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Approximate computing is a low-power circuit design strategy that trades off
computational accuracy for gains in speed, power efficiency, and area
reduction. This approach achieves considerable power and area efficiency by
introducing acceptable errors. The acceptable error in computation systems
refers to a loss in accuracy that does not affect overall system performance.
Approximate computing is mainly suitable for multimedia and signal-
processing applications. In this work, a novel approximate carry look-ahead
adder (CLA) based on logical level modification is proposed. The new carry
prediction term is derived to reduce the overall propagation delay of the
addition operation. The proposed multi-bit adder design uses a square root-
based division method to partition the adder stages. Moreover, the proposed
adder is applied in finite impulse response (FIR) filter implementation to
evaluate the performance in real-time applications. The proposed adder and
FIR filter are coded in Verilog and verified using the Xilinx simulator. The

result shows that the proposed FIR filter achieves better results in terms of
all parameters.
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1. INTRODUCTION

Low-power VLSI devices are electronics that consume power at low rates [1], [2]. The major
objective of low-power VLSI is to reduce power consumption without affecting the original function and
speed of the digital circuits. There are two strategies followed in low-power VVLSI design: logical-level
alterations and circuit-level changes. In circuit-level modifications, the various circuit styles are used. The
well-known circuit styles are adiabatic logic, transmission gate logic, and gate diffusion logic styles. In
logical level modifications, techniques like K-map simplification, resource sharing, pipelining, and
approximate computing are used.

Approximate computing is identified as a hopeful solution for modern computing systems [3]. This
approach achieves considerable power and area efficiency by introducing acceptable errors. The acceptable
error in computation systems refers to a loss in accuracy that does not affect overall system performance.
Approximate computing is mainly suitable for multimedia and signal-processing applications [4].

Higher accuracy and precision are difficult to achieve in conventional systems because of higher
power consumption and larger area requirements. Data path circuits are mainly affected by increased power
consumption due to their higher bit. Any processor or controller's data path circuit is a central component
where logical and arithmetic operations are carried out. Addition is one of these processes that is essential to
optimizations. An adder is a digital circuit that performs the addition of numbers. In any system, the adder

Journal homepage: http://ijres.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Reconfigurable & Embedded Syst ISSN: 2089-4864 a 249

unit is not only used for addition operations but also as a part of address generation and incrementing
program counters [5]. The performance of the adder directly influences the owverall speed and power
consumption of the system. Various types of adders have been developed to optimize speed, power
consumption, and area, including ripple carry adders (RCA), carry look-ahead adders (CLA), and carry save
adders (CSA). Among these, the CLA is the fastest adder due to its ability to quickly determine carry bits by
using parallel processing. However, the high speed is achieved with the penalty of increased power
consumption and complexity. To address these challenges, we propose an innovative approach by
introducing an approximate CLA based on gate-level modifications. The proposed design achieves the
balance between speed, power efficiency, and computational accuracy.

2. RELATED WORK

Fan et al. [6] presented an adder using multi level circuit integration techniques. The proposed adder
uses two transistors as a switch to vary the approximation level. The energy efficiency of the adder is
analysed by applying a neural network in image processing applications.

Stefanidis et al. [7] proposed a synthesizer-based approximate parallel-prefix adders for signal
processing applications. When compared to the existing adders, the synthesized adders achieve an average
improvement in error frequency of 27% to 36% for random inputs and enhance image quality metrics by 8%
to 42% in image filtering tasks. Kavand et al. [8] introduce a new type of 4:2 compressor using
reconfigurable field-effect transistors. Unlike traditional CMOS transistors, reconfigurable field-effect
transistors can be configured to operate as either an n-type or p-type transistor based on the control of a gate
terminal. This reconfigurability provides significant advantages in terms of circuit design flexibility, area
efficiency, and power consumption. In their paper, Seo and Kim [9] introduce a novel dual sub-adder-based
approximate adder to reduce overall latency. The dual sub-adder divides accurate adder portions into two
sub-adders with error compensation blocks. This compensation block reduces the approximation error from
the approximate adder part.

