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Abstract: Power-aware design verification has become a critical aspect of modern integrated circuit (IC) development, especially in the
context of low-power, high-performance applications such as mobile devices, [oT systems, and automotive electronics. With the increasing
demand for energy efficiency, design engineers must ensure that power intent is accurately captured, implemented, and verified across
various design abstraction levels. However, verifying power-aware designs introduces several unique challenges. These include ensuring
correct functionality across multiple power domains, managing power state transitions, verifying retention and isolation strategies, and
detecting unintended power-induced bugs such as data corruption or signal contention. One of the major challenges is the lack of a unified
methodology to validate both functional and power intent cohesively. Traditional verification flows often fall short in identifying subtle
power-related issues due to the complexity of power-aware features like Multi-Voltage Domains (MVD), Power Gating, and Dynamic
Voltage and Frequency Scaling (DVFS). Moreover, integrating power-aware simulations with functional verification environments
requires careful coordination between Unified Power Format (UPF) or Common Power Format (CPF) specifications and RTL design. To
address these issues, several solutions have been proposed and adopted in the industry. These include the use of formal verification
techniques for exhaustive state-space analysis, dynamic simulation with power-aware testbenches, and automated rule-checking tools that
validate UPF/CPF semantics against RTL. Assertion-based verification (ABV) and low-power aware test scenarios also play a crucial role
in ensuring coverage of power-related corner cases. Additionally, emulation and hardware-assisted verification provide scalable solutions
for large SoCs where simulation falls short. In conclusion, power-aware design verification demands a multi-faceted approach that
combines formal, dynamic, and static techniques. The evolution of EDA tools and methodologies tailored to power-aware verification is
key to enabling robust, low-power IC designs in today’s competitive semiconductor landscape.
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Introduction
Power intent

The escalating demand for energy-efficient electronic systems has
steered the semiconductor industry towards aggressive power
reduction techniques, making power-aware design verification a
pivotal phase in the modern digital integrated circuit (IC) design
flow. As integrated circuits become increasingly complex and
ubiquitous across domains such as mobile computing, automotive
electronics, aerospace, healthcare devices, and the Internet of
Things (IoT), ensuring reliable power management without
compromising functional correctness is of paramount importance.
The move towards advanced process nodes, where power density
and leakage become significant concerns,
sophisticated verification strategies that can capture the intricacies

necessitates

of power-aware features, such as multi-voltage domains, power
gating, retention, isolation, and dynamic voltage and frequency
scaling (DVFS). The criticality of this challenge is reflected in
industry projections, which indicate that over 70% of silicon re-
spins in low-power designs are attributable to inadequate or
incomplete power-aware verification.
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Figure 1: Power-Aware Design Verification Methodology: A
Five-Phase Flowchart

In a power-aware design environment, functional verification is no
longer isolated from power intent. The introduction of power
formats like Unified Power Format (UPF) and Common Power
Format (CPF) has enabled designers to specify power intent
separately from functional RTL, allowing for a more modular and
portable design approach. However, this separation introduces new
verification complexities. The power intent must be thoroughly
checked for consistency and correctness against RTL
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implementation and physical constraints to ensure that transitions
between power states do not introduce hazardous behavior such as
data corruption, inadvertent latching, or timing violations.
Research conducted by IEEE Design Automation and the
Accellera Systems Initiative indicates that nearly 85% of
functional testbenches lack adequate mechanisms to stimulate and
observe low-power events, particularly under corner-case
transitions. Consequently, a combination of static analysis,
dynamic simulation, and formal methods is essential to bridge the
verification coverage gaps.

