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| ABSTRACT

This overall technical article compares Universal Flash Storage (UFS) to embedded MultiMediaCard (eMMC) technologies in
Baseboard Management Controller boot applications on enterprise server environments, in particular. Its performance features,
implementation issues, and reasons for migration are studied using a systematic assessment system. The article proves that the
UFS deployments have a strong benefit regarding boot-time performance, I/O responsiveness, and the capabilities of command
execution against the conventional eMMC solutions. It indicates that the architectural benefits of UFS, such as the use of full-
duplex mode, superior command queuing, and increased bandwidth, are discussed with respect to individual bottlenecks in
enterprise firmware startup sequences. Although the price of UFS is slightly higher, there are strong operational advantages,
which are enhanced system availability, shorter development cycles, and better remote management. The article offers
assessment frameworks that enterprise system architects can use to decide on strategic migration, both quantitatively and
qualitatively, and eventually proves that UFS is an architectural enhancement, and not another enhancement for next-generation
BMC implementations.
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1. Introduction

Baseboard Management Controllers have become critical system components that control power sequencing, hardware telemetry,
secure boot procedures, and end-to-end system monitoring in new server designs. The storage interface from which a BMC boots
directly impacts not just initialization responsiveness but overall platform reliability. Industry analyses suggest a dramatic change
in BMC firmware requirements over recent years as firmware complexity has increased exponentially to add new functionality. This
trend in growth reflects overall patterns in enterprise storage technologies, where interfaces have progressively developed to meet
new performance needs across various applications [1].

With growing BMC firmware sophistication—adding on features like OpenBMC implementations, Redfish API support, advanced
telemetry services, and secure boot validation chains—the constraints of conventional eMMC storage have become more glaring.
Current eMMC implementations have limitations that are especially ill-suited for enterprise settings where performance and
reliability are critical factors. The limitations result from inherent architectural design choices in the eMMC spec that favored
consumer application simplicity and cost over enterprise performance attributes. Historical development of data center storage
media technologies illustrates how specialized needs have repeatedly pushed the frontiers of interfaces, enterprise use cases
frequently necessitating custom-designed solutions diverging from consumer standards [2]. Such limitations encourage system
designers to seek out other storage technologies that are better suited to meet expanding firmware needs.

Copyright: © 2025 the Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons
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UFS technology, which began in mobile and consumer computing markets, has evolved into a competent enterprise storage
alternative with improved throughput properties, parallel command execution features, and improved scaling characteristics. The
creation of UFS is a natural step within the evolution of storage interfaces, following trends identical to the switch from parallel
ATA to serial ATA in the client space and from parallel SCSI to serial attached SCSI in the enterprise. Such evolutionary advances
invariably prove that serial interfaces with advanced command structures ultimately provide better performance and reliability
than their parallel counterparts [1]. Storage technologies in enterprise have traditionally followed a pattern of adoption where
technologies first emerge for neighboring markets, eventually move into data center uses after proving reliability and performance
benefits, a trend now seen in UFS adoption for BMC uses [2]. The analysis offers quantitative and qualitative analysis to assist
enterprise system architects with migration planning from eMMC to UFS for BMC uses.

2. Technology Background
2.1 eMMC (embedded MultiMediaCard)

The eMMC standard has been the most widely used BMC boot storage technology for almost a decade. Originally designed for
consumer electronics and mobile applications, eMMC presented an integrated solution that paired flash memory with a controller
in one package. The integration made implementation easier for system architects while decreasing total component count and
related costs. The interface itself went through several generations as new releases introduced incremental advancements in
bandwidth and command capability. Use of eMMC became increasingly rapid within industries as vendors looked for standardized
methods of embedded storage, especially in applications where space was limited and integrated solutions offered substantial
benefits over discrete components. The use of the interface across several market segments helped drive economies of scale that
further solidified its hold within cost-conscious applications. Enterprise storage designs have traditionally taken advantage of
consumer-facing technology when its behavior applies to given use cases, a trend reflected in the adoption of eMMC for BMC use

[3].

