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ABSTRACT

In the past decade, technological advancements in Very Large Scale Integration

(VLSI) have increased integration density, pushing power to its limits and challenging
packaging and cooling systems. The increasing demand for portable devices, notably
smartphones, and the expanding adoption of Internet of Things (IoT) necessitate faster,
power-efficient devices with extended battery life. As a result, it's crucial to develop energy

efficient designs that offer improved performance.

Static CMOS and dynamic domino designs have long dominated the digital arena, yet
they have inherent limitations. Static CMOS faces challenges like increased input
capacitance, limiting its energy efficiency as fan-in values rise. Dynamic domino design
offers lower delay but at the cost of higher energy and sensitivity to process variations.
Therefore, balancing power and speed in CMOS gate remain challenging due to energy-delay

trade-off.

To overcome these challenges, there is a growing need to search for logic styles and
transistor technologies that can act as an alternative to existing CMOS based designs.
Additionally, implementing power reduction techniques becomes imperative for these
alternative logic styles to have less power. One such alternative logic style is Dual Mode
Logic (DML) which offers dual mode functionality, i.e. static mode and dynamic mode, with
low power and high speed. However, limited study has been conducted to reduce leakage
power in the context of DML circuits. Therefore, leakage reduction techniques i.e. LECTOR
and GALEOR are incorporated in footed DML design. Three designs are proposed, namely

LECTOR with Dual Mode Logic (LDML), GALEOR with Dual Mode Logic (GDML) and



GALEOR with Dual Mode Logic with footed Diode (GDMLD), to reduce leakage in footed

DML design. These designs use the concept of stacking to achieve leakage power reduction.

Other than this, Dual Mode Transmission Gate Diffusion Input (DMTGDI) and
Difterential Cascode Voltage Switch Logic (DCVSL) are alternative logic styles that can also
be explored for Power Delay Product (PDP) reduction. Two such designs- Modified Dual
Mode TGDI (M-DMTGDI) and Dual Mode DCVSL (DM-DCVSL) are introduced in this
work which offers dual mode functionality along with PDP reduction. In addition to this, the
proposed M-DMTGDI design also overcomes the contention issue present in the existing

DMTGDI design.

Further the improved transistor technology, primarily Carbon Nanotube Field-Effect
Transistor (CNTFET) , can be explored to implement designs, which already exist in
MOSFET domain, so as to leverage the benefits of CNTFETs for their implementation. Such
designs are put forward in this work, namely, CNTFET based footed DML (C-DML),
CNTFET based DMTGDI (C-DMTGDI) and CNTFET based M-DMTGDI (C-MDMTGDI).
These designs demonstrate superior performance over their CMOS counterparts, particularly
in terms of reducing the PDP. Another area of research that has emerged in CNTFET domain
is leakage power. Limited study has been conducted on the implementation of leakage
reduction techniques in CNTFETs, using the methods previously developed for MOSFETs.
So, for leakage reduction, three leakage reduction techniques namely LECTOR, GALEOR,
and LCNT are also proposed for C-MDMTGDI design. Each of these proposed techniques

significantly reduces leakage power but at the cost of delay.

In this thesis, the performance of all the proposed designs is analysed and compared
with existing counterparts in terms of power, delay and PDP. Functional verification is done

\Y



for all proposed designs. The MOSFET based designs are simulated using Symica DE tool

and HSPICE tool is used for simulating CNTFET based designs.
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Chapter 1

Introduction



1.1 Background

Nowadays, the low power designs of complex VLSI circuits are of utmost
importance. With each technology generation, the integration density is increasing which is
pushing power density and total power consumption to the limits that can be supported by
packaging, cooling and other infrastructure [1]. Further, the rise in the demand of portable
devices mainly cell phones and the proliferation of mobile applications and IoT solutions
require efforts to curb power dissipation to have faster and durable devices with longer
battery lifetime without compromising the performance [2]. Therefore, low power designs

with improved performance i.e., energy efficient designs are considered essential [3].

Traditionally, static CMOS and dynamic domino designs have dominated the digital
design arena for several decades with their respective limitations [4,5]. Large input
capacitance and contention issues emerge with increased fan-in values and limits the usage
of static CMOS for energy efficient designs [6]. Dynamic domino design offers less delay
but at the cost of high energy, increased sensitivity to process variations, charge sharing and
charge leakage problems [6,7]. The optimization of CMOS gate is quite challenging due to

energy delay trade-off [7].

In order to have optimized designs in-terms of power and delay, efforts have been
made to develop logic styles that can act as alternative to static CMOS. Some of the logic
styles include Pass Transistor Logic (PTL) [8], Gate Diffusion Input (GDI) [9,10],
Differential Cascode Voltage Switch Logic (DCVSL) [11-13], Dual Mode Logic (DML)
[14-16], Dual Mode Transmission Gate Diffusion Input (DMTGDI) logic [17,18] and Dual
Mode Pass Logic (DMPL) [19] . The PTL style [8] has the advantages of lesser transistor

count and delay [8]. The GDI logic style [9] combines CMOS with PTL, and makes
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implementation of logic functions simpler. The degradation of full swing at the output in
PTL and GDI necessitates usage of additional buffers [9,10]. The DCVSL design provides
output in both true and complemented forms. It is available in both static [11] and dynamic
configurations [12]. Although the static DCVSL requires more power and is more
sophisticated, it has the advantage of reducing parasitic capacitance. Another unique logic
style, called DML, allows for flexible switching between static and dynamic operation modes
[14]. The DML gates have great performance with marginally more power in the dynamic
mode and very low power dissipation and moderate performance in the static mode [15]. As
a result, energy efficient designs frequently employ this logic style [15-16].The DML design
has also been employed in conjunction with other logic styles- GDI and PTL in [17-19]. In
DMTGDI, dual mode operation is made possible by an extra transistor (pre-charge/pre-
discharge transistor) positioned between the output node and the supply voltage or ground
[17]. Transmission Gate Diffusion Input (TGDI) logic is used to construct the logic in
DMTGDI. This variation, like DML, utilises a mode signal to accommodate both static and
dynamic operating modes [17]. In DMPL, a PTL network and an extra transistor are
employed to realise a function with dual mode operation [19]. Using a mode signal, similar

to DML, the DMPL-based designs can operate in static and dynamic mode [19].

The work has also been done to search for improved transistor technology that can
lead to design with low power and high performance. Few of such technologies are- Fully
Depleted Silicon On Insulator (FDSOI) [20-26], Fin Field-Effect Transistor (FinFET)
[27-35], Carbon Nanotube Field-Effect Transistor (CNTFET) [36-48]. Recently, CNTFETs
has gained popularity in digital domain mainly for low power designs. The CNTFET provides

alternate channel material for transistors, which makes them faster and power efficient as



compared to bulk silicon transistors [36-40]. Presence of 1-D ballistic transport of charge
carriers in CNTFETs has resulted in a high mobility and large drive current [39,40]. Also,
these devices have large ON current (Ion), higher Ion/Iosr ratio and provide a unique property
to control threshold voltage by simply changing the chiral indices or the diameter of the

Carbon Nano Tube (CNT) [39,40].

1.2  Available Literature and Scope of Work

Substantial work has already been done by researchers in the quest for search of ways
to reduce power in standard CMOS designs and at the same time, search for energy efficient
logic styles and improved transistor technology based designs that can act as alternative to
conventional CMOS designs. The existing literature can be classified into three main

categories:
1.2.1 State of the art- Power reduction in standard CMOS designs

Power can be divided mainly into two types- static and dynamic power [1]. In generic
terms, static power is the power consumed when the device is on but no signals are changing

value while the dynamic power is consumed whenever the signal value changes [1].

In CMOS designs, the static power consumption is primarily due to leakage [3]
whereas short circuit, glitching and switching power constitute dynamic power [3]. Till 180
nm technology node, dynamic power dominates the total power consumption [1]. However,
at lower technology nodes, there is an increase in leakage power due to smaller feature size
and threshold voltage reduction. As a result, leakage power surpasses dynamic power and

becomes major contributor to total power of the design.



The short circuit power in CMOS designs is due to finite rise time and fall time of
inputs, which makes both Pull Up Network (PUN) and Pull Down Network (PDN)
simultaneously on. The finite propagation delay of gates may cause spurious transitions at
the output and power dissipated in such an event is termed as glitching power [3]. Switching
power is the power dissipated due to charging and discharging of capacitive loads. The
switching power may be reduced by controlling physical capacitances, switching activity,
clock frequency and supply voltage [3]. Some of the prevailing techniques to address these
are clock gating [49-55], Multiple Supply Voltage (MSV) [56-65], Dynamic Voltage and

Frequency Scaling (DVFS) [63-65] and Adaptive Voltage Scaling (AVS) [65-66].

The clock gating [49-55] minimises dynamic power by controlling the switching
activity of the circuit. The basic idea behind the concept is to block the clock signal to the
parts of circuit in which there is no change in value of output or to parts of circuit in which
the stored value remains unchanged. To implement clock gating in a design, three cells have
been used- gate based cell, latch-based cell, and flip flop-based cell [49-55]. The performance
of these variants is compared in terms of power, area, and performance in [51]. It 1s inferred
that for low power, gate-based cell is used while latch-based cell is suitable for high
performance. Flip flop-based cell compromises both power and performance. In gate-based
cell, glitching problem exists while latch-based cell suffers from sleep period i.e., a change
in enable signal is not captured during this time which may lead to faulty design. Different
types of flip flop [53-55] have also been designed using clock gating technique to reduce

dynamic power.

The MSV technique [56-65] is yet another method used for dynamic power reduction

in CMOS circuits. This technique involves supplying different parts of the circuit with



different voltages to reduce power while maintaining performance [56-58]. The dual supply
technique at gate level is used in [57,58] by assigning low supply voltage to gates and flip
flops lying on the critical path. There has been significant research in this area, including a
new technique that combines critical/non-critical paths and switching activity analysis to
assign different supply voltages [56]. In addition, energy efficient level converters have also
been designed to overcome the delay and energy penalty associated with dual supply voltage
designs [59-62]. A new low power level shifter is also presented for MSV designs in [60]. It
uses multi-threshold CMOS technique and topological modifications to guarantee a wide

voltage conversion range with limited penalty on static power and total energy consumption.

Another method of dynamic power reduction in CMOS is DVFS technique [63-65].
As dynamic power depends on voltage and frequency, so this dependence is used for DVFS
technique [63,64]. Here, the voltage and frequency of the design are scaled dynamically for
power reduction. It involves dynamically adjusting the supply voltage and clock frequency
of a circuit based on its workload. Recent research has focused on developing novel DVFS
techniques, such as per-core, per-chip, and cluster-level DVFS techniques [64], and AVS
technique [65-66] to optimize power savings while maintaining performance. A separate
voltage regulator is used for each core in per-core DVFS to have more control over power
resulting in increased number of voltage regulators. This problem is resolved in per-chip
DVEFS by employing a single voltage regulator while compromising flexibility. So, to arrive
at an intermediate solution, cluster level DVFS is proposed in [64]. In this technique, cores
are grouped into multiple clusters depending on the workload and are driven by multiple
regulators. The granularity of the design influences the efficiency and the cost of

implementing DVFS. In AVS technique [65-66], voltage and frequency are dynamically



adjusted using a control loop. It achieves significant dynamic power reduction compared to

open-loop voltage scaling techniques.

Another component which contributes significantly to total power is leakage power.
In CMOS, it is caused by reverse bias diode leakage current, band-to-band tunnelling current,
subthreshold leakage current, oxide tunnelling current hot carrier injection gate current, Gate
Induced Drain Leakage (GIDL) current and channel punch through current [67]. Leakage
power is now considered as the principal contributor to the total power consumption in many
battery powered portable devices [67]. So, it necessitates the development of techniques to
address leakage power issue. The first classification of leakage reduction techniques involves
using different threshold voltage for transistors to minimize leakage [68-73]. Power gating is
a technique that blocks current to unused parts of the circuit using sleep transistors [68].
Multi-threshold CMOS (MTCMOS) is another power gating technique that uses high
threshold voltage transistors as sleep transistors to reduce leakage [68]. Dynamic Threshold
MOSFET (DTMOS) involves varying the substrate bias with gate voltage to change the
threshold voltage of a transistor dynamically [69-70], while Variable Threshold CMOS
(VTCMOS) uses the concept of body effect to generate low and high threshold voltage for
different transistors in the design [71]. The dual threshold technique assigns different
threshold voltage to transistors based on the concept of critical and non-critical path [72].
VLSI CMOS LEAkage Reduction Technique (VCLEARIT) involves an additional circuit for
sleep mode consisting of standard threshold voltage transistors and one high threshold
voltage transistor to reduce leakage [73]. These techniques have certain drawbacks, such as
additional sleep signal generation, increase in area and delay due to sleep transistors, and

computational overhead of defining algorithms to decide the criticality of the paths involved.



Leakage reduction techniques can be further classified based on the concept of using
stacking effect for leakage reduction [74-83]. Stacking effect states that leakage current
reduces when the number of OFF transistors in the stack increases [74]. Techniques such as
forced stack [74], sleepy stack [75], novel sleep technique [76], LEakage Control TransistOR
(LECTOR) [77-79], GAted LEakage TransistOR (GALEOR) [80], GALEOR Stack [81],
Leakage Control NMOS Transistor (LCNT) [82], Input-Controlled Leakage Restrainer
Transistor (ICLRT) [83], Self-Control Leakage-Suppression Block (SCLSB) [84], Diode
footed domino [85], LECTOR with footed diode [78], Lector based dual-Vt domino logic
[79], Foot Driven Stack Transistor Domino Logic (FDSTDL) [86] and Domino Logic with
Clock and Input Dependent Transistors (DOIND) [87] are based on this effect. Forced
stacking technique uses two stacked transistors to reduce leakage current [74], while sleepy
stack technique uses a high threshold voltage sleep transistor in parallel with the stacked
transistors [75]. The novel sleep transistor technique connects a high threshold NMOS
transistor in the PUN and a high threshold PMOS transistor in PDN [76]. The LECTOR
technique inserts two Leakage Control Transistors (LCTs) between PUN and PDN to reduce
leakage current [77], while GALEOR uses Gated Leakage Transistors (GLTs) [80]. Both the
techniques use additional transistors to introduce stacking for leakage power reduction.
However, both techniques suffer from limitations such as reduced output voltage swing,
signal quality problems, and increased delay. The GALEOR Stack technique combines the
GALEOR and forced stack technique, where half-size transistors are used along with high
threshold GLTs between PUN and PDN [81]. This leads to a significant reduction in leakage
power. The LCNT is another technique that uses two NMOS transistors between PUN and
PDN [82]. It achieves better leakage power reduction with less delay penalty than LECTOR

and GALEOR. However, it suffers from the disadvantage of having a low voltage level for
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logic low signals. ICLRT-based method attaches an input-controlled PMOS and an NMOS
ICLRT to each path leading from either the supply voltage or the ground to the output.
SCLSB inserts two PMOS and two NMOS transistors between PDN and PUN to increase
resistance and decrease leakage current [83]. All these techniques reduce leakage power, but
some have an area or delay penalty, and some require additional hardware for sleep signal

generation.

Various techniques have also been proposed to reduce leakage power in domino
circuits [78-79,86-87]. These include using the LECTOR technique with footed diodes [78]
and multi-threshold domino [79], using FDSTDL with transistor stacking [86], and
introducing DOIND transistors with controlled gate terminals to reduce leakage current [87].
These techniques involve additional transistors and may incur delay and area penalties, and

some require specific input selection or additional hardware.

The third category of leakage reduction techniques includes hybrid designs and
miscellaneous techniques [88-92]. These techniques combine multiple concepts to reduce
leakage power. Examples include drain gating technique which uses stacking and sleep
transistors [88], a hybrid design that combines Trimode MTCMOS power and ground gated
techniques [89], and a novel technique that combines gate-level body biasing and DTMOS
[90]. Other techniques include INput DEPendent (INDEP) [91], which uses input-dependent
transistors, and ON/OFf LoglIC (ONOFIC) [92], which provides a high-resistance path
between supply and ground. These techniques offer reduced leakage power and improved
performance but may also have limitations such as the need for extra control or computational

overhead.



1.2.2 State of the art- Alternative Logic Styles

A wide range of alternative logic styles exist in literature- PTL [8,93,94], GDI
[9,10,95-97], DML [14-16,98-105], DMTGDI [17,18], DMPL [19,100] and DCVSL[11-13].
The PTL uses pass transistor network to implement different logics with less transistor count
and delay [8], while GDI combines CMOS and PTL logic styles and suffers from output
voltage swing problem and low drive capability [9]. Various modifications have been
proposed to overcome these issues, including using Conventional Complementary Metal-
Oxide Semiconductor (CCMOS) based inverters [95] and adding additional transistors for
level restoration [96]. These modifications improve the performance of GDI with reduced

power consumption, corrected swing degradation, and increased performance.

The DML is yet another logic style [15,98] that offers two operational modes - static
and dynamic - for power reduction and high performance, respectively. The DML can be
implemented using two topologies, type A and type B, and various techniques have been
proposed for DML to minimize power consumption and area [99-105]. Mixed mode of
operation [99,101], which combines static and dynamic modes, has been exploited for energy
efficiency in DML-based carry save adders and multipliers [99]. Leakage reduction
techniques, such as the self-controllable voltage level logic [100], have also been employed
to reduce power in both static and dynamic modes. Additional controllers have been added
to identify parts of the circuit to be operated in low power static mode and high-speed
dynamic mode, which is referred to as mixed mode of operation [100]. Further a self-adaptive
mechanism is used with DML logic style to operate the circuit in mixed DML mode [101]. A

DML-based comparator has also been presented in [103] with high speed and low power
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consumption by limiting the switching operations of internal nodes. However, some of these

techniques have led to an increase in area overhead due to the presence of additional circuitry.

In addition to these, novel DML based logic styles are proposed which aims at
exploiting DML benefits with minimum area or number of transistors. Two such logic styles
are DMPL [19,102] and DMTGDI logic [17,18]. The DMPL design combines energy
efficiency of PTL in static mode with high performance of DML design in dynamic mode
[19]. A standard DMPL gate replaces the minimum size network of a DML design with a
minimum-sized PTL-based network [19]. In [17], a modification to GDI logic, referred to as
Transmission Gate Diffusion Input (TGDI), is introduced. Additional transistors are used in
TGDI to provide dual mode operation and the design so arrived is called DMTGDI [17].
Various logic functions can be implemented with a few transistors using this logic style [17].
Both DMPL and DMTGDI configurations suffer from contention issue in dynamic mode of

operation, so transistor sizing is critical to maintain proper voltage level at the output.

The DCVSL is another logic style that has been shown to be energy efficient and can
exist in static [11] and dynamic (clocked) [12] configuration while providing output in true
and complemented forms. This logic style utilizes NMOS logic trees to implement logic,
which contributes to its high performance. While static DCVSL provides the advantage of
reduced parasitic capacitance, it comes with increased power and complexity [11]. To
improve performance, dynamic DCVSL designs have also been examined [12]. Leakage
control technique has also been employed in both the static and dynamic configurations of
DCVSL [11]. It involves the use of leakage control transistors and multi-threshold logic to

achieve leakage reduction [11].
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1.2.3 State of the art- Improved Transistor Technology

Research has also been done to search improved transistor technology with low
power, high performance, and better control of device parameters. Improved transistor
technology devices have allowed for successful implementation of many logic styles
previously used in CMOS. Few of the technologies are- FDSOI [20-25,104,105], FinFET

[27-35,106-110], CNTFET [36-48,111-118].

The FDSOI is an emerging technology that has several benefits compared to bulk
silicon, such as a simplified manufacturing process and improved transistor performance
[20-23]. By adding a thin layer of insulator beneath the channel, switching power is reduced,
and channel control is improved. The Ultra-Thin Body and Buried Oxide FDSOI (UTBB
FDSOI) utilizes an extremely thin transistor body that allows it to operate at lower voltage
and with higher performance than conventional transistors [24,26]. The DML logic style,
discussed earlier, has been successfully implemented using UTBB FDSOI technology,

enabling the design of high energy efficient digital systems [99].

The FinFET, on the other hand, is another transistor technology, which can act as an
alternative to CMOS as the devices are moving to lower technology node, allowing scaling
of devices beyond 20nm [27-35,106-110]. Many of the logic styles- PTL, GDI, Transmission
Gate Logic (TGL), Complementary Pass Transistor Logic (CPL)-which existed in CMOS
domain, have been successfully implemented using FinFETs [106-110] and it was found that
these logic styles achieve significant PDP reduction in FInFET domain. Studies have also
been carried out to reduce leakage in FinFETs [27-35]. Several leakage reduction techniques
such as ONOFIC [27,34], LECTOR [34], Drain Gating [35], LCNT [109] and INDEP [110],
which were originally developed for CMOS, have been implemented using FinFETs. The
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results have shown that these techniques effectively reduce leakage power in FinFETs. Some
of the new techniques i.e., Leakage Controlling Pass Transistor (LCPT), Self-Controllable
Voltage Level (SVL) are also introduced for FinFETs. In [106], a variant of LECTOR and
LCNT leakage reduction technique is proposed which incorporates N-type and P-type LCPTs
to introduce stacking which reduces leakage. Further, LCTs are added as sleep transistors for
enhanced leakage reduction. Another novel approach introduced in [107] is Self-Controllable
Voltage Level (SVL) technique and involves the use of three different types of SCVL circuits
- Upper (USVL), Lower (LSVL), and Type 3 (a combination of the upper and lower SVL
circuit designs). The SVL technique is designed to reduce leakage power by controlling the

voltage levels during the standby mode.

