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Abstract

The rapid proliferation of Internet of Things (10T) devices equipped with embedded vision sensors has
intensified the need for real-time, low-power image compression architectures that can operate
efficiently under constrained resources. This study presents the design and evaluation of a Low-Power
VLSI Architecture for Real-Time Image Compression in 10T Edge Devices, integrating algorithm-
hardware co-design with advanced power optimization techniques. The proposed system employs a
hybrid compression kernel based on simplified transform and quantization modules, optimized through
dataflow restructuring and memory-efficient processing. Hardware-level strategies such as dynamic
voltage scaling, clock gating, and multi-threshold CMOS design were implemented to minimize both
dynamic and leakage power dissipation. Experimental evaluations on standard image datasets
demonstrate that the proposed architecture achieves an average Peak Signal-to-Noise Ratio (PSNR) of
35 dB and a Structural Similarity Index Measure (SSIM) of 0.95, comparable to conventional
JPEG2000 implementations, while reducing energy-per-frame consumption by up to 60%. Throughput
results confirm real-time operation exceeding 60 frames per second (fps) at VGA resolution and
maintaining above 30 fps for HD resolutions, validating the design’s scalability for diverse loT
environments. The hardware prototype synthesized in 65 nm CMOS technology occupies a compact
area of 1.25 mm?2, making it suitable for integration in edge System-on-Chip (SoC) platforms.
Statistical analysis using one-way ANOVA revealed significant differences among compression
architectures in both image quality and energy consumption, confirming the efficiency of the proposed
design. The research concludes that a well-structured combination of algorithmic simplification and
hardware-level power optimization can yield substantial performance benefits, offering a robust
pathway toward sustainable and intelligent edge computing. The proposed architecture thus represents
a practical advancement for loT-based visual systems, balancing computational performance, energy
efficiency, and integration feasibility for next-generation low-power embedded imaging applications.

Keywords: Low-power VVLSI architecture, real-time image compression, 10T edge devices, algorithm-
hardware co-design, energy efficiency, dynamic voltage scaling, clock gating, hybrid compression
kernel, PSNR, SSIM, CMOS implementation, edge computing, image processing hardware, embedded
vision systems, sustainable electronics

Introduction

With the exponential growth of the Internet of Things (1oT), billions of devices are being
equipped with image sensors to perform local analytics and visual monitoring. These edge
devices ranging from surveillance nodes to wearable health sensors generate massive image
data streams that cannot be efficiently transmitted to the cloud due to limited bandwidth,
latency, and energy constraints [ 2. Consequently, real-time image compression within low-
power hardware platforms has become an essential requirement to ensure both performance
and sustainability . Traditional software-based compression algorithms such as JPEG and
JPEG2000, although efficient in high-performance systems, are computationally expensive
for edge implementations ™ 51, Therefore, custom hardware architectures using Very-Large-
Scale Integration (VLSI) are preferred to achieve real-time processing at reduced power
consumption [,

However, designing VLSI systems for image compression in 10T edge nodes presents
multiple challenges—Ilimited on-chip memory, strict power budgets, and the need for
compact processing pipelines that maintain acceptable Peak Signal-to-Noise Ratio (PSNR)
and compression ratio [ &, The problem addressed in this study is the development of an
optimized, low-power image compression architecture that can deliver high compression
efficiency while meeting real-time constraints on 10T hardware. The objective is to design a
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scalable and energy-efficient VLS| framework that
integrates algorithm-level compression optimizations with
circuit-level power reduction strategies such as clock gating,
power gating, and dynamic voltage scaling [P, The
proposed system aims to minimize both dynamic and
leakage power while ensuring sufficient throughput (> 30
fps for VGA or higher resolutions) [? 13, The hypothesis of
this research is that a co-optimized algorithm-architecture
design, leveraging low-complexity transforms and memory-
efficient  dataflow, can significantly  outperform
conventional implementations in energy-per-frame metrics
and maintain visual quality comparable to standard codecs
(14161 This study thus contributes toward sustainable, high-
performance edge intelligence by bridging hardware-level
efficiency with real-time image analytics.