The basic design of eMMC takes a parallel bus topology with distinct command and data paths. While well-suited to simple storage
tasks, this design imposes inherent constraints in sophisticated enterprise settings. Parallel bus architecture imposes physical
constraints on signal integrity at a greater rate, ultimately limiting maximum throughput as signalling speeds increase. More to
the point, the half-duplex mode of operation does not permit reading and writing at the same time, which creates some potential
bottlenecks in the process of initializing complex firmware. The lack of command queuing support further limits performance
under mixed loads, requiring serialization of operations that might otherwise run in parallel. These design choices are the result of
eMMC's roots in consumer electronics, where simplicity of implementation and cost were frequently more important than
performance. The history of storage interfaces illustrates common patterns where technologies originally formulated for a specific
application space later meet their limitations when applied to more demanding use cases, thus calling for architectural changes
instead of incremental updates [4].

2.2 UFS (Universal Flash Storage)

The Universal Flash Storage architecture is a far cry from eMMC's method, using a high-speed serial interface in place of a parallel
bus design. This underlying architectural distinction allows for a number of important advantages that are especially useful in
enterprise systems. UFS uses a MIPI M-PHY physical layer paired with a SCSI architectural model, introducing a hybridized approach
that provides high performance while providing backward compatibility with existing software frameworks. The serial interface
architecture supports full-duplex operation, with simultaneous read and write operations that are much faster during elaborate
operations. This feature is very useful during firmware initialization routines where several operations need to be performed in
parallel to reduce the total boot time. The shift from parallel to serial interfaces follows the established trend in enterprise storage
evolution, whereby growing performance demands ultimately require basic architectural revolutions instead of incremental
enhancements to existing standards [3].

Most notably perhaps, UFS integrates sophisticated command queuing functionality similar to that in enterprise-grade storage
interfaces such as NVMe. This command organization enables the controller to schedule operations to optimize based on physical
media properties, greatly enhancing throughput and latency under heavy workloads. The depth of the command queue facilitates
improved mixed read/write operation handling and avoids head-of-line blocking scenarios where a slow operation holds up
following commands. These design strengths become more profound with rising BMC firmware sophistication, modern
implementations involving multiple subsystems that produce sophisticated, mixed storage workloads at initialization. The interface
has shown continuous evolution over several generations, with each release adding greater capabilities yet still being backward
compatible. This evolutionary trend indicates high ecosystem investment and long-term sustainability, essential factors to
enterprise-class components with protracted lifecycle demands. Storage interfaces actively engaged with developing ecosystems
always show improved long-term sustainability compared to those nearing architectural boundaries, a trend reported in several
transitions of technology seen in enterprise storage history [4].
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Feature eMMC UFS
Interface Type Parallel bus High-speed serial
Operation Mode Half-duplex Full-duplex

Command Queuing

Not supported

Advanced (similar to NVMe)

Command/Data Lines

Separate paths

Unified serial interface

Origin

Consumer electronics/mobile

Consumer electronics/mobile

Signal Integrity

Limited at higher frequencies

Better maintained at higher speeds

Concurrent Operations

Limited (serialized operations)

Supported (parallel execution)

Controller Integration

Integrated in the package

Integrated in the package

Implementation Complexity

Simpler host controller

More sophisticated host controller

Ecosystem Development

Approaching maturity limits

Active development ecosystem

Backward Compatibility

Limited across generations

Maintained across generations

Table 1: eMMC vs. UFS Interface Characteristics for Enterprise BMC Applications [3, 4]
3. Methodology

Comparative analysis utilized an exhaustive evaluation framework intended to identify real-world performance properties
applicable to enterprise BMC usages. Test protocols were created to emulate actual server deployment scenarios instead of artificial
benchmarks that may not reflect enterprise workloads accurately. The assessment methodology utilized three unique assessment
dimensions to construct a complete knowledge of relative performance properties. The multi-dimensional assessment is derived
from standard methodologies used for measuring storage system dependability, which stress the need to measure many attributes
in conjunction to encompass the intricate system behavior and interaction that may not be evident from individual-metric
measurement [4].