The approximate adder with the features of the ability to switch between accurate and inaccurate
operation modes is proposed by Jha et al. [10]. Also, the dual approximate strategy is established to fine-tune
the approximate modes. Experimental results from the cadence tools show that the developed adder uses 39%
and 52% less energy than the exact mirror adder. Zhang et al. [11] presented a design of an approximate
compressor-based multiplier for noisy functions. The number of sums of product terms in the compressor is
reduced using logic level modifications. Implementation results of image processing benchmarks show that
the compressor-based multiplier reduces area requirements by 54% with an error rate of 1.8% in comparison
with the accurate multiplier. Chen et al. [12] proposed a new design technique for square construction. The
number of partial products needed in the squarer module is reduced by applying the Booth folding technique.
The proposed squarer is applied in signal processing and clustering algorithms for validation. The result
shows that the proposed squarer achieves a signal-to-noise ratio close to 30 dB with the power-delay product
reduced by up to 51%.

The modified parallel prefix adder is introduced by Rosa et al. [13]. The proposed adder consists of
approximate prefix operators to reduce area and delay in computations. The proposed adder shows better
results with increased bit widths. Chu et al. [14] presented an approximate circuit design using majority logic
gate functions. Further, the new type of error compensation block is introduced to avoid the propagation of
inaccurate carry-out signals to higher-order blocks to increase the precision level. The concept of “Logic-In-
Memory" is a design approach that integrates logic and memory functions within the same architecture.
However, most of the energy is wasted during the writing process. Barla et al. [15] integrated an approximate
self-write-termination logic into the adder design. Implementation results on a 16-bit adder show that writing
and reading energy consumption is reduced by 90.56%. Zhang et al. [16] proposed a radix-4 Booth multiplier
based on inaccurate majority logic. The number of partial product terms in multiplications is reduced by
compressed full adders with majority logic. Likewise, Aizaz and Khare [17] introduce a truncation-based
Booth multiplier with an error compensation block. The error compensation element is produced through
selective alterations in the K-map to address the carry issue arising from the approximated portion. Execution
results on neural network application show that the Booth multiplier accomplishes a 0.02% mean relative
error deviation and a 12% reduction in the area-power product compared to the accurate one.

Alan and Henkel [18] constructed an approximate adder using probability theory. This strategy
reduces overall carry chain delay. Tsai et al. [19] proposed an accuracy configurable multi-bit adder with a
power gating mechanism. The power gating technique allows the elimination of leakage current by forming a
virtual ground. The proposed adder achieves 3.7 times lower delay than the existing one with minimum error
rates. In the same way, Amirany et al. [20] proposed an accuracy adaptive adder specifically for filter
applications.
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Roy et al. [21] proposed an adder named an approximate least significant bit (LSB) adder. This
adder consists of two components: an accurate most significant bit (MSB) adder component and an inexact
LSB adder component. The proposed adder was analysed and compared with other adders in terms of mean
error distance, mean square error distance, and worst-case error.

In their study by Ebrahimi-Azandaryani et al. [22], a low-energy consumption block-based carry
speculative approximate adder is introduced. This adder operates by dividing the adder into separate
summation parts which can be selected from either carry propagate or parallel-prefix adders. The carry of
each portion is speculated based on the block's input operands and those of the subsequent element.
Furthermore, an error detection and recovery technique is implemented to enhance accuracy and reduce the
output error rate.

A new bit truncation strategy is Frustaci et al. [23] for inaccurate circuit designs. The execution
outcomes on signal and signal processing applications show that the developed truncation scheme reduces
energy by 20% with insignificant delay and area overhead. Pashaeifar et al. [24] establish a reverse carry
propagate adder in their paper. Unlike traditional adders, the proposed adder propagates the carry signal from
the MSB to the LSB which gives the carry input signal higher priority than the output carry. This reverse
propagation enhances stability under delay variations. The results show that using the proposed adder can
achieve average improvements of 27% in delay, 6% in energy, and 31% in energy-delay-product with higher
accuracy levels. Xu et al. [25] proposed a delay-adaptive self-configurable adder for low-power applications.
The maximum level of accuracy is achieved without redundancy or correction blocks. Akbari et al. [26]
presented a switchable CLA adder used for both accurate and error-tolerant applications. The carry
precomputation terms are modified using a multiplexer to vary the computation accuracy. The results show
that the energy reduces by up to 49% and the delay is 19% lower, respectively.

