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 This research presents an optimized multiple accumulate (MAC) unit 

multiplier design for efficient convolutional neural network (CNN) 

operations. This design mainly focuses on making the multiplier systems 

smaller by using approximate majority compressor methods instead of the 

usual and traditional approximate methods. The traditional approximate 

multiplier compressor techniques are leads to increases in logic size, critical 

path delay, and power consumption; however, the proposed research 

mitigates these problems and solves them with a novelty-based approach in 

the Dadda multiplier technique. The novelty of this approach is to reduce the 

number of stages in the multiplier design using 4:2, 5:2, and 7:2 

compressors. This compressor is designed with an approximate method 

using majority logic; compared to this traditional method, the proposed 

majority approximate compressor method processed less error differences in 

multiplication output. The proposed approaches resulted in significant 

reductions in area, power, and delay relative to traditional multipliers. This 

research compared seven unique comparisons of MAC-based multiplier 

architecture, and it will have been developed in Verilog hardware 

description language (HDL) and synthesized on the Xilinx Vertex-5 FPGA, 

providing reductions of 58.4% in lookup table (LUT) and 76.2% in occupied 

slices, and proving less power consumption. This design is a highly suitable 

approach for real-time CNN and digital signal processing (DSP) 

applications. 
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1. INTRODUCTION 

The convolutional neural network (CNN) will prioritize advancements in the latest artificial 

intelligence and machine learning techniques, based on numerous applications. These applications include 

object detection, image improvement, medical image diagnostics, and other similar applications [1], [2]. 

Here, CNN is particularly skilled in the process of extracting image features from high-dimensional data, and 

it can facilitate the production of exact decisions in real-time image applications [3]. In particular, these 

applications required hardware accelerators that were able to successfully manage the processing needs of 

CNN operations. Employing them in conjunction with edge computing environments was particularly 

effective [1], [2]. It is also possible to combine the multiple accumulate (MAC) operations with this 

technique to boost the performance of the CNN in terms of increased speed, and efficiency in hardware while 

https://creativecommons.org/licenses/by-sa/4.0/
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maintaining a balanced error accumulation in the MAC operations, as discussed by Park et al. [4], and also 

addressed by Edavoor et al. [5], who designed approximate multipliers for efficient neural network 

acceleration. The traditional method, which uses precise Dadda, Wallace tree, and Vedic multipliers, usually 

leads to more complicated logic and higher power consumption [6]–[8]. For instance, the Dadda and Wallace 

multipliers will require several stages for the reduction of partial products, and the Wallace tree, in particular, 

will also integrate with parallel prefix adders to provide very fast operations, as discussed by  

Momeni et al. [6], and further elaborated by Strollo et al. [7] and Jiang et al. [8], who analyzed the trade-offs 

between different multiplier architectures. The fact that these processes will take up several logical adders, 

half adders, and compressors typically results in an increase in the amount of area, delay, and power 

consumption. These details about compressor and multiplier structure were explained by Bala et al. [9], with 

additional discussion by Ghasemzadeh et al. [10] and Fathi et al. [11], who focused on high-speed and 

efficient compressor designs. It is necessary for the proposed approach to lower the number of logic gates to 

lessen the complexity of the logic size [12], [13]. The standard approach of a full adder will need up to five 

logic gates, and 4:2 compressors will utilize up to 10 logic gates, similarly, the proposed technique of an 

approximate majority adder will occupy only two logic gates, and using this approximate full adder [14] in 

4:2, 5:2, and 7:2 compressors, it will reduce number of logic gates and reduces the complexity of 

multiplication. The goal of this study is to reduce multiplication complexity by using majority logic 

compressors. An additional aspect to consider is the multiplier design that incorporates MAC architecture. 

