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Abstract. This paper offers a comprehensive examination of the Complementary Metal-Oxide-
Semiconductor (CMOS) inverter, a quintessential component in contemporary digital integrated
circuits, renowned for its minimal power consumption, robust noise resistance, and adaptability.
The focus of this investigation is the switching delay of the CMOS inverter, a pivotal attribute
that exerts substantial influence on the overall functionality of the circuitry. This discourse
undertakes a detailed exploration of the factors contributing to the CMOS inverter switching
delay, dissecting the influence of both intrinsic and extrinsic elements. Initially, the analysis
delineates the origins of the switching delay in CMOS inverters, categorizing them into internal
and external determinants. Subsequently, the study meticulously examines methodologies to
modulate these factors, thereby achieving effective control over the delay. By implementing
strategic optimizations, this research aims to diminish latency and enhance operational efficiency.
Through a theoretical lens, this paper elucidates the complex interplay between these inherent
and external factors, culminating in the optimization of the CMOS inverter switching delay. The
insights garnered from this analysis are poised to offer a substantive theoretical foundation for
the design of more efficient and reliable digital circuits in the current technological milieu.
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1. Introduction

The pursuit of energy efficiency has become increasingly critical in modern electronic systems,
propelling research and innovation toward minimizing energy consumption. One pivotal aspect of this
endeavor lies in understanding and mitigating the causes of CMOS inverter switching delay, which
significantly impacts energy usage in digital circuits. At the heart of digital systems, CMOS technology
serves as the foundation, delivering the essential building blocks for contemporary electronic devices.
The CMOS inverter, a fundamental component, plays a central role in digital circuitry by converting
input signals into their corresponding complementary outputs.

However, this seemingly straightforward operation is impeded by switching delays, which are
attributed to several key factors. Among them, the most important factor causing the switching delay of
CMOS inverters is capacitance. The parasitic resistance of CMOS is also another important factor. In
addition, the size and geometry of the transistor (including gate length and width) can greatly affect
switching delay. What’s more, operating conditions and environmental factors such as temperature
fluctuations also affect the switching characteristics of CMOS inverters [1].
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Efforts in reducing CMOS inverter switching delay hold promise for improving the energy efficiency
of digital systems. As technology progresses, a deeper understanding of these factors will pave the way
for innovative solutions, enabling the development of high-performance, low-power electronic devices
vital for a sustainable and energy-conscious future.

Therefore, this report will discuss the related causes of CMOS inverter switching delay from both
internal factors and external factors in Section 2 and give a simple explanation. Then based on these
reasons, Section 3 specifically analyses how the three aspects of transistor characteristics, external
capacitor added on the output and the propagation delay affect switching delay to the CMOS inverter
and provides certain optimization suggestions. Among them, the analysis of transistor characteristics
focuses on the impact of parasitic capacitance and parasitic resistance within the transistor on delay.

2. The main causes of delay in CMOS inverter switching

The switching delay of a CMOS inverter primarily arises due to inherent factors within the device’s
construction and external influences affecting its operation. The following will focus on the two aspects
of inherent factors and external factors to analyze the reasons for the switching delay of the CMOS
inverter and give brief explanations:

2.1. Inherent factors

The first inherent factor is the capacitance effect. Capacitive elements within the CMOS inverter, such
as gate capacitance, drain-source capacitance of transistors, and interconnect capacitance, contribute
significantly to the overall delay [2]. Charging and discharging these capacitances while transitioning
between logic states introduce a finite time delay.

Moreover, transistor characteristics are one of the inherent factors that influence the switching delay.
The characteristics of the MOSFET transistors within the CMOS inverter influence the switching delay.
Parameters like threshold voltage, channel length, width, and mobility affect the time taken for the
transistors to turn on and off, thus impacting the overall delay.

Additionally, propagation delay is another important inherent influence. The time of a input signal
transformed through a transistor and its interconnect contributes to the overall delay. This includes the
time required for the input signal to influence the gate, charge or discharge the capacitive load, and
stabilize the output [3].