To support these demands, advanced electronic design automation
(EDA) tools now provide power-aware simulation capabilities that
model the behavior of power-switchable elements, power domain
crossings, and retention/isolation mechanisms under real
operational conditions. Empirical studies using open-source
benchmarks and industrial design case studies have shown that
integrating power-aware simulations with assertion-based
verification (ABV) can reduce low-power functional bugs by up to
40%. Moreover, formal property checking methods have
demonstrated high efficacy in catching design flaws related to
incorrect power state sequencing and isolation strategy failures—
problems that are typically elusive in purely simulation-based
approaches. Another evolving strategy includes the use of machine
learning algorithms to predict potential power-related issues based
on historical bug patterns and verification coverage metrics. These
approaches highlight the convergence of traditional EDA
methodologies with artificial intelligence, bringing a new frontier
in verification automation. While each technique offers its
strengths, the integration of multiple verification strategies into a
coherent and scalable methodology remains a significant
challenge, especially for system-on-chip (SoC) designs
incorporating heterogeneous IP blocks with independent power
domains. The challenge is compounded by the growing pressure to
reduce time-to-market and verification costs. Therefore, the
development of power-aware verification frameworks that support
early power intent validation, seamless integration with RTL and
gate-level simulations, and continuous refinement through formal
and coverage-driven techniques is critical. This paper provides a
comprehensive examination of the key challenges in power-aware
design verification and explores cutting-edge solutions employed
across the industry and academia, offering insights into current
trends and future directions aimed at achieving robust and power-
efficient chip designs.

Literature Review
The growing complexity and integration density of semiconductor
systems have elevated power efficiency to a critical design
concern. From mobile systems-on-chip (SoCs) to cloud
infrastructure and edge-based Internet of Things (IoT) devices,
power-aware design and verification are essential to achieving
performance, reliability, and sustainability. Khondkar (2018)
provides a foundational
methodologies  and

overview of low-power design
introduces power-aware  verification
techniques tailored for modern SoCs. The book underscores the
need for coordinated verification strategies that consider power
domains, clock gating, and voltage scaling—key challenges in
today’s heterogeneous design environments. Ravi (2007) further
highlights that power-aware testing introduces unique challenges,
such as IR drop and thermal hotspots, which traditional test

strategies often overlook.

Anantharaman et al. (2013) present a practical strategy for power-
aware verification in SoCs, detailing techniques like power intent
modeling and UPF/CPF-based simulation to validate power states
and transitions. They argue for a more tightly integrated
verification workflow where functional coverage is extended to
encompass power events and modes. Similarly, Prasad et al. (2015)
discuss the debug complexity introduced by low-power features,
noting that bugs related to power control logic are often
intermittent and difficult to reproduce—necessitating automated
and intelligent debug mechanisms. Beyond the chip level,
Srikantaiah et al. (2008) investigate energy-aware workload
consolidation in cloud computing, introducing policies that
balance power efficiency with resource utilization. Their findings
are applicable to data center-level verification of power-aware
hardware accelerators, where the interaction between software and
hardware must be jointly modeled. In the context of
communication systems and network infrastructure, Bolla et al.
(2010) provide a comprehensive survey on energy efficiency
trends in fixed networks. They call for intelligent, adaptive
verification frameworks that can evolve with infrastructure
changes, suggesting that similar approaches could be leveraged in
hardware verification for 5G/6G systems.

At the algorithmic level, Yang et al. (2017) explore the design of
energy-efficient deep neural networks through energy-aware
pruning techniques. These methods are highly relevant for
hardware verification teams targeting Al accelerators, where
energy constraints directly impact architectural decisions and
require targeted validation at both RTL and system levels. Cloud
computing continues to serve as a crucial backdrop for energy-
aware system design. Zhang et al. (2010) discuss the challenges of
scalability, service elasticity, and resource provisioning—all of
which relate to power-aware verification in virtualized hardware
environments. As designs scale out across hybrid clouds, system-
wide energy models and dynamic power management need to be
validated continuously.

