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Preface

The abbreviation VLSI stands for Very Large Scale Integration. Integrated circuit technology allows billions of
transistors to be fabricated into a single chip. The development of this technology only occurred in the twentieth
century, somewhere in the mid-1920s, when numerous people tried to create devices which intended to convert
solid-state diodes into triodes by controlling current. However, it was only in 1947, with the creation of transistors
at Bell Labs that vacuum tubes were replaced by solid-state devices.

Factually the Moore’s Law was always validated for prediction of exponential complexity growth and advancement in
the performance of integrated circuits. Most semiconductor based industries, face extreme problems in maintaining
all aspects of production process during designing of the chip. These issues range from scientific research in
discovering novel materials and devices to advanced technology developments and finding new killer applications.
This book has been compiled in order to emphasize the latest developments in the vast field of VLSI design.

The contributors have made no attempt to be comprehensive on the topics. Instead, they tried to provide some
promising concepts, such as problems and challenges for the introduction of new-generation electronic design
automation tools, optimization, modeling and simulation methodologies, thermal and power reduction and
management, parasitic interconnects, etc.

I would like to thank all the authors for their excellent contributions in different applications of VLSI. Despite the
rapid advances in the field, I believe that the examples provided here will allow us to look through some main
researches. I hope that this book will prove to be a worthy contribution in the field of VLSI I also wish to thank
the publisher and the publishing team for their outstanding support at every level of the editing process. Lastly, I
wish to convey my regards to my friends and family for supporting me in every endeavor of my life.

Editor
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Asynchronous adiabatic logic (AAL) is a novel lowpower design technique which combines the energy saving benefits of
asynchronous systems with adiabatic benefits. In this paper, energy efficient full adder using double pass transistor with
asynchronous adiabatic logic (DPTAAL) is used to design a low power multiplier. Asynchronous adiabatic circuits are very low
power circuits to preserve energy for reuse, which reduces the amount of energy drawn directly from the power supply. In this
work, an 8 x 8 multiplier using DPTAAL is designed and simulated, which exhibits low power and reliable logical operations. To
improve the circuit performance at reduced voltage level, double pass transistor logic (DPL) is introduced. The power results of
the proposed multiplier design are compared with the conventional CMOS implementation. Simulation results show significant
improvement in power for clock rates ranging from 100 MHz to 300 MHz.

1. Introduction

Over the past few decades, low power design solution has
steadily geared up the list of researcher’s design concerns
for low power and low noise digital circuits to introduce
new methods to the design of low power VLSI circuits.
Moore’s law describes the requirement of the transistors for
VLSI design which gives the experimental observation of
component density and performance of integrated circuits,
which doubles every two years. Transistor count is a primary
concern which largely affects the design complexity of many
function units such as multiplier and arithmetic logic unit
(ALU). The significance of the digital computing lies in
the multiplier design. The multipliers play a significant
role in arithmetic operations in DSP applications. Recent
developments in processor designs also focus on low power
multiplier architecture usage in their circuits. Two significant
yet often conflicting design criteria are power consumption
and speed. Taking into consideration these constraints, the
design of low power multiplier is of great interest. As reported

in [1], to get the best power and area requirements of the
computational complexities in the VLSI circuits, the length
and width of transistors are shrunk into the deep submicron
region, handled by process engineering.

In recent years, the literatures have identified several
types and designs of adiabatic circuits. For instance, 2N2N2P,
PFAL, pass transistor adiabatic logic, clocked adiabatic
1Logic, improved pass-gate adiabatic logic, and adiabatic dif-
ferential switch Logic were designed and achieved consid-
erable energy savings, compared with conventional CMOS
design [3-9]. In [10], complementary pass transistor adiabatic
logic circuit was discussed, in which the nonadiabatic energy
loss of output loads has been completely eliminated. In [11],
adiabatic CPL circuits using two-phase power clocks were
presented. In [12], energy saving design technique achieved
by latched pass transistor with adiabatic logic was presented.
Many research methods in the adiabatic logic have been
attempted to reduce the power dissipation of VLSI circuits,
reported in [9-16]. Many research efforts in the multiplier



design have been introduced to obtain energy efficiency in
VLSI circuits. In [17], a 1.5ns 32-b CMOS ALU in double
pass-transistor logic was proposed to improve the circuit
performance at reduced supply voltage ranges. In [18], a low
power multiplier using 4-2 compressor based on adiabatic
CPL circuit is described. By the scaling rules set by Dennard,
smart optimization can be achieved by means of timely intro-
duction of new processing techniques in device structures
and materials [19]. In [1], low power multiplier design using
complementary pass transistor asynchronous adiabatic logic
is investigated, which exhibits low power and reliable logical
operations.

