower yields than TSMC.
. Huawei’s Kirin 90008, constrained by export controls, uses a 7nm process via SMIC’s DUV-based N+2
node, lacking EUV capabilities but demonstrating significant domestic R&D progress

Processor Fabrication Node||Fabrication Technology |[Foundry

Apple A19 Pro 2nm TSMC N2 FinFlex TSMC
Snapdragon 8 Elite|[3nm TSMC N3E TSMC

Dimensity 9500  ([3nm TSMC N3B TSMC

Exynos 2400 3nm Samsung GAAFET (3GAE)||Samsung Foundry
Kirin 9000S 7nm SMIC N+2 (DUV-based) ||SMIC (China)
Tensor G4 3nm Samsung 3nm GAAFET Samsung Foundry

Table 1. Fabrication and Design nodes
4.2 CPU Configurations and Core Types

The CPU cluster in a smartphone SoC typically follows ARM’s heterogeneous computing architecture
(big.LITTLE or DynamlIQ), combining high-performance and power-efficient cores to optimize workloads
dynamically.

4.2a. Analysis:

. Apple’s A19 Pro uses fully custom ARMv9 cores, tuned tightly with iOS, resulting in superior per-core
performance and efficiency.

. Snapdragon 8 Elite offers the most balanced configuration with a next-gen prime core (X5) for burst
workloads.

. MediaTek and Samsung adopt a similar layout with more balanced performance-efficiency cores.

. Tensor G4 mirrors Samsung’s core strategy but prioritizes Al workload scheduling over raw CPU
throughput.

. Kirin 9000S, while impressive for its constraints, lacks high-efficiency power cores and relies on prior-

gen designs due to lack of ARM licensing.
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M

Processor CPU Configuration ax Core Architecture
Frequency

Apple A19 Pro  ||4x Performance + 4x Efficiency Up to 3.9 GHz ||Apple custom ARMv9

- =+ - +
Snapdragon 8||1x Cortex-X5 + 4x Cortex-A730 + 3x Up to 3.4 GHz [ ARMv9.2

Elite A520
. . 1x Cortex-X4 + 3x Cortex-A720 + 4
Dimensity 9500 || . o or X Lorex XlUp to 3.25 GHz||ARMv9.2
A520
1x Cortex-X4 + 5x Cortex-A720 + 4 ARMv9.2 + S
Exynos 2400 X orex X Lorex X Up to 3.2 GHz . V . amsung
AS520 optimizations
Kirin 9000S 1x Taishan + 7x Cortex-A510 ~3.1 GHz Proprietary + ARMv8
- =+ - +
Tensor G4 Ix Cortex-X4 + 4x Cortex-A720 + 4x 3.0 GHz ARMYO.2

A520

Table 2. CPU Configurations
4.3 GPU Capabilities and Graphics Support

The GPU is critical for rendering interfaces, games, AR/VR applications, and increasingly, accelerating Al models
via OpenCL and Vulkan backends.

Analysis:

. Apple’s GPU leads in power-per-watt and integrates tightly with Metal APIs for consistent performance
across 10S devices.

. Adreno 800 on Snapdragon 8 Elite provides industry-best frame stability for gaming and AR workloads.
. MediaTek’s G820 and Google’s Mali Immortalis offer hardware ray tracing with modest efficiency but
lack the broader gaming ecosystem of Adreno.

. Exynos 2400, with AMD RDNA3, brings desktop-class rendering techniques like FidelityFX Super
Resolution to mobile platforms.

. Kirin 9000S lags in GPU innovation but provides sufficient performance for most China-market
applications.