Schlachter et al. [27] introduce a method called gate-level pruning to systematically balance
accuracy with reductions in area, power, and delay in digital circuits. This method selectively removes or
cuts the elements to trade off accuracy. Experimental results on applying the discrete cosine transform in a
video processing application show that the proposed approach reaches a 21% reduction in energy with a
tolerable image quality degradation of 24 dB. Liu et al. [28] proposed an inexact Booth multiplier based on
modified Booth encoding techniques. In the modified Booth, the modified Booth algorithm uses a specific
encoding scheme to reduce the number of partial products. This scheme examines three consecutive bits of
the multiplier at a time to determine the partial products.

3. PROPOSED MODIFIED APPROXIMATE CLA

In this work, an approximate CLA design is proposed for low-power applications. The proposed
carry prediction logic considers only the last two adder stages to reduce the complexity. This method neglects
the remaining terms which allows more efficient computation with a controlled loss in accuracy. The
proposed approximate CLA is shown in Figure 1. Where CPB denotes the carry prediction block to predict
the carry from past stages. To explain this, let's consider an adder segment where we focus on the last two
stages of the segment for carry prediction. The carry prediction can be approximated using (1):

Capprox = Qip1bipr T a;ibi(aiq + biyq) (1)

Where a; and b; are the ith bits of the two numbers being added. a;,, and b, are the (i+1) th bits of the two
numbers being added. C,pp,rox represents the approximate carry generated. In this equation -a;;q1b;4q
generates a carry when both a;,, and b;,, are 1. a;b;(a;,, + b;+1) accounts for the propagation of carry
from the ith stage to the (i+1) th stage.

To extend this concept to an n-bit adder, we divide the adder into square root segments and apply
the above approximation within each segment. Let n be the total number of bits and s be the segment size.
Each segment consists of s bits, and we focus on the last two stages of each segment for carry prediction.

For a given segment k (where k ranges from 0 to % 1, the approximate carry for the segment can be

expressed as (2):
Capprox,k = a(k+1)s—1b(k+1)s—1 + aksbks (a(k+1)s—1 + b(k+1)s—1) (2)

The carry of every segment is calculated based on this approximation to reduce propagation delay.
This prediction allows a method to ensure that the critical path delay of the adder is reduced to speed up the
overall computation time. The truth table for two-stage prediction with the corresponding proposed
approximation outputs given in Table 1. From the total combination, the proposed carry predictions show
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error results for only six combinations out of thirty-two combinations. So, the error probability of the
proposed prediction is very low.

C,
app bo

a;
by

Figure 1. Proposed modified approximate carry look-ahead adder (MA-CLA)

Table 1. Truth table for approximate prediction
a; by, b ¢, Original output Approximated output

N
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The overall design flow of the proposed adder is given in Figure 2. The proposed CLA divides the
n-bit adder into Vn segments and predicts carry using only the last two bits of each segment. These limits
carry propagation within segments which results in O(\'n) delay. The hardware grows linearly with bit width.
and yields O(n) space complexity. The proposed CLA scales efficiently for large bit widths such as 256-bit
and 512-bit adders due to its segment-based design. As the adder size increases, the number of segments
increases proportionally and carry predictions remain localized within each segment. Consequently, the
critical path delay grows as O(n) rather than O(n) which maintains controlled delay increase. The maximum
error is limited to one segment-level carry, and errors do not propagate across all bits due to segmentation.
Hence, the relative error remains bounded and does not grow linearly with adder width.
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Figure 2. Proposed design flow

3.1. Finite impulse response implementation

One fundamental component of digital signal processing is the finite impulse response (FIR) filter.
The impulse response of this filter has a finite duration. The majority of real-time applications for FIR filters
include biomedical signal processing, image processing, speech processing, and signal processing in signals.
It can also be used to create a robust and effective filter because of its unconditional stability and linear phase
response. The ability to create filters with coefficients smaller than one, improved computing efficiency, ease
of implementation, and lack of overflow oscillations are further advantages.