Another device which has gained popularity in digital domain mainly for low power
designs is CNTFET [36-48,111-118]. Various MOSFET based logic styles, which are already
discussed, have successfully been implemented in CNTFET domain and it is found that these
CNTFET based logic styles- C-CMOS, CPL, domino, TG-CNTFET, GDI- exhibit better PDP
as compared to conventional MOS [39]. The GDI logic style is popular in the CNTFET
domain due to its excellent performance in terms of power, delay, and PDP, but it has a
drawback of reduced output voltage swing [111-113]. To address this issue, a Modified GDI
(MGDI) logic style has been proposed [112]. When combined with CNTFETs, the MGDI
logic style produces smaller, faster, and higher performance devices compared to CMOS
designs [112]. TGDI logic style is also utilized in the CNTFET domain, and offers

improvements in power, delay, and PDP over traditional GDI [114].

In addition, these devices provide a unique opportunity to control threshold voltage

by changing the chiral indices or the diameter of CNT. As a result, these devices are widely
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used for multi-valued logic implementation also, proposed in [46-47]. Another area of
research that has emerged in CNTFET domain is leakage power. Limited study has been
conducted on the implementation of techniques for reducing leakage in CNTFETs, using the
methods previously developed for MOSFETs [115-121]. In [115], the efficiency of two
methods is assessed for lowering CNTFET subthreshold leakage. For leakage reduction, a
negative bias is applied to the n-type CNTFET's gate in the first method, and pull-down
networks are stacked in CNTFET-based designs, referred to as stack forcing in the second
method. In [116], leakage reduction techniques- sleep transistor, forced stack, data-retention
sleep transistor and stacked sleep have been investigated in CNTFET domain. It is found that
these techniques are adept at reducing leakage even in CNTFET domain. However, they
impose an area penalty. Some novel techniques have also been proposed for leakage
reduction in CNTFETs [119-121]. One such technique is proposed in [119-120] which uses
the concept of dual chiral indices (multi-VTH) to reduce leakage in CNTFETs. Another
method, presented in [121], reduces subthreshold leakage current and improves the noise
margin by introducing a feedback structure that controls the transistor's threshold voltage.
Although many methods have been developed to address leakage in CNTFETs, research in
this area remains limited. Therefore, there is a need to investigate additional strategies for

reducing leakage in the context of CNTFETs.
1.3 Research Gaps

As the technology is scaled down to deep nanometre regime, power mainly leakage
power, in CMOS based designs is increasing at an exponential rate. Many techniques have
already been proposed to tackle this issue, but these techniques have some limitations

associated with them, as already discussed. Another point to be noted is that in deep

14



nanometre regime, dynamic power is no more a dominant component of power in CMOS
devices. Even after extensive research, the issue of increased power still persists especially
when technology node is continuously scaled down. So, there is a need to search for transistor
technology and logic styles, which can act as a substitute to CMOS so as to have power
efficient designs. These emerging logic styles and technology inherently offer the advantage
of low power along with other merits as compared to CMOS. Power reduction techniques are
also required for these alternative logic styles to have low power designs. Further the
improved transistor technology mainly FinFET, CNTFET and alternative logic styles can be
explored and further power reduction is possible in the designs based on these. These new
technologies offer great opportunity for low power designs with enhanced performance. So,

the research gaps can be summarized as:

» There is a need for search of alternative logic styles and improved transistor
technologies that can act as low power alternatives to CMOS.

» Power reduction techniques-specially targeting leakage power-need to be explored
for alternative logic styles.

> For improved transistor technologies, the power reduction strategies can further be

explored for low power designs.
1.4 Research Objectives

Based on the literature review and the research gaps identified thereafter, the

following objectives are set for the research work:

» To develop techniques for leakage power reduction in alternative logic styles.

» To formulate techniques that mitigate total power in alternative logic styles
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out:

> Development of leakage power reduction techniques in circuits based on improved

transistor technology.
To investigate total power reduction methods in improved transistor technology-

based circuit designs.

In order to achieve the objectives, the following are the highlights of the work carried

Two designs are proposed for leakage power reduction in footed DML circuits
referred to as GALEOR with Dual Mode Logic (GDML) and GALEOR with Dual
Mode Logic with footed Diode (GDMLD). Also, LECTOR technique is proposed for
footed DML circuits referred to as LDML, which leads to significant leakage power
reduction in footed DML circuits.

A modification of DMTGDI logic style, referred to as Modified DMTGDI (M-
DMTGDI) design, is presented which provides PDP reduction and resolves the
contention issue in existing DMTGDI design. Also, a modification to existing static
DCVSL design is proposed and is referred to as Dual Mode DCVSL (DM-DCVSL)
design. The proposed design provides both power saving and delay reduction.
CNTFET based Modified DMTGDI design and CNTFET based DMTGDI design,
referred to as C-MDMTGDI design and C-DMTGDI design, respectively are
proposed which offer PDP reduction. The proposed C-MDMTGDI design overcomes
the contention issue in C-DMTGDI design. Further leakage reduction techniques-
LECTOR, GALEOR and LCNT are proposed for C-MDMTGDI design.

CNTFET based DML (C-DML) design is proposed which offers PDP reduction in

both static and dynamic mode.
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1.5 Organization of the thesis
Following is the brief description of chapters:
Chapter 1:

This chapter gives a background and literature review of power reduction in standard
CMOS designs, alternative logic styles and improved transistor technologies. It further states

the objectives set for exploring novel alternative logic styles and their power reduction.
Chapter 2:

This chapter presents an elaborative description of various alternative logic styles-
DML, DMTGDI and DCVSL. For each alternative logic style, the operation and analysis of

2-input NAND gate is discussed.
Chapter 3:

This chapter discusses three novel leakage reduction techniques for footed DML
design- LDML, GDML, and GDMLD. Firstly, the operation of the proposed designs is
elaborated and then the simulative investigation of circuits based on proposed designs is done

with functional verification and performance comparison.
Chapter 4:

This chapter is devoted to two proposed DML based designs- M-DMTGDI and
DM-DCVSL. First existing DMTGDI and DCVSL designs are discussed and then the
proposed designs are put forward with their operation and simulation results. Each of the
proposed design based circuit is functionally verified and then a performance comparison is

done.
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Chapter 5:

This chapter elaborates the implementation of footed DML and M-DMTGDI design
in CNTFET domain. Further, leakage reduction techniques-LECTOR, GALEOR and LCNT
are also proposed for C-MDMTGDI design. Extensive simulation of the proposed designs is
done to check the proposed design’s functionality and a performance comparison is drawn

between the existing and proposed design.

Chapter 6:

This chapter summarizes the work presented in the thesis and the future scope of the

work.

All throughout the thesis, the simulations for functional verification and performance
comparison for MOSFET based designs are performed using Symica DE tool and for

CNTFET based designs, HSPICE tool is used.
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Chapter 2

Alternative Logic Styles:
Basic Concepts



2.1 Introduction

This chapter provides an overview of various alternative logic styles, delving into
their fundamentals and operational aspects. The alternative logic styles covered in this

chapter include DML, DMTGDI and DCVSL.

2.2 Dual Mode Logic (DML)

The DML is an alternative logic style which allows two operational modes in a design
1.e., static and dynamic mode [14-16]. This logic family has two variants-unfooted and footed
[14]. Further, two topologies i.e., type A and type B exist in each of these variants. The DML
fundamentals and operation of DML 2-input NAND gate are discussed in the following

subsections.

2.2.1 DML fundamentals

The unfooted DML design consists of PUN and PDN with an extra pre-charge/
pre-discharge transistor [15]. It can be implemented via two topologies- type A and type B as
shown in Fig. 2.1. A pre-charge transistor (T;) and pre-discharge transistor (T4) is added at
the output of a conventional CMOS gate for type A and type B topology respectively. In static
mode, the MODE input is at logic “1” (logic “0”) for type A (type B) which makes transistor
T1 (T4) off . For dynamic mode, a clock signal is used as MODE input which permits two
phases of operation-pre-charge (pre-discharge) and evaluation for type A (type B). The output
node is charged to supply voltage (discharged to ground (GND)) using T (T4) transistor in
type A (type B) topology in pre-charge (pre-discharge) phase as MODE input is logic “0”

(logic “1). In evaluation phase of dynamic mode, the MODE input is logic “1” (logic “0),
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as a result, transistor T; (T4) becomes off. The applied inputs decide the state of output in

both type A and type B designs.
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Fig. 2.1 DML design (a) Unfooted type A [14] (b) Unfooted type B [14]

Basic structure of a footed DML gate is given in Fig. 2.2. The type A footed design
consists of an additional NMOS transistor (T3), placed between PDN and ground along with
pre-charge transistor (T1), as shown in Fig. 2.2 (a). Similarly, for type B, this design includes
an additional PMOS transistor (T2) between PUN and supply voltage along with
pre-discharge transistor (T4), as shown in Fig. 2.2 (b). In static mode, the MODE input is at
logic 17 for type A and logic “0” for type B topology [14]. The additional footer transistor
(T5) is turned on in type A. In type B topology, the header transistor (T2) is turned on. For
dynamic mode, a clock signal is used as MODE input which permits two phases of operation-

pre-charge (pre-discharge) and evaluation for type A (type B).

For type A footed DML design, the output node is charged to Vpp using T transistor

in pre-charge phase. At this time, the footer transistor (T3) remains off. Analogously, the
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output node is discharged to ground using T4 transistor in type B footed DML topology in

pre-discharge phase. The header transistor (T2) remains off.

In evaluation phase, transistor T is off for type A topology. At the same time, the
additional footer transistor (T3) is turned on. In type B topology, transistor T4 is off and the
header transistor (T2) is on. As a result, the applied inputs decide the output in both type A

and type B designs in evaluation phase.
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| Vop _d T,
| PUN
IN, MODE N,
3 T |_
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our 1!
IN 1 — ouT

|
I PDN N, MODE I—,
IN, I T,

e : PDN
e 7GND
.\IODE_I CL
7GND
AV geN))
(a) (b)

Fig. 2.2 DML design (a) Footed type A [14] (b) Footed type B [14]
2.2.2 Operation of DML 2-input NAND gate
To understand the operation of both unfooted and footed DML design, a 2-input
NAND gate is considered, as shown in Fig. 2.3 and Fig. 2.4. The operation of an unfooted
DML based 2-input type A NAND gate is described next. In static mode, the MODE input
is at logic “1” so the pre-charge transistor (T1) remains off. The output is calculated according

to the inputs applied. When (A, B) = (1, 1), both NMOS transistors TN, TN are on, and
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PMOS transistors TP1,TP; are off. A direct path is created between output node and ground,
resulting in logic “0” at the output. When the input (A, B) = (0, 0), both NMOS transistors
TN1,TN; are off and simultaneously, PMOS transistors TP1,TP; are on. As a result, a path is
created between output node and Vpp, causing a logic “1” at the output node. Similarly, in
the case of (A, B)= (0, 1), the TP; and TN transistors are on, while TN; and TP transistors
are off. Consequently, a connection forms between the output node and Vpp, leading to a
logic “1” output. When (A, B)=(1, 0), the TP and TN transistors are off, while TNy and TP»
transistors are on, thus creating a path between output node and Vpp resulting in logic “1”

output. Thus, the circuit realizes NAND function.

For dynamic mode, the MODE input is supplied with a clock signal having two
phases of operation- pre-charge and evaluation. In pre-charge phase, as MODE input is logic
“0”, transistor T is on. Therefore, the output is charged to Vop. In evaluation phase, MODE
input is logic “1” so the pre-charge transistor (T1) remains off. For inputs (A, B) = (1, 1),
NMOS transistors TN1, TNz are on, and PMOS transistors TP1, TP, are off, causing a path to
be created between output and ground. As a result, the output attains logic “0” value. When
(A, B) = (0, 0), NMOS transistors TN1, TNz are off, and PMOS transistors TP, TP, are on,
thus creating a path between output and Vpp, which yields a logic “1” output. Similarly, with
(A, B) = (0, 1), TP1and TN transistors are on, while TN and TP; transistors are off, creating
output to Vpp path to make output as logic “1”. Lastly, for (A, B) = (1, 0), TP1 and TN

transistors are off, while TN1 and TP> transistors are on. This establishes a connection

between the output and Vpp, resulting in a logic “1” output.
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Similar analysis can be done for unfooted DML based 2-input type B NAND gate in
static and dynamic mode, as depicted in Fig. 2.3 (b). In static mode, the pre-discharge
transistor (T4) is off and the output is evaluated according to applied inputs. In pre-discharge
phase of dynamic mode, pre-discharge transistor (T4) is on and it discharges the output node
to ground. In evaluation phase, the output is evaluated according to applied inputs, as the

pre-discharge transistor (T4) is off.
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Fig. 2.3 DML based 2-input NAND gate (a) Unfooted type A (b) Unfooted type B
Consider a footed DML based 2-input type A NAND gate, shown in Fig. 2.4 (a). In
static mode, the operation is same as that of an unfooted DML based 2-input type A NAND
gate with the pre-charge transistor T as off and the footer transistor T3 as on. For dynamic
mode, the MODE input is supplied with a clock signal having two phases of operation-

pre-charge and evaluation. In pre-charge phase, as MODE is logic “0”, transistor T is on,
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footer transistor T3 is off. Therefore, the output is charged to Vop. In evaluation phase, the

pre-charge transistor T1 remains in the off state, while the footer transistor T3 is turned on.

The operation is same as that of an unfooted DML based 2-input type A NAND gate in

evaluation phase.

Similar analysis can be done for footed DML based 2-input type B NAND gate in

static and dynamic mode, as depicted in Fig. 2.4 (b). In static mode, the pre-discharge

transistor (T4) remains off, while the header transistor (T2) is on, allowing the output to be

assessed based on the inputs applied. In the pre-charge phase of dynamic operation, the

header transistor (T2) is off, and the pre-discharge transistor (T4) is on to discharge the output

node to ground. During the evaluation phase, the output is determined based on the applied

inputs, with the pre-discharge transistor (T4) turned off and the header transistor (T2) as on.
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Fig. 2.4 DML based 2-input NAND gate (a) Footed type A (b) Footed type B
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In unfooted DML design, specific input combinations can potentially lead to
contention during the pre-charge phase because a path exists between the supply voltage and
ground. Consequently, appropriate transistor sizing becomes necessary to guarantee a
complete voltage swing at the output. To elucidate this, consider an unfooted DML based
2-input type A NAND gate in pre-charge phase with both inputs (A, B)=(1,1). In pre-charge
phase, MODE is at logic “0” and the transistor T, starts charging the output node, OUT to
Vpp. The PDN of NAND gate is on and it starts discharging the output node. Therefore,
proper output voltage is not obtained in that case. Similarly, contention occurs in unfooted
DML based 2-input type B NAND gate between the pre-discharge transistor (T4) and PUN
in pre-discharge phase when both inputs (A, B)= (0,0). This issue is resolved in footed DML
gates due to the presence of footer and header transistor in type A and type B topology
respectively. In a type A design, the discharging of the output is prevented by the off footer
transistor (T3) during the pre-charge phase. Similarly, in a type B design, the charging of the
output node is prevented by the on header transistor (T2) during the pre-discharge phase.
Therefore, full output voltage swing is achieved. Additionally, the unfooted DML gates
exhibit short-circuit power issues during the pre-charge phase, an extended pre-charge

duration, increased sensitivity to process variation, and reduced overall robustness [15].

2.3 Dual Mode Transmission Gate Diffusion Input (DMTGDI)

The DMTGDI design introduces dual mode capability in TGDI design by
incorporating an additional transistor (pre-charge/pre-discharge transistor) between the
output node and the supply voltage/ground [17]. Similar to DML, this variant also supports

both static and dynamic operating modes which can be selected using a mode signal [17-18].
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It can exist in two topologies- type A and type B. The DMTGDI fundamentals and operation

of DMTGDI 2-input NAND gate are discussed in the following subsections.

2.3.1 DMTGDI fundamentals

A typical DMTGDI cell is shown in Fig. 2.5. It has two topologies, type A and
type B, similar to DML. It uses TGDI block and its internal structure is depicted in Fig 2.5
(a). To attain two operating modes i.e., static and dynamic mode, additional pre-charge
transistor T1 is employed for type A topology (Fig. 2.5 (b)) while an additional pre-discharge
transistor T4 is used for type B topology (Fig. 2.5 (c)). To operate the DMTGDI cell in static
mode, the transistor T1 (T4) is turned off by applying a constant logic “1” (constant logic “0”)
as MODE input for type A (type B) topology. The output of the DMTGDI cell is evaluated
according to the types of inputs applied to lo, 11 and select line, S. For dynamic mode, a clock
signal is applied as MODE input, which allows two phases of operation- pre-charge/ pre-
discharge and evaluation [17]. For type A design, in pre-charge phase, transistor Ty is on as
MODE is logic “0” and it pre-charges the output node to Vpp while in evaluation phase,
transistor T is off and the output is evaluated according to the logic function implemented
by the TGDI structure (transistors TPy, TN2, TNy and TP>) of the DMTGDI cell [17-18]. For
type B design in pre-discharge phase, transistor T4 is on as MODE is logic “1”, which
discharges the output node to ground. In evaluation phase, as the MODE input is logic “0”,
transistor T4 is off and the output is calculated according to the implemented logic function
depending on the inputs applied. As the core of the DMTGDI cell remains the TGDI cell, it
retains the versatility of TGDI cell and can be used to get various logic functions listed in

Table 2.1.
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Fig. 2.5 (a) TGDI block and its internal structure (b) Type A DMTGDI cell [17] (c)
Type B DMTGDI cell [17]
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Table 2.1 Summary of logic functions realized by DMTGDI cell [17]

lL| lb | S|S | LOGIC | FUNCTION
B| 0 |A|A]| AB AND
BV |A|A AB NAND

1| B |A|A| A+B OR

0| B |A|A| A+B NOR

B| B |[A|A]| AGB XOR

B| B |A|A| A®B XNOR

C| B | A|A|AB+AC MUX

2.3.2 Operation of DMTGDI 2-input NAND gate

Consider a DMTGDI 2-input type A NAND gate (Fig. 2.6 (a)). The 2-input NAND
function with A and B as inputs is described by (2.1).

OUT=A.Vop+A. B (2.1)

In static mode, the MODE input is constant logic “1”. Therefore, transistor T is off and the
output of the gate depends on applied inputs. In the scenario where (A, B) = (1, 1), both TP
and TN transistors remain off, and correspondingly, TN; and TP transistors are also off.
This leads to the output as logic “0”. When the input (A, B) = (0, 0), both TP; and TN
transistors are on, and simultaneously, the TN and TP; transistors are on. This results in the
creation of a path between output and Vpp resulting in logic “1” value at the output. Similarly,
in the case of (A, B)=(0, 1), the TP, and TN transistors are on, while TN; and TP, transistors
are on. Consequently, the output node gets connected to Vpp, resulting in logic “1” output.
Lastly, when (A, B)= (1, 0), the TP;, TN>, TN; and TP; transistors are off. This establishes a

path between output node and Vpp which results in logic “1” output.
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In dynamic mode, the MODE input is applied with a clock signal having two phases-

pre-charge and evaluation. During pre-charge phase, MODE input is logic “0. Therefore,

output node is charged to Vpp irrespective of the applied inputs. In evaluation phase, the

MODE input is logic “1” which makes transistor T off. The output is evaluated according to

the inputs applied and the analysis is same as in static mode for different input combinations.
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Fig. 2.6 DMTGDI based 2-input NAND gate (a) Type A (b) Type B [17]
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The DMTGDI based 2-input type B NAND gate is shown in Fig. 2.6 (b) and the
analysis is same as that of DMTGDI based type A NAND gate. The only difference is that
here, in static mode, the MODE input is constant logic “0. Therefore, transistor T4 is off. In
dynamic mode, for pre-discharge phase, MODE input is logic “1”” which makes transistor T4
on. The output is discharged to ground. For evaluation phase, the MODE input is logic “0,
which makes transistor T4 off. The output is evaluated according to the inputs applied to
NAND gate.

In the DMTGDI design, certain input combinations can lead to contention during the
pre-charge phase due to the presence of a path between the supply voltage and ground.

Therefore, proper sizing of transistors is required to ensure full voltage swing at the output.

2.4 Differential Cascode Voltage Switch Logic (DCVSL)

Till now, the discussion has focussed on single ended alternative logic styles,
specifically DML and DMTGDI. Now the discourse is extended to differential output

alternative logic style i.e., DCVSL.

The DCVSL is a differential logic style that is derived from conventional CMOS logic
and ratioed pseudo NMOS logic [11]. This design merges the strengths of these two
traditional approaches, resulting in a high-speed and rail-to-rail logic style. It comes in both
static [11] and dynamic configurations [12]. This logic style produces both differential
outputs, the output and its complement. As a result, an extra inverter is not required to
generate the complement of the output signal. Parasitic capacitance at the output nodes is
reduced due to the exclusive use of NMOS transistors in PDN for implementing the logic
function. This reduction results in a faster response time. To eliminate static power, two
cross-connected PMOS transistors are used to provide positive feedback, ensuring that the
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PUN and PDN are never on at the same time. When implementing complex logic functions,
DCVSL enables the common transistors in the logic network to be shared for both differential
outputs. While the static DCVSL reduces parasitic capacitance, it comes at the expense of
increased power and complexity [11]. To enhance performance, a dynamic DCVSL design
with both pre-charge and evaluation phases is employed [12]. The DCVSL fundamentals and

operation of DCVSL 2-input NAND gate are discussed in the following subsections.