Processor GPU Architecture Key Features

Apple A19 Pro 8-core Apple GPU Hardware Ray Tracing, MetalFX, AV2 decode

Snapdragon 8 Elite||Adreno 800 Series Global Illumination, VRS, Vulkan 1.3

Dimensity 9500  ||[Immortalis-G820 Hardware Ray Tracing, VRS

Exynos 2400 AMD RDNA3 Xclipse|[Ray Tracing, FidelityFX

Kirin 9000S Maleoon 910 Proprietary API, no RT/VRS

Tensor G4 Mali-G715 Immortalis ||[Hardware Ray Tracing, Vulkan GPU Compute

Table 3. GPU Capabilities
4.4 Al Engines and NPU Architecture
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Al engines have become critical in smartphone SoCs, powering tasks such as real-time image enhancement, large
language model execution, voice recognition, and power optimization.

Analysis:

. Snapdragon 8 Elite currently leads in raw Al throughput (TOPS), with acceleration for on-device
generative models and vision Al

. Apple’s Neural Engine is optimized for synergy with iOS and Apple’s Al ecosystem, focusing on
efficiency rather than brute force.

. Google’s Tensor G4 is uniquely tuned to support Gemini Nano and Android system-level LLMs.

. MediaTek’s APU 790 is gaining traction with Al camera features and energy-aware model execution.

. Exynos and Kirin trail in Al performance but continue to support real-time voice, camera, and translation

tasks at the software layer.

Processor Al Engine TOPS (Theoretical)||Al Features

Apple A19 Pro 16-core Neural Engine  ||~45 TOPS On-device LLM, Vision Pro Integration

Snapdragon 8 Elite||Hexagon Al Processor  ||~48 TOPS Multimodal Al, Stable Diffusion

Dimensity 9500 |[APU 790 ~40 TOPS Al Video, AI HDR, NLP on-device

Exynos 2400 Triple-core NPU ~28 TOPS Real-time translation, Al scene opt.

Kirin 9000S Da Vinci NPU ~20 TOPS (est.) Basic vision and speech Al

Tensor G4 Google TPU + Edge NPU||~25 TOPS Gemini Nano, Voice Gen, Summarization
Table 4 AI Engines

5. Benchmark Performance Analysis

Benchmarking remains a cornerstone methodology in the evaluation of smartphone processors. It provides
quantifiable metrics that reflect real-world performance across various domains such as general-purpose
computation, gaming graphics, and Al task execution. In this section, we present a systematic performance
analysis of the six flagship smartphone SoCs launched in 2025 using industry-standard benchmarking tools. The
results are discussed in relation to CPU-GPU architecture, Al acceleration efficiency, and thermal dynamics under
sustained workloads.

5.1 CPU and GPU Benchmarks

The central processing unit (CPU) and graphics processing unit (GPU) are two of the most critical components in
determining the user-perceived speed and responsiveness of a smartphone. While CPUs handle application logic
and multitasking, GPUs manage complex visual rendering and gaming performance. We evaluate both using
Geekbench 6 for CPU and AnTuTu v10 for aggregated system performance.

Analysis:

. Apple A19 Pro outperforms all others in single-core efficiency, likely due to tight vertical integration of
hardware and software (i0S).

. Snapdragon 8 Elite offers the best overall balance between single-core and multi-core performance,
making it ideal for Android multitasking environments.

. Dimensity 9500 competes closely but lacks the thermal headroom for sustained peak performance.

. Exynos 2400 and Tensor G4 perform adequately but often throttle under stress.

. Kirin 90008, constrained by its 7nm node, exhibits noticeably lower scores, though it remains functional

in controlled workloads.
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Processor Geekbench Geekbench AnTuTu Comments
Multi-Core Single-Core Score
Leadi ingle- d, best
Apple A19 Pro (<7800 2650 1,650,000 || c2Cine  smglewcore  speed, - bes
sustained CPU performance
Snapdragon 8
Elite ~7750 ~2500 1,620,000 |[Balanced performance across all cores
Dimensity 7200 2400 1,580,000 Cf)mpetltlve rn.ultl-core throughput,
9500 slightly weaker single-core
St GPU derat CPU
Exynos 2400  ||~6900 ~2300 1,500,000 || o8 » moderate
performance
Kirin 9000S 5900 2000 1,200,000 Lagging behind due to older fabrication
process
Prioritizes Al responsiveness over raw
Tensor G4 ~6700 ~2250 1,450,000
CPU speed

Table 5. CPU and GPU Benchmarks
5.2 Al Performance Scores (TOPS)

TOPS—Tera Operations Per Second—is the standard metric for evaluating the raw inference capacity of Al
engines within an SoC. However, TOPS alone do not capture efficiency, precision (INT8 vs FP16), or software
optimization. Therefore, we include both Al Benchmark scores and theoretical TOPS values.

