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ABSTRACT

Subtraction is a fundamental arithmetic operation used in arithmetic logic units (ALUs), digital signal
processing, image processing, and machine learning applications. Conventional subtractor architectures provide
exact computation but often incur high hardware complexity, power consumption, and propagation delay due to
extensive borrow propagation. Although approximate computing has emerged as an effective approach for
improving hardware efficiency in error-tolerant applications, most existing approximate subtractor designs are
based on conventional Radix-2 architectures, offering limited reduction in the borrow critical path. To address
this limitation, this work proposes accurate and approximate Radix-4 subtractor architectures that simplify the
borrow-generation logic while preserving acceptable computational accuracy. The proposed approximation
reduces logic depth, gate count, power consumption, and propagation delay by selectively modifying the borrow
path. The architectures are implemented using Verilog HDL and implemented on tool FPGA synthesis
analysis.Experimental results demonstrate that the proposed approximate Radix-4 subtractors achieve lower
power consumption and delay than their accurate counterparts while maintaining a low error rate, making them
suitable for error-resilient applications such as multimedia processing, image processing, and machine learning.

Keywords: Approximate Computing, Approximate Subtractor, Low Power VLSI, Error-Tolerant Systems,
Digital Systems.

INTRODUCTION

Subtraction is a fundamental arithmetic operation extensively employed in arithmetic logic units (ALUs), digital
filters, signal processing systems, control systems, and various numerical computing applications. It plays a vital
role in image enhancement, digital communication, and many other computational tasks where efficient
arithmetic processing is essential.

The growing demand for energy-efficient and high-performance electronic systems has increased the need for
optimized arithmetic circuits. Conventional accurate subtractors provide precise computation but often suffer
from high hardware complexity, increased power consumption, and longer propagation delay due to complex
borrow-generation and propagation logic. However, many emerging applications, including multimedia
processing, image processing, machine learning, and artificial intelligence, can tolerate small computational
inaccuracies without significantly affecting the quality of the final output. Approximate computing has therefore
emerged as an effective design paradigm that intentionally relaxes computational accuracy to achieve substantial
improvements in power efficiency, circuit area, and operating speed.

Approximate arithmetic circuits have attracted significant research interest because they reduce hardware
complexity by simplifying arithmetic logic. Several researchers have proposed approximate adders and
subtractors to improve the energy efficiency of digital systems while maintaining acceptable computational
accuracy [1]-[3]. Approximate arithmetic techniques have been successfully applied to low-power arithmetic
units, digital signal processing systems, divider architectures, and error-resilient computing applications [4]—
[12]. Furthermore, architectural optimization and logic approximation methods have demonstrated significant
reductions in power consumption, propagation delay, and silicon area in modern VLSI systems [13]-[17].
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Although considerable research has been carried out on approximate arithmetic circuits, most reported
approximate subtractor architectures are based on conventional Radix-2 designs. These architectures primarily
achieve hardware savings through logic simplification but still rely on borrow propagation across every bit
position, resulting in increased critical path delay for higher-order subtractors. Moreover, existing approximation
techniques generally focus on reducing logic complexity without exploiting higher-radix arithmetic to shorten
the borrow propagation path. Consequently, there remains a need for an efficient approximate Radix-4 subtractor
architecture that simultaneously reduces gate count, borrow-path complexity, propagation delay, and power
consumption while maintaining acceptable computational accuracy.

To address these limitations, this work proposes accurate and approximate Radix-4 subtractor architectures in
which the borrow-generation network is selectively simplified while preserving accurate difference computation.
Unlike conventional approximation approaches that modify the complete arithmetic logic, the proposed
architecture focuses only on the borrow path, thereby reducing logic depth, gate count, and propagation delay
while minimizing error propagation. In addition, the proposed Radix-4 architecture performs two-bit subtraction
in a single stage, reducing the borrow propagation path compared with conventional Radix-2 implementations.
As aresult, the proposed design offers improved hardware efficiency while maintaining low computational error,
making it well suited for error-tolerant applications.