In this paper, design of low power multiplier with energy
efficient full adder using double pass transistor asynchronous
adiabatic logic (DPTAAL) is proposed and discussed in
further sections.

2. Adiabatic Logic Design

“Adiabatic” is a term of Greek origin which spent most of
its history related to classical thermodynamics. It refers to a
system in which a transition occurs without energy (usually
in the form of heat) being either lost to or gained from the
system. In the context of use of electronic systems, electronic
charge is preserved rather than heat. Adiabaticlogic is viewed
on issues related to the thermodynamics of computation.
By considering this branch of physics that usually looks at
mechanical engines and applying it to computing engines,
research areas such as reversible computation as well as
adiabatic logic have been developed. By moving to a com-
puting paradigm that is reversible, energy can be reprocessed
from a computing engine and reused to perform further
calculations.

This style of logical approach differs from CMOS circuits,
which dissipate energy during switching. To reduce the
dynamic power, there are some conventional approaches such
as reducing supply voltage, decreasing physical capacitance,
and reducing switching activity. These approaches are not
conforming enough to meet today’s power requirement.
On the other hand, most research has focused on building
adiabatic logic, which is a hopeful design for low power
applications. Adiabatic technique works with the concept of
switching activities which reduces the power by giving stored
energy back to the supply. Thus, the term adiabatic logic is
applied in low power VLSI circuits which execute reversible
logic. In the adiabatic techniques, the main design changes
are focused on power clock which plays the essential role in
the principle of operation. The following major design rules
for the adiabatic circuit design are achieved in each phase of
the power clock.

(1) Never turn on a transistor if voltage exists across it
(Vps > 0).

(2) Never turn off a transistor if current exists across it
(Ips #0).

(3) Never pass current through a diode.

In all the four phases of power clock, if these condi-
tions are satisfied, recovery phase will restore the energy
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to the power clock, resulting in considerable energy saving.
Even some complexities in adiabatic logic design perpetuate.
Two such complexities are circuit implementation for time-
varying power sources that needs to be done and computa-
tional implementation by low overhead circuit structures that
needs to be followed [1].

3. Asynchronous Adiabatic Logic (AAL)

Asynchronous adiabatic logic is a unique design tech-
nique which combines the energy saving benefits of asyn-
chronous logic and adiabatic logic. Like adiabatic circuits,
asynchronous circuits are also a promising technology to
focus on low power, highly modular digital circuits. One of
the properties of asynchronous systems which make them
useful in these applications is that circuits include a built-
in insensitivity to variations in power supply voltage, with
a lower voltage resulting in slower operation rather than
the functional failures that would be seen if traditional
synchronous systems were used. Another benefit is the fact
that when an asynchronous system is idle, it will not utilize
clock signals, whereas in synchronous systems, these clock
signals are propagated throughout the entire system and
convert energy to heat, often without performing any useful
computations.

In contrast to the synchronous circuits, asynchronous
circuits perform handshaking between their components
to perform all necessary synchronization, communication,
and sequencing of operations. Asynchronous circuits fall
into different classes, each offering different advantages. The
main privilege of this circuit is its low power consumption,
stemming from its elimination of clock drivers and the fact
that no transistor ever transitions unless it is performing a
useful computation.

4. Proposed Design

The main objective of this paper is to design low power
multiplier with energy efficient full adder cell using double
pass transistor with asynchronous adiabatic logic. The logic
scheme for full adder cell is illustrated in Figure 1. In this,
entire system consists of two main blocks, such as logical
block and control and regeneration (C&R) block.