2.4.1 DCVSL fundamentals

A generic differential structure of static DCVSL [11] is illustrated in Fig. 2.7 (a),
which is built using PDNs (PDN1 and PDN2) that exclusively uses NMOS transistors to
implement a logic function (OUT) and its complement (OUT). Two connected PMOS
transistors (TP and TP») are used to implement the PUN which form a positive feedback
latch. Initially, assuming that OUT is logic “1” and OUT to logic “0”, when the inputs are
activated, both PDN1 and PDN2 evaluates. If the input combination applied causes PDN1 to
turn on and create a discharge path for OUT, a conflict arises because OUT, initially at
logic “0”, makes transistor TP; on. This results in a contention between transistor TP and
PDNI, preventing OUT from fully discharging at this stage. However, OUT begins to
discharge slowly. Once OUT falls below the threshold voltage, transistor TP; is triggered to
turn on, driven by OUT. Transistor TP, then provides a charging path for OUT. Because
PDNI1 and PDN2 are mutually exclusive and implement differential logic functions, PDN2
remains off, and there is no discharge path for OUT. Consequently, transistor TP successfully
charges OUT to Vpp. As OUT exceeds threshold voltage, transistor TP; turns off, interrupting
the path between Vpp and ground, thus eliminating any static power dissipation. Now PDNI1

discharges OUT. Eventually, both OUT and OUT achieve the correct logic state.
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Fig. 2.7 (b) shows a generalised structure of dynamic DCVSL [12]. It comprises two
PDNs utilizing NMOS transistors to realize both the output (OUT) and its complement
(OUT). The clock (CLK) signal is used to control the working of the circuit. The dynamic
DCVSL design works in pre-charge and evaluation phase when CLK is logic “0” and logic
“1”, respectively. During the pre-charge phase, transistors TP3 and TP4 are on, while
transistors TP3 and TP4 are off, causing both output nodes to be pre-charged to Vpp. Any
input change during this phase will not influence the output as there is no available path for
current to flow from the output nodes to the ground. When a logic “1” CLK signal is applied,
transistors TP3; and TP4 are turned off. Depending on the input values, one of the output nodes
assumes a logic “0”. The proper operation of the logic gate is ensured through the application
of positive feedback to the PMOS pull-up transistors (TP1,TP2). To enhance the performance
of the dynamic DCVSL gate, additional acceleration circuitry (TN, TN>) is employed. This
modification eliminates the contention that occurred during switching in the case of the static
DCVSL gate. In static DCVSL, one of the PMOS transistors’ (either TP or TP2) gates is
logic “1” while the other is logic “0” since they are connected to complementary output
nodes. Referring to Fig. 2.7 (a), consider a scenario where OUT needs to make a transition
from logic “1” to logic “0” signifying that OUT must change from logic “0” to logic “1”.
When the inputs are activated, PDN1 activates and attempts to discharge OUT. However, this
discharge process is hindered by TP, which remains on because OUT is at logic “0”. This
leads to a state of contention and static power is dissipated during this period. Now, the same
scenario is analysed in dynamic DCVSL. Both OUT and OUT are pre-charged to Vpp during

the pre-charge phase of dynamic DCVSL. This infers that initially, both TP and TP, are off.
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This resolves the contention issue in dynamic DCVSL design since neither transistor TP nor

TP is on initially.
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Fig. 2.7 DCVSL design (a) Static [11] (b) Dynamic [12]
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2.4.2 Operation of DCVSL 2-input NAND/AND gate

A static DCVSL NAND/AND consists of two stacked NMOS transistors
implementing NAND logic and two parallel NMOS transistors driven by complementary
inputs implementing differential AND logic. To illustrate the working, consider a static
DCVSL based 2-input NAND/AND gate [11] shown in Fig. 2.8 (a), which consists of inputs-
A, A, B and B and complementary outputs- OUT (NAND) and OUT (AND). Both PDN1 and

PDN2 evaluate the logic function and its complement when the inputs are applied.

Initially, assuming that OUT is logic “1”” and OUT to logic “0”. When both (A,B) are
logic “1”, PDN1 (TN,TN) is turned on and a path is created for the output, OUT to discharge
to ground. The transistor TP> is turned on due to discharging of OUT node. The transistor
TP is on due to logic “0” at OUT. As a result, there is a contention between transistor TP;
and PDNI, due to which there is a slow discharging of OUT. The complementary output,
OUT is charged to Vpp through transistor TP,. When both the inputs are logic “0”, PDN1
(TN1,TN2) is OFF and PDN2 is on and a path is created for the complementary output, OUT
to discharge to ground. The transistor TP; becomes on, due to which the output, OUT is
charged to Vpp. Similar analysis can be done for other two input cases of 2-input
NAND/AND gate. As the two PDNs do not conduct simultaneously, proper rail-to-rail swing

is obtained at the outputs- OUT and OUT.

In dynamic DCVSL 2-input NAND/AND gate as illustrated in Fig. 2.8 (b), transistors
(TPy,TP2) and (TP3,TP4) are off and on in pre-charge phase respectively. Due to which, both
the complementary outputs are pre-charged to logic “1”. The outputs are independent of
inputs in this phase. In evaluation phase, transistors (TP3,TP4) are off, transistor TN3 is on

and the output is evaluated according to the inputs applied.
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Fig. 2.8 2-input AND/NAND gate (a) Static DCVSL [11] (b) Dynamic DCVSL [12]
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2.5 Conclusion

In this chapter, the fundamentals and operational aspects of the existing alternative
logic styles- DML, DMTGDI and DCVSL are presented. The fundamentals cover the basic
structure of each of the alternative logic style along with its working. Further, a 2-input

NAND gate is considered to analyse each of the logic style in detail.
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Chapter 3

DML Design With Leakage
Power Reduction

The contents of this chapter are published in:

[1] N. Yadav, N. Pandey, and D. Nand, “Leakage reduction in dual mode logic through
gated leakage transistors,” Microprocess. Microsyst., vol. 84, no. 104269, pp. 1-12,

2021, doi: 10.1016/j.micpro.2021.104269. (SCI indexing, 3.503 IF)
[2] N. Yadav, N. Pandey, and D. Nand, “LDML: A proposal to reduce leakage power in

DML circuits,” Wirel. Pers. Commun., vol. 129, no. 2, pp. 1009-1024, 2023,

doi:10.1007/s11277-023-10170-4. (SCIE indexing, 2.2 IF)
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3.1 Introduction

Leakage reduction techniques have been widely studied in the context of static
and dynamic CMOS designs, as already discussed in chapter 1. Limited study has been
conducted to reduce leakage power in DML design. Two leakage control techniques are
mainly used to reduce power in DML [123-125]. First technique uses sleep transistors for
leakage power reduction and is popularly known as power gating technique [123-124].
It requires additional overhead for sleep control signal generation and its routing. The
second technique employs multi-threshold concept [125], which requires identification
of transistors whose threshold voltage is to be modified. The LECTOR and GALEOR are
the leakage reduction techniques that are self-controlled and does not require any external
signals or transistor identification for threshold modification [77,80]. Both LECTOR and
GALEOR use LCTs and GLTs respectively, between PUN and PDN to introduce stacking

so as to reduce leakage [77,80].

This chapter presents incorporation of LECTOR and GALEOR leakage reduction
techniques for footed DML design. The LECTOR incorporated DML design implemented
with standard threshold voltage and high threshold voltage LCTs, are referred to as LDML
and LDML-HIGH-VTH design, respectively. The GALEOR incorporated footed DML
design is referred to as GALEOR with Dual Mode Logic (GDML). Further, GDML
design is extended by including a footed diode transistor, the design so obtained is
referred to as GALEOR with Dual Mode Logic with footed Diode (GDMLD). The
additional transistors- LCTs and GLTs reduce the leakage current in footed DML design

without any complexity and routing overhead.
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3.2 Leakage power in footed DML design

Leakage power (Pieakage ) 1s predominantly due to subthreshold leakage current [2],

given by (3.1) [2].
Pleakage = Isubthreshold * VDD (3 1)

where Vpp is supply voltage and Isubtreshold 18 subthreshold leakage current given by (3.2)
[2].

Lsubthreshold = To ceXp ((Vgs - (VTH)/ (th)) (32)

where VTH and V; correspond to the device threshold voltage and thermal voltage
(Vi=25.9mV at room temperature); and Io is the current when Vgs = VTH. The parameter

a is a constant depending on the device fabrication process, ranging from 1.0 to 2.5.

To investigate the presence of leakage current in footed DML designs, consider
type A and type B footed DML NAND gate as shown in Fig. 3.1. In footed type A NAND
gate, the pre-charge transistor T remains off in static mode. Depending on the inputs
applied, some amount of leakage current exists in the off transistors and in the off
pre-charge transistor Ti. This creates a path for a current to flow from supply voltage to
ground. Similarly, in pre-charge phase of dynamic mode, transistor T is used to charge
the output to supply voltage irrespective of the inputs applied. Ideally there should not be
any current flowing in PDN as footer transistor T3 is off but due to leakage in off
transistors, leakage current flows from supply voltage to ground. During evaluation
phase, the leakage current exists in off transistors and is dependent on the inputs applied.

Similar analysis can be done for footed type B NAND gate in static and dynamic mode,
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as depicted in Fig. 3.1 (b). The only difference is that in static and dynamic mode,

additional leakage exists because of the pre-discharge transistor (T4).
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Fig. 3.1 Footed DML design (a) Type A NAND gate (TA-NAND) (b) Type B
NAND gate (TB-NAND)
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3.3 Proposed Design-1: LECTOR with DML logic (LDML)

The LECTOR was proposed as a technique to achieve leakage power reduction in
various circuits by using the concept of stacking of transistors in the path from supply
voltage to ground [77]. It is based on the concept that more leakage reduction is achieved
if a greater number of off transistors are present in the path from supply voltage to ground
[77]. In the proposed design-1 (LDML), two LCTs are introduced between PUN and PDN
of the footed DML design such that one of the LCTs is always near its cut-off region of
operation. As a result, the effective resistance between supply voltage and ground is

increased, which eventually reduces leakage.

3.3.1 Operation

The proposed LDML design incorporates LCTs in footed DML design. Figure 3.2
depicts the proposed LDML Type A NAND gate (LDML-TA-NAND) and LDML Type
B NAND gate (LDML-TB-NAND). Here LCT; (PMOS) and LCT, (NMOS) are
introduced in Type A (TA-NAND) and Type B NAND (TB-NAND) footed DML gate, as
shown in Fig. 3.1. It may be noted that the gate of LCT; is connected to source of LCT>

and vice-versa. The drain of both LCT1 and LCT> are connected to the output node.

In static mode of proposed LDML type A NAND gate, the MODE input is
constant logic “1”. Therefore, transistor T 1s off while transistor T3 is on. The output of
the gate depends on applied inputs. If all inputs are logic “1”, then transistors TN;-TNk
are on and TP;-TPy remain off. Transistor LCT; is on and LCT; is off. Therefore, the
output attains logic “0” value. Due to presence of off LCT> transistor in the path from
supply voltage to ground, the effective resistance increases along the path, which results
in less leakage current. Further, when all inputs are set to logic “0”, transistors TN;-TNk

are off and TP,-TPy remain on. Transistor LCT; is off and LCT> is on. Therefore, the
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output attains logic “1” value. Due to presence of oftf LCT] transistor in supply voltage to

ground path, the effective resistance increases, which results in less leakage current.

The operation of proposed LDML-TA-NAND gate in dynamic mode is elucidated
here. The MODE input is applied with a clock signal having two phases- pre-charge and
evaluation. During pre-charge phase, MODE input is logic “0”. Therefore, output node is
charged to Vpp irrespective of the applied inputs. However, the leakage current depends
on the inputs applied. The status of LCTs is similar to that of static mode. The presence
of LCTs increases the effective resistance from supply voltage to ground, leading to a

reduction in leakage current.

In evaluation phase, the MODE input is logic “1” which makes transistor T off
and transistor T3 is on. The output is evaluated according to the inputs applied. When all
inputs are set to logic “1”, transistors TN|-TNk are turned on while TP;-TPx remain off.
As aresult, transistor LCT] is also turned on while LCT> remains off, causing the output
to be at a logic “0” value. The presence of the off LCT> transistor in the path from the
supply voltage to ground increases the effective resistance along the path, resulting in
reduced leakage current. On the contrary, when all inputs are set to logic “0”, transistors
TN;-TNg are turned off while TP-TPx remain on. This causes transistor LCT; to be turned
off while LCT> is turned on, resulting in the output attaining a logic “1” value. The
presence of the off LCT; transistor in the path from the supply voltage to ground increases

the effective resistance along the path, which in turn reduces the leakage current.
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Fig. 3.2 Proposed LDML design (a) Type A NAND gate (LDML-TA-NAND) (b)
Type B NAND gate (LDML-TB-NAND)
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The proposed LDML type B NAND is shown in Fig. 3.2 (b) and the leakage
mechanism is same as that of LDML type A NAND gate. The only difference is that here,
in static mode, the MODE input is constant logic “0”. Therefore, transistor T4 is off while
header transistor T2 is on. In dynamic mode, for pre-discharge phase, MODE input is
logic “1” which makes transistor T4 on. The output is pre-discharged to ground. For
evaluation phase, the MODE input is logic “0”, which makes transistor T4 off and
transistor T> on and the output is evaluated based on inputs.

Further, in the proposed LDML-HIGH-VTH design, due to the presence of high
VTH LCTs, the effective resistance of the path from supply voltage to ground is more
than that of LDML design with standard VTH LCTs. As a result, the reduction in leakage
current is more for LDML design with high VTH LCTs as compared to the standard VTH

LCTs design.

3.3.2 Simulation results
This section is divided into two parts- the first subsection deals with the functional

verification while the second subsection compares the performance of 2-input NAND
gate, 2-input NOR gate and 1-bit FA based on proposed LDML and LDML-HIGH-VTH
designs with corresponding footed DML counterparts. All the circuits are simulated using
90nm and 45nm BS1M4 model card for bulk CMOS with supply voltage of 1.2V and load
capacitance of 5fF using Symica DE tool. Corner analysis is also done for 2-input NAND
gate. Effect of voltage and temperature variation is also investigated. The SPICE
simulator SymSpice is used to demonstrate the operation of proposed circuits and

SymProbe tool is used for leakage power and delay analysis.

3.3.2.1 Functional verification

The 2-input NAND and NOR circuits are implemented using the proposed LDML

and LDML-HIGH-VTH design in type A and type B topologies. Figure 3.3 shows the
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transient waveforms for 2-input LDML, LDML-HIGH-VTH type A and type B NAND
(LDML-NAND,LDML-HIGH-VTH-NAND) and NOR (LDML-NOR,LDML-HIGH-
VTH-NOR) gates in static mode. The MODE input is logic “1” for type A and logic “0”
for type B in static mode. It may be noted that output for NAND gate is logic “1” when
any of the inputs is logic “0” whereas NOR gate provides output logic “0” when any of
the inputs is logic “1” for both type A and type B topology in static mode. Thus, both
LDML and LDML-HIGH-VTH based NAND and NOR gate work correctly in static

mode.

The dynamic mode of operation is depicted in Fig. 3.4. Here MODE input is
connected to a clock signal having two phases of operation- pre-charge and evaluation.
The transient waveforms for type A NAND and NOR gates in dynamic mode are
illustrated in Fig. 3.4 (a). In pre-charge phase, MODE input is logic “0” for proposed type
A gates so the output is charged to supply voltage for both NAND and NOR gates.
Alternatively, in evaluation phase, the MODE is logic “1”. The output for NAND gate is
logic “1” when any of the inputs is logic “0” whereas NOR gate provides output logic “0”
when any of the inputs is logic “1”. Thus, both the type A NAND and NOR gates based

on LDML and LDML-HIGH-VTH function correctly in dynamic mode.

The transient waveforms for type B NAND and NOR gates in dynamic mode are
illustrated in Fig. 3.4 (b). In type B topology, the only difference is that for pre-discharge
phase, the MODE input is logic “1” which discharges the output node and for evaluation
phase, the MODE input is logic “0”. The output for NAND gate is logic “1” when any of
the inputs is logic “0” whereas NOR gate provides output logic “0”” when any of the inputs
is logic “1”. Thus, both the type B NAND and NOR gates based on LDML and LDML-

HIGH-VTH function correctly in dynamic mode.
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Fig. 3.3 Transient waveforms of the proposed LDML design in static mode
(a) 2-input type A NAND and NOR gate (b) 2-input type B NAND and NOR gate
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Further, in order to show the cascading of type A and type B topologies of
LDML and LDML-HIGH-VTH designs, a 1-bit FA circuit is also implemented using the
schematic shown in Fig. 3.5 [6]. This schematic is realized using footed DML and
proposed LDML and LDML-HIGH-VTH designs. The sum block is implemented using

type B topology and the carry block is implemented using type A topology.

CARRY BLOCK

SUM BLOCK

Fig. 3.5 Schematic of a 1-bit FA design [6]

The functional verification of the FA is carried out by applying inputs A, B,
C and MODE input as shown in Fig. 3.6. The transient waveforms for sum and carry for
DML (DML-SUM, DML-CARRY), LDML (LDML-SUM,LDML-CARRY) and LDML-
HIGH-VTH (LDML-HIGH-VTH-SUM,LDML-HIGH-VTH-CARRY) are depicted in
Fig. 3.6 (a) and Fig. 3.6 (b) for static and dynamic mode respectively. It may be noted that
in static mode, the SUM bit is logic “1” when an odd number of logic “1” among the
inputs and the CARRY bit is logic “1”” when at least two of the three inputs are logic “1”.
In pre-charge/pre-discharge phase of dynamic mode, since the sum block is type B,
therefore MODE is logic “1” causing the SUM bit to be at logic “0”. Similarly, since the
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carry block is type A therefore MODE is logic “0” as a result the CARRY bit is logic “1”.
During the evaluation phase, the SUM bit becomes logic “1”” when there's an odd number
of logic “1” inputs, while the CARRY bit is logic “1” if at least two out of the three inputs

are logic “1”.
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Fig. 3.6 Transient waveform of proposed LDML based 1-bit FA (a) Static mode

(b) Dynamic mode

3.3.2.2 Performance comparison

The existing footed DML and proposed LDML designs are compared in static and
dynamic mode in terms of leakage power, delay and leakage PDP for proposed LDML
and footed DML based 2-input type A and type B NAND and NOR gates and 1-bit FA
circuit using Symica DE tool at 1.2 V supply voltage. Table 3.1 enlists the leakage power,

delay and leakage PDP of proposed LDML and footed DML based 2-input type A and
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type B NAND and NOR gates and 1-bit FA circuit in static mode at 90nm and 45nm.

Following are the observations from Table 3.1:

In static mode, the maximum percentage leakage power saving is 30.49% for

LDML and 44.85% for LDML-HIGH-VTH at 90nm.

The percentage leakage power saving increases with technology scaling, the

corresponding values are 57.32% for LDML and 66.61% for LDML-HIGH-VTH

at 45nm .

The proposed LDML based gates show increased delay in comparison to DML

counterparts which may be attributed to the LCTs placed between PUN and PDN

networks.

The proposed LDML-HIGH-VTH design offers better leakage power saving than

proposed LDML design.

Table 3.1 Leakage power, delay and leakage PDP of proposed LDML and footed
DML based 2-input type A and type B NAND and NOR gates and 1-bit FA circuit

in static mode at 90nm and 45nm at 27°C

Circuit Leakage Power(nW) Delay(ns) Leakage PDP (a)
90nm Fgl(\)/}id LDML HILG]?-II\-A\];”I-"H Fgl(\)/}id LDML HIIE}?-II\-A\];"I‘H Flglcx)/}id LDML HILG]?—II\-A\];{"H
TA-NAND2 25.6 19.37 15.78 0.07 0.08 0.09 1.79 1.55 1.42
TB-NAND2 39.42 27.52 21.74 0.09 0.1 0.11 3.55 2.75 2.39
TA-NOR2 34.45 26.08 21.23 0.09 0.1 0.11 3.1 2.61 2.34
TB-NOR2 26.57 18.47 14.66 0.11 0.13 0.14 2.92 2.4 2.05
FA 244.95 189.69 181.06 0.23 0.25 0.29 56.34 | 47.42 52.51
45nm
TA-NAND2 | 13391 68.3 55 0.05 0.06 0.07 6.7 4.1 3.85
TB-NAND2 | 205.21 88.75 68.89 0.07 0.08 0.09 14.36 7.1 6.2
TA-NOR2 184.91 94.69 76.76 0.07 0.08 0.09 12.94 7.57 6.91
TB-NOR2 135.93 58.02 45.39 0.08 0.1 0.11 10.87 5.8 4.99
FA 97449 | 720.848 679.523 0.09 0.13 0.15 87.7 95.01 105.23

The leakage power, delay and leakage PDP of the existing and the proposed 2-input

footed type A and type B NAND and NOR gates and 1-bit FA in dynamic mode
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(pre-charge/pre-discharge and evaluation phase) at 90nm and 45nm is enlisted in Table

3.2. Following are the observations from Table 3.2:

During the pre-charge/pre-discharge phase, LDML design results in a maximum
percentage leakage power saving of 17.22% at 90nm, and 34.99% at 45nm.
The LDML-HIGH-VTH design results in a maximum percentage leakage power
saving of 29.98% at 90nm, and 40.42% at 45nm in pre-charge / pre-discharge
phase.

During the evaluation phase in dynamic mode, LDML design results in a
maximum percentage leakage power saving of 30.49% at 90nm, and 57.32% at
45nm.

The LDML-HIGH-VTH design results in a maximum percentage leakage power
saving of 44.85% at 90nm, and 66.61% at 45nm in evaluation phase.

As technology scaling occurs, the amount of power saved from leakage increases

using the proposed design.
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Further, the efficiency of the proposed technique in terms of percentage leakage

power saving is investigated at different temperatures i.e. -25 °C, 27 °C and 100 °C at

90nm and 45nm in static and dynamic mode. In static mode, the percentage leakage power

saving achieved for 2-input type A and type B NAND and NOR gates and 1-bit FA for

-25°C, 27 °C and 100 °C at 90nm and 45nm is enlisted in Tables 3.3 and 3.4 respectively.

Following are the observations from Tables 3.3 and 3.4:

I.  The results demonstrate that the leakage power in LDML design is reduced as

compared to footed DML design in static mode.

ii.  Percentage leakage power saving varies from 25.18% to 50.58% and 39.48% to

70.37% for 90nm and 45nm respectively at -25°C.

lii.  Percentage leakage power saving decreases to 22.56% to 44.84% for 90nm and

26.03% to 66.6% for 45nm at 27°C.

iv.  Percentage leakage power saving is 18.54% to 41.79% for 90nm and by 23.2% to

63.36% for 45nm at 100°C.