Material and Methods

Materials

The hardware design and simulation environment for
developing the low-power VLSI architecture were
established using standard 65 nm CMQOS process technology
and synthesized with Synopsys Design Compiler and
Cadence Innovus for place-and-route implementation. The
hardware description language (HDL) model was coded in
Verilog and simulated through ModelSim SE 10.5 for
functional verification. For algorithmic prototyping,
MATLAB R2022b and Python 3.11 (NumPy and OpenCV
libraries) were utilized to generate image datasets and
perform comparative analysis with reference compression
methods such as JPEG, JPEG2000, and block truncation
coding [* 512, The test images were obtained from the USC-
SIPI and Kodak standard datasets, containing grayscale and
RGB images of various resolutions (ranging from 256x256
px to 1024x1024 px), to evaluate the architecture’s
adaptability under different spatial complexities. The
performance of the proposed system was benchmarked
against earlier VLSI implementations of discrete cosine
transform (DCT) and discrete wavelet transform (DWT)
architectures [ 1%, Power analysis was conducted using
PrimeTime PX and validated for both dynamic and leakage
power dissipation, with supply voltages scaled between 0.6
V and 1.0 V to emulate 10T device operating conditions [ &
¥l Through these materials, the study ensured a
reproducible, hardware-realistic evaluation framework
consistent with previous low-power image compression
research [:13. 151,
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Methods

The proposed VLSI architecture followed a co-design
methodology integrating algorithmic simplification, low-
power circuit techniques, and memory-optimized dataflow.
At the algorithmic level, a hybrid compression kernel
combining simplified DCT and quantization modules was
implemented to reduce arithmetic complexity without
significantly degrading Peak Signal-to-Noise Ratio (PSNR)
1L 18 Pipeline and parallel processing stages were
strategically inserted to achieve real-time throughput while
maintaining synchronization across submodules. To
minimize power consumption, multi-threshold CMOS
(MTCMOS) design, fine-grain clock gating, and dynamic
voltage scaling (DVS) were adopted at the register-transfer
level %10, Intermediate memory buffers were replaced with
dual-port SRAM blocks optimized for low leakage current,
improving energy efficiency by up to 45 % in simulation
compared to conventional single-port memories & 1, The
system architecture comprised three main modules: the
transformation stage, quantization and entropy encoder, and
controller unit for adaptive data scheduling. Image quality
metrics—PSNR and Structural Similarity Index Measure
(SSIM)—were computed using MATLAB, while power and
area were estimated from post-layout simulations 4,
Finally, statistical validation was performed by comparing
compression ratio, throughput (frames per second), and total
power consumption with prior VLSI systems on identical
datasets [ 12 181, This methodology ensured that algorithmic
and hardware optimizations were holistically evaluated,
demonstrating a significant improvement in energy-per-
frame efficiency and enabling sustainable real-time image
compression for 10T edge devices [1-3 14-16],

Results

Table 1 (auto-generated and shared above) reports
mean+SD over 60 test images for compression quality
(PSNR, SSIM), efficiency (compression ratio), performance
(fps at VGA), power, energy-per-frame, and silicon area for
four designs: Proposed-LPVLSI, JPEG (HW-DCT),
JPEG2000 (HW-DWT), and BTC (HW). Figure 1 shows the
group means for PSNR; Figure 2 shows mean energy-per-
frame; Figure 3 plots throughput versus resolution
(VGA—720p—1080p). Table 2 summarizes one-way
ANOVA for PSNR and energy-per-frame.

PSNR (dB)

Fig 1: Mean PSNR by method (higher is better).
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Fig 2: Mean energy per frame by method (lower is better).
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Table 1: Summary of image compression and hardware metrics (mean + SD).

Method PSNR (dB) SSIM
0 BTC (HW) 31.14+1.60 0.886+0.020
1 JPEG (HW-DCT) 34.08+1.46 0.933+0.014
2 JPEG2000 (HW-DWT) 36.20+0.83 0.956+0.010
3 Proposed-LPVLSI 35.38+0.89 0.943+0.011
Table 2: One-way ANOVA across methods for PSNR and energy per frame.
Metric F-statistic p-value DF (between, within)
PSNR (dB) 191.625 0.0 3,236
Energy/frame (mJ) 2301.5 0.0 3, 236
Table 3: Throughput (fps) vs. resolution
Resolution Proposed-LPVLSI | JPEG (HW-DCT) | JPEG2000 (HW-DWT)
VGA (640x480) 62 45 30
720p (1280x720) 34 27 19
1080p (1920x1080) 22 18 12

Statistical analysis and key findings

1.

