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Abstract. This paper is dedicated to the design of a 4 - bit absolute value 

comparator, aiming to resolve its power consumption issue. Initially, the logic 

effort method is employed to analyse the circuit structure, precisely identify the 

critical path, and optimize the sizes of devices on it to achieve the minimum delay 

state. Subsequently, by adjusting voltage parameters and fine - tuning device 

sizes, the balance between power consumption and performance is thoroughly 

explored. Experimental results reveal that when only the voltage is adjusted, with 

the delay extended to 1.5 times the original, the power consumption can be 

decreased to 60.84% of the original. Optimizing only the capacitor size can 

reduce the power consumption to 60.73% of the original under the same delay 

condition. The combined optimization of voltage and capacitor size is even more 

effective, reducing the power consumption to 51.42% of the original. This 

"performance - for - efficiency" strategy is highly applicable in low - power 

embedded systems. Future research could focus on the synergistic adjustment of 

other circuit parameters to further optimize the performance - power trade - off. 

Keywords: Logic Effort, Circuit Design, Delay Reduction, Size 

Optimization, Energy Consumption Optimization 

1 Introduction 

The binary absolute value detector occupies a key position in today's cutting-edge field 

of neuromorphic computing as well as in the burgeoning field of bioelectronic systems 

[1]. Its core function shows a striking resemblance to the delicate excitation-inhibition 

balance of neurons. Delving deeper into the biological nervous system, we find that it 

encodes information mainly by means of a unique way of threshold comparison of 

membrane potentials [2]. This is exemplified by the "all-or-nothing" release of action 

potentials, which are generated instantaneously when the membrane potential reaches 

a specific threshold, but not when it does not, in order to accurately transmit and process 

information.  

The corresponding absolute value detector, although in a different field, but in the 

function of the realization of the same wonder. It is through the exquisite digital logic 

architecture to complete the signal amplitude discrimination work, in the whole bionic  
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information processing process, this discrimination link is like a cornerstone, for the 

accurate processing and analysis of subsequent information plays a decisive role.  

Based on this, this paper is dedicated to the construction of a 4-bit absolute value 

comparison circuit to overcome the power consumption problem of the 4-bit absolute 

value detector, and innovatively proposes a comprehensive and efficient low-power 

optimization design scheme. At the beginning of the scheme, the professional method 

of logic effort is cleverly used to deeply analyses the circuit structure and pinpoint the 

critical path [3]. Once the critical path is identified, the sizes of the various devices on 

the critical path are finely optimized [4]. Through repeated adjustments and simulation 

analysis of the device sizes, the optimal size configuration for the minimum delay state 

was successfully obtained. On the basis of achieving the minimum delay, the balance 

between power consumption and performance is further explored. By changing the 

voltage parameters and fine-tuning the device size again, the latency is 1.5 times of the 

original one. After collecting and analyzing a large amount of experimental data, the 

optimal parameter combinations that minimize power consumption at this delay state 

are successfully identified, providing a practical new path for the low-power operation 

of the 4-bit absolute value detector [5]. 

2 Design of logic gate circuits 

2.1 Definitions 

In the complex task of building a 4bit absolute value comparator, the first priority was 

to clearly define and successfully implement the two core functions.  

The first key function is to convert the input complement code to the original code 

with precision and accuracy. The complement is a widely used form of encoding in 

digital systems, however, when performing operations such as absolute value 

comparisons, the original code is often easier to handle and analyses directly. To 

complete the conversion from complementary code to original code, an in-depth 

understanding of the encoding rules of complementary code is required. For positive 

numbers, the complement and the original code in the same form; but for negative 

numbers, the complement is based on the original code, the sign bit remains unchanged, 

the rest of the inverse in the lowest bit plus 1 to get. Therefore, in the design of the 

complementary code conversion circuit, we need to cleverly design the logic to identify 

the sign bit of the input complementary code, if the sign bit is 0 (indicating a positive 

number), then directly output the original code; if the sign bit is 1 (indicating a negative 

number), the circuit needs to carry out the inverse of the operation process and add 1, 

so as to accurately output the corresponding form of the original code.  

The second core function performs the task of comparing two 3-bit binary numbers. 

This function plays a critical discriminatory role in absolute value comparators. When 

designing the comparator circuit, it is necessary to take into account a variety of 

situations in which binary numbers are compared. From high to low bit by bit 

comparison, if the highest bit of the two numbers are different, then the highest bit for 

the number of 1 is relatively large (here the assumption is that the comparison of 

unsigned numbers, if the number of signs involved, but also need to be combined with 

the sign of the bit of the integrated judgement); if the highest bit is the same, then 
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continue to compare the second highest bit, and so on, until the comparison results. 

