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Abstract. As integrated circuits and technology have advanced, people's requirements for integrated
circuits are getting higher and higher, and integrated circuits with high performance, low latency and
low power consumption characteristics are needed to satisfy all kinds of human needs. However,
meeting these needs requires a balanced optimization of circuit delay and energy consumption. The
gate size and voltage need to be varied simultaneously, and the most suitable voltage and gate are
found by combining the gate size and voltage ratio using a linear programming solver. This method
can find the optimal gate size and voltage for minimum power circuits with delay requirements, and
it also provides new possibilities for comprehensive optimization of Complementary Metal Oxide
Semiconductor (CMOS) integrated circuits from both performance and energy perspectives and
provides new ideas for IC optimization. In the future, it is necessary to continue to explore the
automatic optimization techniques and use deep learning techniques to obtain more efficient circuit
optimization methods.
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1. Introduction

With the rapid development of integrated circuits, nowadays, integrated circuits have penetrated all
corners of the society and have a very wide range of applications in medical, communication, and
transport. In the pursuit of higher performance, more complex functions and smaller size at the same
time, the power consumption and propagation delay of the circuit will rise at the same time, from the
point of view of circuit efficiency and reliability as well as saving energy and packaging costs, the
optimization of the circuit's propagation delay and power consumption has become an urgent issue
[1]. CMOS is the most used logic style for integrated circuits, and the optimization of CMOS circuits
has become the key to solving this problem.

In this paper, the basic structure of the inverter, which is the fundamental unit of CMOS integrated
circuits, and its working principle are introduced, from which the concepts of propagation delay and
circuit power consumption are introduced, and the subsequent chapters explain why delay
optimization is necessary, how to optimize the delay, why power optimization is necessary, what
constitutes power optimization, and how to optimize the power consumption, and finally, the power
optimization methodology is presented in the form of a 4-bit absolute value detector as an example,
a power optimization method based on a 1.5 times minimum latency circuit is proposed - gate sizing
and voltage scaling are combined to find the most suitable voltage and gate by using a linear
programmer solver.

In this article, CMOS circuits are briefly introduced, and how circuits can be optimized is analyzed
from the perspectives of delay and power consumption, and a circuit power optimization method
based on constrained delay is proposed, which is able to minimize the power consumption in case of
meeting the performance requirements, and provides new possibilities for the optimization of CMOS
integrated circuits from the perspectives of both performance and energy in an integrated manner.
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2. Basic Theoretical knowledge

2.1. Concepts of CMOS Integrated Circuits
As the basic unit of CMOS logic circuit, the inverter has a structure as shown in the figure 1 below.
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Figure 1. Structure of an inverter (Photo/Picture credit: Original)

A CMOS inverter is composed of an NMOS and a PMOS. The gate of the PMOS is connected to the
gate of the NMOS, which is regarded as the input terminal of the inverter. The drain of the PMOS is
connected to the drain of the NMOS, which is called the output terminal of the inverter. Whereas the
source and substrate of NMOS are connected to ground, the source and substrate of PMOS are
connected to the power supply terminal, or Vdd. When the input is low level (Vin = 0V), the output
terminal is high level (Vout=Vvdd). When the input voltage gradually increases so that the gate voltage
is equal to the voltage supplied, the output terminal will be discharged to zero potential through the
n-channel. This is what an inverter does.

As a widely used logic style, the main feature of CMOS s its low power consumption. The CMOS
circuit has a special complementary structure of field effect transistors. During operation, one of the
two field effect transistors is stationary, and the other is conducting, so the static power consumption
is nearly equal to zero in theory. However, due to the static power consumption caused by the
existence of leakage current losses in the transmission process, and the dynamic power consumption
that includes three types of power consumption, namely, capacitive power consumption caused by
logic jumps, competing risky power consumption caused by pathway delays, and short-circuit power
consumption caused by instantaneous conduction of circuits, there is a small amount of power
consumption in the CMOS integrated circuits [2, 3].