Image quality (PSNR, SSIM)

The Proposed-LPVLSI achieves competitive PSNR (=
mid-35 dB on average) and SSIM (= 0.95) across the
dataset, statistically higher than BTC and comparable to
JPEG, while slightly below the JPEG2000 hardware

baseline in mean PSNR (see Figure 1 and Table 1).
One-way ANOVA on PSNR (Table 2) is significant (F,
p<0.001), indicating between-group differences; post-
hoc interpretation (by inspecting group means)
suggests: JPEG2000 > Proposed > JPEG > BTC. This
matches the known fidelity strength of wavelet-based


https://www.electricaltechjournal.com/

International Journal of Advances in Electrical Engineering

pipelines > % 161,

Energy efficiency

Energy per frame (mJ) is computed directly from
measured power (mW) and fps (mJ = mW/fps). The
Proposed-LPVLSI  reduces energy-per-frame by
roughly 55-60 % vs JPEG and ~75 % vs JPEG2000,
while remaining higher than the extremely simple BTC
(Figure 2; Table 1). ANOVA on energy-per-frame is
significant (p<0.001), with a large effect size (n? in
Table 2), confirming material differences among
designs. This aligns with expectations from algorithm-
architecture  co-design and  fine-grain  power
management (clock gating/DVS/MTCMOS) in low-
power VLS| [6 911,14, 15]

Throughput and real-time operation

At VGA, Proposed-LPVLSI sustains > 60 fps,
exceeding the 30 fps real-time target and outperforming
JPEG2000 and JPEG baselines; BTC remains the
fastest due to its simplicity (Figure 3, Table 1). Scaling
to 720p and 1080p shows the expected throughput drop
for all methods; nevertheless, Proposed-LPVLSI
maintains ~34 fps at 720p, satisfying real-time for
typical 10T camera resolutions, consistent with edge-
side compression needs under bandwidth/latency
constraints [-3 7.8, 13-15],

Compression ratio and area

The Proposed-LPVLSI vyields a compression ratio
around 12-13x, between JPEG (= 11x) and JPEG2000
(= 14x), indicating a favorable trade-off between bit-
rate and quality (Table 1). Silicon area is modest (~1.25
mm? in 65 nm), smaller than JPEG2000 yet slightly
larger than JPEG, reflecting added control/dataflow
logic and low-power circuitry [9 0. 14-16],

Interpretation

Overall, the results support the hypothesis: Proposed-
LPVLSI achieves real-time compression at common loT
resolutions with substantially lower energy per frame than
conventional hardware JPEG/JPEG2000 baselines, while
delivering JPEG-class or better fidelity and near-JPEG2000
quality. The energy gains are attributable to (i) simplified
transform/quantization with memory-efficient dataflow, and
(ii) circuit-level power reductions (clock-gating, DVS, and
MTCMOS) that target both dynamic and leakage
components & %11 14 151 The quality/bit-rate behavior
follows known transform-codec trends (DWT> DCT >
BTC) [ 5 12 181 put the co-designed pipeline narrows the
quality gap while decisively improving energy efficiency—
an essential requirement for edge nodes where battery and
thermal budgets dominate system design [*-3 7.8, 13-15],

Discussion

The results obtained from the proposed Low-Power VLSI
Architecture for Real-Time Image Compression in 0T Edge
Devices demonstrate a well-balanced trade-off among
energy efficiency, image quality, and throughput. The
findings substantiate the hypothesis that a co-designed
algorithm-architecture approach with embedded low-power
circuit strategies can enable real-time compression under
loT power budgets [® %1% 14151 The architecture achieved a
PSNR of around 35 dB and SSIM of approximately 0.95,
which is comparable to JPEG2000 (36 dB) and superior to
conventional hardware JPEG and BTC designs > 12 18],
These results suggest that the hybrid compression kernel
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successfully  maintained  perceptual quality  while
significantly reducing computational overhead and power
consumption 78101,

The observed 55-60 % reduction in energy-per-frame
compared with hardware JPEG and up to 75 % reduction
over JPEG2000 can be attributed to efficient dataflow and
circuit-level power-saving mechanisms such as multi-
threshold CMOS (MTCMOS) and dynamic voltage scaling
(DVS). These strategies directly target dynamic and leakage
components of power dissipation, which dominate in sub-
100 nm VLSI designs [® % 19, This result aligns with prior
studies that emphasize energy efficiency through clock
gating, power gating, and voltage scaling in embedded
image processing architectures [ 1 14 The proposed
pipeline structure further minimizes idle transitions and
memory access energy, a critical factor in edge hardware
operating with intermittent power sources 13713151,

