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Abstract

In the progress of energy-efficient digital multiplication systems, approximate
multipliers have been proven to be a good solution to attain high energy efficiency with
acceptable computational precision. This paper proposes a 22 nm FinFET-based
approximate Modified Radix-8 Booth multiplier which is based on Modified Radix-8
Booth recoding, selective partial-product approximation, controlled truncation, and
an optimized reduction and accumulation network to minimize arithmetic complexity
and switching activity. This architecture was modeled in VHDL and designed using an
ASIC design flow using a 22 nm standard-cell library. Post-layout evaluation showed
about 63.4% silicon area reduction, 55.1% propagation delay reduction, and 65.6%
power consumption reduction when compared with an exact Booth multiplier with
lower Power—Delay Product (PDP) and Area—Power Product (APP). The application-
level validation with representative image processing operations resulted in a PSNR
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of 41.2 dB and SSIM of 0.995, which validated the proposed approximation strategy to
maintain high computational quality. The proposed multiplier is well suited for low-
power digital signal processing, multimedia processing, and embedded VLSI systems
as it gives an effective trade-off between implementation efficiency and arithmetic
accuracy.

Keywords: Radix-8, Booth Recoding, truncation, approximate, image processing.

I. Introduction

With the development of digital signal processing (DSP), multimedia
computing, computer vision, wireless communication, artificial intelligence inference,
and embedded systems, the requirement for high-performance arithmetic hardware has
been increasing rapidly. Multiplication is a commonly performed task and constitutes
the basic operation in convolution, filtering, matrix multiplication, transform
computation, and image enhancement algorithms [XIII]. Therefore, the performance
of the multiplier has a direct impact on system throughput, power consumption, silicon
utilization, and computational latency. Recently, as semiconductor technology has
been scaled to the nanometer range, the challenge of designing multiplier architectures
that can maintain high speed, low power, and compact hardware implementation has
become a key design constraint in very-large-scale integration (VLSI) systems [ XI].

In the conventional binary and array multipliers, there is a large number of partial
products and extensive reduction circuits, which leads to high switching activity,
silicon overhead, and high propagation delay [XII]. To overcome these restrictions,
Booth multiplication has been extensively used, in which the redundant arithmetic
operations are eliminated by an efficient recoding of the bits of the multiplier. In
particular, Modified Radix-4 Booth recoding decreases the quantity of partial products
produced during the multiplication process as contrasted to the conventional
multiplication process that improves computation efficiency [IX]. As operand
precision increases, however, Booth-based architectures need complex reduction and
accumulation networks, which increase routing complexity, logic utilization, and
power dissipation. The above constraints have inspired the exploration of alternative
Booth encoding methods with higher radix and alternative architectural optimizations
with the goal of further reducing the arithmetic complexity.

The concept of approximate computing has proven to be an effective design approach
for boosting the implementation efficiency of arithmetic circuits for error-resilient
applications. Approximate arithmetic selectively simplifies arithmetic operations that
are least likely to affect the quality of application output, rather than keeping numbers
exactly the same for all computations. This design method is especially well suited to
image processing, multimedia processing, and DSP applications because the small
difference in numbers does not tend to have a noticeable impact on the perceptual
results [V]. Approximate multipliers can achieve high energy efficiency with good
accuracy by minimizing switching activity, combinational logic, and intermediate
arithmetic operations. However, many existing architectures are not easily applicable
because of high numerical errors introduced by excessive approximation. Hence, the
need for an effective trade-off among hardware efficiency and computational
correctness is a major requirement for designing approximate multipliers. With the
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rapid progress of FInFET technology, new opportunities have emerged to improve the
implementation efficiency of arithmetic circuits. Compared to planar CMOS
transistors, FInFET transistors provide improved electrostatic control of the gate, lower
leakage current, and better switching characteristics, which result in lower static power
consumption and better timing performance. However, the arithmetic complexity of
traditional multiplier architectures remains despite device-level enhancements [ VIII].