The applications of digital signal processing (DSP) require careful design and optimization to 

resolve power saving issues while maintaining an acceptable error rate [3], [15], [16]. The evaluation of error 

metrics, which in this case includes error rate (ER%), mean error distance (MED), normalized mean error 

distance (NMED), and mean relative error distance (MRED), is done to demonstrate the architecture's 

resilience in situations where approximate computation is acceptable, as described by Zendegani et al. [15], 

and also discussed by Ansari et al. [3] and Mrazek et al. [16], who evaluated error metrics for various 

approximate multipliers. Detailed information on the precise and proposed majority logic compressors for 

4:2, 5:2, and 7:2 configurations is provided in the remaining part of this study, which is section 1. Section 2 

describe the overview of exact and approximate compressors, the remainder of this paper is organized as 

follows. Section 3 presents the methodology for the exact multiplier design using an approximate adder 

architecture, including the architectural framework and operational principles. Section 4 discusses the 

experimental results and performance evaluation, highlighting the effectiveness of the proposed design in 

terms of accuracy, power consumption, area utilization, and computational efficiency. Finally, section 5 

concludes the paper by summarizing the key findings and outlining potential directions for future research. 

 

 

2. OVERVIEW OF EXACT AND APPROXIMATE COMPRESSORS 

Compressors improve the design of hardware by reducing the number of stages and partial products 

in the multiplication operations, as described by Zendegani et al. [15] and Esposito et al. [17]. In this 

compressor architecture, there are two categories of the design: exact and approximate methods, as discussed 

by Mrazek et al. [16]. Due to the fact that the exact compressor will take up more logic area, it is preferred 

for applications that require a higher level of accuracy, as explained by Momeni et al. [6]. However, in many 

applications, this higher level of accuracy is not required; instead, the main priority is minimizing logic size 

and power consumption. For such cases, approximate compressors are utilized, as reported by Zendegani et 

al. [15] and Esposito et al. [17]. A fundamentally wide-ranging adder-based compressor design is commonly 

used; the compressor logic size depends upon the underlying adder design. When the adder occupies more 

logic, the compressor also increases in logic and power consumption. To address this, we introduced a novel 

adder architecture in this design, which minimizes logic size and also introduces approximation in the output, 

as seen in the works of Edavoor et al. [5] and Strollo et al. [7]. Additionally, this approach minimizes the 

complexity of the hardware, as well as the amount of power consumed and delay experienced. There are 

three distinct designs for the proposed compressor method introduced: an approximate full adder-based 

compressor, an approximate full adder [18]–[20] with a multiplexer-based compressor, and a majority  

gate-based compressor [21]–[25] each of these designs features its own unique collection of architectural 

elements. The performance of each of these compressors was evaluated and compared to traditional exact 

compressors. 

 

2.1.  Exact compressor 

Exact compressors were developed to carry out arithmetic operations with exact precision, ensuring 

that the sum and carry bits are calculated precisely and without any loss of bits. Utilization of these 

compressors is widespread in applications where accuracy is of the utmost importance, as highlighted by 

Momeni et al. [6] and Ghasemzadeh et al. [10]. Although they are extremely reliable, accurate compressors 
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might need a significant amount of hardware resources, which can result in more power consumption, 

increased logic size, and greater computational latency compared to their approximate equivalents, as 

discussed by Fathi et al. [11], Reddy et al. [12], and Zendegani et al. [15]. The exact compressor 

architectures employed in the multiplier reduction stage have been shown in Figure 1. These 4:2, 5:2, and 7:2 

architectures are the most common types of exact compressor designs which form basic units in reducing the 

partial-products since they combine a plurality of inputs into fewer outputs without changing the arithmetic 

correctness. The following logical (1) are relevant to this design. 

 

𝑆𝑢𝑚 =  𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑐𝑖𝑛  

𝐶𝑎𝑟𝑟𝑦 =  ((𝑥1 ⊕  𝑥2 ⊕  𝑥3) · 𝑥4) + (𝑐𝑖𝑛 · ((𝑥1 ⊕  𝑥2 ⊕  𝑥3) ⊕  𝑥4))  

𝐶𝑜𝑢𝑡 =  (𝑥1 · 𝑥2) + (𝑥3 · (𝑥1 ⊕  𝑥2)) (1) 

 

Based on the configuration of the 4:2 compressors, which can be seen in Figure 1(a), this 

architecture is developed with a 5-input and 3-output design, including carry-in and carry-out, as described 

by Ghasemzadeh et al. [10] and Reddy et al. [12]. The next architecture (Figure 1(b), the 5:2 compressors, 

has five input bits (𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5) combined with two carry-in signals (𝑐𝑖𝑛1 and 𝑐𝑖𝑛2). These 5:2 

compressors are able to improve upon the capabilities of the 4:2 compressors and also reduce the number of 

partial products in multiplier design, as discussed by Fathi et al. [11] and Edavoor et al. [5]. In the case of the 

5:2 compressors, the logical equations are presented in (2). 

