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Abstract: The development of the integrated circuit industry has led to an increase in both the 

operating frequency and integration density of CMOS circuits, which has also resulted in a 
rising power density. To address the various adverse effects of increased power consumption 

on chip design, low-power design has become an essential aspect of chip development. This 
paper begins by examining the origins of power consumption and, based on this analysis, 

introduces low-power design techniques at the system architecture level, RTL level, as well 

as clock gating, multi-threshold voltage technology, and power gating techniques. These 
approaches allow designers to choose the optimal combination of power-saving techniques 

according to specific design needs, achieving lower power consumption without 

compromising performance. 
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1. Introduction 

The integrated circuit industry has been continuously developing and advancing over time. Integrated 
circuits are now classified by their scale, including small, medium, large, and very-large-scale 

integration (VLSI). With continuous advancements in technology, improvements in the capacity and 

speed of integrated circuits have also become evident. 
There is a well-known principle in integrated circuits called Moore's Law. This law states that 

approximately every two years, the number of transistors that can be accommodated on an integrated 
circuit will double, resulting in a corresponding increase in computing power. This principle suggests 

that as technology progresses, computer performance will grow exponentially, while costs will 

relatively decrease. Moore's Law reflects both the pattern of development in the electronics and 
information industry and the pace of technological innovation. 

Although in recent years, growth in the size of integrated circuits has slowed due to bottlenecks in 
foundational areas such as semiconductor physics and device technology, integrated circuits have not 

yet reached the limit of their feature sizes. The growth rate still allows for doubling every two to three 

years. Currently, most chips use low-power complementary metal-oxide-semiconductor (CMOS) 
structures [1]. However, due to the increased integration, transistor count, and operating frequency, 

the overall power consumption of chips remains high.  
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In summary, during the early stages of integrated circuit development, power consumption was 

not a prominent issue due to the relatively small scale of circuits. The main focus was on chip speed 
and area, while power consumption was a relatively secondary consideration [2]. However, with the 

rapid growth of the chip industry, attention to power consumption in chip design has significantly 
increased. Both academic and industrial sectors, domestically and internationally, are heavily 

invested in the research and application of low-power design. Some large chip companies have even 

established dedicated teams focused on low-power chip design, further underscoring the critical 
importance of power management. 

2.  Sources of Power Consumption in CMOS Integrated Circuits 

In today's highly integrated chips, CMOS devices are widely used due to their numerous advantages, 

such as low power consumption, strong anti-interference capability, wide power supply voltage range, 

high input impedance, strong load-driving capability, and large logic swings. Among them, power 
consumption is primarily composed of dynamic and static elements. Dynamic energy refers to the 

power consumed during the switching of gate outputs during logic transitions, and it primarily 
consists of short-circuit power (conduction power) and switching power. Static power, on the other 

hand, is mainly caused by leakage current and is also referred to as leakage power [3]. Therefore, the 

total power consumption can be expressed as shown in Equation (1), with the main sources of total 
power being short-circuit current power, switching power, and leakage power. 

 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑤𝑖𝑡𝑐ℎ + 𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 + 𝑃𝑙𝑒𝑎𝑘𝑎𝑔𝑒  (1) 

2.1. Switching Power (P_switch) 

When the input signal switches states, the load capacitanceCL  charges and discharges at the output 

in response to the signal transition, resulting in power consumption.  

 

Figure 1: Charging and Discharging Diagram of a Simple CMOS Inverter Circuit. 

As shown in Figure 1, when Vin is at a low level, the PMOS transistor conducts, whereas the 

NMOS transistor remains inactive, causing Vout to be at a high level. At this point, the output charges 
the load capacitance CL. When Vin is at a high level, the PMOS transistor remains inactive, while the 

NMOS transistor is activated, causing Vout  to be at a low level. Since the load capacitance CL  was 

charged when Vin was at a low level, it will discharge when Vout  is at a low level. 
From the perspective of power consumption, when the inverter undergoes a transition from a low 

potential to a high potential, the load capacitance CL draws 𝐶𝐿𝑉𝐷𝐷
2  joules of energy supplied by VDD. 

This energy will be retained in the capacitor and dissipated in the transistor in the form of heat. When 
the input transitions from a high state to a low stat, the energy stored in the capacitor is dissipated 

through the NMOS transistor during discharge [4]. Short-circuit current power consumption 
(P_internal) and switching power consumption increase during the charging and discharging process. 
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Therefore, the calculation of dynamic power must also consider the switching probability, as 

expressed in the following equation. 