As in Figure 1, data output signal of any logical block is
not only going into next logical block as data input, but at
the same time, it is used to generate a control signal for the
next logical block using C&R block 1 as reported in [15]. This
technique helps to save the required power clock generator
with less power.

4.1. Power Clock. In adiabatic circuits, the supply voltage
behaves as the clock of the circuit by providing the power,
to the circuit and for this reason, it is called power clock.
One of the main concerns in the adiabatic logic circuits
is the power clock generation. In these circuits, the supply
voltage is desired to be a ramping voltage. In the conventional
synchronous adiabatic circuits, rather driving each adiabatic
logic unit with an externally supplied clock phase, each block
is controlled and powered by control signal generated by the
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FIGURE 2: Proposed multiplier design scheme.

C&R block with the help of the logical output of the previous
stage. In the design of VLSI circuits, power clock design is a
major issue, because the whole transistor logic system shares
the power clock. The power clock switching circuit will also
dissipate the most power in the logic. Nowadays multiple
phase clocks and clock pipelining are the most followed
techniques to reduce power dissipation in the power clocks.

The synchronous clock system utilizes the clock source
globally; that is, single clock is shared and restored by the
large number of logical gates in parallel. Here switching loss
of the power clock generator is more as in the CMOS circuit
operation.

The simple construction of the pass transistor logic makes
it easy to adjust the sizing of transistors to get the desired
charging and discharging time; hence the slope of the output

| @
1
np
i
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:ﬁ‘_
i

OR/NOR <~

FIGURE 4: DPL full adder cell [2].

control signal minimizes the power. The clock energy in the
asynchronous clock system is locally stored in the C&R block,
and it has been used for later gates; the loss of energy of
each operation will be taken from its clock source. The local
regeneration stores the intermediate energy. This energy is
provided to the required operations for the next level of logic.
However, the initial requirement of power from the clock
generator remains the same; after powering up the logical
sequence, power taken from the power clock is reduced
drastically.

The proposed multiplier design scheme is illustrated in
Figure 2. In this, data out signal of any full adder is not only
going into next full adder as data input. But at the same time,
it is used to generate a control signal for the next full adder
using C&R block 1. This technique helps to save the required
power clock generator with less power [15].

This approach gives the feasibility of using the adiabatic
logic in real-time implementations. Also to reduce the initial
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power dissipation, we can utilize the conventional tech-
niques for compensation, like multiple clocks and pipeline
architecture. In this work, we have examined the practical
approach of adiabatic logic in full adiabaticity. According
to the Landauer’s principle method to charge/discharge the
capacitances of input nodes adiabatically, the input voltages
must be reconstructed from the outputs. It is accomplished
by using the control and regeneration block.

Control block is used to follow and preserve the power
clock sequences with the input vectors. Regeneration gives
power saving strategy. All logic gates or logic sequences
are connected through C&R structure. The throughput of
the logical systems is reduced by the intermediate C&R
blocks due to the asynchronous mode of operation. The
speed of operations can be compensated for the higher
input frequency due to the improvement of speed grade of
proposed asynchronous adiabatic logic, as discussed in [1].

5. Control and Regeneration (C&R) Block

The control and regeneration (C&R) block is given in
Figure 3. C&R block generates the control signal for the
next logical stage with the help of the previous stage output
signal. The regeneration technique makes the control signal
strong enough to drive the next logical block. In the proposed
design, asynchronous operation has been achieved by the
control and regeneration part. This C&R controls and regen-
erates the energy, required for the next operation to the next
logical block. The system energy will be circulating among
the logical circuits and the minimum power is required from
the power clock generator for the operation. Generally, the
regenerated signal is stored and circulated between the C&R

and logical part. Thus, there will not be much power reverse
to the power clock system. It facilitates reducing the power
clock system switching losses.

The proposed design of DPTAAL logic gates is used to
design logical blocks. The pass transistor logic implementa-
tion is used for the design of C&R block in terms of energy
efficiency and functionality.