Table 3.3 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in static mode for different temperature at 90nm

90nm Process Technology, Supply Voltage =1.2 V, Static Mode of DML
Circuit Percentage leakage power Percentage leakage power Percenta'ge leakage power
saving at -25°C saving at 27°C saving at 100°C
LDML LDM\I;{“ﬁIGH- LDML LDM\I;%I—I—IIIGH- LDML LDM\E}I:{IGH-

TA-NAND2 | 28.56 44.68 24.37 38.36 21.66 33.49
TB-NAND2 | 34.06 50.58 30.19 44.84 27.98 40.78
TA-NOR2 28.52 44.28 24.31 38.38 21.98 33.72
TB-NOR2 33.34 49.46 30.48 44.82 29.29 41.79
FA 25.18 33.27 22.56 26.08 18.54 23.91

55



Table 3.4 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in static mode for different temperature at 45nm

45nm Process Technology, Supply Voltage =1.2 V, Static Mode of DML

Circuit

Percentage leakage power

Percentage leakage power

Percentage leakage power

saving at -25°C saving at 27°C saving at 100°C
LDML LDM\I]}I;IGH- LDML LDM\I;FI—II:IIIGH- LDML LDM\I;F}I;_IIIGH-
TA-NAND2 | 54.09 64.18 48.99 58.93 44.53 53.59
TB-NAND2 | 60.38 70.37 56.75 66.43 53.27 62.35
TA-NOR2 53.41 63.15 48.79 58.49 44.59 53.54
TB-NOR2 59.79 69.55 57.32 66.6 54.73 63.36
FA 39.48 49.22 26.03 30.27 23.2 27.46

In dynamic mode, the percentage leakage power saving achieved for footed DML
designs for type A and type B topology for -25 °C, 27 °C and 100 °C at 90nm and 45nm

is enlisted in Tables 3.5 and 3.6, respectively. Following are the observations from Tables

3.5 and 3.6:

I.  The results demonstrate that the leakage power in LDML circuits is reduced as

compared to footed DML circuits across different temperature in dynamic mode.

ii. At -25°C, percentage leakage power saving is 4.12% to 50.58% for 90nm and

9.08% to 70.37% for 45nm;

lii. At 27°C, percentage leakage power saving is 4.38% to 44.84% for 90nm and

8.28% to 66.6% for 45nm.

iv. At 100°C, percentage leakage power saving is 3.09% to 41.79% for 90nm and

6.41% to 63.36% for 45nm.
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Table 3.5 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in dynamic mode for different temperature at

90nm
90nm Process Technology, Supply Voltage =1.2 V, Dynamic Mode of DML
Percentage leakage power Percentage leakage power Percentage leakage power
saving at -25°C saving at 27°C saving at 100°C
Pre-charge/ Pre- LDML LDML-HIGH- LDML LDML- LDML LDML-HIGH-

discharge VTH HIGH-VTH VTH

TA-NAND2 10.39 30.86 451 19.24 3.09 12.98

TB-NAND?2 9.03 29.7 8.55 26.26 8.27 23.27

TA-NOR2 14.75 35.16 8.79 25.24 6.82 19.89

TB-NOR2 4.12 20.71 438 17.67 3.85 14.79

FA 18.1 31.34 17.2 29.97 16.72 21.53
Evaluation

TA-NAND2 28.56 44.68 24.37 38.36 21.66 33.49

TB-NAND2 34.06 50.58 30.19 44.84 27.98 40.78

TA-NOR2 28.52 44.28 24.31 38.38 21.98 33.72

TB-NOR2 33.34 49.46 30.48 44.82 29.29 41.79

FA 25.18 33.27 22.56 26.08 18.54 2391

Table 3.6 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in dynamic mode for different temperature at

45nm
45nm Process Technology, Supply Voltage =1.2 V, Dynamic Mode of DML
Percentage leakage power Percentage leakage Percentage leakage
saving at -25°C power saving at 27°C power saving at 100°C
Pre-charge/ Pre- LDML LDML- LDML LDML- LDML LDML-
discharge HIGH-VTH HIGH-VTH HIGH-VTH
TA-NAND2 16.69 29.66 9.03 20.41 6.41 15.37
TB-NAND?2 18.71 35.65 17.55 32.53 16.81 30.07
TA-NOR2 21.24 35.68 15.26 28.51 12.82 24.27
TB-NOR2 9.08 20.96 8.28 19.36 8.14 17.82
FA 36.33 43.12 34.99 40.42 29.21 31.54
Evaluation
TA-NAND2 54.09 64.18 48.99 58.93 44.53 53.59
TB-NAND2 60.38 70.37 56.75 66.43 53.27 62.35
TA-NOR2 53.41 63.15 48.79 58.49 44.59 53.54
TB-NOR2 59.79 69.55 57.32 66.6 54.73 63.36
FA 39.48 49.22 26.03 30.27 23.2 27.46
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Further, the robustness of the proposed LDML design is checked by considering
a 2-input type A NAND gate and analysing it at five different process corners i.e., TT, FF,
SS, FS, SF.

Figure 3.7, Figure 3.8 and Figure 3.9 depict the percentage leakage power saving
for the proposed LDML based 2-input type A NAND gate compared to the existing footed
DML counterpart across five distinct process corners in static mode, pre-charge and
evaluation phases of dynamic mode respectively. In static mode, a maximum percentage
leakage power saving of 50.14% and 62.14% for LDML and LDML-HIGH-VTH
respectively for both 90nm and 45nm. In pre-charge phase of dynamic mode,
corresponding values are 4.82 % and 19.79 %. In evaluation phase, LDML shows a
maximum percentage leakage power saving of 50.14%, and LDML-HIGH-VTH displays
a percentage leakage power saving of 62.14% for both 90nm and 45nm. It can be deduced
that the proposed design-I effectively reduces leakage power across all process corners in

both static and dynamic mode.
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Fig. 3.7 Percentage leakage power saving for proposed LDML based 2-input
type A NAND gate at five different process corners in static mode at (a) 90nm
(b) 45nm
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Fig. 3.9 Percentage leakage power saving for proposed LDML based 2-input type
A NAND gate at five different process corners in evaluation phase of dynamic
mode at (a) 90nm (b) 45nm

The efficacy of the proposed LDML design is also investigated for 2-input

type A NAND gate at different supply voltages (0.6 V-1.2 V) at 90nm and 45nm.
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Figure 3.10, Figure 3.11 and Figure 3.12 illustrates the percentage leakage power
saving achieved using LDML and LDML-HIGH-VTH design in static, pre-charge
phase of dynamic mode and evaluation phase of dynamic mode respectively. It may
be noted that the proposed design-1 is efficient at all supply voltages in both static
and dynamic mode at 90nm and 45nm with maximum percentage leakage power
saving of 27.64% and 40.35% at 90nm and 53.22% and 61.91% at 45nm for LDML
and LDML-HIGH-VTH design respectively, in static mode. The corresponding
values are 6.49% and 19.89% at 90nm and 18.97% and 30.77% at 45nm in pre-
charge phase of dynamic mode. In evaluation phase, a maximum percentage leakage
power saving of 27.64% and 40.35% at 90nm and 53.22% and 61.91% at 45nm for

LDML and LDML-HIGH-VTH design respectively.
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Fig. 3.10 Percentage leakage power saving for proposed LDML based 2-input type
A NAND gate at different voltages in static mode at (a) 90nm (b) 45nm
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Further, the variation in leakage power and delay is also observed for LDML
based 2-input type A NAND gate by varying load capacitor (5fF-100fF) at 90nm and
45nm as depicted in Fig. 3.13 and 3.14, respectively. It may be observed that with increase
in load capacitance value, the leakage power remains constant. However, there is an
increase in delay value with increase in load capacitance and the effect is more severe in

case of LDML-HIGH-VTH as compared to LDML design.
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Fig. 3.13 Effect of variation of load capacitance on leakage power for LDML
based 2-input type A NAND gate (a) 90nm (b) 45nm
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Fig. 3.14 Effect of variation of load capacitance on delay for LDML based 2-input
type A NAND gate (a) 90nm (b) 45nm
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Few of the observations which have been made from Tables 3.1-3.6 are:

i. Asthe design progresses towards lower technology node i.e., from 90nm to 45nm,

leakage power of the design increases.

ii. The efficacy of the proposed LDML design in mitigating leakage power increases

as technology scales.

iii. When LDML design is implemented with high threshold voltage for LCTs then
there is an increase in percentage leakage power saving of the design as

compared to the standard VTH design.

iv. For a 1-bit FA, significant percentage leakage power saving is witnessed using
the proposed designs. Similar to the smaller designs, the proposed LDML with
high VTH design is more effective in combating leakage power as compared to

LDML with standard VTH design.

3.4  Proposed Design-11: GALEOR based DML logic (GDML) and
GALEOR based DML logic with footed Diode (GDMLD)

The leakage reduction in existing type A and type B footed DML designs can also
be achieved using the existing GALEOR leakage reduction technique. The proposed
design-II- both GDML and GDMLD modify the existing footed DML design by
incorporating additional GLT transistors (GLTi, GLT2). An additional footed diode
transistor is used in GDML design yielding GDMLD design. The proposed designs

achieve leakage reduction by using the concept of stacking in footed DML design.
3.4.1 Operation

The proposed GDML design incorporates GLTs in footed DML design.
Figure 3.15 depicts the proposed GDML type A NAND gate (GDML-TA-NAND) and
GDML type B NAND gate (GDML-TB-NAND). Here GLT; (NMOS)and GLT2 (PMOS)
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are introduced in footed DML type A and type B NAND gate, shown in Fig. 3.1. It may
be noted that the drain and gate terminals of each GLT are connected. The source of both

GLT: and GLT; are connected to the output node.

In static mode of proposed GDML type A NAND gate, the MODE input is
constant logic “1”. Therefore, transistor T is off while footer transistor T3 is in on
condition. The output of the gate depends on applied inputs. If all inputs are logic “17,
then transistors TN;-TNk are on and TP-TPy remain off. Transistor GLT is off and GLT>
is on. Therefore, the output attains logic “0” value. Due to presence of off GLT; transistor
in the path from supply voltage to ground, the effective resistance increases along the
path, which results in less leakage current. Further, when all inputs are set logic “0”, then
transistors TN-TNk are off and TP,-TPx remain on. Transistor GLT; is on and GLT; is
off. Therefore, the output attains logic “1” value. Due to presence of off GLT> transistor
in the path from supply voltage to ground, the effective resistance increases along the

path, which results in less leakage current.

The operation of proposed GDML type A NAND gate in dynamic mode is
elucidated here. A clock signal is applied to the MODE input allowing two phases-
pre-charge and evaluation. During pre-charge phase, MODE input is logic “0”. Therefore,
output node is charged to Vpp through transistor T irrespective of the applied inputs.
However, the leakage current depends on the inputs applied. The status of GLTs is similar
to that of static mode. The presence of GLTs increases the effective resistance from supply

voltage to ground, leading to a reduction in leakage current.

In evaluation phase, the MODE input is logic “1” which makes transistor T1 off
and footer transistor T3 on. The output is evaluated according to the inputs applied. When
all inputs are logic “1”, transistors TN|-TNy are turned on while TP-TPx remain off. As

a result, transistor GLT; is off while GLT> remains on, causing the output to be at a logic
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“0” value. The presence of the off GLT] transistor in the path from the supply voltage to
ground increases the effective resistance along the path, resulting in reduced leakage
current. On the contrary, when all inputs are set to logic “0”, transistors TN-TNx are
turned off while TP-TPy remain on. This causes transistor GLT; to be turned on while
GLT: is off, resulting in the output attaining a logic “1” value. The presence of the off
GLT> transistor in the path from the supply voltage to ground increases the effective
resistance along the path, which in turn reduces the leakage current.

The proposed GDML type B NAND is shown in Fig. 3.15 (b) and the leakage
mechanism is same as that of GDML type A NAND gate. The only difference is that here,
in static mode, the MODE input is constant logic “0”. Therefore, transistor T4 is off while
header transistor T> is in on condition. In dynamic mode, for pre-discharge phase, MODE
input is at logic “1” which makes transistor T4 on and header transistor T> off. The output
is pre-discharged to ground. For evaluation phase, the MODE input is at logic “0”, which

makes transistor T4 off and header transistor T» on.
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Fig. 3.15 Proposed GDML design (a) Type A NAND gate (b) Type B NAND gate
Further, the GDMLD designs are obtained by placing a footed diode transistor
(D1) above the ground terminal in both type A and type B topology designs. The GDML
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design of Fig.3.15 is modified by adding an NMOS diode transistor (D1), with its gate
and drain terminals connected above the ground terminal. The resulting type A and type
B GDMLD designs are shown in Fig. 3.16. This configuration results in further leakage
reduction by introducing stacking effect [78]. Here the mechanism behind leakage
reduction is same as in the case of GDML designs of type A and type B topology, both in

static and dynamic mode.
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Fig. 3.16 Proposed GDMLD design (a) Type A NAND gate (b) Type B NAND
gate

3.4.2 Simulation results

This section is divided into two parts- the first part deals with the functional
verification while the second part compares the performance of 2-input NAND gate,
2-input NOR gate and 1-bit FA based on proposed GDML and GDMLD designs with
corresponding footed DML counterparts. All the circuits are simulated using 90nm and
45nm BSIM4 model card for bulk CMOS with supply voltage of 1.2V and load

capacitance of 5fF using Symica DE tool. Corner analysis is also done for 2-input NAND
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gate. Effect of voltage and temperature variation is also investigated. The SPICE
simulator SymSpice is used to demonstrate the operation of proposed designs and

SymProbe tool is used for leakage power and delay analysis.

3.4.2.1 Functional verification

The 2-input NAND and NOR circuits are implemented using the proposed GDML
and GDMLD designs in type A and type B topologies in static and dynamic mode. Figure
3.17 shows the transient waveforms for GDML, GDMLD type A and type B NAND
(GDML-NAND,GDMLD-NAND) and NOR gates (GDML-NOR,GDMLD-NOR) in
static mode. The MODE input is logic “1” for type A and logic “0” for type B in static
mode. It may be noted that output for NAND gate is logic “1” when any of the inputs is
logic “0” whereas NOR gate provides output logic “0” when any of the inputs is logic
“1”. Thus, both GDML and GDMLD based NAND and NOR gates work correctly in

static mode.
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Fig. 3.17 Transient waveforms of the proposed GDML and GDMLD design in
static mode (a) Type A NAND and NOR gate (b) Type B NAND and NOR gate

The dynamic mode of operation is depicted in Fig. 3.18. Here MODE input is
connected to a clock signal having two phases of operation- pre-charge and evaluation.
In pre-charge phase, MODE input is logic “0” for proposed type A gates, so the output is
charged to supply voltage for both NAND and NOR gates. Alternatively, in evaluation
phase, the MODE input becomes logic “1” for type A. Figure 3.18 (a) shows the transient
waveform of the type A NAND and NOR gates in dynamic mode. It may be noted that in
evaluation phase, output for NAND gate is logic “1” when any of the inputs is logic “0”
whereas NOR gate provides output as logic “0” when any of the inputs is logic “1”. Thus,
both the NAND and NOR gates based on GDML and GDMLD designs function correctly

in dynamic mode.
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The transient waveforms for type B NAND and NOR gates based on GDML and
GDMLD designs in dynamic mode are illustrated in Fig. 3.18 (b). Here, the only
difference is that for pre-discharge phase, the MODE input is logic “1”” which discharges
the output node to ground and for evaluation phase, the MODE input is logic “0”. In
evaluation phase, the output for NAND gate is logic “1” when any of the inputs is logic

“0” whereas NOR gate provides output logic “0”” when any of the inputs is logic “1”.
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Fig. 3.18 Transient waveforms of the proposed GDML and GDMLD design in

dynamic mode (a) Type A NAND and NOR gate (b) Type B NAND and NOR gate

Further, in order to show the cascading of type A and type B topologies of
proposed GDML and GDMLD designs, a 1-bit FA circuit is also implemented using the
schematic shown in Fig. 3.5. This schematic is realized using footed DML and proposed
GDML and GDMLD designs. The sum block is implemented using type B topology and
the carry block is implemented using type A topology. The functional verification of the
FA is carried out by applying inputs A, B, C and MODE input as shown in Fig. 3.19. The
transient waveforms for sum and carry for DML (DML-SUM, DML-CARRY), GDML

(GDML-SUM, GDML-CARRY) and GDMLD (GDMLD-SUM, GDMLD-CARRY) are
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depicted in Fig. 3.19 (a) and Fig. 3.19 (b) for static and dynamic mode respectively. It

may be noted that in static mode, the SUM bit is logic “1”” when an odd number of logic

“1” among the inputs and the CARRY bit is logic “1” when at least two of the three inputs

are logic “1”. In pre-charge/pre-discharge phase of dynamic mode, since the sum block

is type B, therefore MODE is logic “1” causing the SUM bit to be at logic “0”. Similarly,

since the carry block is type A therefore MODE is logic “0” as a result the CARRY bit is

logic “1”. During the evaluation phase, the SUM bit becomes logic “1” when there's an

odd number of logic “1” inputs, while the CARRY bit is logic “1” if at least two out of

the three inputs are logic “1”.
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Fig. 3.19 Transient waveforms of proposed GDML and GDMLD based 1-bit FA

(a) Static mode (b) Dynamic mode

3.4.2.2 Performance comparison

The existing footed DML and proposed GDML and GDMLD designs are compared

in static and dynamic mode in terms of leakage power, delay and leakage PDP for 2-input

type A and type B NAND and NOR gates along with 1-bit FA circuit using Symica DE

tool at 1.2 V supply voltage. Table 3.7 enlists the leakage power, delay and leakage PDP

of the existing and the proposed 2-input type A and type B NAND and NOR gates and
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1-bit FA in static mode at 90nm and 45nm respectively. Following are the observations

from Table 3.7:

V.

In static mode, the maximum leakage power saving is 51.95% for GDML and

77.96% for GDMLD at 90nm.

The corresponding values are 74.11% for GDML and 90.08% for GDMLD at

45nm, i.e., the percentage leakage power saving increases with technology

scaling.

GDMLD variant has largest delay while GDML variants show a maximum

increase of 25% in delay with respect to corresponding footed DML variants.

Though the leakage PDP is more for GDMLD design, the leakage minimization

Is prime concern in battery operated devices as it drains battery when the device

is in idle state.

With technology scaling, leakage power increases in static mode.

Table 3.7 Leakage power, delay and leakage PDP of proposed GDML, GDMLD
and footed DML based 2-input type A and type B NAND and NOR gates, 1-bit FA

circuit in static mode at 90nm and 45nm at 27°C

Circuit Leakage Power(nW) Delay(ns Leakage PDP(al))
90nm Fgﬁid GDML | GDMLD Fgﬁid GDML | GDMLD Fgﬁid GDML | GDMLD
TA-NAND2 25.6 12.3 6.82 0.07 0.09 0.64 1.79 1.11 4.36
TB-NAND2 39.42 21.8 8.69 0.09 0.11 0.63 3.55 24 5.47
TA-NOR2 34.45 17.38 11.32 0.09 0.12 0.67 3.1 2.09 7.58
TB-NOR2 26.57 13.26 6.22 0.11 0.14 0.67 2.92 1.86 4.16
FA 244.95 178.99 135.72 0.23 0.29 1.6 56.34 51.91 217.16
45nm
TA-NAND2 133.91 34.67 13.8 0.05 0.07 0.36 6.7 243 4.97
TB-NAND2 205.21 73.27 38.96 0.07 0.09 0.33 14.36 6.59 12.86
TA-NOR2 184.91 51.32 25.04 0.07 0.09 0.33 12.94 4.62 8.26
TB-NOR2 135.93 39.88 13.48 0.08 0.11 0.32 10.87 4.39 431
FA 974.49 | 412.15 345.12 0.09 0.15 0.84 87.7 61.82 517.68
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The power, delay and leakage PDP of the existing and the proposed 2-input footed

type A and type B DML NAND and NOR gates and 1-bit FA in dynamic mode

(pre-charge and evaluation phase) at 90nm and 45nm is enlisted in Table 3.8. Following

are the observations from Table 3.8:

Vi.

Vil.

During the pre-charge/ pre-discharge phase, GDML design results in a maximum
percentage leakage power saving of 22.59% at 90nm, and 44.57% at 45nm.

The GDMLD design results in a maximum percentage leakage power saving of
65.99% at 90nm, and 77.5% at 45nm in pre-charge/ pre-discharge phase.

During the evaluation phase, GDML design results in a maximum percentage
leakage power saving of 51.95% at 90nm, and 74.11% at 45nm.

The GDMLD design results in a maximum percentage leakage power saving of
77.96% at 90nm, and 90.08% at 45nm in evaluation phase.

Both GDML and GDMLD variant show increase in delay as compared to
corresponding footed DML variants in dynamic mode.

The leakage power increases as technology is scaled from 90nm to 45nm in
dynamic mode.

With technology scaling, the efficacy of proposed designs increases at saving

leakage power in dynamic mode.
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Further, the efficiency of the proposed design in terms of percentage leakage power

saving is investigated at different temperatures i.e., -25 °C, 27 °C and 100 °C at 90nm

and 45nm in static and dynamic mode. In static mode, the percentage leakage power

saving achieved using proposed designs for 2-input type A and type B NAND and NOR gates,
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1-bit FA circuit for -25 °C, 27 °C and 100 °C at 90nm and 45nm is enlisted in Tables 3.9

and 3.10 respectively. Following are the observations from Tables 3.9 and 3.10:

I. There is a decrease in leakage power in footed DML designs with the
incorporation of proposed GDML and GDMLD design across different
temperature in static mode.

ii.  Percentage leakage power saving obtained varies from 30.48% to 80.9% and
61.48% to 92.67% for 90nm and 45nm respectively at -25°C.

iii.  The range of percentage leakage power saving in proposed designs is 26.93% to
77.96% for 90nm and 57.71% to 90.09% for 45nm at 27°C.

iv.  The percentage leakage power saving is 22.78% to 72.22% for 90nm and by
53.58% to 85.81% for 45nm at 100°C.