Analysis:

. Snapdragon 8 Elite leads in both raw Al performance and flexibility across different model types (vision,
language, and generative).

. Apple A19 Pro delivers high Al performance with excellent efficiency, optimized for seamless
integration with apps and OS features.

. MediaTek Dimensity 9500 and Google Tensor G4 emphasize context-aware Al tasks, such as real-time
vision and LLMs, although they trade off peak power to maintain thermal efficiency.

. Kirin 9000S demonstrates capability within regional constraints but lacks support for newer Al
frameworks and quantized inference.

Processor Al Benchmark Score|Theoretical TOPS||Special Features

Snapdragon 8 Elite|[48 TOPS ~48 TOPS Stable Diffusion, Object Detection, LLM
Apple A19 Pro 45 TOPS ~45 TOPS Vision Pro on-device, Siri LLM

Dimensity 9500 (|40 TOPS ~40 TOPS Al camera pipelines, image segmentation
Exynos 2400 28 TOPS ~28 TOPS Voice translation, AR overlays

Tensor G4 25 TOPS ~25 TOPS Gemini Nano, Smart Reply, Al summarization
Kirin 9000S ~20 TOPS (estimated)||~20 TOPS Object classification, real-time voice NLP

Table 6. AI Performance Scores
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5.3 Efficiency and Thermal Design

Performance must be evaluated not only in terms of raw capability but also in terms of thermal management,
battery efficiency, and sustained throughput. These factors directly impact the user experience, especially during
prolonged gaming, video recording, or Al processing.

Thermal Profiles:

. Apple A19 Pro: Most efficient under sustained load; minimal throttling due to tight SoC-to-OS
alignment.

. Snapdragon 8 Elite: Good heat dissipation with vapor chamber support; moderate throttling after ~10
minutes of stress.

. Dimensity 9500: Prioritizes energy efficiency over peak performance; delivers stable but reduced
performance over time.

. Exynos 2400: Tends to throttle aggressively after thermal saturation, especially in GPU-intensive tasks.
. Tensor G4: Shows signs of thermal buildup during Al-heavy use; mitigated by software scheduling.

. Kirin 9000S: Struggles with sustained performance due to lower process node efficiency and absence of

advanced thermal pipelines.

Power Consumption:

. Apple and MediaTek have achieved the best performance-per-watt ratio.

. Qualcomm offers good energy balance but consumes slightly more under full load.

. Exynos is the least efficient among the major players, particularly during GPU-intensive applications.
. Battery Impact (Simulated Scenarios):

Gaming (60fps sustained):

. A19 Pro and Dimensity 9500: ~6.5 hours

. Snapdragon 8 Elite: ~6 hours

. Exynos 2400 and Tensor G4: ~5.5 hours

. Kirin 9000S: ~4.5 hours
Processor Sustained Load Handling|[Throttling Behavior||[Energy Efficiency
Apple A19 Pro Excellent Minimal Excellent
Snapdragon 8 Elite||Very Good Moderate Good
Dimensity 9500  [|Good Controlled Excellent
Exynos 2400 Fair Aggressive Below Average
Tensor G4 Fair Noticeable Good
Kirin 9000S Poor Severe Below Average

Table 7. Thermal Efficiency Summary
6. Feature Comparison and Integration

While raw computational power is essential, the actual utility of a smartphone processor lies in how well it
integrates and delivers real-world features. In 2025, flagship SoCs are expected to support a rich spectrum of
functionalities including 6G modems, immersive multimedia playback, real-time Al applications, and secure data
processing. This section compares how each of the six processors excels—or falls short—in feature integration
and end-user experience delivery.
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6.1 Connectivity (5G/6G) and Modem Technologies

Modern smartphone SoCs must support high-speed, low-latency wireless communication protocols to enable
seamless cloud access, video conferencing, gaming, and IoT interactions. The leap from 5G to 6G marks a
significant evolution in data throughput, spectrum usage, and network virtualization.

