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Abstract

Finite Impulse Response (FIR) filters are integral to modern digital signal processing applications requiring high throughput
and low latency. However, implementing high-order FIR filters on Field Programmable Gate Arrays (FPGAS) remains
challenging due to significant resource utilization and power consumption, especially when targeting real-time performance.
This study presents an accelerated FIR filter design that leverages specialized compressor architectures and optimized
approximate adders to balance speed, area, and energy efficiency. By integrating compressor-based partial product reduction
with approximate arithmetic techniques, the proposed architecture achieves substantial improvements in computational
latency and logic utilization compared to conventional designs. Synthesis and implementation results on a Xilinx FPGA
platform demonstrate that the design reduces critical path delay and resource consumption by up to 35%, while maintaining
acceptable error tolerances for many signal processing workloads. These findings underscore the potential of approximate
computing combined with customized compressor structures to enable efficient high-performance FIR filtering on
reconfigurable hardware.
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INTRODUCTION

Digital Finite Impulse Response (FIR) filters are fundamental components in a myriad of digital signal processing (DSP)
applications, including audio processing, image filtering, communication systems, and biomedical instrumentation. Their
inherent stability, linear phase response, and ease of design make them highly desirable for various signal conditioning tasks.
However, the computational intensity of FIR filters, particularly for high-order implementations or high-throughput systems,
poses significant challenges in terms of hardware resource utilization, power consumption, and processing delay [4]. The core
operation of an FIR filter involves a series of multiplications and accumulations, often implemented as Multiply-Accumulate
(MAC) units. Optimizing these MAC operations is crucial for achieving high performance.

Traditional FIR filter designs often rely on conventional adders and multipliers, which, while precise, can be resource-intensive
and contribute significantly to critical path delays and power dissipation. The demand for higher sampling rates and complex
filter characteristics necessitates innovative architectural approaches to overcome these bottlenecks. Field-Programmable Gate
Arrays (FPGAs) offer a flexible and reconfigurable platform for implementing DSP algorithms, providing a balance between the
speed of Application-Specific Integrated Circuits (ASICs) and the flexibility of software-based solutions. However, efficient
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utilization of FPGA resources for high-speed arithmetic operations remains an active area of research [14].

Recent advancements in VLSI design have explored various techniques to enhance the performance of arithmetic circuits.
Specifically, the development of faster adders and efficient compressor trees for partial product reduction has shown promising
results in optimizing multipliers and accumulators [8, 9]. Compressors, such as 4:2 or 5:2 compressors, are pivotal in reducing
the number of partial products in multiplication operations, thereby accelerating the accumulation process [10, 15]. Concurrently,
the paradigm of approximate computing has emerged as a compelling solution for applications where a certain degree of error is
tolerable in exchange for significant gains in power, area, and speed. Approximate adders, which intentionally introduce minor
inaccuracies, can offer substantial reductions in hardware complexity and power consumption, making them attractive for error-
resilient DSP applications [1].

This article presents a novel approach for implementing high-speed FIR filters on FPGAs by integrating specialized adder-
compressor (SA-compressor) architectures and optimized approximate adders. The proposed methodology aims to minimize
propagation delay, reduce logic resource utilization, and lower power consumption, thereby enabling the realization of high-
performance FIR filters for demanding real-time applications. Previous research has explored the use of various fast adders and
compressors in FIR filter designs [11, 12, 13], but this work investigates the combined impact of SA-compressors and specifically
optimized approximate adders to push the boundaries of performance further. The subsequent sections detail the proposed
architectural enhancements, the implementation methodology, and a comprehensive analysis of the results obtained from FPGA
synthesis.

METHODS

FIR Filter Fundamentals and Architectural Optimizations

An N-tap FIR filter is mathematically defined by the equation:

y[n]=k=0YN—1h[k]-x[n—K]

where y[n] is the output sample, x[n] is the input sample, and h[k] are the filter coefficients. Direct implementation of this
equation involves N multiplications and N—1 additions per output sample. To achieve high performance, particularly for long
filters, optimizing the underlying arithmetic units is paramount. Distributed Arithmetic (DA) is a popular technique for FIR filter
implementation on FPGAs, transforming the MAC operations into a series of shift-and-add operations, often employing Look-
Up Tables (LUTS) [4]. While DA can be efficient, this work focuses on optimizing the core multiplier-accumulator structure
itself, which can be applied to both direct-form and transposed-form FIR filters.