 

𝑆𝑢𝑚 =  𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑥5 ⊕  𝑐𝑖𝑛1 ⊕  𝑐𝑖𝑛2  

𝐶𝑎𝑟𝑟𝑦5 =  (𝑥5 · 𝑐𝑖𝑛2)  + (𝑐𝑖𝑛2 · (𝑥4 ⊕  𝑐𝑖𝑛1  ⊕  (𝑥1 ⊕  𝑥2 ⊕  𝑥3)) + 

((𝑥4 ⊕  𝑐𝑖𝑛1  ⊕  (𝑥1 ⊕  𝑥2 ⊕  𝑥3)) · 𝑥5)  

𝐶𝑜𝑢𝑡1 =  (𝑥1 · 𝑥2) + (𝑥3 · (𝑥1 ⊕  𝑥2))  

𝐶𝑜𝑢𝑡2 =  (𝑥4 · 𝑐𝑖𝑛1) + (𝑐𝑖𝑛1 · (𝑥1 ⊕  𝑥2 ⊕  𝑥3))  + ((𝑥1 ⊕  𝑥2 ⊕  𝑥3) · 𝑥4) (2) 

 

Therefore, the 5:2 compressors are considered better for multiplication operations, although it 

requires more logic area due to the number of full adders used in its design, as analyzed by Edavoor et al. [5] 

and Fathi et al. [11]. Similarly, the 7:2 compressor method also uses five full adders in its design, as verified 

in Figure 1(c). This architecture has seven input bits (𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑥7) and two carry-ins (cin1 and 

cin2), resulting in four outputs (𝑠𝑢𝑚, 𝑐𝑎𝑟𝑟𝑦, 𝐶𝑜𝑢𝑡1, 𝑎𝑛𝑑 𝐶𝑜𝑢𝑡2), as described by Ghasemzadeh et al. [10] 

and Fathi et al. [11]. The details of this logic are briefly explained in the following logical (3). 

 

𝑆𝑢𝑚 =  𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑥5 ⊕  𝑥6 ⊕  𝑥7 ⊕  𝑐𝑖𝑛  

   𝐶𝑎𝑟𝑟𝑦 =  ((𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑥5 ⊕  𝑥6 ⊕  𝑥7) · 𝑐𝑖𝑛1) + (cin_2((x1 ⊕  x2 ⊕

 x3 ⊕  x4 ⊕  x5 ⊕  x6 ⊕  x7)  ⊕  cin_1))  

𝐶𝑜𝑢𝑡1 =  (𝑥1 · 𝑥2) + (𝑥3 · (𝑥1 ⊕  𝑥2))  

𝐶𝑜𝑢𝑡2 =  ((𝑥1 ⊕  𝑥2 ⊕  𝑥3) · 𝑥4) + (𝑥5 · ((𝑥1 ⊕  𝑥2 ⊕  𝑥3) ⊕  𝑥4))  

𝐶𝑜𝑢𝑡3 =  ((𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑥5) · 𝑥6) + (𝑥7 · ((𝑥1 ⊕  𝑥2 ⊕  𝑥3 ⊕  𝑥4 ⊕  𝑥5) ⊕  𝑥6))(3) 
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Figure 1. Architectures of compressor circuits: (a) 4:2 exact compressor, (b) 5:2 exact compressor, and  

(c) 7:2 exact compressor 
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2.2.  Approximate compressor 

There is a hardware-efficient alternative to precise compressors known as approximate compressors. 

These compressors were developed primarily for applications that can tolerate modest computational errors, 

as discussed by Reddy et al. [12] and Jooq et al. [13]. On the other hand, these systems sacrifice accuracy in 

exchange for considerable reductions in hardware complexity, power consumption, and latency, as shown by 

Edavoor et al. [5] and Strollo et al. [7]. As a result of the architectural design that incorporates approximate 

full adders, approximate compressors provide outputs that are approximate equivalent, as presented by 

Edavoor et al. [5] and Jooq et al. [13]. The (4) contains the logical equations of an approximate complete 

adder, which are responsible for the creation of the sum and carry variables. 