Table 3.9 Percentage leakage power saving for 2-input type A and type B NAND
and NOR gates, 1-bit FA in static mode for different temperature at 90nm

90nm Process Technology, Vpp =1.2 V, Static Mode of DML
Percentage leakage Percentage leakage power Percentage leakage power
Circuit power saving at -25°C saving at 27°C saving at 100°C
GDML GDMLD GDML GDMLD GDML GDMLD
TA-NAND2 56.12 75.25 51.96 73.38 48.15 68.48
TB-NAND2 47.44 80.9 44.69 77.96 40.57 72.22
TA-NOR2 53.9 72.12 49.56 67.15 44.88 63.31
TB-NOR2 54.59 79.92 50.09 76.6 45.59 71.38
FA 30.48 49.12 26.93 44.59 22.78 41.71

Table 3.10 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in static mode for different temperature at 45nm

45nm Process Technology, Vpp =1.2 V, Static Mode of DML

Percentage leakage power | Percentage leakage power | Percentage leakage power
Circuit saving at -25°C saving at 27°C saving at 100°C
GDML GDMLD GDML GDMLD GDML GDMLD

TA-NAND2 76.44 92.67 74.11 89.69 70.89 84.41
TB-NAND?2 67.78 84.76 64.29 81.01 59.9 77.89
TA-NOR2 75.62 89.91 72.24 86.46 68.91 81.33
TB-NOR2 73.22 92.12 70.66 90.09 65.56 85.81
FA 61.48 67.79 57.71 64.58 53.58 60.11
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In dynamic mode, the percentage leakage power saving achieved for 2-input type A

and type B NAND and NOR gates, 1-bit FA circuit for -25 °C, 27 °C and 100 °C at 90nm and

45nm is enlisted in Tables 3.11 and 3.12 respectively. Following are the observations from

Tables 3.11 and 3.12:

There is a decrease in leakage power in proposed GDML and GDMLD as

compared to footed DML design across different temperature in dynamic mode

At -25°C, percentage leakage power saving is 9.28% to 80.9% for 90nm and

11.99% to 92.67% for 45nm in dynamic mode.

At 27°C, percentage leakage power saving is 5.36% to 77.96% for 90nm and

5.69% to 90.09% for 45nm in dynamic mode.

At 100°C, percentage leakage power saving is 4.77% to 72.22% for 90nm and

5.1% to 85.81% for 45nm in dynamic mode.

Table 3.11 Percentage leakage power saving for 2-input type A and type B NAND

and NOR gates, 1-bit FA circuit in dynamic mode for different temperature at

90nm

90nm Process Technology, Vpp =1.2 V, Dynamic Mode of DML

Percentage leakage power
saving at -25°C

Percentage leakage power
saving at 27°C

Percentage leakage power
saving at 100°C

Pre-charge/ Pre-discharge GDML GDMLD GDML GDMLD GDML GDMLD
TA-NAND2 20.15 61.78 16.28 58.34 9.65 53.97
TB-NAND2 13.34 27.61 10.5 23.07 9.1 20.18
TA-NOR2 25.57 69.87 22.27 66.01 18.52 63.11
TB-NOR2 9.28 23.02 5.36 14.64 4.77 14.1
FA 26.44 33.9 22.58 30.38 18.8 25.69
Evaluation

TA-NAND2 56.12 75.25 51.96 73.38 48.15 68.48
TB-NAND2 47.44 80.9 44.69 77.96 40.57 72.22
TA-NOR2 53.9 72.12 49.56 67.15 44.88 63.31
TB-NOR2 54.59 79.92 50.09 76.6 45.59 71.38
FA 30.48 49.12 26.93 44.59 22.78 41.71
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Table 3.12 Percentage leakage power saving for 2-input type A and type B NAND
and NOR gates, 1-bit FA circuit in dynamic mode for different temperature at

45nm
45nm Process Technology, Vpp =1.2 V, Dynamic Mode of DML
Percentage leakage Percentage leakage
power power Percentage leakage power
saving at -25°C saving at 27°C saving at 100°C
Pre-charge/ Pre-discharge GDML GDMLD GDML GDMLD GDML GDMLD
TA-NAND2 28.99 75.66 20.6 69.86 16.75 65.11
TB-NAND2 19.52 40.38 12.69 34.2 10.89 30.58
TA-NOR2 35.05 88.5 28.22 77.51 22.88 71.48
TB-NOR2 11.99 24.52 5.69 20.69 5.1 18.43
FA 49.8 64.45 44.57 58.21 339 47.17
Evaluation
TA-NAND2 76.44 92.67 74.11 89.69 70.89 84.41
TB-NAND2 67.78 84.76 64.29 81.01 59.9 77.89
TA-NOR2 75.62 89.91 72.24 86.46 68.91 81.33
TB-NOR2 73.22 92.12 70.66 90.09 65.56 85.81
FA 61.48 67.79 57.71 64.58 53.58 60.11

Additionally, the robustness of the proposed GDML and GDMLD design is
checked by considering a 2-input type A NAND gate and analysing it at five different
process corners i.e., TT, FF, SS, FS, SF. The percentage leakage power saving for the
proposed GDML and GDMLD based 2-input type A NAND gate compared to the existing
footed DML counterpart across five distinct process corners in static mode, pre-charge
phase of dynamic mode, and evaluation phase of dynamic mode is depicted in Fig. 3.20,
Fig. 3.21 and Fig. 3.22, respectively.

In static mode, GDML demonstrates a maximum percentage leakage power
saving of 68.55%, while GDMLD showcases an even greater saving of 79.9% for both
90nm and 45nm technologies. Correspondingly, during the pre-charge phase of dynamic
mode, the values stand at 28.19% for GDML and 75.66% for GDMLD. During the
evaluation phase, GDML exhibits a 68.55% percentage leakage power saving, whereas
GDMLD shows an even higher saving of 79.9% for both 90nm and 45nm. These results

suggest that the proposed design-II effectively has less leakage power when compared to
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the existing footed DML design across all process corners in both static and dynamic

mode.
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Fig. 3.20 Percentage leakage power saving for proposed GDML and GDMLD

based 2-input type A NAND gate at five different process corners in static mode at
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Fig. 3.21 Percentage leakage power saving for proposed GDML and GDMLD

based 2-input type A NAND gate at five different process corners in pre-charge

phase of dynamic mode at (a) 90nm (b) 45nm
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Fig. 3.22 Percentage leakage power saving for proposed GDML and GDMLD
based 2-input type A NAND gate at five different process corners in evaluation

phase of dynamic mode at (a) 90nm (b) 45nm

The effectiveness of the proposed design is further examined by using the
proposed GDML and GDMLD based 2-input type A NAND gate across various supply
voltages (ranging from 0.6 V to 1.2 V) at both 90nm and 45nm. Figure 3.23, Figure 3.24
and Figure 3.25 depict the percentage leakage power saving attained using GDML and
GDMLD designs in the static mode, pre-charge phase of dynamic mode, and evaluation
phase of dynamic mode, respectively. Notably, proposed design-II proves efficient in
terms of leakage power saving across all supply voltages in both static and dynamic mode,
demonstrating maximum percentage leakage power saving of 56.83% and 66.04% at
90nm and 89.68% and 90.76% at 45nm for GDML and GDMLD designs, respectively,
in static mode. Similarly, in the pre-charge phase of dynamic mode, the corresponding
savings stand at 17.94% and 66.76% at 90nm and 31.16% and 81.78% at 45nm for GDML

and GDMLD design, respectively. During the evaluation phase, the maximum percentage
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leakage power saving reaches 56.83% and 66.04% at 90nm and 89.68% and 90.76% at

45nm for GDML and GDMLD design, respectively.
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Fig. 3.23 Percentage leakage power saving for proposed GDML and GDMLD
based 2-input type A NAND gate at different voltages in static mode at (a) 90nm
(b) 45nm
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Fig. 3.24 Percentage leakage power saving for proposed GDML and GDMLD
based 2-input type A NAND gate at different voltages in pre-charge phase of
dynamic mode at (a) 90nm (b) 45nm
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Fig. 3.25 Percentage leakage power saving for proposed GDML and GDMLD
based 2-input type A NAND gate at different voltages in evaluation phase of
dynamic mode at (a) 90nm (b) 45nm

Further, the variation in leakage power and delay is also observed for 2-input type
A NAND gate by varying load capacitor (5fF-100fF) at 90nm and 45nm as depicted in
Fig. 3.26 and 3.27, respectively. It may be observed that with increase in load capacitance
value, the leakage power remains constant. However, there is an increase in delay value
with increase in load capacitance and the effect is more severe in case of GDMLD design

compared to GDML design.
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Fig. 3.26 Effect of variation of load capacitance on leakage power for footed DML,

proposed GDML and GDMLD based 2-input type A NAND gate (a) 90nm (b)
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Fig. 3.27 Effect of variation of load capacitance on delay for footed DML,
proposed GDML and GDMLD based 2-input type A NAND gate (a) 90nm (b)
45nm

A summary of observations based on the data enlisted in Tables 3.7-3.12 is as

follows:

i.  There is a surge in the leakage power of the existing and proposed design with

technology scaling i.e., from 90nm to 45nm.
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Vi.

3.5

The proposed GDML and GDMLD designs show better performance in terms of
leakage power saving at lower technology node i.e., the percentage leakage power
saving is enhanced at 45nm as compared with that of 90nm.

The GDMLD design proves to be more efficient at leakage power saving in all
circuits than the GDML design.

The reason behind better GDMLD performance in terms of percentage leakage
power saving is mainly due to the presence of footed diode transistor which
provides more stacking effect.

Delay of the DML design increase due to incorporation of GLTs in the proposed
designs. The increase is more for GDMLD design as compared to the GDML
design.

For a 1-bit FA, significant percentage leakage power saving is witnessed using the
proposed GDML and GDMLD designs. The proposed GDMLD design is more
effective in combating leakage power as compared to GDML design.

Conclusion

In this chapter, LDML, GDML, and GDMLD designs are proposed by

incorporating LECTOR and GALEOR leakage reduction techniques into footed DML

design. Proposed design-I uses LCT transistors with standard and high VTH to combat

leakage, while proposed design-1I employs GLT transistors with or without a footed diode

transistor. Extensive simulations are conducted to compare these designs in terms of

leakage power, delay, and leakage PDP, while also analysing the effects of temperature

variation, technology scaling, supply voltage variation and load capacitance variation. In

static mode, LDML achieves a maximum leakage power saving of 30.49% at 90nm,

increasing to 57.32% at 45nm, while LDML-HIGH-VTH reaches 44.85% at 90nm and

66.61% at 45nm. During the pre-charge/pre-discharge phase, LDML provides savings of
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17.22% at 90nm and 34.99% at 45nm, while LDML-HIGH-VTH improves to 29.98% at
90nm and 40.42% at 45nm. In dynamic mode, during the evaluation phase, LDML
achieves 30.49% leakage savings at 90nm and 57.32% at 45nm, whereas LDML-HIGH-
VTH provides the highest savings of 44.85% at 90nm and 66.61% at 45nm. In static
mode, GDML achieves a maximum leakage power saving of 68.55%, while GDMLD
reaches 79.9% for both 90nm and 45nm nodes, indicating higher efficiency. During the
pre-charge phase in dynamic mode, GDML provides a 28.19% leakage power saving,
whereas GDMLD achieves a significantly higher 75.66% savings. In the evaluation
phase, GDML again maintains a 68.55% saving, while GDMLD demonstrates the highest
leakage power saving at 79.9% for both technology nodes. All the simulation results are
pre-layout, however there may be a variation of 10-15% for post layout results. Corner
analysis is also performed to check the robustness of the proposed designs. The
simulations show that LDML with high VTH LCTs is more efficient at reducing leakage
than the LDML design with standard VTH, but it results in increased delay. Meanwhile,
GDMLD is more effective at leakage power saving than GDML, but it also causes more
delay. With technology scaling, the efficacy of the proposed designs improves, although
the leakage power increases. The proposed LDML,GDML and GDMLD are efficient at
leakage power saving across different temperature, voltage and process corners. The
leakage power remains constant with variation in load capacitance however, increase in
load capacitance causes an increase in delay, with GDMLD having the most significant
effect. The comparative analysis shows that while GDML and GDMLD design are more
efficient at leakage power saving, LDML design has better leakage PDP due to lower

delay.
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Chapter 4

Modified DMTGDI and
Dual Mode DCVSL Design

The contents of this chapter are published in:

[1] N. Yadav, N. Pandey, and D. Nand, “Modified Dual Mode Transmission Gate
Diffusion Input logic for improving energy efficiency,” J. Circuits Syst. Comput.,

2022, doi: 10.1142/S0218126623501712. (SCIE indexing, 1.5 IF)

[2] N. Yadav, N. Pandey and D. Nand, ""Energy Efficient Dual Mode DCVSL (DM-
DCVSL) design," 2023 Second International Conference on Electrical, Electronics,
Information and Communication Technologies (ICEEICT), Trichirappalli, India,

2023, pp. 01-05, doi: 10.1109/ICEEICT56924.2023.10157481.
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4.1 Introduction

The impact of incorporating leakage reduction techniques, namely LECTOR and
GALEOR, in footed DML design is analyzed in Chapter 3. The CMOS structure of footed
DML design is replaced with pre-existing logic styles that can act as an alternative to
CMOS. Two alternatives are worked upon, namely DMTGDI and DCVSL, in this

chapter.

In type A and type B DMTGDI designs presented in Chapter 2, it is found that
certain input combinations can lead to contention during the pre-charge/pre-discharge
phase due to the presence of a path between the supply voltage and ground. To alleviate
this issue, Modified Dual Mode TGDI (M-DMTGDI) is proposed in this chapter. Further,
dual mode capability is introduced in DCVSL and such design is termed as Dual Mode
DCVSL (DM-DCVSL). It uses additional transistors to support both static and dynamic
mode of operation. This design combines the strengths of both DML and DCVSL in a

unified design.

4.2  Proposed Design-111: M-DMTGDI

This section first discusses the issue of contention in pre-charge phase of
DMTGDI design. To elucidate this, a DMTGDI based 2-input NAND gate (Fig. 4.1 (a))
is considered. In pre-charge phase operation of the circuit, MODE is logic “0” which
makes transistor T1 on. Now for both inputs (A, B) as logic “1”, transistors TN1 and TP
are on, so a path is established between Vpp and ground. It restricts the output voltage to

reach up to Vpp and violates the condition of dynamic gate i.e. output pre-charged to Vop.

To find the output in such case, the circuit of Fig. 4.1 (a) is redrawn as Fig. 4.1

(b), where ‘on’ transistors are represented with solid lines and ‘off” transistors with dotted
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lines. The output of this circuit may be obtained by identifying the region of operation of

transistors T1, TN1 and TPz and solving KCL at output node.

Assuming the output node is at Vpp prior to switching operation in dynamic mode.
Consequently, on applying a logic “0” on MODE input and applying both inputs (A, B)
as logic “1”, the output voltage starts reducing. The operating region of transistors T1,

TN3 and TP depends on output voltage, which is shown in Fig. 4.1 (c).
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Fig. 4.1 (a) DMTGDI based 2-input NAND gate in pre-charge phase of dynamic
mode for (A, B) = (1,1) (b) Equivalent circuit of (a) (c) Bias conditions and
operating regions of the DMTGDI based 2-input NAND gate

The exact value of the output may be obtained by solving appropriate KCL

equations in region I, region Il and region Ill, considering Ip,t1, Ip,7n1 and Ip,te2 as drain

currents for transistors T1, TN1 and TP respectively. The other symbols used have their

usual meaning. Table 4.1 enlists the region of operation of transistors T1, TNz and TP>

under different operating conditions.

Table 4.1 Region of operation of transistors T1, TNy and TP>

Transistor | Vout < [V1p| | [V1p|<Vout < Vop— V1n | Vour>= Voo — Vn
T1 Saturation Linear Linear
TN1 Linear Linear Saturation
TP, Cut-off Saturation Saturation
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Region I: For Vout = Vop— Vn , the transistor T1 remains in linear region while TNz and
TP, operate in saturation region, as shown in Fig. 4.1 (c). Therefore, a KCL at output

node gives

Ip1 (linear) = Ipni(sat) + Iptr2(sat) (4.1a)

Hp COX(¥)T1 [ 2 (‘VDD - VTp) (Vout - VDD) - (Vout - VDD)2 ]

= HUn COX(¥)TN1 (VDD - VTn)2 + Up COX(¥)TP2 (-Vout - VTp)2 (4.1 b)

Region II: For |[V1p|<Vout < Vbp— VT, the transistor T1 and TNz remain in linear region
while TP operate in saturation region, as shown in Fig. 4.1 (c). Therefore, a KCL at

output node gives

Io1(linear) = Iprna(linear) + Ip Tr2(sat) (4.2a)

e Cou( (7). 12 (Voo - V) (Vaur - Vo) — (Vout - Voo’ ]

= HUn Cox(y) [ 2 (VDD - VTn) (Vout) - Vzout) ] + Hp COX(K) ('Vout - VTp)2
L)TN1 L/rp2

(4.2 b)

Region I11: For Vout < |VTp|, the transistor T1 enters in saturation region while TN1 remains
in linear region and TP> turns off, as shown in Fig. 4.1 (c). Therefore, a KCL at output

node gives
IoT1(sat) = Ipni(linear) + Ip tp2(cut-off) (4.3a)
Hp COX(¥)T1 ('VDD - VTp)2 = HUn COX(%)TNl [ 2 (VDD - VTn) (Vout) - Vzout) ]

(4.3 b)
To eliminate the contention issue of DMTGDI design in pre-charge phase of

dynamic mode, the TGDI cell is used in conjunction with a footed DML inverter to
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achieve dual mode operation, The cell so derived is called Modified DMTGDI

(M-DMTGDI) cell and is shown in Fig. 4.2.

4.2.1 Operation

In this subsection, the operation of proposed M-DMTGDI design, shown in
Fig. 4.2, is described in static and dynamic mode. For static mode, the MODE input is
logic “1”, making transistor T1 off and the footer transistor T3 on at the same time. The
circuit is redrawn in Fig. 4.2 (b) where ‘on’ transistors are represented with solid lines
and ‘off” transistors with dotted lines. Thus, the output of the TGDI block is applied to a
footed DML inverter and the final output will be complement of node X’s voltage.
The dynamic mode of operation namely, pre-charge and evaluate, are elucidated in
Fig. 4.2 (c) and 4.2 (d) respectively. In this case, MODE input is connected to clock.
When clock is logic “0” (pre-charge phase), the transistor T1 establishes a path between
Vpp and output node and pre-charges the output node to Vpp. It may be noted that the
path from Vpp to ground does not exist in this case as the footer transistor, Tz is off.
In evaluation phase, transistor T1 is off and the footer transistor Tz is on, the output
is evaluated according to the inputs applied, as shown in Fig. 4.2 (d), where ‘on’

transistors are represented with solid lines and ‘off” transistors with dotted lines.

Vop Vpp
_q TP, MOD]«;d I T
Inputs : TGDI block X ouT
_I ETN4

NIODI;_‘ u !

YV GND

(@)

93



Vob Vbp

J
— re
1 —d[ <r. MODE-1 F om
Inputs : TGDI block < i OUT
—" TN,
MODE=1_IE$ (on)
SV GND
(b)
Vpp Vpp
N I
N —d TP, _q T, | Charging
Inputs : TGDI block X ouT
i j & ==
_l IN, !
|
=d =
MODE:O—! I O No path to ground
7 GND
(©)
Vop Vop
—_

—
MODE=1 J IF
—OI TP, -d_ L _T_Il(ofl)

H ouUT

Inputs : TGDI block

-

MODE=1 _| E3 (on)

S\ GND

(d)
Fig. 4.2 (a) Proposed M-DMTGDI cell (b) Proposed M-DMTGDI cell in static
mode (¢) Proposed M-DMTGDI cell in pre-charge phase of dynamic mode
(d) Proposed M-DMTGDI cell in evaluation phase of dynamic mode
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The TGDI block of proposed M-DMTGDI design can be reconfigured to
implement 2-input NAND, NOR and XOR gates, which can be used to realize complex

logic functions. The proposed M-DMTGDI based 2-input NAND, NOR and XOR gates

are shown in Fig. 4.3.
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Fig. 4.3 Proposed M-DMTGDI based gate (a) 2-input NAND gate (b) 2-input NOR
gate (c) 2-input XOR gate

4.2.2 Simulation results

This section consists of two subsections namely functional verification to examine
the working of the proposed M-DMTGDI design and performance comparison of the
existing and proposed designs in terms of power, delay, and PDP. Footed DML, DMTGDI
and proposed M-DMTGDI based designs are simulated using Symica DE tool for 2-input
NAND, NOR and XOR gates using 90nm BSIM4 model card for bulk CMOS at 1.2 V
supply voltage and load capacitance of 5fF. Further, a 1-bit FA circuit is also examined.
Corner analysis is done for all the circuits both in static and dynamic mode. Effect of
voltage and temperature variation is also investigated. The SPICE simulator SymSpice is
used to demonstrate the operation of proposed designs. SymProbe tool is used for power

and delay analysis.