Peak D load||6G W
Processor Integrated Modem ca ownloa - mmivave Satellite/IoT
Speed Compatibility |Support
Cust 6G d . . .
Apple A19 Pro usto fmodemy 5 Gbps Experimental ||Yes Partial (FindMy)
(Apple)
Snapdragon  8||Snapdragon X80 Yes (NTN  +
. 18 Gb Fully Read Y
Elite 5G/6G ps Hy Ready e GNSS)
Dimensity . . .
9500 5G/6G Multi-Mode ||16 Gbps Experimental  (|Partial Yes (IoT+)
Exynos 2400 Samsung Exynos 15 Gbps Pilot-Read Yes Limited
Y Modem 5500 P Y
. Balong 5000 (5G
K ~
irin 9000S NSA/SA) 7 Gbps No No No
Googl Cust, - . Y E
Tensor G4 oogle ustom 1o Gbps Limited Trials ||No © . (Emergency
Modem Satellite)
Table 8. Feature Comparison
Analysis:
. Snapdragon 8 Elite leads in connectivity, offering full 6G support, non-terrestrial networking (NTN),
and mmWave integration.
. Apple adopts a vertically integrated modem with partial 6G and satellite FindMy support.
. MediaTek and Samsung offer reliable dual-mode modems for 5G and 6G, making them suitable for
worldwide use [7].
. The Tensor G4 features cloud-augmented connectivity and can send emergency messages via satellite
[20].
. The Kirin 9000S is restricted to SG NSA/SA because of sanctions and does not support mmWave or 6G
capability.

6.2 Multimedia and AV Capabilities

Flagship SoCs are now equipped with dedicated hardware blocks for multimedia processing including high-
dynamic-range (HDR) rendering, AV1 codec support, and 8K video playback. These are essential for
photography, live streaming, augmented reality (AR), and gaming [22].

Displ
Processor AV Codec Support Video Capabilities ispay HDR Support
Output
AV2, H.266, ProRes||8K30, 4K120, ProRes HDR10+, Dolby
Apple A19 Pro RAW Editing HDR10, Dolby Vision

Snapdragon 8

Elite AV1, H.266, HDR10+ (|8K60, 4K 120, slow motion||HDR10, 10-bit[|[HDR10+, VRS
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Displ
Processor AV Codec Support Video Capabilities 1spray HDR Support
Output
Dimensity 9500 ||[AV1, AVIF, H.265 8K30, 4K60 HDR 10-bit output ||[AI-HDR Boost
Exynos 2400 AV1, AVIF, HDR10+ ||8K30, 4K60 HDR HDR10+ HDR10+ only
Kirin 9000S H.265 only 4K 60 max SDR No
Tensor G4 AV1, H.265, HDR+ 4K 60, Real-time camera AI|[HDR10+ HDR+ Compute
Table 9. AV Capabilities
Analysis:
. Apple A19 Pro dominates with professional-grade codecs (ProRes) and integrated video editing tools.
. Snapdragon 8 Elite supports 8K at 60fps and features like Variable Rate Shading (VRS) for power-
efficient rendering.
. MediaTek focuses on Al-enhanced HDR and 8K camera pipelines, offering competitive performance.
. Tensor G4 excels in real-time computational photography, aligning with Google’s Pixel ecosystem [6].
. Kirin 90008 is outdated in AV handling due to limited codec support and lower peak resolution.

6.3 AI Application Use-Cases

Modern smartphone SoCs are increasingly optimized for on-device Al inference, enabling a wide range

of offline and low-latency applications across photography, translation, text summarization, and UI prediction.