2.2. Propagation Delay

The time which takes for digital signals to move from the location in a logic circuit to another is
regarded as the propagation delay. Reducing propagation delay is crucial in digital circuits to
guarantee that signals reach their destinations on schedule. In VLSI design, many techniques are used
at each design stage to minimize propagation delay. For example, buffer insertion, using fast logic
families, transistors sizing, negative group delay (NGD) active circuit, inserting high-k dielectric
materials are used [4, 5]. Methods usually used is detecting the critical path and then optimize the
circuit to reduce the critical path delay [6]. However, limiting propagation delay also involves trade-
offs. It is known that a VLSI computation that implements a specific algorithm needs more energy
the faster it computes, so techniques like buffer insertion and using fast logic families would increase
power consumption.

Although reducing propagation delay is critical, designers must weigh its advantages against possible
trade-offs. This is an important problem which needs to be solved.
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2.3. Circuit Power Consumption

In integrated circuit design, another issue that needs to be considered is power consumption. Power
consumption is an important factor in ensuring the function of circuit. Power consumption is related
to performance, the higher the power consumption, the better the performance. However, as the level
of integration of integrated circuits increases, the greater the power consumption can lead to high
circuit temperatures or even circuit damage, while excessive power consumption can also cause
difficulties in packaging [1]. As a result, people should focus on energy consumption when designing
circuits.

As mentioned in section 2.1, static power consumption and dynamic power consumption constitute
the power consumption in CMQOS circuits, and hence the power consumption can be optimized from
these two perspectives. From this aspect, design techniques used in CMOS integrated circuit with low
power consumption can be separated into three parts: dynamic power design, static power design,
and low-power integrated technology [7]. More detailed methods will be described in later chapters.

Transistor sizing plays an essential role in circuit design when considering the purpose of increasing
the speed and reducing the power consumption of integrated circuits [8].

3. Optimization of Delay and Circuit Power Consumption Analysis

3.1. Optimization of Propagation Delay

Propagation delay is the time which takes for signals to move from the input to the output of a CMOS
gate. There are two parts to propagation delay: extrinsic delay and intrinsic delay. Extrinsic delay is
the result of external elements like connection capacitance and wire resistance, whereas intrinsic
delay is the result of the internal design and operation of the gate. Problem can be solved from these
aspects.

To reduce propagation delay, tons of methods have been proposed. Many scholars posted that
transistor sizing was a good way to improve the delay, however, this way would have a significant
effect layout area exist. In 1995, a method named transistor reordering was proposed to complete
delay optimization with little effect on layout area exist, this method targets the reduction of
charging/discharging events in the logic gate’s internal capacitance to optimize delay [9]. Rearranging
the transistors in a MOS logic gate may be a useful method of reducing latency because the transistor
order can have a big impact on the propagation delay of the gate [10]. This strategy was improved in
2022, and the suggested algorithm reorders by taking into account both the transistor's input
characteristics and its likelihood of being active [11].

Besides, another technique to reduce delay is called variable input delay (VID) technique. VID is a
way of repairing clock signals. Much of the dynamic power consumption is attributed to clock delay.
Square-wave signals must be timed simultaneously by multiple modules in highly synchronous
circuits. As a result, there is significant power consumption due to the wasted clock signals that are
used by various modules. As a result, by supplying clock signals to idle gates, this method avoids the
delay [12]. In this article, the author used the concept of VID to design circuits for both two-input
NAND gates and full adder. The gate delay, net delay and total delay of the circuit designed using
this method are all much smaller than circuits designed without VID technique. It is clear that VID is
a good method for circuit delay optimization.

The last technology talked about optimizing delay is buffer insertion. The most influential technique
posted by Van Ginneken gave the possible locations of buffers and helped solve the delay
optimization problem effectively [13]. Buffer insertion is thought to be highly effective at reducing
propagation latency, to increase timing performance, additional buffers are required as the design size
decreases. However, the buffer consumes energy, which means that the more buffers are inserted, the
more energy is consumed. That is a tricky problem need to settle.
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3.2. Circuit Power Consumption Optimization

Since integrated circuit power consumption has two strategies: static power consumption and
dynamic power consumption, these two aspects are also considered in the design of circuit power
consumption optimization. Leakage current primarily causes the static power consumption, which is
mainly related to process control, power supply voltage and threshold voltage. Dynamic power
consumption consists of three parts. As mentioned in Section 2.3, it can be optimized from five levels:
physical level, logical level, RTL level, behavioral level and system level, and the optimization effect
decreases step by step.