In response to these challenges, this paper presents a 22 nm approximate Modified
Radix-8 Booth multiplier based on Modified Radix-8 Booth recoding, selective partial-
product approximation, controlled truncation, and an optimized reduction and
accumulation network, which is integrated as an arithmetic framework. The proposed
architecture is first modeled in VHDL and then implemented using a complete ASIC
design flow provided by Cadence Genus, Cadence Innovus, and a 22 nm FinFET
standard-cell library. Silicon area, propagation delay, power consumption, Power—
Delay Product (PDP), and Area—Power Product (APP) are utilized to compute
hardware performance, whereas Peak Signal-to-Noise Ratio (PSNR) and Structural
Similarity Index (SSIM) are used for application-level validation using representative
image-processing operations [ XI]. The experimental outcomes verify that the proposed
architecture recommends an effective trade-off among computational accuracy, area
utilization, and energy efficiency, building a potential multiplication result for future
DSP, multimedia, and low-power embedded VLSI systems.

II. Literature Survey

In the context of digital signal processing (DSP), multimedia processing,
wireless communication, computer vision, and embedded applications, which involve
the majority of computational tasks, efficient multiplication is crucial for modern
digital systems. The multiplier is a major element of the system latency, silicon
utilization, and energy consumption in convolution, filtering, transform computation,
matrix multiplication, and image enhancement algorithms. Conventional array
multipliers and exact binary multipliers require a large number of partial products and
extensive reduction circuits, which leads to high switching activity, large power
dissipation, and long propagation delay. With the continuous scaling towards
nanotechnology, these constraints have made energy-efficient, hardware-effective, and
faster multiplier architectures more in demand [XV].

Booth multiplication is a widely used algorithm due to its ability to minimize redundant
arithmetic operations by performing efficient recoding of multiplicand bits. The
original Radix-2 Booth algorithm decreases the quantity of partial products produced
by using signed digits to represent each multiplier bit, and Modified Radix-4 Booth
recoding takes it a step further by processing multiple bits at once. Typically, the
critical paths and hardware complexity of Booth-based architectures are shorter and
simpler than in conventional array multipliers [X]. As the precision of the operands
grows, however, even Modified Radix-4 Booth multipliers create a large number of
intermediate partial products, which need complex reduction and accumulation
networks, leading to higher implementation cost, longer carry propagation delay, and
higher routing complexity. Thus, further optimization is needed to achieve significant
enhancements in high-performance VLSI systems [VI].
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To overcome these limitations, Modified Radix-8 Booth recoding has been given
significant attention as it further minimizes the quantity of partial products generated
by encoding overlapping sets of multiplier bits into signed Booth coefficients.
Combinational logic depth, switching activity, and critical-path delay are reduced due
to the reduced arithmetic workload entering the accumulation stage [11]. However, the
increased complexity of the encoder and wider intermediate arithmetic structures by
higher-radix Booth encoding can partially counteract the hardware savings expected in
the encoder [III]. Therefore, it is important to consider using other complementary
optimization methods along with Booth recoding in the construction of low-power and
high-speed arithmetic circuits, which leads to the concept of hybrid multiplier
architecture [IV].

Approximate computing has been a successful technique for enhancing the
implementation efficiency of arithmetic circuits with error-resilient applications.
Approximate arithmetic, instead of maintaining high precision for all calculations,
simplifies calculations with only a small impact on application output precision.
Because small numerical differences are tolerated in multimedia processing, image
enhancement, and some DSP algorithms, approximate multipliers can significantly
reduce switching activity, logic utilization, propagation delay, and energy consumption
[XII]. Prior approaches to approximation include logic simplification, approximate
compressors, operand truncation, speculative arithmetic, and approximation of partial-
product generation. These techniques simplify the hardware design, but often incur a
high degree of approximation, which can lead to large computational errors for
applications that demand a high level of numerical accuracy [X]. Several studies focus
on selective approximation, that is, restricting the approximation to low-significant
arithmetic operations while maintaining high-order arithmetic operations. This
approach helps reduce the switching activity and the hardware complexity while
preserving a similar accuracy level at the application level [VI]. However, many
architectures reported still use relatively complex reduction networks to make
improvements in propagation delay and silicon utilization. Moreover, there are several
designs for the approximate multiplier that focus on a single hardware measure, like
silicon area or power consumption, but have only a minor impact on the overall
efficiency of the implementation. Thus, designing a multiplier architecture with
minimum hardware cost, propagation delay, power consumption, and approximation
errors is still an important research challenge [VII].