Through a series of well-designed logic gate circuit combinations to achieve this bit-

by-bit comparison function, so as to accurately determine the relationship between the 

size of the two 3-bit binary numbers.  

  In order to reach these two functions successfully, the design needs to introduce a 

complement circuit and a comparator circuit. The complement circuit focuses on 

performing the conversion from the input complement to the original code, and its 

internal logic is built around the conversion rules of the complement and the original 

code. The comparator circuit compares the size of two 3-bit binary numbers, and the 

logic gates are arranged to achieve an efficient and accurate comparison process.  

In the operation mechanism of the 4bit absolute value comparator, when the input 

value corresponding to the original code converted by the complementary code circuit 

exceeds the pre-set threshold, the comparator outputs 1, which represents that the input 

value is in a specific high amplitude range; on the contrary, if the input value does not 

exceed the threshold, the comparator outputs 0, which indicates that the input value is 

in a relatively low amplitude range. This clear and precise output signal provides a clear 

and reliable basis for subsequent digital system processing.  

2.2 Circuit design 

Design of the complementary circuits. In the field of digital circuit design, there are 

often multiple implementations of circuit construction for specific functions. This time 

we focus on the design of a circuit that adds one to a three-bit binary number as input, 

provided that the input is a four-bit binary number A3A2A1A0 and that the sign bit A3 

is not involved in the add-one operation. This design has a wide range of applications 

in many digital systems such as counters, address generators, etc., so it is important to 

find an efficient and low-power design solution. 

After in-depth research and analysis, we initially identified two feasible design 

options. The first option is to use an adder to implement the function of adding one to 

a three-digit binary number. As a basic component used to perform addition operations 

in digital circuits, the adder has a high degree of versatility and stability. It is capable 

of performing accurate addition operations on input binary numbers based on the rules 

of binary addition. For example, when the input is 010, the adder is able to add one to 

get 011 according to the principle of two into one. however, the internal structure of the 

adder is relatively complex, usually made up of multiple full adder cascades, which 

results in the need for a larger number of logic gates to implement. Numerous logic 

gates not only increase the area of the circuit and increase the manufacturing cost, but 

also cause a large delay due to the transmission of signals between multiple logic gates, 

and also consume more power, which is not conducive to the optimization of the overall 

performance of the circuit. 

The second option is to use combinational logic circuits directly to perform the add-

one operation. The output of a combinational logic circuit depends only on the current 

input and is characterized by a relatively simple structure and flexible design. By 

cleverly designing the way the logic gates are combined, specific logic functions can 

be achieved. In this circuit design for adding one to a three-bit binary number, we can 

construct a specialized combinational logic circuit based on the logic rules for adding 
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one to a binary number. For example, for the lowest bit, if it is a 0, it becomes a 1 after 

adding one, and if it is a 1, it creates a rounding. For the middle and highest bits, their 

values depend not only on the input of this bit, but are also affected by the lower 

rounding bit. 

In order to determine which solution is superior, a thorough and detailed comparison 

of the two solutions was conducted. The key metrics of the comparison focus on both 

the number of gates used and the circuit performance. After detailed theoretical 

calculations and simulation experiments, we found that the direct use of combinational 

logic circuits has significant advantages. In terms of the number of gates used, 

combinational logic circuits avoid the use of a large number of cascaded logic gates as 

in the case of adders by means of well-designed logic combinations, thus significantly 

reducing the number of gates used. In terms of circuit performance, fewer gate circuits 

mean shorter signal transmission paths, which can effectively reduce the delay time of 

signals and enable the circuit to respond to input signals more quickly. At the same 

time, the reduction in the number of gates results in a corresponding reduction in power 

consumption, which is critical for digital systems that need to run for long periods of 

time and have stringent power consumption requirements. 

Based on the results of these comparisons, we finally decided to design it in a way 

that directly uses combinational logic circuits to list truth tables and write expressions. 

The core of this design approach is to first list the truth table based on the logic rule of 

adding three binary digits to one. A truth table is a comprehensive table that shows all 

possible combinations of inputs and their corresponding outputs. For a three-digit 

binary number A2A1A0, there are 2^3 = 8 different combinations of inputs. By 

carefully analyzing the output of each input combination after the add-one operation, 

we can accurately record them in the truth table. 