 

𝑆𝑢𝑚 =  𝑥1 ⊕  𝑥2 ⊕  𝑐𝑖𝑛  

𝐶𝑎𝑟𝑟𝑦 =  𝑥2 ·  𝑐𝑖𝑛 (4) 

 

The design architecture of the approximate full adder [14], as shown in Figure 2 uses only two logic 

gates (XOR and AND gates), as proposed by Reddy et al. [12] and Jooq et al. [13]. Compared to the exact 

method, the traditional architecture uses five logic gates; this reduction contributes to lower power 

consumption, reduced area, and faster computation times, as demonstrated by Edavoor et al. [5] and Strollo 

et al. [7]. Using the design of an approximate full adder [14], The approximate-adder-based compressor 

architectures used in the multiplier design are shown in Figure 3. The figure shows the summary of 

approximate addition principles used to realise compressors of different input-output configurations, 4:2, 5:2 

and 7:2 compressors. the proposed method integrated the architecture of 4:2, 5:2, and 7:2 compressors and 

demonstrated their performance, as shown in Figure 3(a) 4:2 compressors, Figure 3(b) 5:2 compressors, and 

Figure 3(c) 7:2 compressors, following the strategies discussed by Edavoor et al. [5] and Jooq et al. [13]. 
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Figure 2. Approximate full adder design 
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Figure 3. Approximate-adder-based architectures: (a) 4:2 approximate compressor, (b) 5:2 approximate 

compressor, and (c) 7:2 approximate compressor 

 



Int J Reconfigurable & Embedded Syst  ISSN: 2089-4864  

 

High-performance approximate MAC multiplier using majority … (Selvarasan Radhakrishnan) 

273 

The core of approximate full adder based 4:2 compressor logical (5) are as: 

 

𝑆𝑢𝑚 = 𝑥1 ⊕ 𝑥2 ⊕ 𝑥3 ⊕ 𝑥4 ⊕ 𝑐𝑖𝑛  

𝐶𝑎𝑟𝑟𝑦 = 𝑥4. 𝑐𝑖𝑛  

𝐶𝑜𝑢𝑡 = 𝑥2. 𝑥 (5) 

 

for 5:2 compressors using approximate full adder [14], the following is the logical equation that should be 

used (6). 

 

𝑆𝑢𝑚 = 𝑥1 ⊕ 𝑥2 ⊕ 𝑥3 ⊕ 𝑥4 ⊕ 𝑥5 ⊕ 𝑐𝑖𝑛1 ⊕ 𝑐𝑖𝑛2  
𝐶𝑎𝑟𝑟𝑦 = 𝑥5. 𝑐𝑖𝑛2  

𝐶𝑜𝑢𝑡1 = 𝑥2. 𝑥3  

𝐶𝑜𝑢𝑡2 = 𝑥4. 𝑐𝑖𝑛1 (6) 

 

With regard to 7:2 compressors using approximate full adder, the following is the logical (7). 

 

𝑆𝑢𝑚 = 𝑥1 ⊕ 𝑥2 ⊕ 𝑥3 ⊕ 𝑥4 ⊕ 𝑥5 ⊕ 𝑥6 ⊕ 𝑥7 ⊕ 𝑐𝑖𝑛1 ⊕ 𝑐𝑖𝑛2  

𝐶𝑎𝑟𝑟𝑦 = 𝑐𝑖𝑛1. 𝑐𝑖𝑛2  

𝐶𝑜𝑢𝑡1 = (𝑥2. 𝑥3) ⊕ (𝑥5. 𝑥6) ⊕ ((𝑥4 ⊕ 𝑥5 ⊕ 𝑥6). 𝑥7))  

𝐶𝑜𝑢𝑡2 = (𝑥5. 𝑥6). ((𝑥4 ⊕ 𝑥5 ⊕ 𝑥6). 𝑥7)) (7) 

 

The 4:2, 5:2, and 7:2 methods of approximate compressor design, provide an efficient partial product 

reduction in multipliers. 