The recent continual scaling of semiconductor technology has reinforced the critical
need to combine high-performance arithmetic architectures with innovative device
technology. The leakage current, short-channel effects, and increasing power density
of conventional planar CMOS devices are becoming limiting factors for circuit
performance and reliability with the scaling of the physical device sizes. To overcome
these challenges, FInFET technology employs a three-dimensional multi-gate transistor
structure to improve electrostatic gate control, leakage current, and switching
characteristics [III]. As a result, the arithmetic circuits implemented using FinFETs
show lower static power consumption and better timing performance than the
corresponding planar CMOS circuits. Many reported multipliers based on FinFET
transistors still use traditional exact arithmetic architectures, which makes it difficult
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to realize the full benefits of advanced transistor technology, and their arithmetic
complexity is not significantly reduced [I1].

The practical research on approximate multipliers has also gained more significance.
Arithmetic circuits with high computational speed and acceptable output quality are
needed for multiplication-heavy operations like image filtering, edge detection,
blending, and extraction of features [XIV]. Thus, Peak Signal-to-Noise Ratio (PSNR)
and Structural Similarity Index (SSIM) are broadly used to assess the impact of
arithmetic approximation on processed images [I]. Previous research has shown that
perceptual image quality can be maintained at a low implementation cost through
careful control of approximation. Thus, the literature shows three main challenges.
First, the conventional Booth multipliers still produce a relatively high number of
partial products, which makes the arithmetic more complicated and restricts the
improvement of the propagation delay. Second, many approximation-based
architectures gain hardware benefits by introducing too much computational error,
leading to loss of accuracy in the application. Third, the benefits of the FinFET
technology are not realized completely since many implementations still use
conventional arithmetic structures that have complex reduction networks and large
switching activity. These restrictions suggest that a common multiplier architecture is
required to optimize the multiplication algorithm, the architecture for arithmetic
operations, and the implementation technology.

With these observations, the proposed work proposes an Approximate Modified Radix-
8 Booth multiplier in 22 nm FinFET technology that adopts the Modified Radix-8
Booth recoding, partial-product approximation, controlled truncation, and an optimized
reduction and accumulation network in a single arithmetic framework. The architecture
is designed with Cadence Genus, Cadence Innovus, and a 22 nm FinFET standard-cell
library for realistic post-layout evaluation of silicon area, propagation delay, power
consumption, Power—Delay Product (PDP), Area—Power Product (APP), and
application-level image quality based on PSNR and SSIM. The proposed architecture
offers a balanced multiplication solution for high-performance, low-power DSP,
multimedia, and embedded VLSI systems by integrating algorithm-level optimization
together with advanced FinFET technology.

III. Proposed Methodology

The proposed approximate Modified Radix-8 Booth multiplier uses 22 nm
FinFET technology to increase the computational speed, energy efficiency, and
hardware utilization for multiplication-intensive digital systems. Multiplication is a
basic arithmetic task used repeatedly in digital signal processing (DSP), multimedia
processing, image enhancement, and embedded computing, so it consumes most of the
power and execution time. While conventional Booth multipliers use recoding to
simplify multiplication, more precision in the operands leads to a larger quantity of
partial products and a complicated reduction network, thus higher propagation delay,
switching activity, and hardware overhead. To alleviate these drawbacks, the proposed
architecture incorporates Modified Radix-8 Booth recoding, Selective Partial-Product
Approximation (SPPA), Controlled Truncation, and an optimized Reduction and
Accumulation network using a single arithmetic framework. The entire architecture is
modeled in synthesizable VHDL and implemented via a standard ASIC design flow
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with Cadence Genus, Cadence Innovus, and a Cadence standard-cell library in 22 nm
FinFET technology.
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Fig. 1. Architecture of proposed methodology.

The overall architecture of the proposed multiplier is presented in Fig. 1. Overlapping
groups of the multiplier bits are first converted to signed Booth coefficients using the
Modified Radix-8 Booth recoder. This recoding substantially decreases the quantity of
generated partial products before doing arithmetic reduction. The resulting partial
products then pass through a selective approximation unit that streamlines lower-
significance calculations but maintains higher-significance calculations. The controlled
truncation removes insignificant lower-order bits to decrease the width and arithmetic
of the intermediate operands. Finally, the partial products are reduced and accumulated
into the final multiplication result by an optimized reduction and accumulation
network.