The main contributions of this work are summarized as follows:Design and implementation of accurate Radix-
4 full and half subtractor architectures capable of performing two-bit subtraction in a single stage.Development
of approximate Radix-4 full and half subtractors through selective borrow-path approximation while preserving
accurate difference computation.Reduction of the borrow-path logic depth from four logic levels to three,
resulting in lower propagation delay, reduced gate count, and improved hardware efficiency.Hardware
implementation and functional verification of the proposed architectures using Verilog HDL and FPGA
synthesis tools.Comparative evaluation of the proposed subtractors with accurate architectures in terms of gate
count, power consumption, propagation delay, and computational error to demonstrate the effectiveness of the
proposed approach.

BACKGROUND AND RELATED WORK
Accurate Radix-2 Full Subtractor
A conventional full subtractor generates difference and borrow outputs using XOR and combinational logic.

A conventional full subtractor performs subtraction of three input bits: minuend (A), subtrahend (B), and borrow
input (Bin), producing difference (D) and borrow output (Bout).

This accurate implementation requires multiple logic gates and contributes to increased power consumption and
propagation delay. Existing Radix-2 full subtractor is represented in Figure 1.The difference and borrow
expressions are represented in equation (1) and (2) respectively.

The exact full subtractor logic is defined as:
Difference=A @ B @ Bin (1)

Borrow =A'B +A’ Bin +B Bin (2)

qa— ) D D &

=) P

Figure 1: Radix-2 Accurate full subtractor.
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A B Bin Diff Out Borrow Out
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 0 1
1 0 0 1 0
1 0 1 0 0
1 1 0 0 0
1 1 1 1 1

Table 1: Truth table of Radix-2 Accurate full subtractor.

Approximate subtractors simplify the logic expressions by modifying borrow and difference generation, thereby
reducing hardware complexity. Previous research has demonstrated that approximate arithmetic circuits can
achieve significant improvements in power efficiency, area reduction, and speed while maintaining acceptable
error levels.

Approximate arithmetic circuits have been widely applied in adders and multipliers. However, approximate
subtractors remain relatively less explored, despite their importance in arithmetic processing systems.

This work proposes approximate subtractor designs with simplified logic expressions to reduce gate count,
power consumption, and delay. In the further section will be discussing on radix-4 accurate and approximate
subtractor.

Accurate Subtractor Architecture

Since Radix-2 subtractors are already available we have concentrated to design and test Radix- 4 subtractors
where two bits can undergo subtraction simultaneously where critical path could be reduced. In this paper we
have designed, tested accurate Radix- 4 subtractors and further approximated these Radix -4 subtractors and
compared them with accurate Radix- 4 subtractors in next section . We have 2 cases in this design of accurate
Radix-4 subtractors, in first case the design involves Radix- 4 accurate full subtractors with Bin which could be
used in all bit positions other than LSB and the next case is Radix- 4 accurate half subtractors without Bin which
could be used in LSB where there is no previous borrow in(Bin) .

Accurate Radix - 4 Full Subtractor.

Existing approximate subtractors are largely derived from Radix-2 arithmetic, where borrow propagation occurs
across every bit position. As operand width increases, this borrow chain becomes a dominant contributor to
propagation delay and energy consumption. Although several approximation methods simplify borrow logic,
they do not exploit higher-radix subtraction to shorten the borrow propagation path. Therefore, an efficient
approximate Radix-4 subtractor remains an open design opportunity.

Instead of using radix -2 accurate subtractors the Accurate Radix - 4 Subtractor can simultaneously subtract 2-
bits which reduces critical path, delay and power. We have designed and tested accurate Radix-4 full and half
subtractor and represented the results.

The Accurate Radix - 4 full subtractor is represented in Figure 2. This is with Bin circuit that can be used in all
MSB positions other than LSB since all MSB bits has borrow in from previous bits. It can also be used on LSB
bit position by making Bin as 0. The truth table Accurate Radix — 4 Full Subtractor is shown in Table I which
involves two cases first case is when Bin is 0 and second case is when Bin is 1 since borrow can either be 0 or
1.Equation (3),(4),(5) represents the difference and borrow expressions for Accurate Radix — 4 Full Subtractor.

D0=A0DBODBin (3)
D1=A16B16(A0B0+(A0DB0)Bin) (4)
Bout=A1B1+(A1@B1)(A0B0+(A0BB0)Bin) (5)
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Figure 2: Accurate Radix — 4 Full Subtractor.