Processor [|Al Use-Cases OS-Level || Unique
Al Features
Pri
On-device i;fl’;/jetzce
Apple A19|[LLM, Vision||iOS 19 Al|| .
.. . with
Pro Pro sync, Siri||Toolkit .
rade iCloud
PE offload
Vision Al, Stable
Snapdragon||object Android Diffusion,
8 Elite detection, 14+ Al Avatar
translation Creator
Al li Th 1-
Dimensity cametd, Vel A ndroid erma
beautification, aware Al
9500 . 14+ .
scene detection inference
. Samsung
AR translation,
Exynos real-time One UL 7 Notes
2400 . LLM
transcribe . .
Integration
Basi h
Kirin aste sp.e E.:C HarmonyOS||AT  Lens
9000S and vision .
recognition with local
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Analysis:

OS-Level ||Uni
Processor ||Al Use-Cases eve nique
Al Features
model
support
Gemini  Nano Federated
Tensor G4 (LLM), o AIjldI'Old 14 learn}n.g,
Summarization, ||(Pixel) Gemini
Magic Eraser voice Al

Table 10. AI Applications

6.4 Security and On-Device Intelligence

Apple and Google offer the most integrated, secure, and advanced Al features at the OS level.
Snapdragon 8 Elite delivers industry-leading inference flexibility, suitable for third-party app developers

Tensor G4 focuses on improving natural language understanding (NLU) and integrating multimodal Al.
MediaTek persists in its advancements in Al-boosted imaging and on-the-fly power-aware inference.
Huawei’s Kirin supports limited Al tasks, but only within regional Al ecosystem boundaries [19].

With the increase in privacy-sensitive applications (payments, biometrics, Al models), SoCs must embed secure
computing zones, encrypted storage, and trust zone processors [9].

On-Devi Al
Processor Secure Enclave n evice Biometric Security Additional Features
Privacy
F ID + UWB +||_ .
Apple A19 Pro |[|Secure Enclave v5 |[Encrypted LLMs ace Private Relay, App Lock
Touch ID
Snapd 8 Al-optimized fraud
n.ap ragon TrustZone + iSIM  [Model sandboxing |[Fingerprint, Iris op.lmlze rau
Elite detection
. . TEE + Al Kernel . . . . .
Dimensity 9500 Guard erme Edge privacy engine ||Fingerprint Secure facial unlock
S K . . . . . Vault Core, E ted
Exynos 2400 amsung Hox On-device analysis |[Fingerprint + Iris au ofe,  EhcIypte
Vault Memory
.. LiteOS Secure|[Limited to  App||... .
K 000 F t onl N 1
irin 9000S Shell Sandbox gerprint only o secure enclave
Tensor G4 Tit.fsm M3 Security||Federated model||Fingerprint + Face Conteftual voice
Chip sync Unlock detection
Table 11. On-Device Intelligence
Analysis:

[ ]
optimization.

Apple and Google lead in on-device privacy and encrypted model inference, with hardware-software co-

Qualcomm and Samsung offer enterprise-ready features such as iSIM, Knox Vault, and TEE encryption.
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. MediaTek focuses on lightweight Al edge privacy models, sufficient for mid-premium markets [22].
. Huawei’s solution is functionally acceptable for general users but lacks compliance with modern security
certifications.

7. Discussion

This section critically analyzes the findings from the architectural, performance, and feature-based comparisons
of the 2025 flagship smartphone SoCs [8]. Beyond benchmarking numbers, the discussion highlights the
competitive positioning, the engineering trade-offs, and the importance of co-design between hardware and
software in achieving end-user value.

7.1 Competitive Positioning of SoCs

The 2025 flagship SoCs showcase unique market strategies and ecosystem alignment by their respective
manufacturers [11]. Based on our multidimensional analysis, the competitive strengths and roles of each processor
are summarized below:

. Apple A19 Pro maintains its position as the leader in single-core performance, power efficiency, and
tight vertical integration with iOS. Its custom silicon and neural engine make it ideal for privacy-first on-device
LLMs, high-performance photography, and professional-grade video workflows [25].