The initial test dimension was boot-time performance, which included cold boot and warm boot time measurements in a variety
of BMC firmware image sizes from 64MB to 256MB. Cold boot readings took the full initialization process from application of
power on through loading of firmware, decompression, validation, and ultimate service initialization. Warm boot readings tested
restart performance with different amounts of firmware cache usage to give insight into a variety of operational conditions. This
inclusive method generates more applicable metrics than simplistic data transfer measurements that don't account for real-world
performance characteristics. Testing utilized various firmware image sizes to evaluate scaling characteristics in different
implementation scenarios, paying specific attention to how performance differentials evolved as image complexity grew. Studies
of enterprise data migration methods have found initialization performance to be an important measure for operational elements,
whereby recovery time has a direct influence on system availability in maintenance or failure situations [5].

The second dimension of evaluation considered nuanced I/O behavior, such as latency profiles, throughput capacity, and
concurrency performance on emulated OpenBMC workloads. Testing utilized representative operational use cases such as secure
boot validation processes, telemetry data collection, firmware update procedures, and log access patterns. These workloads were
chosen to reflect the normal BMC operations that generate varying I/O patterns, from sequential read during boot to random
access in normal operation. The test bed quantified not just raw performance numbers but also consistency and predictability,
important considerations in enterprise environments where performance variability can affect system dependability. This method
concurs with proven methodologies for storage system assessment, which highlight the value of benchmarking performance
through a variety of usage patterns instead of merely benchmarking peak performances under optimal circumstances [4].

The third assessment dimension tested cost and scalability considerations, such as the cost efficiency of devices ($/GB), interface
implementation complexity, and long-term technology viability. Cost evaluation included direct component costs and
implementation expenses, offering an overall total cost of ownership calculation instead of simplistic component costs. Interface
complexity analysis took into account silicon area requirements, design complexity, and validation effort, all factors that have a
direct influence on new platform development expense. Long-term sustainability analysis looked at ecosystem development
activity, standards evolution, and supplier commitment, all key considerations for enterprise components that have long lifecycle
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needs. This economic analysis is a best-practice approach to enterprise-scale migration strategy optimization in which technology
platform selection decisions need to weigh short-term costs of implementation against long-term operational value and future
scalability potential [5].

Testing methodology utilized high-fidelity simulation models that were combined with Wind River Simics, with testing results
validated against hardware reference implementations. The simulated test environment allowed for controlled testing conditions
while enabling end-to-end instrumentation capabilities not possible with physical equipment. This method allowed in-depth
performance profiling across various system components, pinpointing exact bottlenecks and interaction effects between the
storage subsystem and other firmware components. The simulation models used detailed timing characteristics obtained from real
hardware measurements, providing high correlation between simulated and actual results. Reference validation used statistical
methods to measure simulation accuracy, validating that observed performance deltas in simulation accurately predicted real
hardware behavior within defined confidence intervals. This methodology is consistent with accepted protocols for the evaluation
of storage systems, wherein the controlled test environment, fully instrumented, yields more credible results than partial
measurements in production settings [4].

Evaluation .
. . Metrics Test Methodology Purpose
Dimension
Boot-Time Cold boot duration, Warm Tests across 64MB-256MB Measure initialization
Performance boot duration firmware images sequence performance

) Simulated OpenBMC
Latency profiles,

. . workloads (secure boot, Assess operational
I/0 Characteristics Throughput capacity, . .
telemetry, firmware updates, behavior patterns
Concurrency performance
log access)

Total cost of ownership
analysis, Silicon requirements
evaluation, Ecosystem
assessment

Cost efficiency ($/GB),
Cost & Scalability Implementation complexity,
Long-term viability

Determine economic
and future-proofing
factors

Table 2: Comprehensive Evaluation Framework for BMC Storage Interface Assessment [4, 5]
4. Results
4.1 Boot-Time Performance

Thorough performance evaluation confirmed significant variations between eMMC and UFS implementations on BMC boot cases.
The eMMC setup, running in its highest-speed HS400 mode, consistently showed comparable but relatively slow boot times over
multiple test cycles. Full system initialization took about 20 minutes in simulation environments, with significant performance
bottlenecks during firmware image loading and validation processes. This long duration is a critical operational constraint for data
center environments where quick recovery from maintenance operations directly affects service level agreements and system
availability. Large-scale enterprise storage deployments have been analyzed to show that initialization times have a direct impact
on both scheduled maintenance windows and unscheduled recovery processes, with longer boot times resulting in considerable
operational effects, especially for data centers with restricted physical access [6].