Inputs When Bin=0 When Bin =1

al a0 b1 b0 bout Out1 Out0 bout Out1 Out0

0 0 0 0 0 0 0 1 1 1

0 0 0 1 1 1 1 1 1 0

0 0 1 0 1 1 0 1 0 1

0 0 1 1 1 0 1 1 0 0

0 1 0 0 0 0 1 0 0 0

0 1 0 1 0 0 0 1 1 1
) 1 1 0 1 | 1 | 1 | 1 1 0o |

0 1 1 1 1 1 0 1 0 1

1 0 0 0 0 1 0 0 0 1
& | © | & | 2 | & | o B e | © | e |

1 0 1 0 0 0 0 1 1 1

1 0 1 1 1 1 1 1 1 0

1 1 0 0 0 1 1 0 1 0

1 1 0 1 0 1 0 0 0 1

1 1 1 0 0 0 1 0 0 0

1 1 1 1 0 o | o [ o 1 K

Table 2: Truth table of Accurate Radix - 4 Full Subtractor.
Accurate Radix - 4 Half Subtractor.

The Accurate Radix — 4 half subtractor is designed without Bin that can be used in LSB position where there is
no requirement of Bin pin that is where there is no previous borrow. Using this without Bin circuit in turn reduces
gate count from 14 (Radix -4 full subtractor) to 10 (Radix-4 half subtractor). Figure 3 represents Accurate Radix
- 4 half subtractor and the truth table for Accurate Radix - 4 half subtractor is shown in Table 3. In accurate
Radix - 4 half subtractor critical path to Bout path involves 4 gates represented in blue color. Equation (6),(7),(8)
represents the difference and borrow expressions for Accurate Radix — 4 Half Subtractor.

D0=A0DBO (6)
DI1=(A1@®B1) + A0BO (7)
Bout=A1B1+A0B0(A1@B1) (8)

a0 Do
b0
-_'Ié E w1
JR— w2
al D1
b1
Bout
w3

Figure 3: Accurate Radix - 4 half subtractor.
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Inputs Outputs
a1l a0 b1 b0 out1 out0 bout
0 0 0 0 0 0 0
0 0 0 1 1 1 1
0 0 1 0 1 0 1
0 0 1 1 0 1 1
0 1 0 0 0 1 0
0 1 0 1 0 0 0
0 1 1 0 1 1 1
0 1 1 1 1 0 1
1 0 0 0 1 0 0
1 0 0 1 0 1 0
1 0 1 0 0 0 0
1 0 1 1 1 1 1
1 1 0 0 1 1 0
1 1 0 1 1 0 0
1 1 1 0 0 1 0
1 1 1 1 0 0 0

Table 3: Truth table of Accurate Radix - 4 half subtractor.

These accurate Radix - 4 full and half subtractors can be approximated to further reduce delay and power but it
does give some error bits but these can be used in error tolerant applications. Also, further in higher order bit
subtractors, the LSB bits could be replaced with approximate subtractors to reduce hardware cost, MSB bits may
retain accurate subtractors to limit error propagation.

Approximate Subtractor Architecture
Approximate Radix - 4 Full Subtractor.

Approximate subtractors are designed by simplifying the difference and borrow-generation logic to reduce
hardware complexity, gate count, propagation delay, and power consumption compared with accurate
subtractors. In the proposed Radix-4 full subtractor, the approximation is performed primarily in the borrow-
generation network, as timing analysis of the accurate Radix-4 subtractor shows that the borrow path forms the
critical path due to signal propagation through multiple logic levels before reaching the output.

Unlike conventional approximate subtractors that simplify the complete arithmetic logic, the proposed
architecture selectively approximates only the borrow-generation network while preserving accurate difference
computation. This targeted approximation minimizes error propagation while reducing the logic depth of the
borrow path from four logic levels to three. Consequently, the proposed design achieves lower propagation
delay, reduced gate count, and improved power efficiency without significantly affecting computational
accuracy.

The Approximate Radix-4 Full Subtractor is derived from the Accurate Radix-4 Full Subtractor shown in Figure
2. The simplified borrow-generation logic results in a shorter critical path for the borrow output (Bout), as
illustrated by the blue-highlighted path in Figure 4. The difference and borrow expressions of the proposed
Approximate Radix-4 Full Subtractor are given in Equations (9)-(11), while its corresponding truth table is
presented in Table 4. The erroneous output combinations introduced by the approximation are highlighted in red
to illustrate the limited impact of the proposed simplification.