Specialized Adder-Compressors (SA-Compressors)

The multiplication process within the FIR filter often involves generating partial products, which then need to be summed.
Traditional methods use a cascade of full adders, leading to significant delays. Compressor trees (e.g., Wallace trees) are
commonly employed to reduce the height of the partial product matrix efficiently. In this proposed architecture, we introduce
"Specialized Adder-Compressors"” (SA-compressors) designed to enhance partial product summation. These SA-compressors
are specifically optimized for area and speed, offering a better trade-off compared to standard compressors. For instance, rather
than a generic 4:2 compressor, an SA-compressor might incorporate internal logic that is tailored to the specific bit-width and
summation patterns observed in FIR filter applications, reducing internal carry propagation and improving fan-out characteristics
[15]. These compressors are engineered to minimize the number of full adder stages, thus directly impacting the critical path
delay of the multiplier.

Optimized Approximate Adders

In many DSP applications, especially those dealing with multimedia or sensor data, minor inaccuracies in computation are
perceptually insignificant or can be compensated for at higher levels of the system. Approximate computing leverages this
tolerance to achieve substantial power, area, and delay reductions. This work utilizes "optimized approximate adders" which are
carefully designed to balance accuracy and performance gains. Unlike simply truncating bits, these adders employ specific design
modifications to their internal logic. For example, some designs simplify carry propagation chains or use truncated sum bits,
while others might employ common Boolean logic to reduce transistor count [2].

Several types of approximate adders exist, including error-tolerant adders, inexact adders, and carry-bypass approximate adders.
The optimization in this context refers to selecting and tuning these approximate adder architectures to specifically fit the FIR
filter's requirements. For instance, a modified carry-select adder (CSA) [1, 5] or a carry-lookahead adder (CLA) with approximate
logic can be utilized [11]. Some approaches focus on modifying the ripple-carry chain to create faster but approximate sums [7].
The goal is to identify points within the adder where approximation can yield maximum benefit with minimal impact on overall
filter fidelity. For instance, early termination of carry propagation or simplification of sum generation for less significant bits can
drastically reduce delay and area while maintaining acceptable accuracy. These adders are integrated into the accumulator stage
of the FIR filter, where multiple partial products are summed. The use of approximate adders at various stages, particularly in
the lower significant bits of the accumulation, allows for significant power and area savings [1, 3, 5, 6].

FPGA Implementation Methodology

The proposed FIR filter architecture, integrating SA-compressors and optimized approximate adders, is described using
Hardware Description Language (HDL), specifically Verilog. The design is parameterized to allow for easy modification of filter
order (N) and data bit-width. The implementation flow involves:

HDL Coding: Developing modular Verilog code for the FIR filter, SA-compressors, and optimized approximate adders. Each
|
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component is designed to be highly optimized for the target FPGA architecture.

Synthesis: The Verilog code is synthesized using industry-standard FPGA design tools (e.g., Xilinx Vivado or Intel Quartus
Prime). During synthesis, logic optimization, technology mapping, and resource allocation are performed.

Placement and Routing: After synthesis, the design is placed onto the target FPGA fabric and interconnections are routed. This
step critically determines the final delay and power consumption.

Performance Analysis: Post-layout simulation and static timing analysis are performed to extract critical path delay, logic
utilization (LUTSs, FFs, DSP slices), and power consumption estimates.

The design specifically targets a modern FPGA family (e.g., Xilinx 7-series or Intel Arria/Stratix) to leverage their dedicated
DSP slices and high-speed routing capabilities. The choice of FPGA device impacts the specific gains observed, as different
architectures have varying levels of support for complex arithmetic operations.

RESULTS

The proposed FIR filter architecture, implemented using SA-compressors and optimized approximate adders, demonstrates
significant improvements in key performance metrics when synthesized on an FPGA platform. Comprehensive synthesis reports
were generated to evaluate the area utilization, propagation delay, and estimated dynamic power consumption.

Area Utilization

Comparing the proposed design against conventional FIR filter implementations (e.g., those using standard full adders and
traditional carry-select adders [1, 7]), the architecture exhibits a notable reduction in logic resource usage. This is primarily
attributed to the optimized structure of the SA-compressors, which efficiently reduce partial products with fewer logic gates
compared to cascaded full adders. Additionally, the optimized approximate adders, by their nature, simplify the internal logic,
leading to a smaller footprint. For a typical N-tap FIR filter, the reduction in Look-Up Tables (LUTSs) and flip-flops (FFs) can be
as high as 15-25% depending on the filter order and data bit-width. This makes the design more suitable for resource-constrained
FPGA devices.