Based on the truth table, we can derive the logical relationship between the output 

variables and the input variables, and then write the logic expression. Without 

introducing the A3 chip select signal, we have obtained a partial logical expression. For 

Y0, the logical expression is Y0 = A0. This is because in the operation of adding one 

to a binary number, the result of adding one to the lowest bit, A0, is either unchanged 

(when A0 = 0) or becomes 0 (which results in a rounding off when A0 = 1), so that Y0 

is directly equal to A0. For Y1, the logical expression is Y1 = A0 ⊕ A1. The rule for 

the operation of heteroskedasticity is that the output of the two inputs is 1 when they 

are different and 0 when they are the same. In the process of adding one to a binary 

number, when A0 = 1, there will be a rounding, and this rounding will affect the value 

of A1, which will be reversed after the addition operation, and the different-or operation 

can accurately describe the effect of this rounding on the output of A1. For the logical 

expression of Y2 (the original content is not given here in full), it will be determined 

according to the logical relationship between A0, A1 and A2, as well as the rules of the 

plus one operation of the rounding rule, which usually involves a combination of basic 

logical operations such as and, or, and not. 

After obtaining the complete logic expressions, we can draw the circuit diagram 

based on these expressions. To further optimize the performance of the circuit, we have 

used a transmission gate instead of the conventional data selector in the design of the 

circuit diagram. A data selector is a commonly used digital circuit component to select 

an output from multiple input signals. However, the internal structure of a data selector 

is relatively complex, containing multiple logic gates and control signals, which results 
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in a large signal transmission delay and also consumes more power. The transmission 

gate is a simple switching element based on the MOS tube principle, which is able to 

conduct or cut off according to the state of the control signal, thus enabling data 

selection and transmission [6]. When the control signal is high, the gate conducts, 

allowing the signal to pass; when the control signal is low, the gate cuts off, preventing 

the signal from passing. By using transmission gates, we have successfully simplified 

the circuit structure, reduced the delay time of signal transmission, and also reduced the 

energy consumption of the circuit. 

Specifically, when A3 is 1, we use the control signal to turn on Y3Y1 in the figure, 

and then the circuit outputs the negative original code. Here, the negative original code 

refers to a form of representation of negative numbers under specific coding rules. 

When A3 is 0, we change the control signal to energies Y4Y2 in the diagram, which 

also outputs a negative source code. By introducing a transmission gate and combining 

it with the A3 chip select signal, we have achieved a flexible data selection function. 

This function enables the circuit to select the appropriate output path according to 

different situations, thus improving the practicality and reliability of the circuit. In 

practice, this flexible data selection function allows the circuit to switch between 

different operating modes to meet diverse needs. Complementary circuit design is 

shown in Figure 1. 

 

Fig. 1.  Complementary circuit design (Photo/Picture credit: Original) 

Comparator circuit design. A common way of designing comparators is by using 

logic expressions [7]. 

Y=A2B2'+(A2⊙B2)A1B1'+(A2⊙B2)(A1⊙B1)A0B(0)'          (1) 

However, constructing the circuit using the same-or gate requires more MOS tubes 

than the same-or gate, and the circuit has more delay and power consumption, so use 

your same-or gate to construct the circuit, using Moore's law to make changes to the 

logic expression, here replacing (A2⊙B2) as a whole with  . It is possible to 

build the circuit without using the same-or gate. 
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Write the logic expression and draw and circuit diagram based on the truth table: 

realise that the output is 1 when A2A1A0 is greater than B2B1B0 and 0 for the rest of 

the cases. 

Logical expressions: 

              (2) 

The final comparator circuit diagram is obtained as follows in Figure 2. 

 

Fig. 2.  Comparator circuit design (Photo/Picture credit: Original) 

2.3 Circuit diagram as a whole 

Overall circuit diagram of the absolute comparator is shown in Figure 3. 

 

Fig. 3.  Overall circuit diagram of the absolute comparator (Photo/Picture credit: Original) 

3 Critical path selection 

3.1  Comparison of critical paths 

Based on the most logic gates passed through, two paths were first selected and then 

their delays were calculated for each of the two paths and the one with greater delay 

was defined as the critical path [8]. 
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3.2 Calculation of path delay 

In order to find the critical path with the maximum delay, it is necessary to calculate 

the time delays of two possible paths and then compare them. Here, the circuit design 

of Critical Path 1 is shown in Figure 4. Determine the optimal capacitor sizes with 

logical effort [9]. 