4.2.2.1 Functional verification

The 2-input gates- NAND, NOR and XOR gates, are designed using proposed

M-DMTGDI design in static and dynamic mode. The transient waveforms for NAND,
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NOR and XOR gates in static mode are shown in Fig. 4.4. It may be noted that output for

NAND gate is l0gic “1” when any of the inputs is logic “0” whereas NOR gate provides

output logic “0” when any of the inputs is 10giC “1”. For XOR gate, the output is logic

“1” when there is odd number of logic “1” inputs otherwise, the output is logic “0”. Thus,

proposed M-DMTGDI based NAND, NOR and XOR gate work correctly in static mode.
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Fig. 4.4 Transient waveforms of proposed M-DMTGDI design for 2-input gates in

static mode

Figure 4.5 depicts the transient waveforms of the proposed M-DMTGDI based

2-input NAND, NOR and XOR gates in dynamic mode. In pre-charge phase of dynamic

mode (MODE=logic “0”), the output is charged to Vpp irrespective of inputs applied for

NAND, NOR and XOR gates. However, in evaluation phase (MODE= logic “17), the

output for NAND gate is logic “1” when any of the inputs is logic “0” whereas NOR gate

provides output logic “0” when any of the inputs is l0gic “1”. For XOR gate, the output
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is logic “1” when there is odd number of logic “1” inputs otherwise, the output is logic

GCO”.
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Fig. 4.5 Transient waveforms of proposed M-DMTGDI design for 2-input
gates in dynamic mode
A 1-bit FA circuit is also implemented using the proposed M-DMTGDI design.
The SUM block generates SUM bit which is generated by using two TGDI based XNOR
gates, as given in Table 2.1, followed by a footed DML inverter. A two-stage network
(CARRY block) is used to generate the CARRY bit where first stage consists of three
TGDI based NAND gates and the second stage consists of a TGDI based AND gate,
followed by a footed DML inverter The applied input waveforms for inputs A,B,C and
MODE input (MODE) are depicted in Fig. 4.6. The transient waveforms for sum (SUM)
and carry (CARRY) are depicted in Fig. 4.6 (a) and Fig. 4.6 (b) for static and dynamic
mode respectively. It may be noted that in static mode, the SUM bit is logic “1”” when an

odd number of logic “1” among the inputs and the CARRY bit is logic “1” when at least
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two of the three inputs are logic “1”. In pre-charge phase of dynamic mode, the SUM and
CARRY bit are logic “1” as MODE input is logic “0”. During the evaluation phase, the
SUM bit becomes logic “1” when there's an odd number of logic “1” inputs, while the

CARRY bit is logic “1” if at least two out of the three inputs are logic
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Fig. 4.6 Transient waveforms of proposed M-DMTGDI based 1-bit FA (a) Static

mode (b) Dynamic mode

4.2.2.2 Performance comparison

For comparison of performance of the existing designs and the proposed
M-DMTGDI design in terms of power, delay and PDP, 2-input NAND, NOR, XOR gates
and 1-bit FA circuit are considered. The simulations are performed using Symica DE tool
at 1.2 V supply voltage and load capacitance of 5fF using 90nm BSIM4 model card for

bulk CMOS. The power, delay and PDP of the existing and the proposed 2-input NAND,
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NOR, XOR gates and 1-bit FA circuit in static and dynamic mode at 27°C are enlisted in

Table 4.2. Following observations are made from Table 4.2:

There is an increase in PDP of the proposed M-DMTGDI design as compared to
its DMTGDI counterpart, but PDP is less than that of its footed DML counterpart

in static mode.

In dynamic mode, there is a significant improvement in PDP of the proposed
design as compared to the existing footed DML and DMTGDI designs i.e., the

proposed design has lowest PDP in dynamic mode.

For 2-input gates, a maximum PDP reduction of 33.07% and 97.38% as compared
to their footed DML and DMTGDI counterparts is achieved. For 1-bit FA circuit,

the corresponding values are 87.19% and 99.79%.

The DMTGDI based design shows increase in PDP values as compared to footed

DML design in dynamic mode.

The reduction in PDP is notably higher when utilizing the proposed M-DMTGDI
design in dynamic mode compared to static mode. Consequently, operating the
proposed M-DMTGDI design in dynamic mode for over 50% longer duration than
in static mode demonstrates significantly enhanced PDP efficiency compared to

prolonged operation in static mode.
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Further, to check the robustness of the proposed M-DMTGDI design, corner

analysis is done for all circuits- 2-input NAND gate, 2-input NOR gate, 2-input XOR gate

and 1-bit FA at five different process corners i.e., TT, FF, SS, FS, SF. The percentage

reduction in total PDP in both static and dynamic mode for proposed 2-input NAND,

NOR, XOR gates and 1-bit FA circuit with respect to footed DML and DMTGDI
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counterparts at different process corners is shown in Fig. 4.7 (a) and Fig. 4.7 (b)

respectively.
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Fig. 4.7 Percentage reduction in total PDP in both static and dynamic mode for
proposed 2-input gates and 1-bit FA circuit at five different process corners (a)
with respect to footed DML design (b) with respect to DMTGDI design
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As observed, for 2-input gates, a maximum PDP reduction of 33.52% and 96.61%
is achieved using the proposed M-DMTGDI design as compared to their footed DML and
DMTGDI counterparts. Corresponding values are 94.18% and 99.79% for a 1-bit FA
circuit. It can be inferred that the proposed M-DMTGDI design is more adept at reducing
total PDP of the design as compared to existing footed DML and DMTGDI designs.

The efficacy of the proposed M-DMTGDI design is also investigated for
2-input NAND gate at different supply voltages (0.6 V-1.2 V) at 90nm. Figure 4.8
illustrates the percentage reduction in total PDP in both static and dynamic mode
achieved using M-DMTGDI design as compared to their footed DML and DMTGDI
counterparts. The efficacy of the proposed design at reducing PDP increases with

increase in supply voltage.
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Fig. 4.8 Percentage reduction in total PDP in both static and dynamic mode for
proposed M-DMTGDI design based 2-input type A NAND gate at different
voltages (a) with respect to footed DML design (b) with respect to DMTGDI

design
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Further, the efficiency of the proposed M-DMTGDI design in terms of percentage
PDP reduction is investigated for 2-input NAND gate at different temperatures i.e.,
-25°C, 27 °C and 100 °C at 90nm in static and dynamic mode. Figure 4.9 illustrates the
percentage reduction in total PDP in both static and dynamic mode achieved using
M-DMTGDI design as compared to their footed DML and DMTGDI counterparts at
different temperatures. It can be inferred that the proposed M-DMTGDI design
offers total PDP reduction as compared to footed DML and DMTGDI designs across

different temperature.
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Fig. 4.9 Percentage reduction in total PDP in both static and dynamic mode for
proposed M-DMTGDI design based 2-input type A NAND gate at different
temperature (a) with respect to footed DML design (b) with respect to DMTGDI

design

4.3  Proposed Design-1V: Dual Mode DCVSL

The DML design, akin to static CMOS, consists of PUN and PDN, complemented
by additional transistors. The proposed design-1V, named DM-DCVSL, integrates dual-
mode capability into the DCVSL design by incorporating two or more transistors in the
existing static DCVSL design. To achieve both true and complemented outputs using the

DML design, the number of transistors in PUN is doubled. However, the static DCVSL
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design produces differential outputs using fewer transistors, employing only one
transistor in PUN. Therefore, the addition of dual-mode capability to the existing static
DCVSL design using proposed design-IV enables obtaining differential outputs while

utilizing fewer transistors.
4.3.1 Operation

To have dual mode logic operation i.e., static and dynamic mode in a single
DCVSL design, a DM-DCVSL design is proposed by incorporating additional transistors
in the existing static DCVSL design. The proposed design can exist in two types of
topologies- type A and type B. The generalised structure of the proposed design for type
A and type B topology is depicted in Fig. 4.10. Both topologies use two PDNs namely
PDNI1 and PDN2 which are mutually exclusive. Thus, if PDN1 conducts, PDN2 remains
off and vice versa. The outputs OUT and OUT are complementary to each other. For type
A topology, pre-charge (T, T2) and footer transistor (T3) are added while for type B
design, pre-discharge (T4, Ts) and header transistor (T2) are added to the existing static
DCVSL design. In proposed DM-DCVSL design, MODE input is constant logic “1” for
type A topology and constant logic “0” signal for type B topology in static mode. For
dynamic mode of operation, a clock signal, which allows pre-charge/pre-discharge and

evaluation phases, is applied as MODE input.
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Fig. 4.10 Proposed DM-DCVSL design (a) Type A (b) Type B
To elucidate the proposed design, a 2-input type A DM-DCVSL XOR/XNOR gate
is shown in Fig. 4.11 (a). Considering OUT and OUT are logic “1” and logic “0”

respectively and PDN1 conducts for given set of inputs while PDN2 remains off. In this
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case, PDNI1 tries to pull down OUT though there is connection from Vpp to OUT through
TP, . The OUT is in high impedance state till the OUT drops to Vpp-|Vip|. At this time,
TP: charges OUT to logic “1” causing TP; to become off and finally OUT attains logic
“0”. Complementary inputs-A, A , B and B are applied to get complementary outputs-
OUT and OUT . Using MODE input, the proposed design can be operated in both static
and dynamic mode. In static mode (MODE=logic “1”), transistors T and T are off. The
footer transistor T3 is on, the circuit performs XOR (OUT) and XNOR (OUT) logic
operation according to the inputs applied. In dynamic mode, when the MODE is logic
“0”, the transistors T1 and T> becomes on and charge the corresponding output nodes,
OUT and OUT to Vpp. The footer transistor T3 is off which prohibits discharging of output
nodes. Subsequently when MODE is logic “1”, the design enters in evaluation phase.
Transistors Ty and T> are turned off and the footer transistor T3 is on, the complementary

outputs are obtained according to the applied inputs.
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Fig. 4.11 Proposed DM-DCVSL based 2-input XOR/XNOR gate (a) Type A (b)
Type B

The proposed 2-input type B DM-DCVSL XOR/XNOR gate is shown in Fig. 4.11
(b) and the analysis is same as that of 2-input type A DM-DCVSL XOR/XNOR gate. The
only difference is that here, in static mode, the MODE input is constant logic “0”.
Therefore, transistors T4 and T are turned off. The header transistor T2 is on, the circuit
performs XOR (OUT) and XNOR (OUT) logic operation according to the inputs applied.
In dynamic mode, for pre-discharge phase, MODE input is logic “1” which makes
transistors T4 and Ts on. The header transistor T is off which prohibits charging of output
nodes. Both the outputs are pre-discharged to ground. For evaluation phase, the MODE
input is logic “0”, which makes transistors T4 and Ts off and header transistor T2 on. The
complementary outputs are obtained according to the applied inputs in the evaluation

phase.
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4.3.2 Simulation results

This section consists of two subsections namely functional verification to examine
the working of the proposed DM-DCVSL design and performance analysis of the existing
static DCVSL, dynamic DCVSL and proposed DM-DCVSL design in terms of power,
delay, and PDP. The designs are simulated for 2-input AND/NAND, OR/NOR,
XOR/XNOR gates and a 1-bit FA circuit. The simulations are performed using Symica
DE tool at 1.2 V supply voltage and load capacitance of 5fF using 90nm BSIM4 model
card for bulk CMOS. The SPICE simulator SymSpice is used to demonstrate the
operation of proposed designs. SymProbe tool is used for power and delay analysis.
Corner analysis is also done for all the circuits, both in static and dynamic mode. Effect

of voltage and temperature variation is also investigated.

4.3.2.1 Functional verification
The transient waveforms of 2-input gates- AND/NAND, OR/NOR, XOR/XNOR

gates based on proposed DM-DCVSL design for type A and type B gates in static mode
is depicted in Fig. 4.12. In the static mode of both type A and type B gates, a AND/NAND
gate produces logic “1” at AND only when all inputs are logic “1”; otherwise, it is logic
“0” .The output is logic “1” if any input is logic “0” for NAND while OR/NOR produces
logic “1” output when any input is logic “1” for OR and NOR gives a logic “0” output if
any input is logic “1”. An XOR/XNOR gate generates a logic “1” output if an odd number
of inputs are logic “1”; otherwise, the output is logic “0” for XOR and the output is logic
“1” if an even number of inputs are logic “1”; otherwise, it is logic “0” for XNOR. Thus,
the simulated values align closely with the expected theoretical outcomes in the static

mode.
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Fig. 4.12 Transient waveforms of proposed DM-DCVSL based 2-input gates at
90nm in static mode (a) Type A (b) Type B
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Figure 4.13 illustrates the transient waveforms of 2-input gates - AND/NAND,
OR/NOR, XOR/XNOR gates — implemented using the proposed DM-DCVSL design for
both type A and type B topologies in dynamic mode. In the proposed DM-DCVSL design
for type A gates, during the pre-charge phase, the MODE input is logic “0”, ensuring that
the output of all gates is charged to the supply voltage. For type B gates, during pre-
discharge phase, the MODE input is logic “1”, ensuring that the output of all gates is
discharged to ground. Conversely, in the evaluation phase, the MODE input is logic “1”
for type A gates and logic “0” for type B gates. Notably, during this phase, a AND/NAND
gate produces logic “1” at AND only when all inputs are logic “1”’; otherwise, it is logic
“0” and the NAND output is logic “1” if any input is logic “0” while OR/NOR produces
logic “1” output when any input is logic “1” for OR and logic “0” output if any input is
logic “1” for NOR. An XOR/XNOR gate generates a logic “1”” output for XOR if an odd
number of inputs are logic “1”; otherwise, the output is logic “0” and XNOR is logic “1”
if an even number of inputs are logic “1”. Consequently, the proposed DM-DCVSL-

based AND/NAND, OR/NOR, XOR/XNOR gates operate correctly in dynamic mode.
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Fig. 4.13 Transient waveforms of proposed DM-DCVSL based 2-input gates at
90nm in dynamic mode (a) Type A (b) Type B

Further, in order to show the cascading of type A and type B topologies of
proposed DM-DCVSL design, a 1-bit FA circuit is also implemented. The sum block is
implemented using type B topology and the carry block is implemented using type A
topology. The applied input waveforms for inputs A,B,C and MODE input for type A
(TA-MODE) and type B topology (TB-MODE) are depicted in Fig. 4.14 and Fig. 4.15
respectively. The transient waveforms for sum (SUM) and carry (CARRY) in static mode
is depicted in Fig. 4.14. It may be noted that in static mode, the SUM bit is logic “1”” when
an odd number of logic “1” is present among the inputs and the CARRY bit is logic “1”

when at least two of the three inputs are logic “1”.
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Fig. 4.14 Transient waveforms of proposed DM-DCVSL based 1-bit FA in static

mode
The transient waveforms for sum (SUM) and carry (CARRY) in dynamic mode
is depicted in Fig. 4.15. In pre-charge/pre-discharge phase of dynamic mode, since the
sum block is type B, therefore MODE is logic “1” causing the SUM bit to be at logic “0”.
Similarly, since the carry block is type A therefore MODE is logic “0” as a result the
CARRY bit is logic “1”. During the evaluation phase, the SUM bit becomes logic “1”
when there's an odd number of logic “1” inputs, while the CARRY bit is logic “1” if at

least two out of the three inputs are logic “1”.
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Fig. 4.15 Transient waveforms of proposed DM-DCVSL based 1-bit FA in

dynamic mode

4.3.2.2 Performance comparison

In this subsection, the performance comparison of the existing static and dynamic
DCVSL and the proposed DM-DCVSL design is conducted using 2-input AND/NAND,
OR/NOR, XOR/XNOR gates and a 1-bit FA circuit in terms of power, delay and PDP.
The simulation is done using 90nm BSIM4 model card for bulk CMOS in Symica DE

tool with 1.2 V supply voltage and a load capacitance of 5fF.

Tables 4.3 and 4.4 enlists the power, delay and PDP of the existing designs and the

proposed DM-DCVSL based 2-input AND/NAND, OR/NOR, XOR/XNOR gates and a
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1-bit FA circuit in static and dynamic mode respectively. Following are the observations

based on Tables 4.3 and 4.4:

i. For type A gates, PDP reduction of 16.61%-58.63% is achieved and the
corresponding values are 25.42%-95.51% for type B counterparts in static mode.
ii.  For 1-bit FA, PDP reduction of 57.09% is achieved in static mode.
lii.  The proposed DM-DCVSL design shows significant PDP reduction in static
mode as compared to the existing static DCVSL counterparts.
iv.  Indynamic mode, for type A gates, PDP reduction of 74.35%-84.71% is achieved
and the corresponding values are 50.69%-97.44% for type B counterparts

v.  For 1-bit FA, PDP reduction of 79.18% is achieved in dynamic mode.

vi.  The reduction in PDP is notably higher when utilizing the proposed DM-DCVSL

design in dynamic mode compared to static mode.

vii.  Consequently, operating the proposed DM-DCVSL design in dynamic mode for
over 50% longer duration than in static mode demonstrates significantly enhanced
efficiency at PDP reduction compared to prolonged operation in static mode.

Table 4.3 Power, delay and PDP of proposed type A and type B DM-DCVSL in
static mode and static DCVSL for 2-input gates and 1-bit FA at 90nm at 27°C

Static Type A Type B
Circuit Parameter | DCVSL | DM-DCVSL | DM-DCVSL

AND/NAND | Power(uW) 3.7 3.54 0.52
Delay(ps) 74.84 62.1 23.93

PDP(al) 276.91 219.83 12.44
AND/NAND | Power(uW) 3.7 3.54 0.52
Delay(ps) 74.84 62.1 23.93

PDP(al) 276.91 219.83 12.44
OR/NOR Power(uW) 2.8 2.3 2.03
Delay(ps) 86.14 73.8 68.84

PDP(aJ) 241.19 169.74 139.75
XOR/XNOR | Power(uW) 2.08 1.46 2.03
Delay(ps) 112.61 66.36 86.05

PDP(aJ) 234.23 96.89 174.68

FA Power(uW) 15.6 11.54 11.54
Delay(ps) 160.26 92.97 92.97

PDP(al) 2500.06 1072.87 1072.87
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Table 4.4 Power, delay and PDP of proposed type A and type B DM-DCVSL in
dynamic mode and dynamic DCVSL for 2-input gates and 1-bit FA at 90nm at

27°C
Dynamic Type A Type B
Circuit Parameter | DCVSL | DM-DCVSL | DM-DCVSL
AND/NAND | Power(uW) 791 8.43 0.78
Delay(ps) 42.5 10.23 11.03
PDP(al) 336.18 86.24 8.6
OR/NOR Power(uW) 6.54 431 4.28
Delay(ps) 40.91 11.74 11.94
PDP(al) 267.55 50.6 51.1
XOR/XNOR | Power(uW) 7.39 4.74 7.4
Delay(ps) 43.62 10.4 21.48
PDP(al) 322.35 49.3 158.95
FA Power(uW) 31.23 19.82 19.82
Delay(ps) 95.66 31.38 31.38
PDP(al) 2987.46 621.95 621.95

Further, the circuits are analysed at five different process corners i.e., TT,
FF, SS, FS, SF to check the robustness of the proposed design at different process
corners. Figures 4.16 (a) and 4.16 (b) illustrates the percentage reduction in PDP for
proposed 2-input AND/NAND, OR/NOR, XOR/XNOR gates and a 1-bit FA circuit
at five different process corners with respect to existing static DCVSL design in

static mode and with respect to existing dynamic DCVSL design in dynamic mode.

Considering all process corners, it is observed that in static mode, a maximum
PDP reduction of 97.7%, 55.09% and 76.23% for AND/NAND gate, OR/NOR gate
and XOR/XNOR gate is achieved respectively. For a 1-bit FA circuit, the
corresponding value is 71.9%. Similarly, in dynamic mode, a maximum PDP
reduction of 97.48%, 87.64% and 94.21% for AND/NAND gate, OR/NOR gate and
XOR/XNOR gate is achieved, respectively. For a 1-bit FA circuit, the corresponding
value is 81.7%. Therefore, it can be inferred that the proposed design is effective in

minimising the PDP of the existing DCVSL design at all process corners in both

static and dynamic mode.
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Fig. 4.16 Percentage reduction in PDP for proposed 2-input gates at five different
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The efficacy of the proposed DM-DCVSL design is also investigated for
2-input type A AND/NAND gate at different supply voltages (0.6 V-1.2 V) at 90nm.
Figure 4.17 illustrates the percentage reduction in PDP in static mode with respect
to static DCVSL and the percentage reduction in PDP in dynamic as compared to
dynamic DCVSL at different supply voltage. It can be observed that the proposed
design can reduce PDP at different supply voltage as well in both static and dynamic

mode.
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Fig. 4.17 Percentage reduction in PDP for proposed DM-DCVSL based 2-input
type A AND/NAND gate at different voltages (a) Static mode (b) Dynamic mode

Further, the efficiency of the proposed M-DMTGDI design in terms of percentage
reduction in PDP is investigated for 2-input type A AND/NAND gate at different
temperatures i.e., -25 °C, 27 °C and 100 °C at 90nm in static and dynamic mode. Figure
4.18 illustrates the percentage reduction in PDP in static mode with respect to static
DCVSL and the percentage reduction in PDP in dynamic as compared to dynamic

DCVSL at different temperature. It can be observed that the proposed DM-DCVSL
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offers PDP reduction across different temperature as well as compared to its static

DCVSL and dynamic DCVSL counterparts.
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Fig. 4.18 Percentage reduction in PDP for proposed DM-DCVSL based 2-input
type A AND/NAND gate at different temperatures (a) Static mode (b) Dynamic

mode

4.4  Conclusion

In this chapter, dual mode logic operation is achieved in existing designs by
proposing two novel designs- M-DMTGDI and DM-DCVSL. Proposed design-III i.e.
M-DMTGDI design provides dual mode operation while addressing the contention issue
in the existing DMTGDI design. Proposed design-1V i.e. DM-DCVSL design introduces
dual mode logic in existing static DCVSL design with fewer transistors. Extensive
simulative investigation is done to analyse the proposed designs in terms of power, delay
and PDP, while also checking the robustness of the proposed designs at different process
corners and analysing the effect of variation of voltage and temperature. Using M-
DMTGDI design, for 2-input gates, a maximum PDP reduction of 33.07% and 97.38%

as compared to their footed DML and DMTGDI counterparts is achieved. For 1-bit FA
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circuit, the corresponding values are 87.19% and 99.79%. For DM-DCVSL design, the
maximum PDP reduction is 95.51% for 2-input gates in static mode and 97.44% in
dynamic mode. For the 1-bit FA, the PDP reduction is 57.09% in static mode and 79.18%
in dynamic mode. All simulation results are pre-layout, though post-layout results may
vary by 10-15%. The proposed M-DMTGDI and DM-DCVSL are efficient at reducing
PDP across different temperature, voltage and process corners. Comparative analysis
shows that the proposed DM-DCVSL design provides PDP reduction in both static and
dynamic mode, but the proposed M-DMTGDI design is adept at PDP reduction only when
operated in dynamic mode for longer duration. Thus, M-DMTGDI exhibits higher
performance for applications wherein the device is predominantly operated in dynamic

mode of operation.
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5.1 Introduction

The preceding chapters dealt with various alternative logic styles based on
MOSFET technology. These MOSFET-based designs face several challenges, including
increased leakage current, greater parametric variations, various short-channel effects,
elevated heat generation, and reduced gate control [38-39]. Building on these challenges,
this chapter presents two alternative logic styles: CNTFET based footed DML and
M-DMTGDI design, which utilize CNTFETs, referred to as C-DML and C-MDMTGDI
respectively. Further, leakage reduction techniques-LECTOR, GALEOR and LCNT are

also explored for CNTFET based M-DMTGDI design.