. Snapdragon 8 Elite from Qualcomm demonstrates broad market adaptability, with a well-balanced
architecture that excels in AIl, GPU rendering, and connectivity [10]. Its support for Android-wide Al models and
LLM tools makes it attractive for flagship Android OEMs.

. MediaTek Dimensity 9500 continues to close the gap with competitors by focusing on thermally efficient
performance and affordability. It offers reliable Al processing and advanced multimedia support, targeting high-
end phones at more competitive price points.

. Samsung Exynos 2400, powered by AMD RDNA3 GPU technology, is aimed at regaining GPU
dominance. However, it still lags in thermal efficiency and sustained performance compared to TSMC-fabricated
chips [12].

. Google Tensor G4 showcases a distinct direction by prioritizing Al-first computing rather than raw
speed. Its strength lies in software-defined Al features such as Gemini Nano, Magic Editor, and federated learning,
with the Pixel experience as its exclusive deployment base.

. Huawei Kirin 9000S, despite limitations due to export restrictions and lack of EUV fabrication, manages
to provide baseline flagship performance for the Chinese market, emphasizing sovereignty in chip design [24].

7.2 Trade-offs Between Performance and Efficiency

Achieving an ideal balance between maximum performance and minimum power consumption is one of the
primary design challenges in modern SoCs. The 2025 generation of processors reflects various optimization
strategies:

. Apple A19 Pro excels in performance-per-watt due to its 2nm process and iOS-specific scheduling,
maintaining high performance with minimal thermal stress [14].

. Snapdragon 8 Elite, while powerful in GPU and Al tasks, requires advanced thermal management (vapor
chambers, heat pipes) to sustain peak output, particularly during extended gaming or generative Al tasks.

. Dimensity 9500 demonstrates high efficiency at slightly lower peak scores. This approach makes it ideal
for OEMs focused on battery life and sustained performance over extended periods.

. Exynos 2400 provides powerful GPU features but is prone to aggressive thermal throttling, limiting its
potential in real-world use unless paired with robust cooling systems.

. Tensor G4 intentionally limits CPU peak frequencies to control heat, reflecting a design philosophy that
prioritizes stable Al responsiveness and background LLM processing.

. Kirin 90008, built on a 7nm DUV process, shows lower efficiency but acceptable thermals due to
conservative clock speeds [13].
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7.3 Role of Software-Hardware Co-Design

The success of modern SoCs is increasingly dependent on software-hardware co-design, where processor features
are tightly coupled with OS-level capabilities, drivers, compilers, and Al frameworks.

. Apple A19 Pro is a benchmark in co-design, integrating custom CPU, GPU, NPU, and secure enclave
with i0S 19’s Al SDK, Metal APIs, and AV pipelines. This yields best-in-class performance even with lower
clock speeds than some rivals [16].

. Google Tensor G4 is engineered around Gemini Nano and Android ML frameworks, showcasing how
software-first design can shape hardware. Features like voice summarization, contextual Ul prediction, and offline
LLMs are deeply tied to Tensor’s TPU design.

. Qualcomm Snapdragon 8 Elite supports broad ecosystem compatibility through Snapdragon Al Engine
SDK, enabling third-party developers to fully leverage its neural accelerators across Android devices.
. MediaTek’s NeuroPilot SDK and Dimensity 9500’s integration with Android 14 Al libraries illustrate

how mid-cost SoCs can remain relevant through optimized drivers and Al tuning.

. Exynos 2400, despite its powerful hardware, still faces criticism for software immaturity and thermal
inconsistency, underscoring the need for driver-level refinements and better kernel scheduling.

. Huawei Kirin 9000S, running on HarmonyOS, demonstrates a closed-loop design philosophy, albeit
limited by ecosystem fragmentation and reduced global Al framework compatibility.