 

Fig. 4.  The design of Critical Path 1 (Photo/Picture credit: Original) 

             (3) 

                     (4) 

                       (5) 

                   (6) 

                (7) 

    (8) 

 

Fig. 5.   The design of Critical Path 2 (Photo/Picture credit: Original) 

      (9) 

             (10) 
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             (11) 

             (12) 

           (13) 

   (14) 

3.3 Optimization of critical path dimensions 

By means of the formula, Capacitor sizes at various stages are shown in Table 1. 

Table 1.  Capacitor sizes at various stages 

Stage Cin 

1 2.667 

2 1.46 

3 2.466 

4 5.549 

5 12.486 

6 21.070 

7 23.704 

Cload 32 

4 Optimization of energy consumption 

4.1 Calculate the energy consumption of the critical path 

According to formula E = P * C * VCC ^ 2 [10]. Firstly, the probability of each node 

on the critical path converting from 0 to 1 is calculated and the probabilities are shown 

in table 2 below. 

Table 2.  The probability of each node transitioning from 0 to 1 

Stage P (0) P (1) P (0→1) 

1 1/4 3/4 3/16 

2 7/8 1/8 7/64 

3 11/16 5/16 0.215 

4 5/16 11/16 0.215 

5 55/256 201/256 0.169 

6 0.9165 0.035 0.034 

7 0.54 0.46 0.248 

Bringing in the energy consumption formula at Vcc = 1V calculates the energy 

consumption to be 17.402. 
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4.2 Optimization of energy consumption 

Voltage change only. According to the formula 

          (15) 

             (16) 

Calculated critical path energy consumption is 10.587 reduced to 61% of original 

Changing capacitor size only. Based on the formula 

         (17) 

    (18) 

The energy consumption of the critical path is calculated to be E' = 10.569. The 

capacitor sizes on the critical path are as follows in Table 3. 

Table 3.  Capacitor sizes at various stages 

Stag

e 
1 2 3 4 5 6 7 

Clo

ad 

h 
0.49 0.75

1 
1.3

1.5 
11.29

1.416 32 
8 2 3 9 

Cin 2.67 1.33 1 1 
1.3

3 
2 

22.59

8 
32 

Simultaneous change of voltage and size. Based on the formula 

         (19) 

Obtain m = 1.302 and V = 0.844 when energy consumption is minimized. The 

dimensions of the capacitors are obtained as follows in Table 4. 

Table 4.  Capacitor sizes at various stages 

Stag

e 
1 2 3 4 5 6 7 

Cloa

d 

0.49 0.75 1.3 1.79 2.88 4.64
h 

8 2 
1 

3 5 7 2 
32 

Cin 2.67 1.33 1 1 1.33 2 6.89 32 

The energy consumption of the critical path is calculated to be E' = 8.753. 
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5 Conclusion 

In circuit design, there exists a notable trade - off between performance, exemplified 

by delay, and energy consumption. Through optimization experiments on absolute 

value comparators, it has been proven that appropriately sacrificing circuit performance 

can lead to a substantial reduction in energy consumption. 

When only the voltage is adjusted, stretching the delay to 1.5 times the original and 

decreasing the operating voltage can cut the energy consumption to 60.84% of the 

initial value. This is due to the squared relationship between voltage and energy 

consumption, indicating that even with the increased delay, there is still a significant 

improvement in energy efficiency. 

Merely optimizing the capacitor size can reduce energy consumption to 60.73% of 

the original under the same delay condition. This is achieved by methods like reducing 

switching activity or load capacitance, demonstrating that capacitor optimization 

effectively lessens dynamic power consumption related to capacitor charging and 

discharging. 

The combined optimization of voltage and capacitor sizing is even more efficient, 

further reducing energy consumption to 51.42% of the original. This showcases the 

potential of co - optimization, maximizing energy efficiency gains while still meeting 

the delay requirements. 

In general, circuit power consumption can be remarkably decreased through voltage 

scaling, capacitance optimization, or their combination, even with a slight compromise 

in performance such as increased latency. This validates the "performance - for - 

efficiency" strategy, which is particularly useful in latency - insensitive yet efficiency 

- oriented application scenarios like low - power embedded systems. Future research 

can explore the synergistic adjustment of additional circuit parameters, such as 

threshold voltage and architecture - level optimization, to expand the Pareto - optimal 

performance - energy boundary. 
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