5.2 Improved transistor technology- CNTFET overview

The CNTFET is a type of FET that replaces bulk silicon, which is used in
conventional MOSFET designs, with one or more CNTs as the channel [36-40]. A
graphite sheet is rolled up and wrapped around a vector, known as the chiral vector, which

is governed by (m,n) chiral indices, to form a CNT [37].

The threshold voltage (Vinc) of CNTFET is determined by chiral indices (m,n) and the

diameter of CNT [37], given by (5.1).

_ 0.43
Vthc = —DCNT(nm) (51)

where DCNT is the diameter of CNT in nm.

The diameter of CNT, DCNT, in turn, depends on the chiral indices (m,n), given

by (5.2) [37].

DCNT

_\/§a0\/m12T+mn+n2 (5.2)

where, a0 = 0.142 nm, m = 3.14
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As a result, CNTFETs offer a special potential for threshold voltage adjustment
by altering the CNT's diameter [44]. It has been demonstrated that CNTFETs have
MOSFET-like characteristics [44]. Similar to MOSFETs, CNTFETs can be of N-type
(N-CNTFET) and P-type (P-CNTFET). The ON current in CNTFET (Ion) [122] is

approximately given by (5.3).

[~ NgcNT(VDD—Vige )
on 1+gcNTLsPs

(5.3)

where N: No. of CNTs per device,
gent: Transconductance per CNT,
Vob: Supply voltage,
Vine: Threshold voltage of the CNTFET,
Ls: Source length,

ps: Source resistance per unit length

A standard CNTFET based inverter, which consists of a P-CNTFET (CP;) and

N-CNTFET (CNy) is shown in Fig. 5.1.

ouT

Fig. 5.1 Standard CNTFET based inverter [117]
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The chiral indices and the number of tubes in the CNTFET device impacts the
power and delay of the circuit [122]. The impact of variation of chiral indices and number
of tubes for CNTFET based inverter is shown in Fig. 5.2. The ON current of CNTFET
increases with increasing chiral indices which results in increased power and reduced
delay. With increasing number of tubes, the power shows an upward trend while delay
displays downward trend. It is direct consequence of enhanced ON current due to an

increase number of tubes.
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Fig. 5.2 Power and delay for standard CNTFET based inverter at 32nm with

variation in (a) Chiral indices (b) Number of tubes

5.3  Proposed Design-V: CNTFET based DML (C-DML)

The CMOS based footed DML logic style exists in open literature [14-15] and is
deliberated in preceding chapters. The proposed design-V, referred to as C-DML,
introduces a footed DML design that leverages CNTFETs to harness their advantages for
its implementation. By introducing additional pre-charge/pre-discharge transistor and
footer/header transistor, the existing static CNTFET design [39], consisting of PUN and
PDN, is transformed into C-DML design. By changing the MODE input, the proposed
design-V enables a circuit to operate in either static or dynamic mode. Figure 5.3 (a) and

5.3 (b) depicts the basic architecture of the two topologies of a C-DML design. A
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pre-charge transistor (Ci) and a footer transistor (C3) are added to the existing static
CNTFET design to create a type A C-DML gate as shown in Fig. 5.3 (a). A header
transistor (Cz) and a pre-discharge transistor (C4) are added to the existing static CNTFET
design to create a type B C-DML gate, as shown in Fig. 5.3 (b). For static mode, type A
and type B gates are applied with a constant logic “1” and logic “0”, respectively, as the
MODE input. For dynamic mode, a clock signal is applied as the MODE input allowing
operations in pre-charge/pre-discharge and evaluation phases. In type A design, the output
node is charged to supply voltage during the pre-charge phase as MODE input is
logic “0”. For type B design, the output node is discharged to ground during the
pre-discharge phase as MODE input is logic “1”. During the evaluation phase, the output

is evaluated according to the logic function in both type A and type B design.
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OUT 1y | !
IN, | J
I'| oNTFET o
INkI— PDN e MODE-I
I | CNTFET
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Fig. 5.3 Proposed C-DML design (a) Type A (b) Type B
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5.3.1 Operation

The proposed C-DML based 2-input type A NAND gate is shown in Fig. 5.4 (a).
In static mode, the pre-charge transistor C is off, and the footer transistor C3 is on. When
(A,B) = (1,1), both transistors CNi, CN; are on, and transistors CP1, CP; are off. This
creates a path from output to ground and the output is logic “0”. When the input
(A,B) = (0,0), both transistors CN1, CN> are off and simultaneously, transistors CP, CP>
are on. This establishes a path between output node and Vpp, resulting in a logic “1”
output . Similarly, in the case of (A, B)=(0, 1), CP; and CN; transistors are on, while CN;
and CP: transistors are off. Consequently, the output becomes charged to Vpp through
transistor CP1. When (A, B)= (1, 0), the CP; and CN> transistors are off, while CN; and
CP, transistors are on. Consequently, a path is created between output node and Vpp,

which makes output as logic “1”.

The operation of proposed C-DML based 2-input type A NAND gate in dynamic
mode is elucidated next. In pre-charge phase, transistor C; becomes on as MODE input is
logic “0” and the footer transistor C3 is off. So, the output is fully charged to Vop as there
is no path between output and ground. In evaluation phase (MODE= logic “1”), the
pre-charge transistor C; is off, footer transistor C; is on, and the output is evaluated
according to the inputs applied. For inputs (A, B) = (1, 1), transistors CNi, CNz are on,
and transistors CP;, CP; are off causing a path to be created from output to ground. As a
result, output becomes logic “0”. When (A, B) = (0, 0), transistors CN1, CN: are off, and
transistors CP1, CP; are on, the output is logic “1” due to a connection between output
and Vpp in this case. Similarly, with (A, B) = (0, 1), CP1 and CN transistors are on, while
CN1 and CP; transistors are off, establishing a path between the output and Vpp to make
output as logic “1”. Lastly, for (A, B) = (1, 0), CP1and CN: transistors are off, while CN

and CP> transistors are on, creating an output to Vpp connection which makes output as
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logic “1”. It is thus clear that the C-DML type A design of Fig. 5.4 (a) adheres to NAND

functionality in both static mode and dynamic mode.

Similar analysis can be done for proposed C-DML based 2-input type B NAND
gate in static and dynamic mode, as depicted in Fig. 5.4 (b). In static mode, the
pre-discharge transistor Cs4 is off, header transistor C» is on and the output is evaluated
according to applied inputs. In pre-discharge phase of dynamic mode, the header
transistor Cz is off and the pre-discharge transistor Cs4 is on and it discharges the output
node to ground. In evaluation phase, the NAND gate output is evaluated according to

applied inputs, as the pre-discharge Cjs is off and header transistor C; is on.
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Fig. 5.4 Proposed C-DML based 2-input NAND gate (a) Type A (b) Type B

For the sake of completion, 2-input NOR and 2-input XOR gate designed using proposed

type A and type B C-DML design, are depicted in Fig. 5.5 and Fig. 5.6 respectively.
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Fig. 5.5 Proposed C-DML based 2-input NOR gate (a) Type A (b) Type B
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Fig. 5.6 Proposed C-DML based 2-input XOR gate (a) Type A (b) Type B

Further, a 1-bit FA circuit 1s also designed using type A and type B topology of
proposed C-DML design using the schematic shown in Fig. 3.5. The 2-input NOR,
2-input XOR and 1-bit FA circuits are also analysed in similar manner. However, the

discussion is omitted here for the sake of brevity.
5.3.2 Simulation results

This section is divided into two parts- the first part deals with the functional
verification while the second part compares the performance of 2-input NAND gate,
2-input NOR gate, 2-input XOR gate and 1-bit FA based on proposed C-DML design with
their CMOS based footed DML counterparts. The simulations are carried out using
HSPICE tool with 32nm CNTFET Stanford model and 32nm BSIM4 model card for bulk

CMOS at 0.9V supply voltage and a load capacitance of 5fF. The proposed C-DML
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designs are constructed with a chiral indices of (13,0).

5.3.2.1 Functional verification
The transient waveforms of 2-input gates- NAND, NOR and XOR gates

designed using proposed type A and type B C-DML design in static mode are shown in
Fig. 5.7. Here, the MODE input is logic “0” for type A gates and logic “1” for type B
gates. It may be noted that in static mode of both type A and type B gates, NAND gate
gives an output of logic “1” if any of its inputs is logic “0”, while a NOR gate yields an
output of logic “0” if any of its inputs is logic “1”. On the other hand, a XOR gate
produces an output of logic “1” when its inputs differ and an output of logic “0” when

inputs are same. Thus, the values match well with the theoretical results in static mode.

The transient waveforms of 2-input gates, NAND, NOR and XOR, implemented
using proposed type A and type B C-DML design in dynamic mode are shown in Fig.
5.8. In dynamic mode, the MODE input is connected to a clock signal having two phases
of operation- pre-charge and evaluation. For proposed C-DML based type A gates,
MODE input is logic “0” in pre-charge phase, so the output is charged to supply voltage
for all gates. Alternatively, in evaluation phase, the MODE input is logic “1”. It may be
noted that in evaluation phase, NAND gate gives an output of logic “1” if any of its inputs
1s logic “0”, while a NOR gate yields an output of logic “0” if any of its inputs is logic
“1”. On the other hand, a XOR gate produces an output of logic “1”” when its inputs differ
and an output of logic “0” when inputs are same. Thus, proposed C-DML based NAND,

NOR and XOR gates function correctly in dynamic mode.

Similar analysis can be done for proposed C-DML based type B gates in dynamic
mode, with the only difference being that during the pre-discharge phase, the output node
is discharged as MODE input is logic “1”, and during the evaluation phase, the MODE

input is logic “0”.
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Fig. 5.7 Transient waveforms of proposed C-DML based 2-input gates at 32nm in static
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Further, in order to show the cascading of type A and type B topologies of
proposed C-DML design, a 1-bit FA circuit is also implemented using the schematic
shown in Fig. 3.5. The sum block is implemented using type B topology and the carry
block is implemented using type A topology. The applied input waveforms for inputs
A,B,C and MODE input for type A (TA-MODE) and type B topology (TB-MODE) are
depicted in Fig. 5.9. The transient waveforms for sum (SUM) and carry (CARRY) in
static mode is depicted in Fig. 5.9 (a). It may be noted that in static mode, the SUM bit is
logic “1” when an odd number of logic “1” is present among the inputs and the CARRY

bit is logic “1” when at least two of the three inputs are logic “1”.

The transient waveforms for sum (SUM) and carry (CARRY) in dynamic mode
is depicted in Fig. 5.9 (b). In pre-charge/pre-discharge phase of dynamic mode, since the
sum block is type B, therefore MODE is logic “1” causing the SUM bit to be at logic “0”.
Similarly, since the carry block is type A therefore MODE is logic “0” as a result the
CARRY bit is logic “1”. During the evaluation phase, the SUM bit becomes logic “1”
when there's an odd number of logic “1” inputs, while the CARRY bit is logic “1” if at

least two out of the three inputs are logic “1”.
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5.3.2.2 Performance comparison

For comparison of performance of the considered designs in terms of power, delay
and PDP, 2-input NAND, NOR, XOR gates and 1-bit FA circuit are simulated using
HSPICE tool at 0.9 V supply voltage. Table 5.1 enlists the performance metrics i.e.,
power, delay and PDP of existing CMOS based footed DML and the proposed C-DML
based circuits for type A and type B topologies in static and dynamic mode. Following

are the observations made using Table 5.1:

I.  For 2-input gates, a maximum PDP reduction of 69.81% and 79.73% is obtained
using the proposed C-DML design for type A and type B topology respectively,
as compared to its CMOS counterparts in static mode.

ii.  In dynamic mode, the corresponding values are 63.43% and 76.89% for type A
and type B topology respectively.

iii.  For 1-bit FA circuit, PDP reduction of 60.61% is achieved using the proposed C-
DML design as compared to its CMOS counterparts in static mode.

iv.  In dynamic mode, a higher PDP reduction of 85.65% is obtained for 1-bit FA.
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Table 5.1 Power, delay and PDP of proposed type A and type B C-DML based and
CMOS footed DML based 2-input NAND, NOR, XOR gates and 1-bit FA circuit

in static and dynamic mode at 32nm at 27°C

Mode Circuit Power(uW) Delay(ps) PDP(al)
CMOS CMOS CMOS
Static Footed DML C-DML Footed DML C-DML Footed DML C-DML
TA-NAND2 0.856 0.812 155 67.1 132.68 54.49
TB-NAND2 0.848 0.803 221.8 71.8 188.09 57.66
TA-NOR2 0.829 0.781 225.3 72.2 186.77 56.39
TB-NOR2 0.824 0.713 298.8 70 246.21 49.91
TA-XOR2 1.335 1.022 347.3 139 463.65 142.06
TB-XOR2 1.291 0.876 391.9 128.7 505.94 112.74
FA 11.51 9.061 655.1 327.8 7540.2 2970.2
Dynamic
TA-NAND2 0.958 0.823 58.9 30.9 56.43 25.43
TB-NAND2 0.946 0.822 137.7 40.7 130.26 33.46
TA-NOR2 0.945 0.908 35.1 18.5 33.17 16.8
TB-NOR2 0.942 0.808 259.9 126.8 244.83 102.45
TA-XOR2 1.578 1.19 122.3 59.3 192.99 70.57
TB-XOR2 1.489 1.168 2173 64 323.56 74.75
FA 28.966 14.791 734.3 206.4 21269.73 3052.86

Further, the effect of temperature and voltage variations is thoroughly investigated

by considering a 1-bit FA circuit to check the susceptibility of the proposed C-DML and

CMOS based footed DML design to these variations. Figure 5.10 depicts the PDP

variation with supply voltage and temperature for existing CMOS based footed DML

design and the proposed C-DML design using a 1-bit FA circuit. As observed, the PDP

variation of C-DML design to temperature variation is negligible as compared to its

CMOS counterparts. The proposed design is capable of reducing PDP in static and

dynamic mode even at different values of supply voltage and temperature.
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Fig. 5.10 Effect of temperature and voltage variations on the PDP of 1-bit FA
circuit at 32nm (a) CMOS based footed DML design in static mode (b) CMOS
based footed DML design in dynamic mode (c) Proposed C-DML design in static
mode (d) Proposed C-DML design in dynamic mode

Moreover, an assessment of the impact of variation of oxide thickness (T ox),
dielectric constant (Kgate) and chiral indices on power and delay of the proposed
C-DML design is conducted, utilizing a 2-input type A NAND gate in both static
and dynamic mode. The effect of variation of dielectric constant (Kgate) for
proposed type A C-DML based 2-input NAND gate in static and dynamic mode on
power and delay is shown in Fig. 5.11. It can be observed that the power increases
when the dielectric constant goes up, due to lowering of the threshold voltage. The
CNTFET with higher dielectric constant switches on quicker than one with lower
dielectric constant due to reduced threshold voltage. Consequently, the delay of the
proposed design decreases as dielectric constant increases in both static and dynamic

mode.
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Fig. 5.11 Effect of variation of dielectric constant (Kgate) for proposed type A C-
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The effect of the variation of oxide thickness (Tox) on power and delay in
the proposed type A C-DML based 2-input NAND gate in static and dynamic mode
is depicted in Fig. 5.12. Increasing oxide thickness in CNTFETS raises the threshold
voltage due to heightened capacitance between the gate and the channel. This results
in reduced power but increased delay in the proposed design as oxide thickness

increases in both static and dynamic mode.
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Fig. 5.12 Effect of variation of oxide thickness (Tox) for proposed type A C-DML
based 2-input NAND gate in static and dynamic mode on (a) Power (b) Delay
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Further, effect of variation of chiral indices for proposed type A C-DML based
2-input NAND gate in static and dynamic mode on power and delay is shown in Fig. 5.13.
As the chiral indices value increases, the threshold voltage of CNTFETs decreases. As a
result, the power of the proposed design increases and the corresponding delay value

decreases in both static and dynamic mode.
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5.4 Proposed Design-VI: CNTFET based M-DMTGDI (C-
MDMTGDI)

The dual-mode functionality was incorporated into the MOSFET based TGDI
design to create DMTGDI design, as already discussed in preceding chapters.
Analogously, this section leverages the benefits of CNTFETs and introduces the CNTFET
based DMTGDI, known as C-DMTGDI. To tackle contention issues in the MOSFET
based DMTGDI design, the M-DMTGDI design was introduced as a solution. A similar
issue persists in the C-DMTGDI design. Hence, proposed design-VI i.e. CNTFET based

M-DMTGDI design, denoted as C-MDMTGDI, has been put forward in this section.

5.4.1 Operation

The schematic of proposed C-MDMTGDI cell is shown in Fig. 5.14. A type A
inverter in footed C-DML configuration is added to the output node of CNTFET based
TGDI (C-TGDI) cell to get the proposed C-MDMTGDI cell. It can operate in static and
dynamic mode. In static mode, transistor C; is off and footer transistor Cs is on as MODE
input is constant logic “1”. The circuit works in static mode by generating an output in
accordance with the logic that the C-TGDI block has implemented. When operating in
dynamic mode, the MODE input is a clock signal that enables pre-charge and evaluation
phases of operation. The output is pre-charged to Vpp in pre-charge phase (MODE=logic
“0”), and the output is evaluated in the evaluation phase (MODE= logic “1”) in

accordance with the implemented logic function.
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C-TGDI cell

Fig. 5.14 Proposed C-MDMTGDI cell
A two-input NAND gate based on the proposed C-MDMTGDI cell is illustrated in
Fig. 5.15 (a). The output at node X' corresponds to the logical AND function of inputs
(A, B). In the static mode, the MODE input is logic “1”, causing transistor C; to be in the
off state while keeping the footer transistor Cs on. It may be noted that output for NAND
gate is logic “1” when any of the inputs is logic “0” Thus, the overall functionality will be

NAND gate and output is determined by the inputs applied to the gate.

In the dynamic mode, the circuit operates in two phases: pre-charge and evaluation,
with a clock signal applied as the MODE input. During the pre-charge phase, when MODE
is logic “0”, transistor Ci becomes on and charges the output node, OUT, to Vpp, as shown
in Fig. 5.15 (b). The footer transistor Cs is off, preventing any discharge of the output node.
Therefore, there is no contention at the output node due to the presence of the footer
transistor C3, ensuring that the proposed design yields the desired output voltage. In the
evaluation phase, transistor C; is off, and the footer transistor C; is on, leading to the
evaluation of the output based on the applied inputs. It may be noted that output for NAND

gate is logic “1” when any of the inputs is logic “0” in evaluation phase. Thus,
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C-MDMTGDI design can operate in both static and dynamic mode without any contention

at the output node.
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Fig. 5.15 Proposed C-MDMTGDI design (a) 2-input NAND gate (b) pre-charge

phase of dynamic mode with no contention
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5.4.2 Simulation results

This section consists of two subsections namely functional verification to examine
the working of the proposed design. A performance comparison is carried out in terms of
power, delay, and PDP. The proposed C-MDMTGDI design is compared with
C-DMTGDI design in CNTFET as well as CMOS domain for 2-input NAND, NOR,
XOR gates and 1-bit FA circuit. The simulations are carried out using HSPICE tool with
32nm CNTFET Stanford model and 32nm BSIM4 model card for bulk CMOS at 0.9V
supply voltage and a load capacitance of 5fF. The proposed design is implemented using

a chiral indices of (17,0).

5.4.2.1 Functional verification

Figure 5.16 displays the transient waveforms of 2-input gates, namely NAND,
NOR, and XOR gates, which have been implemented using the proposed C-MDMTGDI
design. The waveforms are presented for both static mode (Fig. 5.16 (a)) and dynamic
mode (Fig. 5.16 (b)). In static mode, an output of logic “1” is generated by a NAND gate
if logic “0” is present in any of its inputs, and an output of logic “0” is yielded by a NOR
gate if logic “1” is present in any of its inputs. For XOR gate, the output is logic “1” when
there is an odd number of logic “1” inputs otherwise, the output is logic “0”. Hence, the

simulated values match with the theoretical values.