 

2.3.  Approximate with mux-based compressor 

The approximate with mux-based compressors are a further enhancement of approximate 

compressor designs, incorporating multiplexers to improve resource efficiency and computation speed, as 

discussed by Edavoor et al. [5] and Jooq et al. [13]. As presented by Edavoor et al. [5], by integrating 

multiplexers, these compressors dynamically handle the selection of intermediate results, further reducing 

logic complexity and delay while maintaining an approximate output. These compressors preserve the 

approximate full adder at their core but add multiplexer logic to handle specific input configurations, 

allowing for a more efficient reduction of partial products, as demonstrated in both Edavoor et al. [5] and 

Jooq et al. [13]. The multiplexer-based design ensures that only critical inputs contribute to the computation 

at each stage, minimizing unnecessary logic operations and enhancing the overall efficiency of the 

compressor, as shown in the hardware evaluations by Edavoor et al. [5]. These designs are implemented 

across 4:2, 5:2, and 7:2 compressor architectures, each optimized for specific input configurations. This 

follows the same procedure as the approximate full adder [14] compressor technique, but the boolean 

equation for the internal architecture of this compressor is further reduced to produce the final sum output, 

effectively reducing delay and hardware complexity. The logical (8) should be used for 4:2 compressors 

using an approximate mux-based full adder, as shown by Edavoor et al. [5]. 
 

𝑆𝑢𝑚 = (𝑥4 ⊕ (𝑥1 ⊕ 𝑥2 ⊕ 𝑥3)) + (𝑥4. (𝑥2. 𝑥3))  

𝐶𝑎𝑟𝑟𝑦 = (𝑥4. (𝑥2. 𝑥3)) + 𝑥4 (8) 

 

Similarly, in the 5:2 compressors, intermediate results are routed through a multiplexer, ensuring 

efficient computation of sum and carry outputs (Cout1 and Cout2) with reduced logic depth, as detailed by 

Edavoor et al. [5] and Jooq et al. [13]. The (9) will be used for 5:2 compressors following the methodology 

discussed in these works. 
 

𝑆𝑢𝑚 = (𝑐𝑖𝑛 ⊕ (𝑥1 ⊕ 𝑥2 ⊕ 𝑥3) ⊕ 𝑥4 ⊕ 𝑥5)) + (𝑐𝑖𝑛. (𝑥4. 𝑥5))  

𝐶𝑎𝑟𝑟𝑦 = (𝑐𝑖𝑛. (𝑥4. 𝑥5)) + (𝑐𝑖𝑛. (𝑥2. 𝑥3)) (9) 

 

The more complex design of 7:2 architectures, which use multiple approximate full adders to 

compute intermediate sums (sx1 and sx2), and multiplexers to dynamically manage the flow of these results, 

produces the final sum and carry outputs, as described by Edavoor et al. [5] and Jooq et al. [13]. This process 

is detailed in the logical (10). The architecture design of the approximate mux-based compressor, shown in 

Figure 4, provides a scalable solution that ensures minimal hardware complexity, making it ideal for large-

scale input configurations, as discussed by Jooq et al. [13]. The proposed 4:2 approximate compressor 
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employs one approximate full adder and two multiplexers to generate the Sum and Carry outputs (Figure 

4(a)). The proposed 5:2 approximate compressor utilizes three approximate full adders and two multiplexers 

(Figure 4(b)). The proposed 7:2 approximate compressor consists of four approximate full adders and two 

multiplexers (Figure 4(c)). The architecture achieves higher compression capability while maintaining low 

power consumption and high computational efficiency. 

Across all three architectures, the use of multiplexers reduces the critical path delay and power 

consumption, while the approximate logic maintains acceptable accuracy levels for error-tolerant 

applications, as demonstrated by both Edavoor et al. [5] and Jooq et al. [13]. 
 

𝑆𝑢𝑚 = (𝑐𝑖𝑛 ⊕ (((𝑥1 ⊕ 𝑥2 ⊕ 𝑥3) ⊕ 𝑥4 ⊕ 𝑥5) ⊕ 𝑥6 ⊕ 𝑥7)) + (𝑐𝑖𝑛. (𝑥6. 𝑥7))  

𝐶𝑎𝑟𝑟𝑦 = (𝑐𝑖𝑛. (𝑥6. 𝑥7)) + (𝑐𝑖𝑛. (𝑥4. 𝑥5)) (10) 

 

 

   
(a) (b) (c) 

 
Figure 4. Proposed multiplexer-based approximate compressor architectures: (a) 4:2 approximate mux based 

compressor, (b) 5:2 approximate mux based compressor, and (c) 7:2 approximate mux based compressor 
 

 
2.4.  Majority gate-based compressor 

The proposed design of majority gate-based compressors presents an effective and optimal 

alternative to previous compressor designs. This design utilizes a very small number of 3-input majority logic 

gates in the compressor design, which reduces the total logic size and power consumption, as shown by 

Reddy et al. [12] and Jooq et al. [13]. The expression of majority gate logic with multi-input expression  

is (11). 
 

𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦(𝐴, 𝐵, 𝐶) = (𝐴. 𝐵) + (𝐵. 𝐶) + (𝐶. 𝐴) (11) 
 

The operations of 4:2 compressor required two majority logic gate is expressed in (12). 
 

𝑆𝑢𝑚 = ((𝑥3. 𝑥4) + (𝑥4. 𝑐𝑖𝑛) + (𝑥3. 𝑐𝑖𝑛)) . (𝑥1 + 𝑥2) + (𝑥1. 𝑥2)  

𝐶𝑎𝑟𝑟𝑦 = 𝑥4  

𝐶𝑜𝑢𝑡 = 𝑥3 (12) 

 

The 5:2 compressor utilizes three layer of majority logic gates, and the expression of 5 input and 2 output 

based compressor using majority logic is (13). 

 

𝑆𝑢𝑚 = ((𝑥4(𝑥5 + 𝑐𝑖𝑛1) + (𝑥5. 𝑐𝑖𝑛1)) . (𝑥3 + 𝑐𝑖𝑛2) + (𝑥3. 𝑐𝑖𝑛2). (𝑥2 + 𝑥1) + (𝑥2. 𝑥1) 

𝐶𝑎𝑟𝑟𝑦 = 𝑥5  

𝐶𝑜𝑢𝑡1 = 𝑥4  

𝐶𝑜𝑢𝑡2 = 𝑥3 (13) 

 

Furthermore, the logical equation of the 7:2 compressor design that makes use of the majority logic approach 

and has the capacity to accommodate seven primary inputs and two outputs is demonstrated in (14), as 
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discussed by Reddy et al. [12] and Jooq et al. [13]. In this particular instance, it makes use of four layers of 

majority gates. The proposed majority-logic based compressor architectures for partial product reduction in 

the approximate multiplier design are shown in Figure 5. These compressor structures are the basic building 

blocks of the reduction stage which use majority-gate logic to achieve the circuit implementation and lower 

hardware complexity, power consumption and computation efficiency. The structure of the proposed 4:2 

majority-logic compressor is illustrated in Figure 5(a). The input bits go through a small majority-gate 

network where the sum and carry outputs are calculated with minimum logic elements. The proposed 5:2 

majority-logic compressor can be seen as an expansion of the majority-gate concept by one more input bit 

and is depicted in Figure 5(b). By using the cascaded majority-gates structure, we get the effective realization 

of output bits with the same simplicity of implementation and short critical path. Figure 5(c) illustrates the 

7:2 majority-logic compressors, which can operate with increased input bits number, providing further partial 

products compression. 

 

 

Majority

x3 x4 cin

Majority

x1 x2

Sum

Carry
Cout

Majority

x5 x4 Cin 1

Majority

x3
Cin 2

Sum

Carry
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Cout 2

Majority

x1 x2

Majority
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Majority
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Majority

x4 x3

Majority

x1 x2

(a) (c)(b)

 

(a) (b) (c) 

 

Figure 5. Proposed majority-logic-based compressors (a) 4:2 majority-logic compressor, (b) 5:2 majority-

logic compressor, and (c) 7:2 majority-logic compressor 

 

 

3. EXACT MULTIPLIER DESIGN USING APPROXIMATE ADDER ARCHITECTURE 

This section presents the methodological framework adopted for the exact multiplier design using an 

approximate adder architecture and proposed Approximate multiplier design. The exact method of multiplier 

design, which is commonly used in precision-critical applications such as image and signal processing, tends 

to occupy a significantly larger logic area, as reported by Momeni et al. [6]. Traditional multipliers such as 

Wallace tree, Dadda, Vedic, and array multipliers also use this exact computation sequence. A common issue 

with exact multiplication is increased logic size and power consumption. For that reason, recent research has 

focused on various approximation-based multiplication techniques [1], [4], [15], [16]. Recent studies, 

including those by [4], [15], [1], [16] have demonstrated the effectiveness of approximation techniques as 

feasible replacements to reduce logic area, power consumption, and delay. To address these challenges, the 

proposed technique in this study introduces an approximate full adder [14] technique, it’s inspired by the 

work of Strollo et al. [7], which produces the same sum output as a conventional full adder but simplifies the 

carry generation. Figure 6 shows the traditional design of Dadda 8×8 multiplier its highlights these 