In the first stage, Modified Radix-8 Booth recoding is used to minimize the number of
arithmetic operations performed in partial product generation. The multiplier operand
is broken into overlapping groups of bits, each of which is a signed Booth coefficient.
As a result, the quantity of partial products pushed to the reduction phase is less, which
decreases the depth of the combinational logic and increases the efficiency of the
computation. The Booth-generated partial product is written as

PP, = d;(M x 23 (1

where PPi is the partial product, di is the signed Booth coefficient, M is the
multiplicand, and 2% is the positional weight of the encoded multiplier group. The
partial products produced are then selectively approximated, in which only the lower-
significance arithmetic operations are approximated, and these approximations have
little effect on the final product of the multiplication. The proposed approach retains
higher-order computations to retain computational accuracy while minimizing
switching activity and hardware complexity, as compared to fully approximate
multipliers. The approximate partial product is shown as

PP/ = f(PP) )

where f{(+) is the approximation function applied to the Booth-generated partial product.
The approximate partial products are further simplified using controlled truncation,
where the less significant bits are dropped before they are added together, which is
shown to be useful to the arithmetic datapath. This operation reduces the bit width of
the operands and the carry propagation with only small effects on the computation
accuracy. The partial product is truncated as
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pPf

Pl = | 3)

where m is the number of lower-significance bits that are being truncated and || is the
truncation operation. The other partial products are arranged in a way that reflects their
positional values and added together to find the final multiplication result

P=Yk1pPT x 23 4)

where k is the total number of Booth-encoded groups. The intermediate arithmetic
results are combined efficiently by an optimized reduction and accumulation network
to get the final multiplication output; the truncated partial products are processed. Both
the Modified Radix-8 Booth recoding and the selective approximation require fewer
partial products, so that the reduction network can be simpler and more efficient.

The exact modified radix-8 Booth product is characterized as

Pexact = Xi=o PP; (%)
The proposed product is

Pyrop = XiZg PP; (6)
Thus, the product error is

E = Pexact = Pyrop = Xico (PP, — PP)) (7

where E denotes the collective approximation and truncation error. The multiplier is
described with synthesizable VHDL and simulated with a typical set of input vectors
for normal operating and boundary conditions. Using the 22 nm FinFET library of
standard cells, the validated design is synthesized with Cadence Genus and then
implemented in Cadence Innovus by doing floorplanning, placement, clock-tree
synthesis, routing, parasitic extraction, and timing optimization to create a physically
realized design.

The multiplier is constructed in 22 nm FinFET technology, which provides better
electrostatic control of the gate and lower leakage current than planar CMOS
technology. The proposed arithmetic optimizations are complemented by these device
characteristics that enhance switching performance and energy efficiency. The
dynamic power consumption is measured by the switching activity during the post-
layout netlist, and the result is represented as

denamic = O_’CVZf (®

Here, a is the switching activity factor, C is the operative switching capacitance, V is
the supply voltage, and f'is the switching frequency. The proposed architecture reduces
dynamic power by reducing switching activity and effective capacitance using
Modified Radix-8 Booth recoding, selective approximation, and controlled truncation.

The proposed multiplier is validated by circuit-level and application-level evaluation.
Circuit-level metrics are silicon area, propagation delay, power consumption, Power—
Delay Product (PDP), and Area—Power Product (APP) after the post-layout
implementation with identical synthesis conditions. For purposes of practical
application, the created multiplier is incorporated into representative image processing
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operations such as convolutional filtering, blending images, sharpening images, and
enhancing the edges of images. Peak Signal-to-Noise Ratio (PSNR) and Structural
Similarity Index (SSIM) metrics are consumed for application-level performance
comparison to evaluate processed images with the images generated using an exact
Booth multiplier. The proposed methodology includes Modified Radix-8 Booth
recoding, selective partial-product approximation, controlled truncation, an optimized
reduction and accumulation network, and 22 nm FinFET technology to provide a low-
energy multiplier architecture.

IV. Results and Discussion

The comprehensive circuit-level implementation and application-level
validation of the proposed 22 nm approximate Modified Radix-8 Booth multiplier were
performed to check its performance in terms of hardware efficiency and computational
accuracy. The architecture was described in VHDL and functionally verified by
simulation. Post-layout analysis was conducted to calculate the realistic silicon area,
propagation delay, power dissipation, Power—Delay Product (PDP), and Area—Power
Product (APP). For further assessment of the practical significance of arithmetic
approximation, the synthesized multiplier was incorporated into typical image-
processing applications: convolutional filtering, blending, sharpening, and edge
enhancement. Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index
(SSIM) were used to determine image quality.