The NOR portion of the OR gate is acting as the control
part whereas the NOT portion is not only making the desired
logical inversion. But at the same time, it performs the
regeneration of the signal. The regenerated signal energy will
be used in the next logic circuit for the sequential operation.
The NOT portion will again regenerate the signal whereas
the operation gets completed. The construction of the C&R
promotes the local storage of the energy and switching circuit
for the recovery. The power reduction is not achieved in C&R
block. However 60% to 70% of power saving and 1/3 of the
speed improvement are achieved, compared to the adiabatic
logic with the power clock generator, as discussed in [15].

6. Double Pass Transistor (DPL)

Double pass transistor (DPL) is a modified version of
complementary pass transistor logic (CPL) that meets the
requirement of reduced supply voltage designs. In DPL
circuits full swing operation is achieved by simply adding
PMOS transistors in parallel with the NMOS transistors.
Thus, the problems of noise margin and speed degradation
at reduced supply voltages associated in CPL circuits are
avoided. The circuit diagram of the DPL full adder cell is given
in Figure 4.
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TaBLE 1: Transistors sizes used in each design block of the DPTAAL full adder.

90

100

100

Design blocks 08 e
Minimum length Width Minimum length Width
(pm) (pm) (pm) (pm)
Adiabatic DPL gates, MUX, and buffer 0.18 5.0 0.18 5.0
C&R section 0.18 5.0 0.18 2.0

In this, sum output consists of XOR/XNOR gates, a
multiplexer, and a CMOS output buffer. The carry output
consists of AND/NAND gates, OR/NOR gates, a multiplexer,
and a CMOS output buffer. These DPL gates consist of both
NMOS and PMOS pass transistors, in contrast to CPL gates,
where only NMOS pass transistors are used. The outputs S
bar and C, bar are acting as the current paths, where inputs
A, B, and C are all low. These current paths include two
pass transistors, and there are two current paths for each
output. In the double pass transistor logic gates, the inputs
to the gates of the PMOS transistors are changed from A to B.
This arrangement compensates for the speed degradation of
CMOS pass transistors in two ways. First, it is a symmetrical
arrangement whereby any input is connected to the gate
of one MOSFET and the source of another. In the case of
XOR/XNOR, it is perfectly symmetrical. Any of the inputs
A, A bar, B, and B bar is connected to the gates of NMOS
and to the sources of the NMOS and PMOS. This results in
balanced input capacitance and reduces the dependence of
the delay time on data. Secondly, it has double transmission
characteristics.

In the DPL gate, both A and B are passed when A&B are
low. In both the CPL and CMOS implementations, the gate

input A or A bar controls the pass transistors. When A is low,
B is passed, and B is passed when A is high. In the DPL gate,
on the other hand, there are two types of pass transistors: one
is controlled by A and the other by B. The A controlled pass
transistors operate in the same way as CPL and CMOS. For
the B controlled pass transistors, when B is low, A is passed,
and A bar is passed when B is high. As a result, there are
always two current paths driving the buffer stage [17].

7. Double Pass Transistor with Asynchronous
Adiabatic Logic (DPTAAL)

In the DPL design, the widths of the NMOS and PMOS
pass transistors are one-third and two-thirds, respectively,
of the NMOS pass transistor in the CPL gate, so the input
capacitance and the gate area are nearly the same for all
these architectures. The resistance including that of the
CMOS buffer of the previous stage is smallest for the DPL
gate due to its double-transmission property. In multiplier
circuits, the DPL full adder is as fast as CPL, 18% faster than
the conventional pass transistor logic, and 37% faster than
CMOS, reported in [17].



TaBLE 2: Qualitative comparison of logic designs [2].
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Logic designs ~ No. of MOS logic networks Output driving capability Input/output decoupling Signal rails Robustness
CMOS n+p Medium-good Yes Single High
CPL 2n Good Yes Dual Medium
DPL 2n+2p Good Yes Dual High
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FIGURE 7: Schematic of DPTAAL multiplier.