The Internet of Things (IoT) further complicates the power-aware
landscape. Yaqoob et al. (2017) and Stojkoska & Trivodaliev
(2017) present IoT architectures and smart home systems as
emerging domains that are power-constrained by nature. They
emphasize the need for lightweight, secure, and power-aware
verification methodologies that can be applied to resource-limited
environments. Expanding this discussion into wireless and aerial
systems, Zeng et al. (2016) outline the challenges of integrating
unmanned aerial vehicles (UAVs) into existing communication
networks. Their insights reinforce the need for low-power design
verification tools that can operate in mobile and dynamic contexts.
Finally, Seshia et al. (2016) take a broader look at cyber-physical
systems (CPS) and highlight the design automation challenges
involved in creating verified, energy-efficient systems. They
emphasize the importance of formal verification and simulation
tools that can model the interaction between physical processes and
computational elements—key for ensuring both correctness and
power efficiency in CPS. Thangaramya et al. (2019) introduced an
energy-aware clustering and neuro-fuzzy based routing algorithm
aimed at enhancing energy efficiency in wireless sensor networks
(WSNs), a foundational component of the Internet of Things (IoT).
Their approach utilizes fuzzy logic principles in conjunction with
neural networks to dynamically select optimal cluster heads and
routing paths based on multiple parameters such as residual
energy, node density, and distance to sink. The proposed model
significantly improves network lifetime and reduces energy
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consumption compared to conventional routing techniques. This
method is particularly relevant for low-power design verification
in embedded and sensor-based systems, as it demonstrates how
intelligent, adaptive routing can complement energy-efficient
hardware design. Furthermore, the integration of Al-driven
decision-making into core system operations like routing
reinforces the importance of verifying not only hardware behavior
but also algorithmic efficiency under varying operating conditions,
especially in constrained environments like IoT edge devices.

Methodology

The methodology adopted in this study is aimed at systematically
identifying, modeling, and verifying power-aware design
characteristics across multiple abstraction levels of integrated
circuit (IC) development. In alignment with industry-standard
practices and academic frameworks, the proposed methodology
integrates both simulation-based and formal
techniques, enhanced by automated rule-checking mechanisms

verification

and assertion-based verification. The process is organized into five
sequential phases: power intent specification, static power intent
validation, dynamic simulation with power-aware testbenches,
formal property verification, and coverage closure with root cause
analysis. Each phase is described in detail below.

1. Power Intent Specification and Modeling

The foundation of power-aware verification lies in accurately
defining power intent. For this study, all power specifications were
modeled using IEEE 1801 Unified Power Format (UPF) version
2.1, due to its broad tool support and comprehensive semantics.
Power domains, power switches, isolation cells, retention registers,
level shifters, and sequential power state transitions were explicitly
defined for each functional module. A series of design cases were
considered, including a 32-bit RISC processor core, a DMA
controller, and a mixed-signal SoC. Each design was synthesized
using a 28nm low-power process technology to incorporate real-
world leakage and dynamic power characteristics.

2. Static Verification of Power Intent Consistency

Static rule-checking tools such as Synopsys VC LP and Cadence
Conformal Low Power were employed to validate power intent
consistency between RTL and UPF models. These tools analyzed
syntax correctness, power domain connectivity, isolation strategy
completeness, and retention cell placement. Violations such as
undefined isolation enable conditions and domain crossing errors
were flagged and annotated. Metrics such as rule violation count,
severity distribution, and correction cycles were recorded to
evaluate early-stage design readiness.

3. Power-Aware Dynamic Simulation Environment

To ensure realistic functional behavior under varying power
conditions, the RTL design was integrated with the power intent
into a simulation environment using Synopsys VCS and Cadence
Xcelium simulators. The Universal Verification Methodology
(UVM) framework was extended to incorporate power-aware
sequences and stimuli. Power domain on/off sequences, voltage
transitions, and corner case behaviors were simulated using
SystemVerilog testbenches. Assertions were embedded at strategic
points in the design, particularly around domain crossings and

memory retention interfaces, to observe protocol compliance
during power transitions.

4. Formal Property Verification for Exhaustive Coverage
Model checking techniques were utilized using tools like
JasperGold and Questa PropCheck to complement simulation-
based verification. Formal properties, written in SystemVerilog
Assertions (SVA), were targeted at critical power features such as
power-on reset sequencing, isolation logic correctness, and
retention enablement. Temporal logic was used to describe
expected behaviors over time, and the state space was explored
exhaustively to detect unreachable or unsafe states. Property
pass/fail status, convergence time, and complexity metrics (e.g.,
state explosion detection) were logged.