FIR filters can work in either continuous or discrete time. They are primarily implemented with
windowing to remove unwanted noise and distortion. The general structure of an FIR filter can be
represented by (3):

Y(n) = X5 h(@). X (n — 1) @)

where, Y (n) is the output of the filter, X is the input data, h(i) is the filter coefficients, and N is the number
of filter coefficients.

An FIR filter typically requires N-1 adders and N multipliers for its implementation. Figure 1 shows
the structure of the FIR filter. It consists of N-1 multipliers, N adders and delay elements. The basic operation
of the FIR filter involves calculating the transfer functions of the filter coefficients.

The implementation of FIR filters on field-programmable gate arrays (FPGAs) can consume
significant area and resources. This complexity often results in high implementation costs. Multiplication and
addition are a critical operation in FIR filters which directly influences the overall performance and speed of
the filter. Efficient adder design is essential for achieving high-speed FIR filters, particularly in
microprocessors and digital signal processing algorithms. Numerous adder designs have been developed to
optimize performance. In this work, we focus on implementing a FIR filter using proposed approximate
adder.

4. RESULT AND DISCUSSION

For evaluation, the proposed adder is implemented using Xilinx software. The design is coded in
Verilog HDL. To analyze slice and look-up table (LUT), the design is implemented on Spartan3E FPGA
XC3S100E device. The power analysis is carried out using the Xilinx XPower analyzer. The generated
register transfer logic (RTL) view and gate-level netlist are given in Figure 3. The output waveform of the
adder is shown in Figure 4. For fair comparison, the proposed adder is compared with previously proposed
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adders like reconfigurable approximate carry look-ahead adder (RAP-CLA) [26], a low latency approximate
adder design based on dual sub-adders with error recovery (LLAP-DSAWER) [29], and GDI-based accuracy
configurable adder design (GDI-ACA) [30].

The measured values of the adder are given in Table 2. The slice and LUT results are increases
linearly with increasing bit sizes. In RAP-CLA, the slice and LUT values are increased very little due to the
insertion of a multiplexer for mode selection. But the delay is lower than RCA. In GDI-ACA, the delay
performance is better than RAP-CLA. The proposed adder achieves excellent delay reduction when
compared to all other designs. The slice and LUT count are nearly close to the hybrid adder. In summary, the
proposed adder shows a reasonable and elevated results in terms of all metrics when compared to existing
RCA, CLA, and hybrid adders. The results are graphically shown in Figure 5. The improvements are
particularly achieved in terms of delay which makes the proposed adder a promising solution for high-speed
arithmetic operations in FPGA implementations.

The RTL and Netlist of FIR are given in Figure 6. The implemented FIR filter uses a filter order of
N=16 and uses a hamming window for coefficient generation. The input signal is sampled at 360 Hz with a
16-bit fixed-point representation. The results of FIR filter are shown in Figure 7. The measured values are
given in Table 3.

ACLA
b

a(127:0) sum(127:0)
b(127:0)

cin car

A A4
ACLA

1

P —

Figure 3. Register transfer logic and generated Netlist
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Figure 4. Output verification

Table 2. Performance analysis

RCA RAP-CLA GDI-ACA LLAP-DSAWER MA-CLA
6 32 64 12 16 32 64 128 16 32 64 128 16 32 64 12 16 32 64 12
8 8 8
SLI 18 37 73 14 19 36 78 152 18 36 74 140 12 33 67 13 18 36 72 13
CE 8 3 8
LU 32 64 12 28 34 63 14 292 25 60 12 255 21 57 11 23 32 64 12 24
T 7 5 4 1 7 1 8 4

DE 21. 37. 69. 12 19. 36. 55 118 16. 33 61 119. 15, 31. 58 11 11 12. 14, 37.
LA 22 65 49 06 52 66 08 45 3 4 8 7 777 32 65 10 0 10 14 61
Y 7 0 7 9 7 2 5 5 8 2 87 79 1 5 4
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Figure 7. Simulated waveform

Table 3. FIR execution outputs
Parameter  FIR with a hybrid adder  FIR with proposed adders

Slice 288 265
LUT 497 433
Delay 31.266 18.453

The FIR filter using the hybrid adder consumes 288 slices. The FIR filter with the proposed adder
achieves improved efficiency. It requires only 265 slices, which results in an 8% reduction in slice usage.
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Also, the hybrid adder-based FIR filter uses 497 LUTSs, whereas the proposed adder reduces this to 433
LUTSs. It achieves a 13% reduction in LUT consumption. In terms of delay, the hybrid adder-based FIR filter
exhibits a delay of 31.266 units, but the proposed adder-based FIR filter significantly improves upon this. It
takes the delay of just 18.453 units.

