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Abstract
Signals passing through digital circuitry are often required to 
reach their destination as quickly as possible. However, in some 
specific cases the signal must be slowed for various reasons. For 
instance, a particular signal may need to synchronize with other 
sections of a chip, requiring the use of a delay element. Several 
different types of these elements have already been proposed 
and they each have their strengths and weaknesses. This paper 
examines delay elements in terms of their relative delay value, 
signal integrity, power consumption and area. The requirements 
of these delay elements depend strongly upon their designated 
application scenario. Designers can use the information in this 
paper to determine which delay element will best suit their needs. 
This paper comprehensively reviews ten different delay element 
architectures for use in CMOS VLSI design. These delay elements 
have been compared both analytically and using simulations 
in terms of four important parameters: delay, signal integrity, 
power consumption, and area and it has been found that they have 
widely varying characteristics. The results presented in this paper 
expressed as parameter ranges will enable a designer to select the 
most appropriate delay element that meets delay, signal integrity, 
power consumption and area specifications.
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I. Introduction
A delay element is a circuit that produces an output waveform 
similar to its input waveform only delayed by a certain amount 
of time. Here, ten delay elements have been compared  in terms 
of four relevant parameters: delay, signal integrity, power 
consumption, and area. These delay elements can be categorized 
into three families: transmission gate based, cascaded inverter 
based and voltage-controlled based. Each delay element has its 
own advantages and disadvantages. Delay elements find wide 
use in digital systems. Asynchronous or self-timed designs, in 
which the global clock is eliminated, make extensive use of delay 
elements. Most asynchronous cells need to generate a completion 
signal to indicate that their outputs have been evaluated. A delay 
element can provide this as long as its delay amount is larger than 
the worst-case delay of the cell. For such structures as self-timed 
multipliers, delay elements are needed on the micro pipeline. 
Even circuits that perform complex mathematical calculations 
like the discrete cosine transform require delay elements in 
their architecture. Yet another use of delay elements is in glitch 
minimization in combinational circuits, wherein delay elements 
enable triggering of potentially glitchy gates at suitable times. 
Finally, delay elements are used for phase modulation in delay 
locked loops and phase locked loops. Inverter chain and RC delay 
methods have been most commonly employed. Differential stage 
chains have also been used, but require extra circuitry because 
they have complementary inputs and outputs. Finally, a voltage-
controlled delay element in which the amount of delay can 
be altered by changing a control voltage is described. Here, I 
compare a number of previously used delay elements. These are 
the transmission gate, cascaded inverters, voltage-controlled delay 

element etc. I provide a description of the delay element followed 
by an analysis of its delay, signal integrity, power consumption, 
and area, and then discuss any other salient features it may have. 
For all delay elements, delay may be increased by increasing the 
fan-out or by decreasing the supply voltage VDD. Therefore, in 
my analysis of propagation delays of delay elements, I point out 
other parameters that influence the delay. Then I presented the 
circuit diagrams and wave shapes performed using PSPICE. In 
this way, I explained all the ten delay elements and provide the 
necessary figures and graphs.

II. Transmission Gate Based

A. Transmission Gate
A transmission gate is an electronic element. It is a good non-
mechanical relay, built with CMOS technology. Sometimes known 
as an analog  gate, analogue switch or electronic relay depending 
on its use. It is made by the parallel combination of an n-MOS 
and a p-MOS transistor with the input at the gate of one transistor 
being complementary to the input at the gate of the other.

Fig. 1: Schematic Representation of a Transmission Gate

Fig. 2: Circuit Symbol

The schematic diagram (Fig. 1), includes the arbitrary labels for 
IN and OUT, as the circuit will operate in an identical manner if 
those labels were reversed. This design provides true bidirectional 
connectivity without degradation of the input signal. The common 
circuit symbol for a transmission gate depicts the bidirectional 
nature of the circuit’s operation (Fig. 2).