5. Coverage Analysis and Root Cause Debugging

A unified coverage model was constructed combining functional
coverage, code coverage (line, toggle, condition), and power-
aware event coverage. Questa CoverCheck and Unified Coverage
Database (UCDB) analysis tools were employed to ensure
adequate exercise of all power-related scenarios. Coverage gaps
were traced back to unverified transitions or unasserted behaviors.
These gaps were closed iteratively by refining power-aware
stimulus or enhancing assertion definitions. Where violations were
detected, waveform-based root cause analysis was conducted to
identify timing hazards or logic contention during power domain
interactions.

Experimental Validation and Comparative Benchmarking

To validate the effectiveness of the methodology, it was applied to
multiple design configurations with varying levels of power
complexity. Baseline designs were evaluated without power-aware
verification enhancements and compared against designs
processed through the full methodology. Key metrics including
bug detection rate, verification cycle time, assertion coverage, and
tool runtime were compared. On average, designs verified with the
proposed methodology achieved a 38% improvement in low-
power bug detection and a 21% reduction in verification
turnaround time. This comprehensive and layered approach
demonstrates a scalable and reproducible pathway for power-
aware verification of modern SoCs. By combining formal rigor
with simulation flexibility, the methodology effectively addresses
the multifaceted challenges inherent in validating low-power
digital designs.

Results and Analysis
The proposed power-aware design verification methodology was
evaluated using three representative digital designs of varying
complexity: (1) a 32-bit RISC processor core, (2) a Direct Memory
Access (DMA) controller, and (3) a mixed-signal System-on-Chip
(SoC) prototype. Each design was synthesized using a 28nm low-
power process node and annotated with a detailed UPF file
outlining power domains, retention, isolation strategies, and power
gating mechanisms.
The primary evaluation criteria included:

e Bug Detection Rate (number of low-power related bugs

detected)

e  Verification Time (measured in hours)
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e Assertion Coverage (measured as a percentage of
triggered assertions over total)

e Coverage Closure Rate (percentage of power-intent
related functional coverage achieved)

Graphical Analysis

Bug Detection Rate

The graph illustrates the number of power-related bugs identified
across three benchmark designs using both traditional and
proposed verification methodologies. The proposed method
detected significantly more bugs—up to 60% higher—especially
in the Mixed-Signal SoC
This increase is attributed to exhaustive formal checks and
assertion-based coverage of power domain crossings. Traditional

case.

simulation methods showed limitations in capturing corner cases
and complex power state interactions. The data reinforces the
effectiveness of the hybrid power-aware verification strategy in
uncovering critical issues early in the design cycle.
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This graph compares the assertion coverage achieved by both
methodologies across different SoC components. The proposed
method consistently surpassed 84% coverage, a significant
improvement over the traditional flow, which remained below
52%. Higher coverage was made possible through the integration
of UPF-driven assertions and formal property verification.
Designs under the proposed method underwent comprehensive
validation of power sequencing, retention, and isolation logic. This
metric confirms the robustness and depth of monitoring in the
proposed verification flow.
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Verification Time (Hours)

The chart presents the total time required for verification in hours
for each design under both methods. While the proposed
methodology involved slightly higher tool runtimes, it reduced
overall verification time by an average of 20%. Time savings
resulted from fewer debugging iterations and faster coverage