For error analysis, N pairs of 128 random bits are generated. These pairs are denoted as (4;, B;)
where i ranges from 1 to N. The exact and approximated ‘sum’ outputs are calculated, which denoted as
ExactSum; and ApproxSum; respectively. The absolute error for a pair of inputs is calculated as (4):

AbsError; = |ExactSum; — ApproxSum;| 4

The mean absolute error (MAE) of the adder can be computed as (5):

MAE = %Z?’:l AbsError; (5)
The relative error is as (6):

ExactSum;—ApproxSum;
RelError; = l i—7PP d (6)

ExactSum;

The mean relative error (MRE) is as (7) and (8):
1
MRE; =+ N . RelError; (7
MaxAbsError; = % N AbsError; (8)

The standard deviation of the absolute error is computed as (9):
StdDevError; = \/%Z?’:l(AbsErrori — MAE;)? 9)

The comparison between the hybrid adder and the proposed adder for 128-bit inputs is given in
Table 4. The hybrid adder reaches the MAE of 15642. The proposed adder shows the lower value of 12347.
The hybrid adder reaches the MRE of 0.012. The proposed adder shows the lower MRE value of 0.009.
Additionally, the proposed adder exhibits a lower maximum absolute error of 76,543 and a smaller standard
deviation of 4,321 which indicates more consistent performance. Overall, the proposed adder offers enhanced
precision and reliability. The statistical confidence analysis of delay and error metrics is given in Table 5.
The narrow confidence intervals indicate low variability across test cases. The p-values below 0.05 confirm
that improvements in delay and error metrics are statistically significant and not due to random variation.

Table 4. Error analysis

Metric Hybrid adder  Proposed adder
Number of test cases 10000 10000
MAE 15642 12347
MRE 0.012 0.009
Maximum absolute error 98456 76543
StdDevError 5432 4321

Table 5. Confidence intervals and significance analysis

Metric Proposed adder (mean)  95% confidence interval  p-value Interpretation
Delay (ns) 18.453 [17.92, 18.99] <0.01  Statistically significant delay reduction
MAE 12347 [12110, 12584] <0.05  Significant error improvement
MRE 0.009 [0.0086, 0.0094] <0.05  Stable relative error
Max Abs error 76543 [74200, 78950] <0.05  Bounded worst-case error

To evaluate the impact of approximation on signal quality, standard signal fidelity metrics are used.
The results are given in Table 6. The signal-to-noise ratio (SNR), peak signal-to-noise ratio (PSNR), and
mean squared error (MSE) between the exact and approximate FIR filter outputs are computed.
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Table 6. Signal fidelity metrics

Metric FIR with hybrid adder  FIR with proposed adder
SNR (dB) 38.6 37.9

PSNR (dB) 421 414

MSE 0.0028 0.0031

The results indicate only a marginal degradation in signal fidelity and maintain acceptable quality
for DSP applications. The proposed CLA outperforms existing adders by reducing logic levels in the carry
path and enabling parallel carry prediction across segmented blocks. This strategy significantly shortens the
critical path delay. Unlike conventional CLA designs, the proposed CLA avoids complex global
carry-generate networks which leads to faster computation. The primary trade-off is a slight increase in LUT
usage due to carry prediction blocks; however, this overhead is marginal compared to the substantial delay
reduction achieved, making the design highly efficient for high-speed and low-power DSP applications.

5. CONCLUSION

In this work, we presented a novel approximate CLA that integrates approximate computing logic to
increase computational efficiency. The square root-based division method is applied for splitting adder
stages. Then, the last two stages of each adder segment for carry prediction which simplifies the carry
generation logic. To evaluate in real real-time scenario, the proposed adder is used in the FIR filter. The
proposed adder not only reduces the critical path delay but also balances the trade-off between accuracy and
performance.
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