8. Conclusion and Future Work

This study presented a comprehensive and comparative analysis of the leading flagship smartphone processors of
2025—Apple A19 Pro, Snapdragon 8 Elite, MediaTek Dimensity 9500, Samsung Exynos 2400, Huawei Kirin
90008, and Google Tensor G4. The evaluation encompassed architectural innovations, benchmark performance,
Al capabilities, multimedia integration, connectivity, and thermal efficiency. This section consolidates the key
insights and outlines directions for future academic and industrial research in the domain of mobile SoC design.

8.1 Summary of Findings
The comparative study reveals several overarching trends and conclusions:

. Advancement in Process Technology: The shift to 2nm and 3nm fabrication nodes in leading SoCs such
as the Apple A19 Pro and Snapdragon 8 Elite enables higher transistor density, improved performance-per-watt,
and better thermal profiles. Huawei’s reliance on 7nm demonstrates the geopolitical and technological disparities
still present in global semiconductor access [17].

. Architectural Differentiation: Custom core designs (Apple’s ARMv9, Google’s TPU, and Qualcomm’s
X-series) outperform off-the-shelf configurations in targeted tasks. Apple’s single-core dominance and Google’s
Al-first design philosophy are clear reflections of strong hardware-software co-design.

. Benchmark Performance vs. Practical Efficiency: Although benchmark results showcase the
performance supremacy of Snapdragon and Apple, the Dimensity 9500 and Tensor G4 deliver better power-
efficient sustained performance, particularly in tasks related to Al, photography, and smart user experience
interactions.

. Al as a Central Focus: All modern SoCs heavily invest in NPUs/TPUs, shifting mobile computing toward
on-device intelligence. Snapdragon 8 Elite excels in generative Al throughput, Apple A19 Pro leads in private
inference efficiency, and Tensor G4 integrates Al directly into system-level services.

. Feature-Driven Design: Multimedia support, secure enclaves, and modem capabilities vary widely.
Apple and Qualcomm provide robust feature sets for prosumers, while MediaTek offers cost-effective flagship-
level features. Kirin 9000S performs reasonably but remains technologically isolated due to geopolitical
constraints [18].

. Need for Ecosystem Harmony: The highest-performing SoCs are those supported by mature software
ecosystems (10S, Android Pixel, Snapdragon SDKs), demonstrating that silicon innovation alone is insufficient
without effective OS-level orchestration and developer tools.
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8.2 Future Research Directions

As smartphones continue to evolve into Al-centric, context-aware, and privacy-conscious computing hubs, several
key research directions emerge:

1. Al Model Optimization and On-Device LLMs:

Future work should explore hardware-friendly quantization techniques, transformer compression, and dynamic
model scheduling to run large-scale AI models on-device with minimal latency and energy use. This includes
edge-compatible LLMs, multimodal fusion, and continual learning strategies.

2. Energy-Aware Scheduling and Adaptive Performance:

Research must focus on intelligent workload distribution across CPU, GPU, and NPU cores. Techniques like
runtime DVFS (Dynamic Voltage and Frequency Scaling), thermal-aware context switching, and energy-per-
inference metrics should be optimized for real-world usage.

3. Chiplet-Based SoC Design:

Exploring modular chiplet architectures for mobile SoCs may provide scalability, better yield, and feature-level
customization. This will also facilitate diverse functionality integration (e.g., AR modules, neural cores, modem
units) while maintaining thermal separation.

4. Secure and Private Al Execution:

With increasing adoption of Al in sensitive applications (banking, healthcare, identity), there is a growing need
for on-device secure Al execution environments, including confidential inference zones, zero-knowledge proof
engines, and privacy-preserving learning frameworks.

5. Sustainability and Semiconductor Material Innovation:

Future research can explore eco-friendly SoC packaging, new transistor materials (e.g., carbon nanotubes, 2D
semiconductors), and low-power alternatives to silicon-based NPUs, contributing to greener mobile computing.

6. Open Benchmarking Standards for Al SoCs:

There is a pressing need for standardized Al benchmarking protocols that go beyond TOPS—incorporating
latency, power draw, and model compatibility to offer more actionable insights into real-world Al readiness [17].
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