Design Methodology Bugs Verification | Assertion Coverage
Detected Time (hrs) Coverage Closure (%)
(%)
RISC Traditional 11 92 472 76.3
Core Simulation
Proposed 18 76 86.4 94.1
Methodology
DMA Traditional 7 64 51.9 79.5
Controller | Simulation
Proposed 12 51 89.7 96.2
Methodology
AMS SoC | Traditional 14 118 423 71.0
Simulation
Proposed 22 92 84.5 92.4
Methodology

closure cycles. The hybrid approach demonstrated time efficiency
despite the inclusion of formal techniques and assertion
generation. This trade-off favors the proposed strategy in industrial
environments with strict time-to-market constraints.
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This figure shows the final coverage closure rate achieved at the
end of verification for each design.
The proposed method achieved rates above 92%, compared to 71—
79% in traditional flows.
Improved closure is attributed to dynamic power-aware simulation
paired with targeted assertion-based monitoring. High closure
percentages validate that the verification process comprehensively
exercised all relevant power management states. This outcome
demonstrates the effectiveness of the proposed methodology in
meeting design specification completeness. The results
unequivocally demonstrate the efficacy of the proposed power-
aware verification framework. For the RISC processor, the number
of unique power-related issues identified increased from 11 to 18,
indicating a 63.6% improvement. Similarly, assertion coverage
nearly doubled, highlighting the value of assertion-based checks
when guided by power-aware stimuli and formal properties.
Verification time saw a notable reduction (approximately 21%)
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due to the elimination of iterative debugging cycles that
traditionally follow post-silicon failures.
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The SoC case study particularly highlighted the benefits of
combining formal and dynamic techniques. Formal property
checking identified several subtle violations in power-on
sequencing that simulation alone failed to detect due to rare-state
activation. Furthermore, waveform-based debugging tools proved
essential for root cause identification in complex isolation logic
misbehavior. The methodology’s slightly higher tool runtime
overhead (e.g., 29.1 hours in SoC case) is a trade-off justified by
the depth of verification coverage and reduced manual debugging.
Overall, the quantitative metrics substantiate that a layered, power-
aware methodology not only enhances reliability but also
streamlines verification workflows in industrial SoC development.
The empirical results from this study provide compelling evidence
that the proposed power-aware verification methodology
significantly outperforms traditional simulation-based approaches
across several key verification metrics. The methodology’s impact
is especially pronounced in three domains: early bug detection,
assertion coverage, and coverage closure—factors that are critical
in ensuring the robustness and power efficiency of modern low-
power System-on-Chip (SoC) designs.

One of the most salient outcomes is the marked increase in bug
detection rate. Across all three design benchmarks—the RISC
core, DMA controller, and mixed-signal SoC—the proposed
methodology uncovered among 45% to 60% more power-related
design issues than conventional simulation methods. This
improvement is attributed to the integration of formal verification
and assertion-based methodologies, which are inherently better
suited for exploring rare corner cases and validating state transition
sequences. Traditional simulation environments are inherently
stimulus-limited and often fail to trigger low-probability power
state transitions, particularly in power gating, retention
enablement, and isolation timing scenarios. In contrast, formal
methods ensure exhaustive exploration of design state spaces,
uncovering subtle defects that are otherwise missed.

The enhancement in assertion coverage, from a range of 42-51%
in the traditional flow to over 84% using the proposed method,
further validates this assertion. High assertion coverage indicates
that the verification environment was successful in monitoring a
broad and diverse set of power-aware events, particularly during
dynamic transitions between power states. The use of
SystemVerilog Assertions (SVA), tailored to monitor power
domain crossings and retention logic, ensured protocol-level
correctness under all simulated power conditions. This aligns with
the findings of Singh et al. (2013), who demonstrated the efficacy

of assertion-based verification in uncovering hard-to-reach bugs
related to isolation and sequencing logic in low-power designs.

In terms of verification efficiency, the methodology demonstrated
a reduction in total verification time by an average of 17-21%.
This result is particularly important in an industrial context, where
time-to-market is a critical metric. While the inclusion of formal
property checking and power-aware stimulus generation adds tool
overhead—averaging 3.5 to 4.2 hours more than simulation-only
flows—this cost is offset by fewer debug iterations and improved
first-pass success rates. As observed in the mixed-signal SoC case,
the methodology enabled earlier detection of power sequencing
errors that would traditionally only manifest during post-silicon
testing, thereby reducing the risk of costly silicon re-spins.

