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Abstract. In the ever-evolving landscape of digital signal processing technology, the ubiquitous 
presence of digital signal filters has become a cornerstone across a myriad of domains including 
radar, computing, and communications. Amidst the relentless pursuit of more efficient solutions, a 
pivotal development emerges - the creation of a low-power multiplier tailored explicitly for digital 
signal filters. This innovation hinges upon the judicious selection of a carry-lookahead adder as a 
fundamental building block within the multiplier, ushering in enhancements that ripple through its 
operation. This transformative leap doesn't halt at the component level; it extends its reach further 
by delving into meticulous optimizations encompassing logic gate dimensions and set voltage 
parameters. These refinements, executed with precision, culminate in a substantial reduction in the 
energy consumption of the multiplier, effectively setting it apart from conventional counterparts. 
Remarkably, these advances don't merely remain theoretical; they find their footing in practical 
industry applications, thus birthing a new era in the creation of low-power digital signal filters. The 
profound implications of this development reverberate far and wide, notably benefiting the realm of 
low-power digital signal processing and its associated applications. 
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1. Introduction 

With the development of computer technology, people have adopted digital signals as the 
foundation for computer calculations. However, in the early stages, due to the immaturity of computer 
technology, the development of digital signals was relatively slow. As breakthroughs were made in 
computer technology, the field of computing experienced rapid growth, and digital signals began to 
be widely applied in various fields [1]. Driven by the significant demand, the methods of digital signal 
processing gradually became more diverse. As a result, signal filters were developed to meet people's 
needs for digital signal processing. 

The purpose of this paper is to design a low-power multiplier for digital signal filters in order to 
reduce the energy consumption required by digital signal filters. By comparing different options, this 
paper seeks to find a low-power adder as a constituent module of the multiplier. It also innovates the 
operation mode of the multiplier by introducing multiple additions achieved through the addition of 
adders, reducing the multiplication operation delay, and saving energy consumption. Finally, by 
adjusting the set voltage of the multiplier and the size of logic gates within the multiplier, further 
reduction in energy consumption of the multiplier is achieved. The designed multiplier in this paper 
can effectively reduce the energy consumption of digital signal filters, thus reducing energy 
consumption in digital signal processing. This has practical significance in terms of energy saving, 
cost control for businesses, and meeting the operational requirements of digital signal filters under 
specific conditions. 

2. The relationship between digital signal filters and multipliers. 

2.1. Application of digital signal filter 

A digital signal is a signal that is represented by predefined states and is a type of discrete signal. 
It is typically represented using binary code, allowing the digital signal to control the state of a circuit 
(with 1 representing a high level and 0 representing a low level). Digital signals have advantages such 
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as strong immunity to interference, ease of confidentiality, high compatibility, and other advantages, 
making them highly promising for various applications. 

In the current era, digital signals is advancing rapidly. As the primary medium for human 
communication, digital signals are widely used in various fields such as telecommunications, audio, 
images, radar, and more [2]. With the development of technology and the increasing demand for 
computers and artificial intelligence, there is a growing need for digital signal processing. As digital 
signals serve as the foundation for information storage and transmission, there are higher 
requirements for their processing capabilities. 

Signal filters, as a processing method for digital signals, perform calculations on discrete input 
signals [3]. Their function is to allow the passage of most signal frequencies while blocking certain 
signal frequencies, thereby eliminating unnecessary signals [4]. Signal filters have the advantages of 
high precision, high reliability, and ease of reuse and integration [5]. They play a crucial role in 
addressing signal interference issues and are essential in the transmission process of signals. 

Digital signal filters are based on Fourier transform and convolution calculations and can be 
divided into two main categories: classical filters and modern filters. Classical filters are used to 
remove interference signals at different frequencies when the desired signal and interference signal 
are at different frequency bands. They include high-pass filters, low-pass filters, band-pass filters, 
and band-stop filters. Different filters correspond to different filtering frequencies. However, when 
there is overlap between the desired signal and the interference signal, classical filters cannot 
effectively eliminate the interference signal, and modern filters are required. Modern filters estimate 
whether a signal is an interference signal using methods such as cross-correlation functions and auto-
power spectra, and then exclude the identified interference signals [6]. The main types of modern 
filters currently used include Wiener filters and Kalman filters. 