 𝑃𝑠𝑤𝑖𝑡𝑐ℎ = 𝛼 ∙ 𝑉𝐷𝐷
2 ∙ 𝐶𝐿 ∙ 𝑓𝑐𝑙𝑘 (2) 

VDD represents the power supply voltage, α is the switching factor, defined as the likelihood of 

signal transitions caused by clock transitions, and  𝑓clk is the clock frequency. Switching power 

constitutes the major portion of the energy consumption in CMOS circuits. From the equation, it can 
be concluded that switching power can be controlled by reducing VDD , the switching probability, 

load capacitance, and operating frequency. 

2.2. Short-Circuit Power (P_internal) 

In an ideal situation, the input signal of an inverter is a step signal, so at the same time point, only 

one of the P or N transistors is on while the other is off. This means there is no direct current pathway 
between the power supply and ground, which leads to zero power loss [5]. However, in actual circuits, 

due to signal delay, N and P transistors may turn on simultaneously at certain times, leading to the 
appearance of short-circuit current and causing short-circuit power consumption. To minimize this 

power consumption as much as possible, the rise or fall time of the output can be limited to be greater 

than the input transition time in order to optimize short-circuit current. However, this results in a 
longer output transition time, which lowers circuit speed, impacts the short-circuit power 

consumption of the next stage, and may cause transition time violations or even timing issues. 
Therefore, when optimizing short-circuit current power consumption, both local and global effects 

should be considered comprehensively [6]. The relationship is expressed as follows: 

 𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑉𝐷𝐷 ∙ 𝑇 ∙ 𝐼𝑠ℎ𝑜𝑟𝑡 ∙ 𝑓𝑐𝑙𝑘 (3) 

In the above equation, VDD  represents the power supply voltage, T is the short-circuit time during 
which both the N and P transistors are turned on at the same time, Ishort is the short-circuit current, 

and 𝑓clk is the clock frequency. It can be concluded that short-circuit power consumption is directly 

proportional to the power supply voltage, short-circuit time, short-circuit current, and clock frequency. 

2.3.  Static Power Loss 

Static power consumption mainly comes from the leakage power of transistors. In ideal circumstances, 

a direct current path between the power supply and ground would not exist, resulting in no static 
power consumption. However, in real circuits, there is always some leakage current. While this 

current is small enough to be negligible for a single transistor, as the number of transistors in modern 

chips increases due to technological advancements, static power consumption also intensifies due to 
the growing number of transistors. Leakage current primarily originates from: 

• Subthreshold current: When the transistor operates in the subthreshold region, although the gate 

voltage is below the threshold voltage, a small amount of current will still flow. 

• Gate leakage current: When there is a voltage at the gate, a current will be generated due to the 

electric field between the gate and the substrate, causing electrons to flow from the substrate to the 

gate or from the gate to the substrate. 

• Reverse-biased junction current: There can be leakage current through the PN junction that is 

reverse-biased between the source or drain and the substrate [7]. 
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3. Low-Power Design 

3.1. System Architecture-Level Low-Power Design 

3.1.1. System Architecture-Level Low-Power Design. 

From the previous power consumption equation, it can be understood that voltage is closely related 
to power consumption. The multi-voltage design approach includes: 

(a) Different voltage regions have their own fixed voltage. 

(b) Different voltage regions have their own fixed voltage, and software determines which voltage 
region to select. 

(c) An adaptive approach is used, where the voltage regions are variable, and the software decides 
which voltage region to select 

3.1.2. System Architecture-Level Low-Power Design 

In the design process, system functions can be implemented using either hardware or software, though 
the majority of the system's power consumption is attributed to the hardware units. During this 

process, the way the software organizes and interacts with the hardware has a significant effect on 
power consumption. Therefore, in the design process, while meeting usage requirements, the voltage 

should be kept as low as possible, and timing requirements must also be satisfied. This requires 

selecting which parts of the system to implement in hardware or software based on the required 
performance. 

3.1.3. System Clock Design 

The clock is the highest frequency signal in the system, and power consumption also increases 

significantly during the continuous toggling of the clock. Therefore, during the design phase, the 

clock module should be controlled according to the specific requirements of different applications. 
Different clock frequencies should be selected for different modes, and unused clocks should be 

turned off in certain states. 

3.2. RTL-Level Low-Power Design 

At the RTL stage, the primary emphasis is on minimizing switching activity in the design. Since 

switching activity is proportional to dynamic power consumption, reducing it can effectively lower 
dynamic power. Switching activity is determined by the transition probability and the number of 

transitions per unit time. Therefore, power reduction can be approached by minimizing these two 
factors. During RTL coding, it is important to reduce unnecessary transitions as much as possible. 