2.2. External influences

The first external influence is the load capacitance. Connecting an additional load capacitor to the output
of the inverter will have a non-negligible impact on the delay. The larger the load capacitance, the longer
the charging and discharging time will be, prolonging the switching delay [4].

Supply voltage and temperature are the second factors that influence the switching delay. The reason
is that variations in the supply voltage and operating temperature significantly impact the CMOS
inverter’s switching speed. Higher voltages might reduce the delay, while elevated temperatures can lead
to increased resistance and slower transistor switching [5].

Moreover, process variations are another external factor. Manufacturing process variations can
introduce discrepancies in transistor characteristics and interconnects, leading to disparities in switching
delay among different CMOS inverters on the same chip or across manufacturing lots.

Additionally, the CMOS inverter switching delay also can be affected by the technology node and
scaling. Advancements in semiconductor technology and scaling down the transistor dimensions to
smaller nodes have led to faster CMOS devices. However, smaller dimensions can also introduce new
challenges like increased leakage currents and interconnect resistance, affecting switching delay [6].

3. Calculate and analyze the three main influencing factors and give rational suggestions

This part will focus on a detailed analysis of how the three aspects of transistor characteristics, additional
capacitor connected to the output and propagation delay affect switching delay to CMOS inverter and
provide reasonable optimization suggestions accordingly.
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Ideally, a CMOS inverter responds immediately to the input waveform, inverts and produces the
output waveform. But in fact, the output of the inverter is not real-time but will form falling edges and
rising edges (falling time ¢f, rising time t,.). The rising time t,- represents the time when the signal needs
to change output voltage from 10% of the Vp, to 90% of the Vpp. The fallng time t; represents the same,
when the time requires the signal to output voltage from 90% of the Vpp to 10% of the Vpp. The input
and output of CMOS inverter in practical is shown in figure 1.
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Figure 1. The input and output of CMOS inverter in practical (Photo/Picture credit: Original)

3.1. Transistor characteristics
To find out how the transistor characteristics affect the CMOS inverter switching delay, need to have a
deep understanding to the CMOS inverter’s internal structure. The CMOS inverter’s internal structure
is shown as follows in figure 2.
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Figure 2. MOSFET circuit (Photo/Picture credit: Original)

Moreover, the equivalent circuit model using resistors, capacitors, and switches instead of CMOS
tubes is shown as follows in figure 3.
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Figure 3. RC switch model equivalent (Photo/Picture credit: Original)
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According to the equivalent internal structure in Figure 3, it is preliminarily inferred that the reason
for the delay in the CMOS inverter is due to the presence of parasitic capacitance (Cpp, Cpp) and
parasitic resistance (R, Ry,) in the CMOS tube.

When the input V;,, is high voltage ‘1°, the PMOSFET works in ‘off” state but the NMOSFET works
in ‘on’ state, and the parasitic capacitance begins to discharge. During the process of discharging the
parasitic capacitor, the output voltage of the inverter gradually decreases, until all the electricity in the
capacitor is discharged, then the inverter output becomes 0. Therefore, the output delay (falling-edge)
of the inverter is the time required to discharge the parasitic capacitance. The falling time tf is defined
as the time for V,,,,; to fall from 0.9V, to 0.1V4.

According to the capacitor charge and discharge formula [7].

t

f(@®) = f(®) +[f(04) — f(x)]e ™ (t>0) @)
Then get the discharge formula of parasitic capacitance:
-t -t
Vout (1) = 0+ [Vgg — Ole ™ = Vyge ™ (2
Vou
t=—1, 1n(Vddt) (3)

According to the definition of fall time, the fall time ¢ is calculated:

0.1V, 0.9V,
tr = £(0.1Vyq) — t(0.9V4g) = —7, In (—dd) +1, ln( dd)
Vaa Vaa

=17,In09 —17,In0.1 =7,1n9 = 227, 4)