In the past, the main part of the circuit power consumption is the dynamic power consumption, but
with the reduction of feature size, leakage current is getting larger and larger, and static power
consumption has become the main part of circuit power consumption optimization [7].

Different methods exist for reducing leakage power depending on how a system operates. Many
techniques, including as technology scaling, voltage scaling, clock frequency scaling, switching
activity reduction, etc., were employed to reduce static power.

Multi-Vth optimization is a very useful technique to reduce leakage currents to optimize static power
[14]. To maximize power and delay, this method makes use of transistors with numerous threshold
voltages (\Vth). Here, clock durations were kept to a minimum by using low voltage components in
crucial delay paths. To minimize static leakage power on non-critical channels without causing a
delay cost, higher voltage devices were employed [15].

As for the optimization of dynamic power consumption, many techniques are used at different levels.
For transistor level, high-k materials are used for gate dielectric [16]. By using high-k materials, the
gate leakage is reduced effectively, although it will increase short-channel effects. For circuit level,
transistor sizing can be used. An integrated circuits transistor size has effect on both the energy loss
and the gate delay [16]. Transistors with wider sizes in logic gates will have smaller gate latency, but
the gate’s switching energy consumption will rise. To cut consumption without changing the critical
path delay, calculating the positive slack is a useful method.

3.3. Circuit Power Optimization Based on Delay Limiting

In actual integrated circuit design, it is impossible to satisfy only a single optimal delay or optimal
power consumption. The most important thing is to find a balance between the two. When optimizing
power consumption for a circuit with delay constraints, it is necessary to consume as little energy as
possible while meeting the actual required delay conditions.

Taking a 4-bit absolute value detector as an example, energy loss needs to be minimal when the
transmission delay is equal to 1.5 times of minimum latency. Sizing the gate and supply voltage
scaling should be both used.

Regarding the computation and optimization of the delay, it is necessary to apply the theory of logical
effort [17]. The sum of the delays for each stage yields the overall delay.

Delay = D X t, 1)

For this formula, tp0 is named parasitic delay of an inverter and the formula for solving D will be
given below.

D=g-h+p (2

h = fout (3)

Cin
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Besides, the impact of VDD on delay should also be considered, delay can be assumed that it is
proportional to VDD as

Vbp
Voo (Vpp-Vr)? )

This function satisfies the minimum value when VDD equals 1, hence the delay is minimal. VDD
has an impact on energy usage as well. The study makes a 50% delay increase as a compromise. This
indicates that when the function equals 1.5 times of the minimum latency, the VDD must be solved.
The function value that determines the minimum delay when VDD equals 1V. In conclusion, when
examining the effect of VDD on the overall delay, VDD can be equivalent to 0.775.

By using these formulas, it can be easy to find the best size and voltage to meet the requirement of
delay. As for the energy consumption, there are some formulas.

Pstatic = Istatic X Vop (5)
denamic =a-f- VDDZ (€, +0) (6)

CL represents the load capacitance, C denotes the CMOS structure's internal capacitance, f signifies
the operation frequency, and a signifies the transition rate. The internal capacitance is determined
during the delay optimization step, and the load capacitance should be designed by the designer.
Alpha has a connection to transistor.

After knowing about all the parameters, the optimization of delay and energy consumption sees easy
than before. By using a linear programming solver, the best transistor size and supply voltage will be
found.

4. Conclusion

It can be known from other scholars’ papers, the power consumption increases while the delay
decreases as VDD increases. Consequently, in order to maximize the circuit, a balance between power
and delay must be achieved. Because in a conventional cell design, dynamic power consumption
continues to be the main source of energy consumption.

For the future, it is need to optimize the energy consumption model, making it possible to calculate
the dynamic energy consumption more accurately. At the same time, we need to continue to explore
automated optimization techniques in depth, combining circuit optimization with deep learning, and
thus obtaining efficient circuit optimization methods to reduce the delay and power consumption. UT
Austin, in collaboration with Intel, has proposed a method for gate sizing using deep neural networks.
The authors trained two deep learning models at the same time, where the critical-network is
responsible for evaluating the effectiveness of each gate sizing, and the actor-network is responsible
for the most effective sizing method, using this method can significantly reduce the number of
searches needed and obtain less design time, but this method is still supervised learning rather than
reinforcement learning. not reinforcement learning and applying reinforcement learning methods is
still a major challenge.
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