2.2. Working principle of classical digital signal filter 

Convolution is a mathematical operation that combines two functions to produce a third function. 
It is essentially a special type of integral transformation that calculates the total sum of the overlapping 
areas between a function, after it has been flipped and shifted, and another function. The expression 
for convolution of discrete signals is: 

xሺkሻ ∗ hሺkሻ ൌ ∑ xሺiሻ ൈ hሺn െ iሻஶ
୧ୀିஶ                             (1) 

If fଵሺtሻ ↔ Fଵሺwሻ  fଶሺtሻ ↔ Fଶሺwሻ, F represents the Fourier transform off, then it has: 

fଵሺtሻ ∗ fଶሺtሻ ↔ Fଵሺwሻ ൈ Fଶሺwሻ                               (2) 

The Fourier transform states that any function that satisfies certain conditions can be expressed as 
a sum of trigonometric functions. This implies that the majority of signals can be decomposed into 
an infinite number of different frequency sinusoidal waves. This allows people to process signals in 
the frequency domain through Fourier transform, greatly enriching the methods of signal processing. 
In the context of discrete signal processing, the discrete Fourier transform formula is given by: (where 
n represents the index of the time-domain discrete signal, and m represents the index of the frequency-
domain discrete signal) 

Xሺmሻ ൌ ∑ xሺnሻ ൈ e
షమెಘౣ౤

ొ୒ିଵ
୬ୀ଴                                  (3) 

Converting a time-domain signal into a frequency-domain signal allows for signal transformation 
in the frequency domain. This forms the basis for implementing filters to selectively process signals 
based on their frequencies. 

The key to the operation of a digital filter is to set a transformation function h(i). This 
transformation function takes different forms in different types of digital signal filters and is crucial 
in designing different digital signal filters. By set the input signal in the time domain with the 
transformation function h(i), we obtain the output signal. 

yሺiሻ ൌ xሺiሻ ∗ hሺiሻ                                           (4) 
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The transformation using the time-domain convolution theorem. Then we have: 

yሺwሻ ൌ xሺwሻ ൈ hሺwሻ                                          (5) 

The result y(w) obtained from equation (6) has reduced specific frequencies compared to x(w), 
thus achieving the effect of filtering. Since equation (6) involves multiplication, the functionality of 
digital filtering can be realized using a multiplier. 

2.3. The relationship between the two 

It can be observed that in classical digital signal filters, the implementation of their functions 
mainly relies on multiplication operations [7]. Therefore, the multiplier is an important component of 
classical digital signal filters and serves as the foundation for their implementation. In modern digital 
filters, although the algorithms differ significantly from classical digital signal filters, they still 
heavily rely on multiplication operations. Thus, the performance of the multiplier has a significant 
impact on the performance of digital signal filters. By optimizing the multiplier, the performance of 
the digital signal filter can be significantly improved. This article aims to reduce the power 
consumption of digital signal filter operation by designing a low-power multiplier [8]. 

3. Multiplier optimization 

3.1. Adder selection 

3.1.1 Full adder 

The 1-bit full adder can realize the addition of two input signals, output the result and calculate 
whether there is a carry, its truth table is as follows in table 1. 

Table 1. Three Scheme comparing 

a b q c 
0 0 0 0 
0 1 1 0 
1 0 1 0 
1 1 0 1 

 
Obtained from the truth table, and its logical expression is as follows: 

q ൌ a ⊕ b       c ൌ a ൈ b                                 (6) 

3.1.2 A multi-bit full adder 

The full adder introduced earlier can only perform addition for two single-digit numbers. However, 
in practical applications, it is often necessary to calculate the sum of two multi-digit numbers. This 
requires a multi-digit full adder to achieve this functionality. The most direct design of a multi-digit 
full adder is to connect multiple full adders mentioned earlier in series. The figure 1 below shows the 
logic gate circuit diagram of a 4-bit full adder. 
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Fig. 1 The logic gate circuit diagram of a 4-bit full adder (Photo/Picture credit: Original) 

The following is the calculation of important parameters for the critical path of a 4-bit carry 
lookahead adder (G represents the total logical effort of the critical path, g represents the logical effort 
of each gate circuit in the critical path. H represents the electric effort in the critical path, C represents 
the capacitance. In this case, the load capacitance of the 4-bit carry lookahead adder is 32F. B 
represents the total branch effort in the critical path, b represents the branch effort of each branch. F 
represents the path effort in the critical path. N represents the number of logic gates in the critical 
circuit. represents the stage effort in the critical path. represents the minimum delay of the critical 
path.): 