                ISSN: 2089-4864 

Int J Reconfigurable & Embedded Syst, Vol. 15, No. 2, July 2026: 269-280 

276 

improvements. While this design taken from the conventional Dadda multiplier architecture, its produces 64 

partial products and typically requires four reduction stages, the proposed design minimizes the number of 

stages by employing a combination of half adders and approximate full adders, effectively reducing internal 

complexity. 

 

 

Almost Full Adder Half & Full Adder

Accumulator

2N+1

Final Output
 

 

Figure 6. 8×8 Dadda multiplication using approximate full adder 

 

 

3.1.  Proposed approximate multiplier design using 4:2, 5:2, and 7:2 compressors architecture 

The proposed approach of this research using approximate multiplier architecture is specifically 

designed to reduce the number of stages in the multiplication process. To achieve this, 4:2, 7:2, and 5:2 

majority logic compressors are additionally integrated into the multiplier design architecture, enabling a high 

level of compression of partial products in fewer steps, as discussed by [10], [11]. This maximum input 

reduction enhances both speed and efficiency in three levels of multiplier design that combine exact, 

approximate, and transduce techniques. Compared to the traditional design of multipliers using only 

approximate 4:2 compressor architecture, the proposed design significantly reduces the logic size and 

computational complexity through this innovative approach, as described by Edavoor et al. [5] and further 

validated in Reddy et al. [12]. Notably, as shown in Figure 7, the multiplier requires only two stages in the 

8×8 multiplication architecture. Specifically, in the proposed approximate multiplier, stage 1 is exclusively 

handled by 7:2 and 5:2 compressors, which reduce the number of partial products; as a result, the number of 

intermediate signals passed to stage 2 is minimal. Stage 2 further compresses the data using exact 4:2 

compressors, full adders, and half adders, maintaining accuracy where it is most critical. This combination of 

optimized techniques ensures a compact design with low latency and energy efficiency. 
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2N+1
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Figure 7. Proposed higher bit compressor based 8×8 Dadda multiplier 

 

 

4. RESULTS 

The performance and error analysis of the proposed approximate multiplier design, implemented in 

Verilog hardware description language (HDL), was synthesized using Xilinx Vertex-5 FPGA and compared 

for utilization results such as slice registers, slice lookup tables (LUTs), occupied slices, bonded IOB, delay, 

and power. The comparative performance results of the MAC-based 8×8 approximate Dadda multiplier 

design employing approximate compressors are presented in Table 1. In addition, error metrics—including 

analysis with the verification method in simulation using modelsim—were employed; the parameters 

analyzed include ER%, MED, NMED, and MRED, as supported by the work of [3], [8]. 

In a vital role of optimizing digital arithmetic circuits by reducing intermediate results during 

computations, various compressor designs of the proposed methodology—such as exact, approximate, those 

incorporating multiplexers, and majority gates—offer a tradeoff between utilization and performance.  

Table 2 shows the critical performance metrics across different compressor designs to evaluate their 

effectiveness. These results show that approximate compressors, particularly multiplexer- and majority logic 

based architectures, achieve notable reductions in LUT usage, occupied slices, and delay, as demonstrated by 

Edavoor et al. [5] and Reddy et al. [12]. 

Error analysis estimating the error analysis and its reliability using approximate multipliers, this 

work quantifies the errors introduced by approximate methods, which is essential to ensure the design meets 

the accuracy requirements of CNN applications, as demonstrated by Kim et al. [1] and Ansari et al. [3]. Key 

error metrics—ER, MED, NMED, and MRED—provide a structured framework to assess and compare the 

effectiveness of various approximate computing architectures, as discussed by Ansari et al. [3] and Jiang et 

al. [8]. These error metrics are chosen for the approximation strategy, which trades off between efficiency 

and precision, and directly affect the selection of approximate values in specific cases, especially in error 

resilient applications such as image processing and IoT systems, as reported by Kim et al. [1] and Hammad et 

al. [2]. This work is able to minimize errors while achieving gains in power, area, and speed. For instance, a 

higher ER% implies frequent computational deviation and may be unsuitable for precision-critical tasks, 

while a lower ER% indicates greater reliability and stability, even for approximate designs, as analyzed by 

Edavoor et al. [5] and Jiang et al. [8]. The analysis of the error assessment framework is widely adopted in 

recent approximate research, including the works of Hammad et al. [2], Ansari et al. [3], and Jiang et al. [8]. 