B. Transmission Gate Cascaded With Schmitt Trigger
In the Schmitt trigger circuit, a common input signal is supplied 
to first and second wave-shaping circuits, which have different 
threshold voltages and which provide different output wave-
shaped signals. These wave-shaped signals are alternately selected 
by a selection circuit to provide the composite Schmitt trigger 
output signal. When the logic level of the output signal of the 
selected wave-shaping circuit is inverted due to a change in the 
input signal to that selected wave-shaping circuit, the output of 
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the other wave-shaping circuit is selected by the selection circuit 
to provide the Schmitt trigger output signal. 

Fig. 3: Transmission Gate Cascaded with Schmitt Trigger

III. Cascaded Inverter Based

A. Cascaded Inverters
Another type of delay element is a pair of cascaded inverters (as 
shown in fig. 4). An inverter is the smallest, most basic element in 
CMOS design. It is the nucleus of all digital designs. The various 
parameters that determine the performance are the amount of 
delay, the amount of power dissipation, the area that the delay 
element occupies and the signal integrity.

Fig. 4: Cascaded Inverter

B. m-Transistor Cascaded Inverters
This delay element is a modified version of the simple cascaded 
inverter configuration. It has m series-connected NMOS transistors 
and m series-connected PMOS transistors in its pull-down and 
pull-up networks, respectively. The gates to all of these transistors 
are connected to the input.

Fig. 5: m-Transistor Cascaded Inverters

C. Current Starved Cascaded Inverters
A larger fan-in and a clever configuration of control transistors is 
utilized in the delay element proposed in. The basic architecture is 
similar to the cascaded inverters. However, two additional PMOS 
and NMOS devices are added to extend the delay value. The gate 
voltage Vn is applied to the additional NMOS devices and they 
control the maximum current available to the inverter. The gates 
of the additional PMOS devices are connected to the source of 
the first additional NMOS device (Fig. 6).

Fig. 6: Current Starved Cascaded Inverters [1]

D. Staged Cascaded Inverters
This delay element consists of an arrangement of three inverters, 
in two stages (Fig. 7). The first stage consists of two inverters, 
where each inverter output controls a transistor on the second 
stage’s inverter. The key intuition in this design is that the two 
large transistors in the output stage are never on at the same time, 
thus eliminating short circuit power dissipation.

Fig. 7: Staged Cascaded Inverters [1]

III. Voltage-Controlled Based

A. n-Voltage Controlled
An n-voltage-controlled delay element, proposed, is shown in 
(Fig. 8). It consists of a cascaded inverter pair with an additional 
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series-connected NMOS transistor in the pull-down of each 
inverter controlled by a global control voltage Vn, varying which 
changes the delay of this delay element. This was used for building 
asynchronous systems based on the micro pipelining technique. 
The delay element is used to match with the propagation delay 
of a pipeline stage for completion signal generation. Variations 
in process and operating conditions make it difficult to accurately 
estimate the delay value of a delay element. Having an adjustable 
delay enables fine tuning after fabrication to optimize speed by 
matching the delay of the delay element with the delay of a 
pipeline stage. Note that this delay element may be generalized 
in a manner similar to the m-transistor cascaded inverter case 
by having m-series connected NMOS and PMOS transistors per 
inverter in addition to the controlled NMOS transistor.

Fig. 8: n-Voltage Controlled

B. p-Voltage Controlled
The voltage-controlled technique can be applied to a delay element 
in several different manners. This delay element uses a cascaded 
inverter pair with an additional series connected PMOS transistor 
in the pull-up network of each inverter (Fig. 9). The gates of these 
additional transistors are controlled by a control voltage Vp, and 
this value can be varied to control the amount of delay.

Fig. 9: p-Voltage Controlled

C. np-Voltage controlled
This delay element is a combination of the n-voltage controlled 
and p-voltage controlled configurations (Figure 10). It employs 
control transistors in both the pull-up and pull-down networks.

Fig. 10: np-Voltage Controlled [1]

D. np-Voltage Controlled Cascaded with Schmitt 
Trigger
The poor signal integrity characteristic of the np-voltage controlled 
delay element can be improved with the addition of a Schmitt 
trigger to its output (Fig. 11). As described in, a Schmitt trigger can 
produce a fast, clean signal from noisy, slowly varying input.