G ൌ ∏ g ൌ ସ

ଷ
ൈ 1 ൈ ସ

ଷ
ൈ 1 ൈ ଻

ଷ
ൈ 1 ൈ ସ

ଷ
ൈ 1 ൈ ଻

ଷ
ൈ 1 ൈ ସ

ଷ
ൈ 1 ൈ ଻

ଷ
ൈ 1 ൎ40.15      (7) 

H ൌ େ౥౫౪

େ౟౤
ൌ ଷଶ

ర
య

ൌ24                                    (8) 

B ൌ ∏ b ൌ 4 ൈ 4.5 ൈ 4.5 ൈ 4.5 ൌ 364.5                        (9) 

F ൌ G ൈHൈ B ൌ351232.2                                (10) 

N ൌ 14                                             (11) 

f ∗ ൌ F
భ
ొ ൌ 2.490                                       (12) 

D୫୧୬ ൌ ∑ p ൅ N ൈ F ൌ 58.86                               (13) 

E ൌ C ൈ Vୢୢ
ଶ ൌ 51.33                                 (14) 

3.1.3 carry-lookahead adder 

The carry-lookahead adder is also derived from the full adder. When the inputs are more than one 
digit, the most direct way is to connect multiple full adders in series to achieve multi-digit addition. 
However, this leads to inefficiency in operation. The principle of the carry-lookahead adder is to 
compute and directly list the logical expressions between each carry and input, thereby avoiding the 
situation where the carry from the higher positions of the traditional full adder needs to wait for the 
completion of the lower positions' computation before it can proceed. This significantly improves the 
efficiency of the adder's operation and reduces its power consumption [9]. The logical expression of 
the carry-lookahead adder is as follows (where Ci represents the carry from the i-th position, and Si 
represents the sum of the two input numbers at the i-th position, counting from the least significant 
bit to the most significant bit) 

 G୧ ൌ a୧ ൈ b୧                                    (15) 

P୧=a୧ ⊕ b୧                                       (16) 
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Cଵ ൌ G଴ ൅ P଴ ൈ C଴                                   (17) 

Cଶ ൌ Gଵ ൅ Pଵ ൈ G଴ ൅ Pଵ ൈ P଴ ൈ C଴                          (18) 

C୬ ൌ G୬ିଵ ൅ P୬ିଵ ൈ G୬ିଶ ൅ P୬ିଵ ൈ P୬ିଶ ൈ G୬ିଷ൅. . . ൅P୬ିଵ ൈ P୬ିଶ ൈ. . .ൈ Pଵ ൈ C଴      (19) 

The logic gate circuit diagram for a 4-bit carry-lookahead adder, based on the given logical 
expressions, is shown below. The critical path of this circuit is also marked in the figure 2. 

 
Fig. 2 The critical path of this circuit (Photo/Picture credit: Original) 

The important parameters for calculating the critical path of a 4-bit carry-lookahead adder are as 
follows: 

G ൌ ∏ g ൌ ସ

ଷ
ൈ 1 ൈ ସ

ଷ
ൈ 1 ൈ ହ

ଷ
ൈ 1 ൈ 4 ൎ 11.85                    (20) 

H ൌ େ౥౫౪

େ౟౤
ൌ ଷଶ

ర
య

ൌ24                                  (21) 

B ൌ ∏ b ൌ 3.25                                     (22) 

F ൌ G ൈHൈ B ൌ 924.3                                    (23) 

N ൌ 7                                           (24) 

f ∗ ൌ F
భ
ొ ൌ 2.653                                     (25) 

D୫୧୬ ൌ ∑ p ൅ N ൈ F ൌ 32.571                            (26) 

E ൌ C ൈ Vୢୢ
ଶ ൌ 43.33                                   (27) 

Based on the parameters, compared to traditional multi-digit full adders, the carry-lookahead adder 
has a significantly reduced critical path delay and reduced energy consumption under the same 
conditions. Due to its obvious advantage in delay, with further optimization of the size and set voltage 
of the carry-lookahead adder, its energy efficiency advantage will become even more apparent. 
Therefore, the carry-lookahead adder is selected as the addition component of the low-power 
multiplier. 