In the proposed design, double pass transistor technique
is combined with asynchronous adiabatic logic (AAL) design
technique to obtain the significant power benefits in the dig-
ital circuits. Asynchronous adiabatic full adder uses double
pass transistor logical block with C&R structures. A simple
implementation of this system is depicted. It is a full adder
cell, with the logical part designed using DPTAAL, whereas
the control part of the C&R block and regeneration part
is made of pass transistor logic. This pass transistor logic
is functioning as transmission gate in the output logic of
each gate structure. The DPTAAL design of full adder cell
is presented in Figure 5, which consists of C&R section,
adiabatic DPL full adder circuit, multiplexer section, and an
output buffer. In this DPTAAL full adder, sum circuit section
includes DPL XOR gate, a DPL multiplexer, C&R section, and
an output buffer. The carry output section consists of DPL
AND gate, DPL OR gate, a DPL multiplexer, C&R section,
and an output buffer. These adiabatic DPL gates consist of
both NMOS and PMOS pass transistors to achieve full swing
operation. When the inputs A, B, and C are all low, the outputs
SUM bar and CARRY bar will be acting as the current paths.

Thus, two current paths for each output can be achieved. In
this DPTAAL design, power and clock lines are mixed into a
single power clock line which has both functions of powering
and timing the circuit. C&R section is the main concept of
this DPTAAL design, which generates the control signal for
the next logical gate using the output signal of the previous
gate. The regeneration technique makes the control signal
strong enough to drive the next logical gate. Thus, power
consumption from the power clock is reduced drastically. A
multiplexer chooses the output to be one of several inputs
based on a select signal. In this full adder design, multiplexer
is used to select the required outputs of DPL-XOR, DPL-
AND, and DPL-OR, based on the inputs C and C bar.

All these full adder blocks have been designed with
PMOS/NMOS transistors, focusing on low power consump-
tion and high efficient operation. The dimensions of all gate
lengths (L) of these transistors have been taken as 0.18 ym.
The width (Wp & W,) of PMOS/NMOS transistors has been
taken as 5.0 um. For C&R section, the width (W,) of NMOS
transistors has been taken as 2.0 ym and the width (Wp) of
PMOS transistors has been taken as 5.0 ym, with gate length
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FiGURE 8: Simulation results of DPTAAL multiplier.

of 0.18 um. Table 1 illustrates the final sizes of the transistors
used in each design block of the DPTAAL full adder.

8. Simulation Results and
Performance Analysis

The qualitative comparison of three logic designs CMOS,
complementary pass transistor logic (CPL), and DPL is
given in Table 2, which influences circuit performance and
energy consumption. In particular, the number of MOS logic
networks, the output driving capabilities, the presence of
input/output decoupling, the number of signal rails, and
the robustness with respect to voltage scaling are given
for the logic styles discussed [2]. In DPL, the robustness
with respect to voltage scaling is high, which improves
circuit performance at reduced supply ranges. Its symmetrical
arrangement and double transmission characteristics com-
pensate for the speed degradation arising from the use of
PMOS and NMOS pass transistors.

Energy efficient full adder cell design using asynchronous
adiabatic logic with double pass transistor has been imple-
mented. The simulation results of the DPTAAL full adder
are presented in Figure 6, for the various combinations of the
inputs.

The power clock sequence for this full adder structure is
shown in these simulation results and it is based on the con-
ventional structure. These simulation results are obtained for
a periodic sequence as represented in the figure, propagated
through the buffer chain.

TaBLE 3: Transistor count comparison of full adders.

Logic style No. of transistors
Conventional CMOS 28
Double pass transistor logic (DPL) 48
DPTAAL full adder design 65"

*DPTAAL is 35% larger than DPL.

4-bit and 8-bit multipliers with energy efficient full adder
using DPTAAL have been implemented and compared with
conventional CMOS logic. The proposed design of DPTAAL
multiplier is presented in Figure 7 and its simulation results
are presented in Figure 8.

The transistor count comparison of CMOS, DPL, and
DPTAAL full adder cells is given in Table 3. As presented
in Table 3, the transistor count of the DPTAAL full adder is
increased as compared with existing designs; hence a large
on-chip area overhead is associated with AAL design. Taking
into consideration the gain in energy efficiency, the area
overhead is acceptable. The area of AAL can be reduced by
using more area efficient logical blocks, as discussed in [15].