The steps to calculate the rise time are similar to the above. When V;;, inputs low voltage 0, the
PMOSFET works in ‘on’ state but the NMOSFET works in ‘off” state, and the parasitic capacitance
begins to charge. During the process of charging the parasitic capacitor, the voltage of the inverter output
rises gradually, until the voltage across the capacitor equals V4, then the inverter output becomes 1.
Therefore, the time of output delay (rising-edge) of inverter is the time required to charge the parasitic
capacitance. The rising time t,. is defined as the time when V,,,,; rises from 0.1V, to 0.9V;4. Therefore,
the charging formula for parasitic capacitance is obtained:

t t

Vout (8) = Vg + [0 = Vagle ™ = Vyg(1 — e ) (5)
Vou
t = —r, In1 — 2215 ©6)

According to the definition of rise time, the rise time t,. is calculated:

0.9V, 0.1V,
tr = t(09Vdd) - t(OIVdd) = —Tp In (1 - ) + Tp In (1 - —)
Vdd Vdd

=1,1n0.9 —7,1In0.1 = 7,1n9 = 2.27, (7)
According to the formula: T = RC, it is not difficult for us to find the relationship between delay and

resistance and capacitance [8]. Next, the influencing factors of parasitic capacitance and parasitic
resistance will be analyzed separately.

3.1.1. Parasitic capacitance. When the input of the inverter changes, the parasitic capacitance needs to

charge or discharge, causing a delay in signal propagation. The parasitic capacitance of a CMOS inverter
primarily depends on the transistor size. Larger transistors typically have higher capacitance [9].
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3.1.2. Parasitic resistance. To understand the impact of the size of the CMOS tube on delay, we need
to further derive the relationship between the CMOS channel resistance and its size. Take the NMOSFET
as an example:

The current flowing into the NMOS tube:

w
IDn ~ .unCox T (VGSn - VTn)VDSn (8)
Define process conductance:
k, = 1,Cp, unit:A/V? 9)

Define device mutual conductance:

w 4

Bn = tnCox T = knT unit:A/V? (10)

Calculate its channel resistance according to Ohm’s law:

Rn = VII;‘:‘ - uncox¥(VlGSn—VTn) - Bn(Vcsiz—VTn) (11)
R, = Rcoefficient,n(%) Reoefficientn = m (12)
The way to calculate the channel resistance in PMOSFET is the same:
Rp = Vlzp - Mpcox¥(Vle_|VTp|) - 5p(VSG:—|VTp|) (13)
Ry, = Reoefricientp (%) Reoefficientp = ﬂpcox(VSIDp_WTpl) (14)

According to the calculation formula of the channel resistance of the CMOS tube, the relationship
between the channel resistance value and its size can be initially obtained. The channel resistance of a
CMOS tube is proportional to its channel length but inversely proportional to its width[10]. Therefore,
the resistance can be reduced by reducing the length of the channel or increasing the width of the channel
during the design process to achieve the optimization effect.

3.1.3. Brief sum up. Thus, the relationship between the falling time, rising time and the size of CMOS
can be found as follows:

22 L

t, = 221, = R,Cpp = i Cor(Vsom—lVraD (W)pCDp (15)
22 L

tr = 22Ty = RnCpn = o ——7———()nCon (16)

The calculation of this part of the delay will ignore the influence of the external load capacitance,
that is, it is assumed that the load capacitance is 0. The effect of load capacitance on delay will be
discussed in the next section.

According to the formula, it can be concluded that the CMOS rising and falling time is proportional
to parasitic resistance and parasitic capacitance’s size. The size of the parasitic resistance is proportional
to the size of the CMOS, that is, the aspect ratio. Therefore, the rise and fall time of CMOS is
proportional to the aspect ratio of CMOS. At the same time, parasitic capacitance’s size also depends on
the transistor’s size. Typically, the larger the transistor, the larger the parasitic capacitance.

3.2. Load capacitance

Load capacitance refers to the combined effect of the capacitance at the inverter output and the
capacitance of the subsequent stages or connected elements in the circuit. When the inverter output
switches, it needs to charge or discharge this load capacitance, influencing the overall delay [11].
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The MOSFET circuit added with an external output capacitance is shown as follows in figure 4.
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Figure 4. External load capacitance [11]

The RC switch model equivalent added with an external output capacitance is shown as follows in
figure 5.
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Figure 5. Complete switching model [11]

Total capacitance is the sum of all capacitances passing from input to output, which is the parasitic
capacitance (Cggr) of the FET plus the load capacitance (Cy).