DO = A0 @ BO @ Bin 9)
DI=A1®B1@(A0BO+A0PBO)Bin) (10)
Bout = A1(B1+A0B0+A0Bin+B0Bin) (11)
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Figure 4: Approximate Radix - 4 full subtractor.

Inputs When Bin=0 When Bin=1
a1l a0 b1 b0 bout Out1 Out0 bout Out1 Out0
0 0 0 0 0 ) 0 1 1
0 0 0 1 I 1 1 0
0 0 1 0 1 1 0 1 0 1
0 0 1 1 1 0 1 1 0 0
0 1 0 0 0 0 1 0 0 0
0 1 0 1 0 0 0 o | 1
0 1 1 0 1 1 1 1 1 0
0 1 1 1 1 1 0 1 0 1
1 0 0 0 0 1 0 0 0 1
1 ) 0 1 0 0 1 0 0 0
1 0 1 0 0 0 0 1 1
1 0 1 1 I 1 1 0
1 1 0 0 0 1 1 0 1 0
1 1 0 1 0 1 0 0 0 1
1 1 1 0 0 0 1 0 0 0
1 1 1 1 0 0 0 0 1 1

Table 4 : Truth table of Approximate Radix - 4 full subtractor.
Approximate Radix - 4 Half Subtractor.

The Approximate Radix-4 Half Subtractor is designed for the least significant bit (LSB) position, where a borrow
input (Bin) is not required. Since the LSB stage does not receive a borrow from a preceding stage, approximating
the half subtractor introduces fewer computational errors than approximating subtractors in higher-order bit
positions, making it well suited for error-tolerant arithmetic architectures.

The proposed Approximate Radix-4 Half Subtractor is derived from the Accurate Radix-4 Half Subtractor by
selectively simplifying the borrow-generation network while preserving accurate difference computation.
Similar to the approximate full subtractor, the approximation is confined to the borrow output (Bout) path, which
constitutes the critical path of the circuit. This targeted simplification reduces the logic depth of the borrow path,
leading to lower gate count, reduced propagation delay, improved area efficiency, and lower power consumption.

The proposed architecture is implemented using Verilog HDL and verified through functional simulation. The
Approximate Radix-4 Half Subtractor is illustrated in Figure 5, and its corresponding truth table is presented in
Table 5, where the erroneous output combinations are highlighted in red. The simulation results show that the
approximation affects only the borrow output (Bout), while both difference outputs (D1 and D0) remain accurate
for all input combinations. Furthermore, the critical path of the borrow output is reduced to three logic levels, as
indicated by the blue-highlighted path in Figure 5, and the overall design requires only eight logic gates. The
difference and borrow expressions of the proposed Approximate Radix-4 Half Subtractor are given in Equations

(12)~(14).
D0=A0PBO (12)
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D1=(A1®B1) +A0B0 (13)

Bout=A0B0+A1B1 (14)

D_ B
w3

Figure 5: Approximate Radix-4 half subtractor .

a0
b0

DO

al
b1

Inputs Outputs
al a0 b1 b0 out1 out0 bout
0 0 0 0 0 0 0
0 0 1 0 1 0 1
0 0 1 1 0 1 1
0 1 0 0 0 1 0
0 1 0 1 0 0 0
0 1 1 0 1 1 1
0 1 1 1 1 0 i
1 0 0 0 1 0 0
1 0 0 1 0 1 0
1 0 1 0 0 0 0
1 0 1 1 1 T
1 1 0 0 1 1 0
1 1 0 1 1 0 0
1 1 1 0 0 1 0
1 1 1 1 0 0 0

Table 5:Truth table of approximate Radix-4 half subtractor .

A gate-level comparison between the accurate and approximate Radix-4 subtractor architectures demonstrates
the hardware efficiency achieved through selective borrow-path approximation. The Accurate Radix-4 Full
Subtractor shown in Figure 2 requires 14 logic gates, whereas the proposed Approximate Radix-4 Full Subtractor
shown in Figure 4 requires only 12 logic gates. Similarly, the Accurate Radix-4 Half Subtractor shown in Figure
3 uses 10 logic gates, while the proposed Approximate Radix-4 Half Subtractor shown in Figure 5 requires only
8 logic gates. The reduction in gate count is achieved by simplifying the borrow-generation network, which
forms the critical path in higher-order subtractor circuits. Consequently, the proposed architectures reduce
hardware complexity, shorten the critical path, and improve power and delay performance.