The coverage closure rate, reaching as high as 96.2% for the DMA
controller, is indicative of a high-quality verification process that
aligns well with power intent specifications. This metric
encompasses both functional coverage and power-intent-aware
event coverage, demonstrating that the methodology ensures
validation of power domain transitions, switch behavior, and
retention/isolation activation under real-world conditions. The
ability to close coverage with fewer iterations suggests a more
mature and predictable verification environment. Moreover, the
root cause analysis phase revealed that many power-related
failures stemmed from subtle mismatches between RTL logic and
power intent descriptions in the UPF. These included misaligned
isolation enable signals, incorrect default states of retention
registers, and voltage domain crossings without proper level
shifting. The layered verification process, particularly the use of
static rule checkers in early phases, helped surface such
inconsistencies before they could propagate into downstream
simulation or synthesis errors. This finding supports the work of
Ahmad and Saxena (2014), who emphasized the importance of
early-stage power intent validation in improving overall
verification outcomes.

An interesting observation across all case studies was the role of
machine learning-guided assertion insertion, which, though
experimental in this study, showed promise. Preliminary usage
indicated that historically error-prone modules (e.g., bus arbiters
and clock domain interfaces) could be automatically annotated
with assertions using trained neural network models. This aligns
with the trend observed in recent works suggesting a potential shift
in verification paradigms from reactive debugging to predictive
modeling.

From a holistic viewpoint, the methodology’s primary strength lies
in its hybrid structure—combining static validation, dynamic
simulation, and formal analysis into a unified flow. This synergy
enables cross-verification of power intent at various abstraction
levels and provides comprehensive coverage that traditional
methods cannot achieve in isolation. However, the methodology
does have limitations. For instance, scalability to ultra-large SoCs
with over 100 power domains may encounter state explosion issues
during formal analysis. Mitigating these challenges will likely
require hierarchical verification strategies or machine learning
techniques for abstraction and complexity reduction.

In conclusion, the proposed methodology provides a well-rounded
and highly effective solution to the challenges of power-aware
verification. It aligns with contemporary design needs and offers a
path forward for scalable, efficient, and accurate verification in an
era dominated by power-constrained, functionally complex ICs.
The integration of advanced verification technologies, coupled
with structured UPF-based modeling and metrics-driven coverage
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closure, presents a promising blueprint for next-generation low-
power verification frameworks.

Conclusion

Power-aware design verification has emerged as a critical aspect
of modern integrated circuit (IC) development, particularly with
the growing demand for energy-efficient systems in mobile, IoT,
and high-performance computing domains. This study has
presented a comprehensive and structured methodology that
addresses the inherent challenges of verifying complex low-power
architectures through a hybrid approach integrating static rule
checking, power-aware simulation, assertion-based validation, and
formal verification techniques. The results obtained from applying
this methodology to three representative digital designs—namely
a 32-bit RISC processor, a DMA controller, and a mixed-signal
SoC—demonstrated significant improvements in verification
efficacy. Notably, bug detection rates increased by up to 60%,
while assertion coverage and functional coverage closure exceeded
85% and 92%, respectively. These findings validate the robustness
and reliability of the methodology in identifying and resolving
power-related design inconsistencies that are often overlooked in
traditional verification flows. Furthermore, the proposed approach
reduced overall verification time by approximately 20%, despite
introducing moderate tool runtime overhead. This trade-off is
justified by early detection of critical power intent violations and
fewer debug iterations, resulting in accelerated verification
convergence and enhanced design confidence. The methodology
also facilitated detailed root cause analysis through waveform
inspection and coverage-driven refinement, enabling designers to
address low-power bugs at both architectural and RTL levels.
Overall, this study provides a viable verification framework that is
scalable, automation-friendly, and compatible with industry-
standard formats such as IEEE 1801 UPF. It not only supports
rigorous conformance to power specifications but also enables
exhaustive coverage of power management features across
complex SoCs. Future research will explore the integration of Al-
driven testbench generation and hierarchical formal abstraction to
further enhance scalability and efficiency. In essence, the
methodology offers a blueprint for the next generation of power-
aware verification practices, supporting the reliable realization of
energy-efficient semiconductor systems.
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