UFS implementations showed significantly better performance in the same test settings. The UFS 3.1 configuration took around 5
minutes to complete the boot phase, which is four times faster compared to eMMC. This differential in performance transcends
usual expectations from raw interface spec alone, and it shows the way architectural benefits can compound the returns in intricate
sequences of operation. The largest performance gains were during simultaneous operations, where UFS's command queuing and
full-duplex features enabled overlapping execution of operations that were previously sequential. Studies of next-generation
distributed storage technologies have seen similar scaling trends, wherein architectural gains in command processing provide
disproportionate performance gains with rising workload complexity [7].

This four-fold performance increase in this research dwarfs earlier consumer-targeted benchmarks, which normally average 2-3x
improvements between these interface generations. This greater differential is due to a variety of factors specific to the enterprise
that boost UFS benefits in BMC boot use cases. First, rigorous firmware integrity validation procedures generate intricate 1/0
patterns that take advantage of UFS's more advanced command structure. Second, current BMC implementations necessitate
several simultaneous service initializations that take advantage of UFS's capability for executing multiple services in parallel. Third,
intricate hardware initialization sequences produce interleaved read/write operations that gain advantage from full-duplex
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capabilities. These synergistic factors produce a multiplicative effect and not a straightforward additive performance advantage,
accounting for the greater-than-anticipated performance gap. Field testing of SSD reliability in enterprise deployments has
observed comparable amplification effects wherein architectural benefits yield larger proportional improvements in real-world
enterprise workloads than in synthetic benchmarks [6].

4.2 1/0 Characteristics

Extensive performance profiling uncovered profound differences in underlying I/O characteristics between the two technologies.
The eMMC implementation had read latencies of 100-150 microseconds on average across different operation types with a wide
variation based on particular command sequences and prior operations. This variation arises due to the limited command
architecture of eMMC, which limits controller optimization possibilities and introduces the possibility of head-of-line blocking
scenarios in sequential command streams. Extensive investigations of enterprise storage deployments have reported similar
patterns of variation in other parallel interfaces, noting how command queue constraints can introduce substantial performance
disparities under mixed workloads, with 95th percentile latency numbers frequently being 3-5x higher than mean values at heavy
activity times [6].

UFS exhibited vastly superior latency behavior, with read operations always finishing in 30-50 microseconds independent of
workload complexity. This stability of performance results from UFS's more advanced command design that enables the controller
to schedule operations optimally based on physical media traits. The full-duplex abilities permit concurrent read and write
operations, preventing forced serialization of autonomous operations. Latency consistency measurements demonstrated much
less variability than eMMC, with reliable performance even in heavy concurrent access patterns. The study of next-generation
distributed storage architectures has pointed to this consistency aspect as increasingly important in enterprise environments,
where variance in latency rather than absolute performance is frequently more problematic, especially in distributed systems where
component-level variability increases through system interactions [7].

Concurrency testing found especially compelling benefits for UFS in contemporary BMC use cases. UFS's command queuing and
parallelism feature manages multiple firmware subsystems (telemetry, logging, secure boot) far better than eMMC's sequential
processing paradigm. Performance under mixed workloads exhibited little loss compared to single-operation workloads, with the
interface sustaining high throughput even when servicing many concurrent clients. This ability is particularly important in modern
BMC implementations, with each new generation of firmware adding more complexity. Large-scale enterprise storage deployments
have been shown to follow similar trends across a succession of technology generations, illustrating how concurrency features are
increasingly valuable as system complexity increases, with parallel-command-capable interfaces exhibiting better scaling behavior
than sequential designs [6].

4.3 Cost and Scalability Analysis

In-depth cost analysis included direct component costs and the more general total cost of ownership in scope. According to real-
world pricing, eMMC solutions currently have a moderate price disadvantage, when compared on a per-gigabyte basis to say the
least, with enterprise-class implementations averaging approximately $0.20/gigabyte. The average UFS deployments are typically
priced at a premium of 10-15%, with the average price being $0.25-0.30 per gigabyte, depending on the capacity and performance
levels. This cost difference includes not only the newer manufacturing technologies currently required in the UFS devices but also
the lower volumes of production compared to the better-established eMMC ecosystem. Enterprise storage economics analyses
based on large-scale deployment data have uniformly shown that architectural benefits often warrant moderate cost premiums,
with enhanced performance characteristics having tended to pay dividends in terms of positive return on investment through
decreased operational ramifications and maintenance needs [6].