All designs were modeled in VHDL with 8-bit unsigned operands and synthesized
using an identical commercial 22 nm FinFET standard-Vt library and Cadence
Genus/Innovus scripts. The exact Radix-8 Booth multiplier and existing Approximate
Multipliers 1-3 were re-implemented with their published descriptions. All designs
were characterized at 0.8 V, 25 °C with 50 ps clock uncertainty, 100 ps transition, 0 ps
latency, standard low-drive input driving cell, and with 10 fF output load. The period
of the clock was nominally swept from 1.0 ns to 0.4 ns, and the tightest period achieved
for each design is reported in Table 1. The critical path delay is the delay from the
primary input to the primary output. Genus utilized high-effort hierarchical synthesis,
and Innovus used 70% utilization, 1:1 aspect ratio, all available 22 nm metal layers,
and clock tree synthesis (CTS), with Quantus parasitic extraction at the typical RC
corner. The area refers to the post-layout standard-cell area. Innovus computed total
power (dynamic plus leakage) using 10,000 random functional vectors to simulate the
post-layout netlist in Cadence Xcelium. All outcomes are post-layout.

The post-layout implementation results show substantial gains in all the major
hardware metrics as listed in Table 1. The proposed architecture occupies a silicon area
of 0.00199 mm? compared to 0.00543 mm? of the exact Booth multiplier, which is a
reduction of 63.4%. The propagation delay is reduced from 0.78 ns to 0.35 ns, which
is a 55.1% improvement, and the power consumption is decreased from 1.8746 mW to
0.6456 mW, a 65.6% reduction.
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Table 1: Hardware performance comparison of multiplier architectures

The proposed multiplier also provides the minimum Power—Delay Product (225.96 fJ)
and Area-Power Product (0.00128 mm?-mW) values, which indicate simultaneous
speed, energy, and hardware efficiency. The improvements are mainly due to a
synergistic combination of Modified Radix-8 Booth recoding, selective partial-product
approximation, controlled truncation, and an optimized reduction and accumulation
network. The number of partial products generated by Modified Radix-8 Booth
recoding is considerably reduced, which reduces the arithmetic complexity before
accumulation. Selective approximation makes it easier to compute the lower
significance while maintaining higher significance arithmetic accuracy. The controlled
truncation also reduces intermediate operand width and carry propagation, thus
decreasing the logic usage and switching activity. This allows the optimized reduction
network to have a smaller number of arithmetic operations, and hence a shorter critical
path and lower dynamic power consumption. Table 2 separates the contribution of each
of the architectural elements, with respect to realizing the same exact Radix-8
multiplier at similar synthesis constraints.

Table 2: Ablation analysis of architectural components
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Table 3: Exhaustive Error Analysis

Table 3 summarizes the arithmetic error associated with the proposed multiplier
obtained through a comprehensive simulation of the entire input space. Product error
is directly related to f(.) and m, where f{(.) is the approximation function, and m is the
truncation parameter. The accuracy decreases with increasing approximation and m,
but setting m to lower-significance bits will keep the accuracy acceptable.

G000

W Area{pm®)
W Delay (ps)
W Power (uW)
5000 WPDP (R}
mAPP

Exact Multiplier 1 Multiplier 2 Multiplier 3 Proposed
Multiplier Type

Fig. 2. Comparative hardware performance of the exact Booth multiplier and the
proposed multiplier.

The comparative performance of evaluated multipliers in terms of hardware is shown
in Fig. 2. The proposed architecture achieves superior performance in all the metrics
evaluated compared to the exact Booth multiplier and the current approximate
multipliers. This simultaneous reduction of silicon area, propagation delay, and power
consumption shows that the proposed optimization strategy works well to achieve
hardware efficiency while satisfying the computational requirement, with minimal
additional approximation error. The synthesized design was simulated with various
timing constraints to assess the scalability of its implementation. The silicon area was
almost unchanged for the various timing target cases, which shows that the proposed
architecture has stable hardware utilization, as shown in Fig. 3. Similarly, the power
consumption of the higher-frequency runs was higher due to more switching activity,
but was still much lower than that of the exact Booth implementation, as illustrated in
Fig. 4.
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Fig. 5. Normalized comparison of hardware performance metrics.