The energy performance of the DPTAAL full adder
is compared with the conventional CMOS full adder and
given in Table 4. The obtained energy of these full adders
is specified in f] (femto Joules), for operating frequencies
from 1 MHz to 300 MHz. The symmetrical arrangement and
double transmission characteristics of the adiabatic DPL
gates improve the circuit performance in the DPTAAL full
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TaBLE 4: Energy consumption of DPTAAL full adder.
Logic Frequency
designs 1MHZ 10MHZ 100 MHZ 200 MHZ 300 MHZ
Energy (f]) CMOS 75 75 75 75 75
DPTAAL 5 54 7.5 12 17.2
TaBLE 5: Power comparison of conventional CMOS versus DPTAAL 14
multiplier. 12
No. of Frequency g 10
bits IMHZ 10MHZ 100MHZ 200MHZ 300 MHZ 2 8
1
Conventional CMOS (4W) Dg- 6
4 bit 0.24 0.49 2.74 3.34 5.01 4
8 bit 0.35 0.67 3.44 6.81 11.84 2
DETAAL (W) RN 10 100 200 300
4 bit 0.19 0.39 1.75 2.42 3.21 ’
Frequency (MHZ)
8 bit 0.25 0.51 242 5.02 8.09
B 4-bit DPTAAL § 8-bit DPTAAL
B 4-bit CMOS 0 8-bit CMOS

adder. Asynchronous operation is achieved by the control and
regeneration (C&R) block to reduce the power clock system
switching losses.

By combining these techniques, DPTAAL full adder
design features the lowest energy consumption per addition
as compared with conventional CMOS design. HSPICE
simulations showed energy savings up to 84% in this full
adder design, maintaining proper functionality.

The power consumption of the simulated 4 x 4 and 8 x 8
multipliers is reported in Table 5, for operating frequencies as
low as 1 MHz and as high as 300 MHz. It can be observed by
comparing the data presented in Table 5 that DPTAAL design
achieves significant power savings for clock rates ranging
from 200 MHz to 300 MHz. The power comparison graph for
4 x4 and 8 x 8 multipliers is shown in Figure 9. The multiplier
design is studied on TSMC 0.18 yum CMOS process models
in Tanner EDA tools with SPICE support, at 1.8V supply
voltage. The standard values of gate capacitances and other
MOSFET model parameters were included in this simulation.
The simulation parameters of this process technology are
summarized in Table 6.

9, Conclusion

In this paper, we have proposed a framework for designing
a low power multiplier using energy efficient full adder. A
unique approach, double pass transistor with asynchronous
adiabatic logic (DPTAAL), has been followed in the full adder
design. Double pass transistor logic (DPL) is a modified ver-
sion of complementary pass transistor logic, which is used to
improve the circuit performance at reduced voltage level. This
technique is combined with asynchronous adiabatic logic
(AAL) to obtain the energy saving benefits with improved
circuit performance in full adder design.

In this DPTAAL design, asynchronous operation has
been achieved by the control and regeneration (C&R) section,
which generates the control signal for the next logical gate

FIGURE 9: Power comparison graph.

TABLE 6: Process parameters used for this simulation.

Parameters Value
Process technology 0.18 ym
Supply voltage (Vpp) 1.8V
Ambient temperature 0-70°C
Gate oxide thickness (T, ) 4nm
Gate capacitance (Cg) 2 fF/‘um2
Minimum gate length (L ;) 0.18 um
NFET threshold voltage (V,,,) 039V
PFET threshold voltage (V) -0.42V
NFET drain current (Ip,,,) 600 mA
PFET drain current (I, ) 260 mA

using the output signal of the previous gate. The regeneration
technique makes the control signal strong enough to drive the
next logical gate. It facilitates reducing the power clock system
switching losses.

The energy performance of the DPTAAL full adder is
compared with the conventional CMOS full adder for the
various frequency ranges and achieved significant energy
savings up to 84%. This energy efficient full adder cell is used
in the multiplier design.

The performance of this design is analyzed with 4-bit and
8-bit multipliers for operating frequencies as low as 1 MHz
and as high as 300 MHz. The power results of the proposed
multiplier design are compared with the conventional logic
designs. It is observed that for frequencies between 200 MHz
and 300 MHz, DPTAAL multiplier circuits consume less
power than the conventional designs.

The DPTAAL multiplier circuits have been implemented
and studied using 0.18 um TSMC technology file with 1.8V