The proposed subtractor architectures are implemented using Verilog HDL and synthesized using FPGA design
tools to evaluate key performance metrics, including power consumption, propagation delay, and error rate.
Functional simulation confirms the correctness of the proposed designs, while synthesis results demonstrate
improvements in hardware efficiency compared with the corresponding accurate architectures. Furthermore, the
proposed Radix-4 subtractors can be employed as efficient building blocks for higher-order arithmetic circuits,
such as multi-bit ripple-borrow subtractors.

IMPLEMENTATION AND RESULTS

The proposed Radix-4 subtractor architectures were implemented using Verilog HDL in the Quartus design
environment and synthesized on an FPGA on tool platform to evaluate their performance. The evaluation focuses
on key performance metrics, including error rate, power consumption, and propagation delay.
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Table 6 presents a comparison of the error characteristics of the accurate and approximate Radix-4 full and half
subtractors. As expected, the accurate subtractors produce error-free outputs, whereas the proposed approximate
subtractors introduce only a small error rate, demonstrating that the approximation achieves improved hardware
efficiency while maintaining acceptable computational accuracy.

Table 7 compares the power consumption of the proposed architectures. The results indicate that the Radix-4
subtractor consumes less power than the equivalent implementation using two Radix-2 subtractors. Furthermore,
the proposed approximate Radix-4 subtractors achieve an additional reduction in power consumption due to the
simplified borrow-generation logic.

Table 8 compares the propagation delay of the evaluated architectures. The proposed approximate Radix-4
subtractors exhibit lower propagation delay than the corresponding accurate Radix-4 subtractors and
significantly outperform the equivalent two-stage Radix-2 implementation. The reduction in delay is primarily
attributed to the shortened borrow critical path achieved through selective borrow-path approximation.

SI. No Subtractor types Error (%)
1. Radix-2 accurate full subtractor 0

2. Radix-4 accurate full subtractor 0

3. Radix-4 approximate full subtractor 7.29

4. Radix-4 accurate half subtractor 0

5. Radix-4 approximate half subtractor 4.16

Table 6: Comparison of error results of accurate and approximate subtractor.

S1. No | Subtractor types Power (W)

1. Radix-2 accurate full subtractor 0.973 (each radix-2)

0.973x2=1.976 (2
radix-2 subtractors)

2. Radix-4 accurate full subtractor 1.672
3. Radix-4 approximate full subtractor | 1.564
4. Radix-4 accurate half subtractor 1.404
5. Radix-4 approximate half subtractor | 1.294

Table 7: Comparison of power results of accurate and approximate subtractor.

SI. No | Subtractor types Delay (ns)

1. Radix-2 accurate full subtractor 6.798 (each radix-2)

6.798x2=13.596 (2
radix-2 subtractors)

2. Radix-4 accurate full subtractor 7.377
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3. Radix-4 approximate full subtractor | 7.176
4. Radix-4 accurate half subtractor 6.976
5. Radix-4 approximate half subtractor | 6.776

Table 8: Comparison of delay results of accurate and approximate subtractor.

CONCLUSION

This work presented the design and analysis of accurate and approximate Radix-4 subtractor architectures for
low-power and high-speed arithmetic applications. The proposed approximate architectures were developed by
selectively simplifying the borrow-generation logic while preserving accurate difference computation. This
targeted approximation reduced the critical path in the borrow network, resulting in lower hardware complexity,
power consumption, and propagation delay compared with the corresponding accurate Radix-4 subtractors.
Functional verification and FPGA on tool synthesis confirmed the effectiveness of the proposed designs.

The experimental results show that the proposed approximation introduces errors only in the borrow output,
while both difference outputs remain exact. Since borrow errors occur only for a limited number of input
combinations, the overall error rate remains low, making the proposed architecture suitable for error-tolerant
applications such as image processing, multimedia systems, and machine learning accelerators. Furthermore, the
proposed Radix-4 architecture provides an efficient building block for higher-order subtractors by reducing the
borrow critical path and improving hardware efficiency. Future work will focus on extending the proposed
design to multi-bit subtractor architectures and investigating advanced approximation techniques to further
optimize the trade-off between accuracy, power consumption, and delay.
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