The balanced optimization obtained by the proposed multiplier is further confirmed
from the following normalized comparison, as shown in Fig. 5. The hardware metrics
continue to be significantly lower for all normalized metrics, which shows that there
are significant gains in the area efficiency, timing, and energy metrics, even with
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concurrent improvements. The proposed multiplier was applied to representative image
processing tasks such as image blending, convolution-based filtering, image
sharpening, and edge enhancement to investigate the application-level performance.
These applications carry out a high number of multiplication operations, making them
suitable places to test the impact of the use of arithmetic approximation on the quality
of the resulting image.

Table 4: Application-level image-quality evaluation

G Jus  Jww

The proposed multiplier has a Peak Signal-to-Noise Ratio (PSNR) of 41.2 dB and a
Structural Similarity Index (SSIM) of 0.995, as tabulated in Table 4, which shows that
the output of the proposed multiplier is in excellent agreement with the output of the
exact Booth multiplier. The PSNR value is higher than the standard of 40 dB for high-
quality image reconstruction, and the SSIM value is close to 1, which means that the
reconstructed image contains little structural information loss. The results show that
restricting approximation to lower-significance computations has a minimal perceptual
impact and significantly boosts hardware efficiency.

45.00 1

m Proposed FinFET-Based Multiplier 41.20
40.00 1 Conventional Booth Multiplier 36.00
35.00 4
30.00 4
@ 25.00 -
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S 2000 4
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Performance Metrics

Fig. 6. Representative image-processing results using the proposed multiplier.

The visual results shown in Fig. 6 also illustrate that the proposed approximation
strategy captures the information of the edges, texture features, and overall image
fidelity. The images generated by the approximation do not introduce any noticeable
visual artifacts, thus proving that the approximation error is well controlled for lower-
significance arithmetic operations. The results shown in Fig. 7 illustrate the smoother
intensity transitions and fewer approximation-induced artifacts with a PSNR of 41.2
dB and an SSIM of 0.995, representing very good perceptual image quality. The results
shown in Fig. 8 validate the effectiveness of the proposed multiplier in preserving high-
frequency image information and reducing computational complexity, while also
showing the improved edge definition and the preservation of image structural details.
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PSNR: 51.18. SSIM: 1.00 PSNR: 42.67. S8IM: 0.98 PSNR: 35.76. SSIM: 0.94 PSNR: 29.47. SSIM: 0.84

Fig. 7. Image with smoother transitions and quality images.

(2) Sharpzning Strength=1 (b) Sharpening Strength =2 (c) Sharpzning Strength=3 (6) Sharpzning Strength =4
PSNR: 37.18, 8SIM: 0.91 PSNR: 35.02, SSIM: 0.79 PSNR: 32.88. SSIM: 0.67 PSNR: 32.76. 8SIM: 0.57

Fig. 8. Image with enhanced version, representing better clarity and edges.

Overall, the experimental results reveal that the proposed 22 nm FinFET-based
approximate Modified Radix-8 Booth multiplier successfully combines algorithm-
level optimization with advanced semiconductor technology to achieve substantial
reductions in silicon area, propagation delay, power consumption, Power—Delay
Product, and Area—Power Product while maintaining excellent application-level image
quality. The architecture thus offers an efficient and practical solution for
multiplication in high-performance digital signal processing, multimedia processing,
artificial intelligence accelerators, and low-power embedded VLSI systems.

V. Conclusion and Future Scope

This paper offered a 22 nm FinFET approximate Modified Radix-8 Booth
multiplier which consists of Modified Radix-8 Booth recoding, selective partial-
product approximation, controlled truncation, and an optimized partial-product
reduction and accumulation network to enhance the multiplication efficiency in modern
VLSI systems. The proposed architecture reduced silicon area by 63.4%, propagation
delay by 55.1%, and power consumption by 65.6%, relative to an exact Booth
multiplier, when implemented using a complete ASIC design flow. Moreover, the
reduced Power-Delay Product (PDP) and Area-Power Product (APP) indicate a balance
of speedup, energy efficiency, and hardware utilization. The application-level
validation achieved a PSNR of 41.2 dB and an SSIM of 0.995, demonstrating high
image quality even with the proposed approximation strategy while significantly
reducing the hardware cost. Future research will include adaptive approximation
techniques, extended bit-width multiplier architectures, inclusion in multiply-
accumulate units and DSP hardware accelerators, and full FPGA and advanced-node
ASIC implementations to improve scalability, energy efficiency, and practical
application in future embedded computing architectures.
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    P P  i =   d  i  ( M ×  2  3 i )


    P P  i  A = f  (   P P  i )


    P P  i  T =  [     P P  i  A   2  m ]
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