Fig. 11: np-Voltage Controlled Cascaded with Schmitt Trigger 
[1]

IV. Simulation Diagram and Wave Shapes

A. Transmission Gate



IJECT Vol. 3, IssuE 2, AprIl - JunE 2012 ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

w w w . i j e c t . o r g130   InternatIonal Journal of electronIcs & communIcatIon technology

B. Transmission Gate Cascaded With Schmitt Trigger

C. Cascaded inverters

D. m-Transistor Cascaded Inverters

E. Current Starved Cascaded Inverters
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F. Staged Cascaded Inverters

G. n-Voltage controlled

H. p-Voltage Controlled

I. np-Voltage Controlled
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J. np-Voltage Controlled Cascaded with Schmitt 
Trigger

V. Comparison
Experiments were performed for these delay elements using the 
PSPICE and Capture CIS from Cadence. The parameters that 
were taken into account include the delay, the signal integrity, 
the power dissipation and the area.

A. Delay

Delay elements 1st 
Stage

2nd 
Stage

3rd 
Stage

1. Transmission gate 50nS 100nS 0.2uS
2. Transmission gate 
cascaded with Schmitt 
trigger

2.5uS 5uS 7uS

3. Cascaded inverter .75us 1.5uS 2.5uS
4. M-transistor cascaded 
inverter 0.8uS 1.65uS 2.4us

5. Current starved 
cascaded inverter 0.8uS 1.8uS 2.5uS

6. Staged cascaded inverter 0.7uS 1.8uS 2.7uS
7. n-voltage controlled 1.1uS 2.1uS 3.4uS
8. p-voltage controlled 0.6uS 1.3uS 2uS
9. np-voltage controlled 0.9uS 1.8uS 2.8uS
10. np-voltage controlled 
cascaded with Schmitt 
trigger

2.5uS 6uS 9uS

B. Bias Power Dissipation
Delay elements 1st Stage 2nd Stage 3rd Stage
1. Transmission gate 25.58 pW 25.58 pW 51.56 pW
2. Transmission gate 
cascaded with Schmitt 
trigger

12.98 nW 16.90 nW 28.33 nW

3. Cascaded inverter 2.028 nW 9.42 nW 16.83 nW
4. M-transistor 
cascaded inverter 1.405 nW 5.68 nW 9.96 nW

5. Current starved 
cascaded inverter 155.6 nW 311.2nW 466.8 nW

6. Staged cascaded 
inverter 2.017 nW 14.82 nw 27.62 nW

7. n-voltage controlled 2.01     
nW 9.53 nW 16.99 nW

8. p-voltage controlled 2.018 nW 9.43 nW 16.84 nW
9. np-voltage 
controlled 2.13 nW 9.64 nW 14.46 nW

10. np-voltage 
controlled cascaded 
with Schmitt trigger

14.9 nW 29.70 nW 44.55 nW

* The above table obtained while operating temperature was 
270c and for NMOS: W=0.954414, L=0.6, W/L =1.59; PMOS: 
W=1.037314, L=0.6, W/L= 1.72

VI. Conclusion
Several principles can be identified in the design of delay The 
most reliable ways to increase a circuit’s delay is to increase the 
length L of one or more of its transistors. Another is to create 
a network of transistors to be placed in series with the n or p 
network and one of the supply lines. This strategy was successfully 
utilized in the m-transistor cascaded inverters. The use of a 
series transistor whose gate voltage can be varied to regulate the 
current has been shown to create delays. Also, adding a Schmitt 
trigger to the output of an existing delay element can improve its 
delay and signal integrity. From the simulation it has been seen 
that with increasing the w/L ratio of the transistors the delay of 
different delay elements is increased. By increasing the operating 
temperature the delay also increases but the power dissipation of 
the delay elements becomes very high. The easy way to increase 
the delay by cascading the delay elements one after another but 
in that case the overall power dissipation will increase. Overall, 
the cascaded inverters and n-voltage controlled elements gave 
a reasonable amount of delay without large power costs. The 
np-voltage controlled with Schmitt trigger gave the best delay 
and signal integrity results, but it consumed the most power. The 
transmission gate based elements are unreliable.
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