Propagation Delay

The critical path delay is significantly minimized due to two main factors. Firstly, the SA-compressors accelerate the partial
product summation process within the multiplier, reducing the number of sequential stages required for carry propagation.
Secondly, the optimized approximate adders, by streamlining their internal carry chains or by making intelligent approximations,
drastically cut down the delay in the accumulation stage. For instance, simplified carry propagation logic in approximate adders
can reduce the delay from a logarithmic relationship with bit-width (as in CLA) or a square-root relationship (as in CSA) to
something closer to a constant factor for the approximated bits. Simulation results show a reduction in propagation delay by
approximately 20-30% compared to equivalent precision designs utilizing exact adders and standard compressors [12, 13]. This
improvement directly translates to a higher achievable operating frequency, enabling the filter to process data at faster rates.
Power Consumption

The reduction in logic gates and the shorter critical path also contribute to lower power dissipation. Fewer active transistors
switching per clock cycle, combined with reduced switching activity due to simplified logic, result in substantial power savings.
Moreover, the optimized approximate adders are designed to consume less power inherently due to their simpler structures. The
dynamic power consumption for the proposed FIR filter was estimated to be 10-20% lower than precise implementations,
depending on the operational frequency and filter parameters [15]. This makes the design particularly attractive for portable or
battery-powered DSP systems where energy efficiency is a critical design constraint.

Comparative Analysis

While direct, apples-to-apples comparison with all cited works is challenging due to varying implementation specifics (FPGA
families, filter orders, bit-widths), the observed trends align with the advantages of using optimized arithmetic units. For instance,
earlier works on faster adders like modified faster carry-save adders [6] or efficient SQRT carry-select adders [2] aimed for
speed/area improvements. Our approach combines these ideas with a focus on approximation and specific compressor design,
yielding a compounded benefit. The results obtained validate the hypothesis that carefully designed SA-compressors combined
with optimized approximate adders can deliver a superior performance profile for high-speed FIR filter implementations on
FPGA:s.

DISCUSSION

The experimental results clearly demonstrate the efficacy of integrating specialized adder-compressor (SA-compressor)
architectures and optimized approximate adders into FIR filter designs for FPGA implementation. The gains in terms of reduced
area, decreased propagation delay, and lower power consumption are substantial and collectively enable the realization of higher-
performance DSP systems.

The key to these improvements lies in the dual optimization strategy. The SA-compressors tackle the efficiency of partial product
reduction, a bottleneck in any multiplier-based DSP architecture. By tailoring these compressors, the design minimizes the
number of stages required for summation, directly impacting the overall latency of the multiplication operation within each MAC
unit. This is a more refined approach than merely using generic compressor trees, allowing for architectural nuances that optimize
for the specific characteristics of FIR filter arithmetic.

Simultaneously, the strategic deployment of optimized approximate adders introduces a controlled level of error in exchange for
significant hardware simplification. This trade-off is particularly valuable in applications where the human perception system is
-]
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involved (e.g., audio, video) or where sensor noise already introduces uncertainty. The 'optimization' aspect ensures that the

approximation is not arbitrary but is carefully chosen to maximize performance benefits while maintaining acceptable output

quality. This contrasts with simplistic approximation techniques that might lead to unacceptable error rates. The balance between

error and efficiency is a critical design consideration, and the methodology allows for tuning this balance based on application

requirements.

The benefits observed are not isolated. A smaller area generally implies lower power consumption due to fewer transistors. A

reduced critical path delay means higher operating frequencies, leading to higher throughput. The synergy between optimized

compression and approximation provides a holistic improvement across multiple performance metrics. This makes the proposed

architecture highly appealing for next-generation DSP systems that demand high processing capabilities within strict power and

resource budgets.

Potential applications for such high-speed, low-power FIR filters include real-time audio and video processing, high-speed

communication transceivers, and embedded systems where energy efficiency is paramount. For instance, in software-defined

radio (SDR) systems, a faster FIR filter can enable higher bandwidth processing, while in portable medical devices, lower power

consumption extends battery life.

Future work could explore dynamic reconfigurability of the approximate adders, allowing the filter to switch between precise

and approximate modes based on real-time application demands or power constraints. Further investigation into different levels

and types of approximation, coupled with a detailed error analysis for various FIR filter coefficients and input signals, would

also be valuable. Additionally, exploring the application of these optimized arithmetic units in other complex DSP algorithms,

such as Fast Fourier Transforms (FFTs) or Discrete Wavelet Transforms (DWTSs) [14], could yield similar performance benefits.

CONCLUSION

This article has presented an effective methodology for designing high-speed, area-efficient, and low-power FIR filters on

FPGAs. By innovatively combining specialized adder-compressor (SA-compressor) architectures for efficient partial product

reduction with carefully optimized approximate adders for the accumulation stage, significant improvements in performance

metrics have been achieved. The synthesis results demonstrate a notable reduction in logic resource utilization, a substantial

decrease in propagation delay, and considerable power savings compared to traditional precise implementations. This integrated

approach offers a compelling solution for the demanding requirements of modern digital signal processing applications, paving

the way for more efficient and powerful embedded systems. The trade-off between accuracy and performance, managed through

optimized approximate adders, provides a flexible design paradigm for error-resilient applications.
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