Cout = Crer + Cy, (17)
T= RCout (18)

T directly determines the rising and falling edge times.

In summary, a higher load capacitance results in a longer delay as more charge is required to change
the output voltage. Properly reducing the capacitance connected to the output can reduce the switching
delay to CMOS.

3.3. Propagation delay

The time difference between the moment when the input voltage becomes 50% V4 and the moment
when the output voltage becomes 50% V,,; is defined as the propagation delay of the inverter. The
inverter’s propagation delay is shown as follows in figure 6.
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50%Vdd

Figure 6. Propagation delay definition (Photo/Picture credit: Original)

However, such a delay is difficult to calculate. It is usually assumed V;,, inputs an ideal step signal,
and then calculate the average delay time of the inverter.

The CMOS inverter’s propagation delay is shown as follows when assuming V;,, inputs an ideal step
signal in figure 7.
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Figure 7. Propagation delay in CMOS inverter (Photo/Picture credit: Original)

The specific algorithm is as follows:

tyrt+tnr
ty =2 (19)

From to the definition of propagation delay, the propagation fall time and propagation rise time can
be calculated as follows:
When Vy,y,: changes from V4 to 0.5V4, the ty,f is calculated as follows:

0.5V, Vg
tpf = t(OSVdd) - t(Vdd) =—Tn 111( v ) + Tn In (V_)
dd dd

=t,Inl—-7,In0.5=1,In2 = 0.697, (20)

When Vy,,; changes from 0 to 0.5V, the ty, is calculated as follows:

O.SVdd OVdd
tpr = t(OSVdd) - t(OVdd) = —Tp In (1 — ) + Tp In (1 - —)
Vdd Vdd

=1,Inl —7,In0.5=17,In2 = 0.697 (21)
P P P P
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Thus, the propagation delay can be calculated:

tpf+tpr  In2
ty, = prp =—(tn + 7,) = 035(t, + 1) (22)

According to previous calculations, the factors that affect T are the aspect ratio of CMOS and the size
of the transistor. Therefore, the transmission delay of CMOS is also affected by the aspect ratio and
transistor size.

4. Conclusion

The present study provides a comprehensive analysis of the factors contributing to the switching delay
in Complementary Metal-Oxide-Semiconductor (CMOS) inverters, which play a crucial role in
contemporary digital circuits. The main objective of this research is to identify and examine both
intrinsic and extrinsic factors that impact the switching delay of CMOS inverters, while proposing
strategies for optimizing these delays to enhance the overall performance and energy efficiency of digital
circuits.

The paper commences with an introduction that emphasizes the significance of CMOS technology
in digital systems and the importance of comprehending and mitigating CMOS inverter switching delays
to minimize energy consumption. The CMOS inverter plays a critical role in converting input signals
into their complementary outputs, but this process is often impeded by switching delays. Thorough
analysis is conducted on key factors contributing to these delays, including inherent factors such as
transistor characteristics (threshold voltage, channel length and width, mobility), propagation delay, as
well as external influences like load capacitance, supply voltage, temperature, process variations, and
technology scaling. Section 3 presents meticulous analyses and calculations pertaining to the three
primary influencing factors: transistor characteristics, additional capacitors connected to the output, and
propagation delay. This study explores how these factors individually and collectively impact the
switching delay of the CMOS inverter while providing optimization suggestions. The analysis
encompasses discussions on parasitic capacitance and resistance along with their dependencies on
transistor size and geometry. Furthermore, it delves into the effects of external load capacitance on delay
while emphasizing the significance of reducing capacitance connected to the output for minimizing
switching delays.

In summary, a comprehensive understanding of CMOS inverter delay and its influencing factors is
crucial for the development of energy-efficient digital systems. Addressing these challenges necessitates
a multidisciplinary approach encompassing advancements in semiconductor technology, circuit design
strategies, and system-level optimization. As research and innovation continue to progress, there are
promising prospects for enhancing the performance of digital circuits while significantly reducing
energy consumption, thereby ushering in a new era of efficient and responsive electronic devices.
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