Ease of interface implementation is another key factor for system architects. The eMMC interface standard uses a comparatively
simple parallel interface that makes host controller implementation easier, possibly lowering silicon area consumption and related
development expenses. This ease of implementation arises from the fact that eMMC began as a consumer interface standard, with
implementation expense usually taking priority over performance issues. In contrast, UFS must use a more advanced host controller
to handle its serial interface and its command queuing functionality. This added complexity equates to slightly increased silicon
requirements for the host controller, although these are generally amortized over the entire system design. Studies on architectural
advancements in future generations of storage technology have recorded equivalent complexity/performance trade-offs through
several generations, with complexity of implementation generally increasing to keep up with escalating performance demands [7].
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Metric eMMC (HS400 mode) UFS 3.1 Improvement Factor
Boot Time 20 minutes 5 minutes 4x faster
Read Latency 100-150 ps 30-50 ps 3x lower

Latency Variability

High (3-5x at 95th
percentile)

Low (consistent)

Significantly improved

Mixed Workload
Performance

Degraded

Minimal degradation

Superior

Concurrent Operations

Limited (serialized)

Supported

Substantial improvement

Cost per Gigabyte

$0.20/GB

$0.25-0.30/GB

10-15% premium

Increased silicon
requirements

Host Controller

Complexity Lower Higher

Table 3: Performance and Cost Analysis: eMMC vs UFS for Enterprise BMC Boot Storage [6, 7]
5. Discussion
5.1 Performance Improvement Significance

The four-fold decrease in BMC boot time reflects a very significant improvement in operation with widespread ramifications for
enterprise settings. This difference in performance far surpasses expectations from mere interface bandwidth differentials,
demonstrating how architectural benefits can yield compounding advantages across complex sequences of operation. The boot
time savings from about 20 minutes to 5 minutes breach significant operational thresholds for business environments, where
maintenance windows and recovery operations are typically service-level-agreement time-limited. Intelligent data center research
has also recognized initialization time as a paramount operating parameter, with decreases below 10 minutes facilitating
considerable enhancement to maintenance workflow efficiency and resource use, especially with the use of Al-based optimization
methods for scheduling operations [8].

The scale of improvement is attributed to the compounding effect of several architectural benefits, such as full-duplex operation,
command queuing, and increased bandwidth capabilities. These capabilities solve particular bottlenecks in BMC boot sequences
that induce disproportionate performance effects. Close examination shows how these benefits accrue over the course of the
initialization sequence, with each step gaining from different facets of the UFS architecture. Firmware loading initially gains mainly
from raw bandwidth enhancements, whereas validation procedures draw on command queuing abilities to make operation
scheduling more efficient. Service startup phases show the most relevant improvement, with parallel execution features enabling
concurrent startup of formerly serialized processes. Enterprise architecture transition studies have recorded similar amplification
effects, whereby architectural benefits yield disproportionate performance gains in compound operational sequences over
standalone component testing [9].

This result is a previously unreported degree of improvement in enterprise firmware booting environments, and as such is highly
relevant to system architects working to balance performance and cost. Past research comparing interface transitions across
consumer and enterprise storage environments has generally reported less dramatic performance differentials, with gains tending
to range from 1.5x to 2.5x per generation. The much greater performance improvement seen in this work emphasizes the
specialized nature of BMC boot applications, where intricate initialization sequences involving interdependent elements of a system
introduce conditions under which UFS's architectural strengths are especially valuable. This finding illustrates the value of
application-targeted performance measurement over the use of broad interface comparisons because workload parameters can
easily dominate relative performance across technologies. Intelligent data center studies have highlighted corresponding
workload-specific optimization strategies, especially for those units affecting various system operations and workflow processes
[8l.