3.2. Algorithm optimization 

The operational flowchart of a traditional multiplier is as follows in figure 3. 
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Fig. 3 The operational flowchart (Photo/Picture credit: Original) 

It can be observed that the operational flowchart of a traditional multiplier involves decomposing 
one of the multiplicands and evaluating each bit individually. If the bit is 1, the other multiplicand is 
shifted i bits to the left (where i represents the position of the bit), added to the previous result, and 
the process is repeated for the next bit. If the bit is 0, the next bit is evaluated directly. This process 
is repeated for multiple cycles to achieve multiplication of the two numbers. This results in significant 
delay and high-power consumption [10]. In order to reduce the power consumption of the multiplier, 
this paper proposes an improvement in the operational flow by increasing the number of adders and 
shift registers. This allows for the evaluation of four bits in a single cycle, to some extent reducing 
the delay of the multiplier. Additionally, by reducing the number of repeated operations caused by 
looping in certain stages, there is a decrease in energy consumption. However, this improvement also 
leads to an increase in area requirements. The specific process is as follow in figure 4. 

 
Fig. 4 The specific process (Photo/Picture credit: Original) 

Compared to the traditional multiplier, the operational method used in this paper significantly 
reduces the number of operations of individual shift registers. Therefore, in comparison to the 
traditional multiplier, it achieves a reduction in energy consumption on the critical path. With a load 
resistance of 32F and =1, the calculation of the key parameters is as follows: 

G ൌ ∏ g ൎ 269964327303894.211                          (28) 

H ൌ େ౥౫౪

େ౟౤
ൌ ଷଶ

ర
య

ൌ24                                   (29) 

B ൌ ∏ b ൌ 4116773.808                                (30) 

F ൌ G ൈHൈ B ൌ 26673169721736262661943.012                   (31) 
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N ൌ38                                             (32) 

f ∗ ൌ F
భ
ొ ൌ 3.892                                       (33) 

D୫୧୬ ൌ ∑ p ൅ N ൈ F ൌ 356.896                               (34) 

E ൌ C ൈ Vୢୢ
ଶ ൌ 167.33                                 (35) 

3.3. Global optimization 

3.3.1 Change 𝐕𝐝𝐝 only 

Due to the formula 

E ൌ C ൈ Vୢୢ
ଶ                                          (36) 

It can be observed that in order to reduce energy consumption, it can be achieved by adjusting the 
size, as well as by changing the capacitance of logic gates in the circuit. Changing the capacitance of 
logic gates can be achieved by altering their size. Therefore, this article mainly aims to achieve further 
energy consumption reduction by adjusting the size of the adder logic gates in the multiplier circuit. 

And due to the formula 

D ൌ େൈ୚ౚౚ

୩ൈሺ୚ౚౚି୚౐ሻమ                                      (37) 

It can be observed that as energy consumption decreases, the delay of the circuit's critical path 
increases. Therefore, this article aims to ensure that.  

D ൌ 1.5 ൈ D୫୧୬                                       (38) 

While the circuit delay meets the requirement of being within a reasonable range, also ensuring a 
significant reduction in circuit energy consumption. Based on the calculations, it can be determined 
that the above conditions are met. At that time, the critical path delay of the multiplier is 530.3035, 
and the energy consumption of the multiplier is 129.68. 

3.3.2 Change size only  

Changing the size of a logic gate implies changing the capacitance of the logic gate. So, we can 
get the formula. 

E ൌ size ൈ Vୢୢ
ଶ                                      (39) 

For the convenience of calculation, in this text, only the size of the last logic gate in the circuit is 
varied to satisfy the circuit. The sizes of the other logic gates are all 1. Through calculation, it can be 
determined that when the size of the last logic gate is [insert the specific value], the delay of the 
multiplier is 530.3035, and the delay of the critical path is 116.15. 

4. Conclusion 

This article utilizes a carry-lookahead adder as a component of the multiplier through a 
comparative approach. By increasing the number of adders, the multiplier's computation is optimized. 
The designed multiplier has a minimum delay of 356.896 on the critical path and a power 
consumption of 167.33 when the size is 1 and the load capacitance is 32F. When only the optimization 
of the adders is performed, the minimum delay on the critical path is 530.3035, and the power 
consumption remains at 129.68. Similarly, when only the optimization of the logic gate size is 
performed, the minimum delay on the critical path is 530.3035, and the power consumption remains 
at 116.15. 

In addition to the methods used in this article, there are other ways to further reduce the power 
consumption of multipliers used in digital signal filters. For example, changing the ratio of the length 
and width of MOS transistors in logic gates, adopting more advanced algorithms to optimize 
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multiplier operations, and considering the use of new semiconductor compounds or memristors as 
new basic components. These approaches have shown significant effects in reducing the power 
consumption of multipliers. 
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