Since signal transitions cause circuit switching, one way to reduce switching activity is by using a 

one-hot encoding scheme to decrease the number of bits that switch. For example, in a sequence like 
0000, 0001, 0010, 0100, regardless of how the state transition occurs, only 2 bits change between 

adjacent states. This approach helps mitigate the uncertainties caused by speed and race conditions in 
the circuit. 

Circuit switching is also caused by the presence of glitches. Glitches are the result of race 

conditions and hazards in the circuit. Due to the differences in delays and paths in various parts of 
the circuit, the arrival times of signals at a node may vary, which leads to the generation of glitches 

at the output. 
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3.3. Clock Gating Technology 

Power usage in CMOS circuits is closely related to frequency. Typically, the clock tree consists of 
numerous buffers and inverters, and in program design, the clock signal is often kept toggling 

continuously. As a result, clock power consumption accounts for at least 30% of the chip’s dynamic 
power consumption [8]. Power can be reduced by masking and minimizing signal transitions to 

prevent unnecessary signal propagation to subsequent stages. The primary methods include reducing 

the capacitive load of the clock network, lowering the power consumption of internal registers, and 
minimizing the number of required multiplexers. 

 

Figure 2: Clock Gating Circuit Diagram. 

As illustrated in Figure 2, when the clock signal (CLK) is low, the latch is transparent (connected); 
when CLK is high, the latch holds its state (locked). This means that when CLK is low, G_CLK is 

also low. However, when CLK is high, the value of G_CLK reflects the value of EN at the rising 

edge of CLK. Thus, the latch can effectively retain the value of EN without impacting the CLK cycle. 
Additionally, clock gating technology can facilitate low-power memory design by efficiently 

trimming the clock tree [9]. 

3.4. Multi-Threshold Voltage Technology 

With the continuous advancement of semiconductor technology, the size of semiconductor devices 

has been shrinking, and the number of transistors within devices has increased. As a result, supply 
voltages have decreased, and threshold voltages have also become lower. Therefore, power 

consumption must be optimized accordingly during design. Since threshold voltage has an 
exponential impact on leakage power, cells with a higher threshold voltage exhibit reduced leakage 

power but slower speed, whereas cells with a lower threshold voltage experience increased leakage 

power but faster speed. In our design, we can take advantage of the characteristics of a multi-threshold 
voltage library to create high-performance designs. For example, in a design with multiple timing 

paths, the path with the longest delay is called the critical path. To meet timing requirements, low-
threshold voltage cells may be applied along the critical path to reduce delay and improve timing. On 

non-critical paths, high-threshold voltage cells can be employed to lower static power consumption. 

Therefore, the appropriate use of different multi-threshold cells can enable the design of chips with 
reduced static leakage power and high performance[10]. 

3.5. Power Gating Technology 

At the current level of technology, even if the circuit is not switching, it still consumes a significant 

amount of static power. This necessitates the use of power gating technology. The main idea is that 

when a certain module is inactive for a period of time, its power supply can be turned off, and when 
needed, it can be turned back on. To quickly resume operation, the state of the module is preserved 

before the power is turned off. 
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The first part of this work explores the sources of power consumption, revealing that power 

consumption in circuits mainly comes from static and dynamic power. The equations are analyzed to 
investigate the factors influencing these two types of power consumption. Based on these influencing 

factors, the later part discusses several low-power design techniques. 

4. Conclusion 

With the continuous improvement in integrated circuit manufacturing processes and the increasing 

demand for low power consumption and high reliability, significant advancements have been made 
in low-power design technologies for integrated circuits, while also placing greater emphasis on 

research in low-power technologies. 
The main work of this paper includes a detailed analysis of the sources of power consumption in 

CMOS circuits, which primarily come from the static and dynamic power of transistors. From the 

perspective of equations, both categories were analyzed, revealing the basic directions and methods 
for reducing power consumption. These include approaches related to supply voltage, clock 

frequency, load capacitance, switching activity, and leakage current. Various low-power techniques 
for integrated circuits were also analyzed, including system architecture-level low-power design, 

RTL-level low-power design, clock gating, multi-threshold voltage technology, and power gating. 

Due to my limited knowledge and capabilities, I have only explored a few aspects of low-power 
design in this work. Firstly, the methods applied in this paper represent just a fraction of the available 

low-power design techniques, and there are many other methods that I have yet to explore. 
Additionally, in terms of power analysis, I hope that in future research, I can leverage more advanced 

tools and methods, such as performing more detailed power evaluations through the measurement of 

actual chips in combination with back-end simulation tools, rather than being limited to estimations 
in the front-end and mid-stage design phases. 
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