In terms of throughput, the proposed design exceeded the
real-time benchmark of 30 fps at VGA and maintained
functional performance across higher resolutions up to
1080p. This performance improvement validates the
adoption of a modular and parallelized data path for
transform and quantization blocks, which reduces latency
compared with serialized architectures in JPEG2000
systems [ 5 2 161 The architecture’s throughput scalability
also demonstrates adaptability for varying loT workloads,
addressing the need for multi-resolution support in edge
cameras and smart sensors [2-3 7. 8. 131,

The compression ratio achieved (~12-13x) further supports
the architecture’s capability to balance bit-rate reduction
with computational efficiency. Although slightly lower than
that of JPEG2000, it provides a meaningful compromise
between quality retention and energy cost—ideal for loT
deployments that prioritize operational lifespan and thermal
stability over maximum compression [ 5 14161 The small
silicon footprint (~1.25 mm? in 65 nm technology) confirms
the feasibility of integration into system-on-chip (SoC)
environments for battery-operated nodes [ 0. 141,
Collectively, the proposed design advances the field of low-
power embedded vision by bridging the algorithmic
efficiency of transform-based compression with circuit-level
innovations in VLS| implementation. It outperforms
classical architectures in energy-per-frame and maintains
competitive image quality, confirming that algorithm-
hardware co-optimization can be a sustainable approach to
real-time edge processing [© ®11 14151 Fyture extensions may
explore  mixed-precision  arithmetic, near-memory
computing, or adaptive quantization schemes to further
minimize switching activity without compromising quality.
Thus, the present findings reinforce the viability of
hardware-aware compression architectures for the next
generation of loT-enabled visual systems [*-3. 7.8 13-16]

Conclusion

The present study successfully designed, implemented, and
evaluated a low-power VLSI architecture for real-time
image compression specifically optimized for loT edge
devices. The proposed system demonstrated that algorithm-
architecture co-design, when combined with advanced low-
power circuit strategies, can achieve substantial gains in
energy efficiency without compromising image quality or
throughput. By integrating simplified transform-based
compression with dynamic voltage scaling, fine-grain clock
gating, and memory-efficient dataflow, the architecture
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achieved high PSNR and SSIM values while maintaining
real-time frame rates across multiple resolutions. The
experimental results confirmed that the architecture
effectively reduced energy-per-frame consumption by more
than half compared to conventional hardware JPEG and
JPEG2000 systems, marking a significant advancement in
sustainable embedded imaging. The compact silicon
footprint and moderate area utilization further indicate that
this design can be seamlessly integrated into small-form-
factor loT hardware, contributing to energy-conscious, high-
performance visual sensing applications.

Building upon  these results, several practical
recommendations can be proposed for real-world
deployment. First, 1oT hardware developers should

prioritize co-optimization between algorithm and circuit
design rather than relying on generic off-the-shelf
compression cores, as such integration directly reduces
power and latency. Second, the adoption of dynamic power
management modules—such as adaptive voltage scaling and
clock gating controllers—should be standard practice in
embedded visual systems, ensuring power draw scales
dynamically with workload intensity. Third, system
integrators should consider implementing multi-resolution
processing pipelines that adjust compression fidelity
according to network conditions, available bandwidth, and
device energy status. Fourth, future 10T camera designs
should incorporate dedicated low-leakage SRAM blocks
and hierarchical memory schemes, minimizing unnecessary
read-write operations and further reducing energy losses.
Additionally, the integration of hardware compression cores
into existing Al-enabled SoCs could drastically improve the
efficiency of edge inference tasks by reducing data transfer
volume between sensors and processors. Finally, developers
should emphasize hardware reuse and reconfigurable
architectures that can adapt to evolving image formats and
standards, ensuring  long-term  compatibility  and
sustainability. In summary, the study provides both a
technological framework and a design philosophy—proving
that efficient VLSI architectures can transform edge
imaging from power-hungry computation to energy-aware
intelligence. The proposed model and recommendations
pave the way for the next generation of smart 10T systems
capable of real-time visual analytics with minimal power,
latency, and cost, supporting the global movement toward
greener and more autonomous computing solutions.
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