5.2 Implications of Migration

The dramatic increase in performance shown by UFS deployments provides a strong economic rationale for migration on top of
minimal cost additions. The four-times improvement in boot time facilitates various operational benefits with explicit business
impact for enterprise settings. Shortened firmware development and test loops are one notable advantage, since lowered
initialization time enables more iteration cycles in given development windows. This facilitates feature velocity and resolution of
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issues, ideally decreasing time-to-market for new features. Enterprise architecture studies have established this acceleration effect
as a major contributor to successful technology transitions, illustrating the way that component-level performance enhancements
can provide multiplicative benefits to productivity across development lifecycles that rely on repeated system reinitialization [9].

Improved utility in remote deployment situations is another notable benefit, especially for systems being deployed in physically
inaccessible locations. Protracted boot periods present significant operational burdens in such settings, wherein recovery from
maintenance procedures or unplanned restarts can take an excessive amount of time with remote monitoring or physical on-site
visits. The lowered initialization duration of UFS implementations can considerably enhance operational effectiveness in such
situations, allowing for more deterministic maintenance windows and reduced recovery from unplanned incidents. Intelligent data
center operations research has witnessed the growing significance of remote management features, observing several threshold
effects whereby reductions in initialization times support qualitative improvements in maintenance processes and recovery
practices, especially for distributed infrastructure [8].

Better server availability statistics and shorter maintenance windows offer perhaps the strongest economic incentive for migration.
In commercial environments, system availability has a direct bearing on operational effectiveness and frequently corresponds to
contractual service level obligations with monetary consequences. Reduced initialization time is immediately reflected in better
availability performance metrics by minimizing planned and unplanned downtime. Planned maintenance windows can be
minimized, potentially allowing for more frequent but less intrusive update cycles. Unplanned recovery situations are helped by a
quicker return to service, minimizing the operational impact of the unforeseen event. Enterprise architecture transition research
has established availability enhancements as a leading driver for technology migration, with quantitative enhancements in these
measures frequently acting as the key success metrics for transition initiatives [9].

These performance advantages cumulatively provide a strong rationale for UFS migration, irrespective of the affordable cost
additions inherent with the technology. In business contexts where system performance has a direct bearing on operational
efficiency and service level adherence, the 10-15% premium at the component cost level is usually countered by the enormous
operational benefits provided by the four times performance boost. This economic arithmetic follows customary trends in
enterprise adoption of technology, where operational value often offsets premiums at the component level, especially for anchor
technologies that have effects on several system capabilities. Enterprise architecture migrations have been researched to reveal
similar patterns of evaluation, where agile implementation methodologies more and more incorporate operational effect measures
into the planning of migrations instead of merely considering component prices [9].

Benefit Category Impact Business Value

Boot Performance 4x reduction (20 min = 5 min) Crosses critical operational threshold
.. ) Faster feature delivery and issue
Development Efficiency Accelerated firmware cycles . y
resolution
Remote Management Improved recovery scenarios Enhanced operational efficiency in
9 P Y distributed environments
- Reduced planned/unplanned Better SLA compliance and operational
System Availability 2d planned/unp . P P
downtime metrics
. . . More f t but less di ti dat

Maintenance Windows Shortened duration ore frequent but fess disruptive update

cycles

Future-proofed architecture with scaling

Long-term Viability Active ecosystem development path

Table 4: Operational Benefits and ROI Analysis for UFS Migration in Enterprise Servers [8, 9]
Conclusion

This technical article demonstrates that UFS delivers superior performance compared to eMMC across multiple evaluation
dimensions in BMC boot applications for enterprise server environments. The architectural advantages of UFS, including full-duplex
operation, command queuing capabilities, and higher bandwidth, collectively enable transformative improvements in boot-time
performance, I/O responsiveness, and operational efficiency. These benefits extend beyond raw performance metrics to enable
tangible operational advantages, including accelerated firmware development cycles, improved system availability, and enhanced
remote management capabilities. While UFS adoption incurs a modest cost premium compared to eMMC implementations, the
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performance benefits and future scalability advantages make a compelling case for migration, particularly in enterprise
environments where system availability directly impacts operational efficiency and service level compliance. The transition from
eMMC to UFS represents a fundamental architectural advancement that enables faster, more reliable, and future-ready BMC
platforms, providing system architects with a clear technology direction for next-generation enterprise server implementations
where performance and reliability requirements justify the modest implementation costs.
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