The frequency error analysis of ER% is (15), with the number of incorrect versus the total number of outputs. 

Table 3 analyzes the evaluation of error metrics across multiple approximate multiplier design in 

which highlights the inherent tradeoff between accuracy and approximate values. In this architecture 

significantly improve the error behavior and observed through the integration of advanced techniques, 

including majority logic compressor logic. The conventional logic design exhibits a higher level of error at 

6.1%, indicating a higher range of exact computations. 
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Table 1. Performance analysis of MAC based 8×8 approximate Dadda multiplier design using approximate 

compressors 
Design LUT FF Delay (ns) Power (W) 

Conventional design [17] 238 198 15.463 0.613 
4:2 approximate FA 124 51 4.648 0.616 

4:2 approximate FA-mux 135 62 4.648 0.617 

4:2 approximate FA-majority compressor 122 50 4.648 0.612 
Proposed compressor using approximate full adder 111 50 2.525 0.614 

Proposed compressor using approximate with mux 101 47 2.525 0.612 

Proposed compressor using majority compressor 99 51 2.525 0.606 

 

 

Table 2. Comparisons and analysis of only compressors 
Design LUT Slices IOBs Delay (ns) Fan-out 

Exact 4:2 6 4 8 5.779 1.73 

Exact 5:2 9 5 11 6.782 1.75 

Exact 7:2 15 6 13 6.857 1.83 

Approximate 4:2 4 3 8 4.386 1.44 

Approximate 5:2 3 2 11 5.180 1.17 
Approximate 7:2 4 3 13 5.180 1.12 

Approximate with mux 4:2 3 2 6 5.377 1.57 

Approximate with mux 5:2 3 1 8 6.560 1.40 
Approximate with mux 7:2 4 2 10 7.743 1.50 

Majority 4:2  1 1 8 4.307 1.33 
Majority 5:2 2 1 11 4.992 1.33 

Majority 7:2 2 1 13 5.678 1.27 

 

 

Table 3. Error analysis of approximate multiplier 
Design ER% MED NMED MRED 

Conventional approximate full adder 6.1 1.1 1.4×10-3 2.3×10-3 

4:2 compressor using approximate full adder 5.4 1.0 1.2×10-3 2.0×10-3 

4:2 compressor using approximate full adder with mux 4.8 0.9 1.1×10-3 1.8×10-3 
4:2 compressor using majority gate 3.2 0.8 0.08×10-3 1.5×10-3 

Proposed compressor using approximate full adder 3.0 0.8 1.7×10-3 1.2×10-3 

Proposed compressor using approximate full adder with mux 2.6 0.7 1.6×10-3 1.1×10-3 
Proposed compressor using majority gate 1.9 0.6 0.4×10-3 0.8×10-3 

 

 

5. CONCLUSION 

This research introduces an innovative approximation-based MAC multiplier architecture that 

significantly enhances computational efficiency for convolution operations in CNN applications. This design 

leverages advanced 4:2, 5:2, and 7:2 compressors utilizing approximate compressors, approximate with mux 

based compressor and majority compressors, achieving marked improvement over conventional accurate 

Dadda multipliers partial products reductions. The proposed methods demonstrate a notable reduction in 

logic size, area, and power consumption while maintaining computational accuracy. This work 

implementation on the Xilinx Vertex-5 FPGA proves the performance evaluation of LUT reductions up to 

58.4%, an occupied slice of 76.2%, and a latency of 60.5%. Moreover, this research includes the detailed 

error analysis using metrics such as ER, MER, NMED, and MRED and proves the lowest error values across 

all metrics using majority logic-based compressors, which highlights their suitability for approximating 

computing environments. Further research may extend this work to higher order multipliers (16×16 and 

32×32), explore dynamic approximation techniques, and additionally integrate with CNN applications to 

further achieve the benefits of approximation. 
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