In dynamic mode, the MODE input is supplied with a clock signal having two
phases of operation- pre-charge and evaluation. During the pre-charge phase, the MODE
input is logic “0”, resulting in the charging of the output to the supply voltage for all gates.
Conversely, in the evaluation phase, the MODE input is logic “1”. ANAND gate produces
an output of logic “1” if any of its inputs are logic “0”, while a NOR gate produces an
output of logic “0” if any of its inputs are logic “1”. For XOR gate, the output is logic “1”

when there is an odd number of logic “1” inputs otherwise, the output is logic “0”.
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Therefore, the proposed C-MDMTGDI based NAND, NOR, and XOR gates operate

correctly in dynamic mode
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Fig. 5.16 Transient waveforms of proposed C-MDMTGDI design for 2-input gates (a)

Static mode (b) Dynamic mode
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A 1-bit FA circuit is also implemented using the proposed C-MDMTGDI design.
The SUM block generates SUM bit which is generated by using two C-TGDI based
XNOR gates, as given in Table 2.1, followed by a footed C-DML inverter. A two-stage
network (CARRY block) is used to generate the CARRY bit where first stage consists of
three C-TGDI based NAND gates and the second stage consists of a C-TGDI based AND
gate, followed by a footed C-DML inverter The applied input waveforms for inputs A,B,C
and MODE input (MODE) are depicted in Fig. 5.17. The transient waveforms for sum
(SUM) and carry (CARRY) are depicted in Fig. 5.17 (a) and Fig. 5.17 (b) for static and
dynamic mode respectively. It may be noted that in static mode, the SUM bit is logic “1”
when an odd number of logic “1” among the inputs and the CARRY bit is logic “1” when
at least two of the three inputs are logic “1”. In pre-charge/pre-discharge phase of dynamic
mode, the SUM and CARRY bit are logic “1” as MODE input is logic “0”. During the
evaluation phase, the SUM bit becomes logic “1” when there's an odd number of logic

“1” mputs, while the CARRY bit is logic “1” if at least two out of the three inputs are

logic “1”.
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Fig. 5.17 Transient waveforms of proposed C-MDMTGDI based 1-bit FA (a)
Static mode (b) Dynamic mode

5.4.2.2 Performance comparison

To ensure a fair comparison, CMOS based DMTGDI and M-DMTGDI designs,
as well as CNTFET based DMTGDI designs, are implemented alongside the proposed
C-MDMTGDI design. The CNTFET-based DMTGDI design is denoted as C-DMTGDI,
and the C-DMTGDI cell is depicted in Fig. 5.18. The performance of the existing and
proposed designs is compared in terms of power, delay and PDP using 2-input NAND,
NOR, XOR gates and 1-bit FA circuit. All the circuits are simulated using HSPICE tool

at 0.9 V supply voltage.

149



ouT

Fig. 5.18 C-DMTGDI cell
Table 5.2 enlists the performance metrics i.e., power, delay and PDP of CMOS
based DMTGDI, CMOS based M-DMTGDI, C-DMTGDI and C-MDMTGDI design in

static and dynamic mode. The observations from Table 5.2 is as follows:

I.  For 2-input gates, the proposed C-MDMTGDI offers a maximum % PDP
reduction of 97.85% and 93.82% as compared to its CMOS counterparts in static
and dynamic mode respectively.

ii.  For 1-bit FA circuit, the corresponding values are 87.71% and 89.21%.
iii.  In contrast to C-DMTGDI design, PDP of proposed C-MDMTGDI design
deteriorates in static mode. However, in dynamic mode, there is a significant

improvement in PDP of the proposed design.

iv.  Consequently, operating the proposed C-MDMTGDI design in dynamic mode for
over 50% longer duration than in static mode demonstrates significantly enhanced

efficiency at PDP reduction compared to prolonged operation in static mode.
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Furthermore, a comprehensive examination of the impact of temperature and
voltage variations is conducted, employing a 1-bit FA circuit to assess the vulnerability
of the proposed C-MDMTGDI and CMOS based M-DMTGDI design to these variations.
In Fig. 5.19, the PDP for both C-MDMTGDI and CMOS based M-DMTGDI is illustrated
across various supply voltages and temperatures. Notably, the PDP of the CNTFET
exhibits minimal variation in response to temperature fluctuations. In contrast, the CMOS
based MDMTGDI is more susceptible to changes in temperature and voltage. The
proposed design demonstrates its capability to reduce PDP in both static and dynamic

mode across various supply voltages and temperatures.

C 0 06 poW®
(a)

152



(b)
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(d)
Fig. 5.19 Effect of temperature and voltage variations on the PDP of 1-bit FA
circuit at 32nm (a) CMOS based M-DMTGDI design in static mode (b) CMOS

based M-DMTGDI design in dynamic mode (c) Proposed C-MDMTGDI design in
static mode (d) Proposed C-MDMTGDI design in dynamic mode

Further, an assessment is performed to analyse how changes in oxide thickness,
dielectric constant, and chiral indices affect the power and delay of the proposed
C-MDMTGDI and C-DMTGDI design, using a 2-input NAND gate in both static and
dynamic mode. In Fig. 5.20 and Fig. 5.21, the impact of changing dielectric constant
(Kgate) on power and delay for the proposed C-MDMTGDI and C-DMTGDI based
2-input NAND gate in static and dynamic mode is presented respectively. It can be
observed that an increase in dielectric constant results in increased power and decreased
delay for the proposed design due to reduced threshold voltage in both static and dynamic

mode.
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Fig. 5.20 Effect of variation of dielectric constant (Kgate) for proposed
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Fig. 5.21 Effect of variation of dielectric constant (Kgate) for proposed
C-MDMTGDI and C-DMTGDI based 2-input NAND gate in dynamic mode on (a)
Power (b) Delay

Figure 5.22 and Figure 5.23 demonstrate the impact of changing oxide thickness
(Tox) on power and delay for the proposed C-MDMTGDI and C-DMTGDI based 2-input
NAND gate in static and dynamic mode respectively. It is evident that increasing oxide

thickness (Tox) leads to decreased power and increased delay in the proposed design in
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both static and dynamic mode. This is because increasing oxide thickness raises the

threshold voltage in CNTFETs due to increased gate-channel capacitance.
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Fig. 5.22 Effect of variation of oxide thickness (Tox) for proposed C-MDMTGDI
and C-DMTGDI based 2-input NAND gate in static mode on (a) Power (b) Delay
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Fig. 5.23 Effect of variation of oxide thickness (Tox) for proposed C-MDMTGDI
and C-DMTGDI based 2-input NAND gate in dynamic mode on (a) Power (b)
Delay

The impact of changing chiral indices on power and delay for the proposed
C-MDMTGDI and C-DMTGDI based 2-input NAND gate in static and dynamic mode is
depicted in Fig. 5.24 and Fig. 5.25, respectively. It can be seen that as chiral indices

increase, due to a decrease in the threshold voltage of CNTFETs, the power of the
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proposed design increases while the delay value decreases in both static and dynamic

mode.
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Fig. 5.24 Effect of variation of chiral indices for proposed C-MDMTGDI and
C-DMTGDI based 2-input NAND gate in static mode on (a) Power (b) Delay
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Fig. 5.25 Effect of variation of chiral indices for proposed C-MDMTGDI and
C-DMTGDI based 2-input NAND gate in dynamic mode on (a) Power (b) Delay

5.5 Proposed Design-VIl: LECTOR based C-MDMTGDI, GALEOR
based C-MDMTGDI and LCNT based C-MDMTGDI

This section investigates the leakage mechanism in proposed C-MDMTGDI

design. Further, three leakage reduction techniques, namely LECTOR, GALEOR, and
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LCNT, are incorporated in the proposed C-MDMTGDI design, referred to as LECTOR
based C-MDMTGDI, GALEOR based C-MDMTGDI and LCNT based C-MDMTGDI

design respectively.

5.5.1 Operation

To understand the leakage mechanism in C-MDMTGDI design, consider a
C-MDMTGDI based 2-input NAND gate, shown in Fig. 5.15 (a). In static mode, the pre-
charge transistor (Cy) in the proposed C-MDMTGDI NAND gate is turned off . There is
some leakage current in the off transistors as well as the off pre-charge transistor (C1),
depending on the inputs applied. A path for a current to pass from the supply voltage to
ground is thus created. Similar to this, in pre-charge phase of dynamic mode, transistor
C is utilised to charge the output to supply voltage. Since transistor Cs is off in pre-charge
phase, the PDN should ideally have no current flowing through it. However, leakage
current flows through off transistors appearing in path between supply voltage and
ground. In evaluation phase, leakage current exists in off transistors and is controlled by

the applied inputs.

The working of proposed LECTOR based, GALEOR based and LCNT based
C-MDMTGDI design is elucidated as follows. The proposed LECTOR based
C-MDMTGDI design incorporates LCTs between PUN and PDN of output inverter of
C-MDMTGDI design for leakage reduction, as illustrated in Fig. 5.26. Consider the
working of LECTOR based C-MDMTGDI 2-input NAND gate, transistor LCT;
(P-CNTFET) and LCT> (N-CNTFET) are introduced between the PUN and PDN. The
drain nodes of LCT; and LCT: are connected to form the output node to which the pre-
charge transistor C; is connected. In static mode, the MODE input is constant logic «1”
making transistor C; off. This MODE input would also turn on transistor C3. The output
in this case depends on the inputs applied at input terminals of NAND gate. When
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(A,B)=(1,1), node X is charged to logic “1”. As a result, transistor CP3 is off and CNy is
on, LCT> would be in cut-off in this case. The effective resistance is increased from supply
voltage to ground path due to the presence of LCTs. The analysis can be carried out

similarly for all other input combinations in static mode.

In pre-charge phase of dynamic mode, transistor Ci charges the output node to
Vbpas MODE= logic “0”. In evaluation phase, MODE= logic “1”, transistor C; is off and
footer transistor Cs is on. According to the inputs applied, output is calculated. Due to the
presence of off LCT transistor LCT», flow of leakage current is restricted and leakage is
reduced. The analysis can be carried out similarly for all other input combinations in

evaluation phase.
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Fig. 5.26 Proposed LECTOR based C-MDMTGDI 2-input NAND gate

Another proposed approach for leakage reduction is incorporation of GLTs in the
C-MDMTGDI design. Figure 5.27 illustrates a typical GALEOR based C-MDMTGDI
NAND gate. The GLTs are inserted between PUN and PDN of output inverter. The gate
and drain terminal of GLT; and GLT> are interconnected. The common source of GLT}
and GLT> is used to get the output, OUT to which the transistor C; is connected. In static

mode (MODE= logic “17), transistor C; is off and footer transistor C3 is on. GLT; and
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GLT> switching is governed by voltages at node M and N. When (A,B)=(1,1), a direct
path is established between node X and Vpp which makes node X as logic “1”, transistor
CP3 is off and CNy is on. Transistor GLT] is off, due to which the resistance of path from
supply voltage to ground increases, which eventually reduces leakage. The analysis can
be carried out similarly for all other input combinations. During pre-charge phase
(MODE-=logic “0”), transistor C; charges the output node to supply voltage, here the
leakage current is governed by applied inputs. In evaluation phase (MODE= logic “1”),
with (A,B) =(1,1), node X is connected to Vpp, transistor GLT} is off, which reduces the

leakage current. The analysis can be carried out similarly for all other input combinations

in evaluation phase.
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Fig. 5.27 Proposed GALEOR based C-MDMTGDI 2-input NAND gate

The third proposed approach for leakage reduction in C-MDMTGDI design is by
introducing LCNTs between PUN and PDN of the output inverter of C-MDMTGDI
design. A LCNT based C-MDMTGDI based 2-input NAND gate is depicted in Fig. 5.28.
The LCNT transistors are connected through gate terminals to form the output node, OUT
to which transistor C; is connected. In static mode (MODE= logic “1”), transistor C; is

off and footer transistor Cs is on. When (A,B) = (1,1), the node X is at logic “1” and the
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output node is at logic “0”. Both the LCNTs are turned off in this case, which leads to
increase in resistance of supply voltage to ground path. As a result, leakage current

reduces. Similarly, for other inputs, analysis can be done in static mode.

In pre-charge phase of dynamic mode, transistor C; becomes on and pre-charges
the output node to Vpp as MODE=logic “0”, here the leakage is reduced as stacking effect
is introduced due to LCNT transistors. In evaluation phase (MODE= logic “1”), transistor
Ci is off and Cs is on. When (A,B) = (1,1), the output node is at logic “0”, due to which
both the LCNTs are off and leakage current is reduced as stacking is introduced. Similar

analysis can be done for other input combinations.
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Fig. 5.28 Proposed LCNT based C-MDMTGDI 2-input NAND gate

5.5.2 Simulation results

This section is split into two segments. The first segment addresses functional
verification of a 2-input NAND gate, while the second part involves a performance
comparison of 2-input NAND gate, 2-input NOR gate, 2-input XOR gate, and 1-bit FA
implemented using the proposed C-MDMTGDI based LECTOR, GALEOR and LCNT
design with C-MDMTGDI design. The simulations are carried out using HSPICE tool
with 32nm CNTFET Stanford model at 0.9V supply voltage and a load capacitance of
5fF. The proposed designs are designed using chiral indices of (17,0). However, for
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C-MDMTGDI based GALEOR design, the GLTs are designed using chiral indices of

(14,0) to ensure high threshold voltage for GLTs..

5.5.2.1 Functional verification

To illustrate the functionality of the proposed designs, the transient waveforms

for 2-input NAND gate in static and dynamic mode are depicted in Fig. 5.29 and Fig. 5.30

respectively. For the comparison of the output voltage swing of the proposed designs with

C-MDMTGDI and C-DMTGDI designs, the transient waveforms for C-MDMTGDI and

C-DMTGDI are also displayed here. In static mode of all the designs, an output of logic

“1” is generated by NAND gate if logic “0” is present in any of its inputs.
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Fig. 5.29 Transient waveforms for LECTOR based C-MDMTGDI, GALEOR based
C-MDMTGDI and LCNT based C-MDMTGDI design of 2-input NAND gate at

32nm at 27°C in static mode
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In dynamic mode, as shown in Fig. 5.30, the MODE input is supplied with a clock
signal having two phases of operation- pre-charge and evaluation. During the pre-charge
phase, the MODE input is logic “0”, resulting in the charging of the output to the supply
voltage for all designs. Conversely, in the evaluation phase, the MODE input is logic “1”.
The NAND gate produces an output of logic “1” if any of its inputs are logic “0”,
Therefore, the proposed designs based 2-input gate operate correctly in dynamic mode.
However, the output voltage swing of the proposed C-MDMTGDI based LECTOR,
GALEOR and LCNT designs is marginally degraded when compared to the

C-MDMTGDI and C-DMTGDI designs.
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Fig. 5.30 Transient waveforms for LECTOR based C-MDMTGDI, GALEOR based
C-MDMTGDI and LCNT based C-MDMTGDI design of 2-input NAND gate at
32nm at 27°C in dynamic mode
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5.5.2.2 Performance comparison

The proposed C-MDMTGDI based LECTOR, GALEOR and LCNT based

2-input NAND, NOR and XOR gates along with 1-bit FA circuit are simulated using

32nm CNTFET Stanford model in HSPICE tool at 0.9V and load capacitance of 5fF. The

total leakage power is evaluated over all input combinations in both static and dynamic

mode.

The total leakage power and delay values for 2-input NAND, NOR, XOR gates

and 1-bit FA for C-MDMTGDI, LECTOR based C-MDMTGDI, GALEOR based

C-MDMTGDI and LCNT based C-MDMTGDI are enlisted in Table 5.3. Following are

the observations from Table 5.3:

Vi.

Vii.

For 2-input gates, the proposed LECTOR based C-MDMTGDI offers a maximum
leakage power reduction of 46.52% and 40.65% in static and dynamic mode
respectively.

For 1-bit FA circuit, the corresponding values are 35.47% and 28.83%.
Similarly, for 2-input gates, the GALEOR-based C-MDMTGDI offers the most
substantial leakage power reduction, with values reaching 46.68% and 40.94% in
static and dynamic mode.

In the case of a 1-bit FA circuit, these values are 36.18% and 29.54%.

Moreover, for 2-input gates, the LCNT based C-MDMTGDI design attains a
maximum leakage power reduction of 46.5% and 40.75% in static and dynamic
mode, respectively.

For a 1-bit FA circuit, these reductions amount to 35.5% and 28.99%.

The GALEOR based C-MDMTGDI design proves to be the most effective at

reducing leakage power.
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Nevertheless, it is important to note that there is a trade-off, as each of these

viii.

proposed leakage reduction techniques does result in a delay degradation.
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Additionally, an assessment was conducted to examine the impact of
variations in oxide thickness (Tox), dielectric constant (Kgate), and chiral indices on
the leakage power and delay of the proposed designs, utilizing a 2-input NAND gate
in both static and dynamic mode. In Fig. 5.31 and Fig. 5.32, the impact of changing
the dielectric constant (Kgate) on leakage power and delay for C-MDMTGDI,
LECTOR based C-MDMTGDI, GALEOR based C-MDMTGDI and LCNT based
C-MDMTGDI for 2-input NAND gate in static and dynamic mode is shown,
respectively. It can be observed that the leakage power remains constant with
variation in value of dielectric constant. However, the delay gets reduced as

dielectric constant value increases due to lowered threshold voltage.

(o]
o
(9]

S O———————————t
o 4
< 40 =
(=) >,
2 30 =
(] (0]
& 20 S
X
S 10
| 0 0
20 30 40 50 60 70 20 30 40 50 60 70
Kgate Kgate

Fig. 5.31 Effect of variation of dielectric constant (Kgate) for C-MDMTGDI,
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Figure 5.33 and Figure 5.34 illustrate the effect of variations in oxide
thickness (Tox) on leakage power and delay for C-MDMTGDI, LECTOR based
C-MDMTGDI, GALEOR based C-MDMTGDI and LCNT based C-MDMTGDI for
2-input NAND gate in static and dynamic mode, respectively. It is evident that
increase in oxide thickness (Tox) has negligible impact on leakage power but the
delay value is increased. This increase in delay is due to increase in threshold voltage
in CNTFETSs caused by the increased gate-channel capacitance resulting from the

increased oxide thickness (Tox).
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The impact of varying chiral indices on leakage power and delay for C-
MDMTGDI, LECTOR based C-MDMTGDI, GALEOR based C-MDMTGDI and
LCNT based C-MDMTGDI for 2-input NAND gate in static and dynamic mode is
depicted in Fig. 5.35 and Fig. 5.36, respectively. It can be observed that the power
of the proposed design increases while the delay value decreases. This is because as
chiral indices’ value increases, the diameter of CNTFETS increases, given by (5.2),

as a result, the threshold voltage of CNTFETSs decreases, given by (5.1).
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Fig. 5.35 Effect of variation of chiral indices for C-MDMTGDI, LECTOR based
C-MDMTGDI, GALEOR based C-MDMTGDI and LCNT based C-MDMTGDI for
2-input NAND gate in static mode on (a) Leakage power (b) Delay
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56  Conclusion

In this chapter, novel designs for footed DML and M-DMTGDI designs, based

on CNTFETs, are introduced. These designs are referred to as C-DML and
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C-MDMTGDI, respectively. The primary objective of these designs is to leverage the
advantages of CNTFETs for its implementation. The proposed C-DML design allows
the circuit to have both static and dynamic operating mode in a single structure. It
provides benefits of CNTFETs to be incorporated in a footed DML design. The
proposed C-MDMTGDI design overcomes the contention issue present in
C-DMTGDI design. Further, leakage reduction techniques i.e., LECTOR, GALEOR
and LCNT are implemented in the proposed C-MDMTGDI design. Extensive
simulations are conducted to compare these designs in terms of power, delay, and PDP.
The results of the simulations reveal that the proposed CNTFET based designs
consistently outperform their CMOS counterparts, in terms of PDP reduction. In static
mode, the proposed C-DML design achieves a maximum PDP reduction of 69.81%
and 79.73% for 2-input gates type A and type B topologies, respectively and 60.61%
for the 1-bit FA circuit compared to CMOS. In dynamic mode, the PDP reduction
improves to 63.43% and 76.89% for 2-input gates, and 85.65% for the 1-bit FA. The
proposed C-MDMTGDI design offers a maximum PDP reduction of 97.85% for 2-
input gates in static mode and 93.82% in dynamic mode, with corresponding values
of 87.71% and 89.21% for the 1-bit FA, as compared to CMOS counterparts.
Compared to the C-DMTGDI design, the proposed C-MDMTGDI shows deteriorated
PDP in static mode, but a significant improvement in dynamic mode. All simulation

results are pre-layout, though post-layout results may vary by 10-15%.

Additionally, the performance of these designs under varying temperature, voltage
and CNTFET parameters (dielectric constant, oxide thickness and chiral indices) is
analysed. In proposed designs, increase in dielectric constant’s value increase power
but decrease delay, while an increase in oxide thickness raises threshold voltage,

decreasing power and increasing delay. Additionally, increased chiral indices lower
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threshold voltage, resulting in higher power but decreased delay. The proposed
leakage reduction techniques prove to be efficient at reducing leakage power for
C-MDMTGDI design. The proposed LECTOR-based C-MDMTGDI achieves a
maximum leakage power reduction of 46.52% in static mode and 40.65% in dynamic
mode for 2-input gates, with corresponding values of 35.47% and 28.83% for the 1-
bit FA circuit. The GALEOR-based C-MDMTGDI provides similar reductions, with
46.68% and 40.94% for 2-input gates, and 36.18% and 29.54% for the 1-bit FA. The
LCNT-based C-MDMTGDI achieves a leakage power reduction of 46.5% in static
mode and 40.75% in dynamic mode for 2-input gates, with reductions of 35.5% and
28.99% for the 1-bit FA. The most efficient reduction of leakage power is achieved
by the GALEOR based C-MDMTGDI design. However, it's worth noting that each of
these proposed leakage reduction techniques results in a delay degradation. An
increase in dielectric constant values show constant leakage power but reduced delay
due to lowered threshold voltage. Oxide thickness insignificantly affects leakage
power but increases delay due to increase in threshold voltage. An increase in chiral
indices decrease the threshold voltage, resulting in increased power and decreased

delay.
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Chapter 6

Conclusion
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This chapter summarizes the work done throughout the thesis and put forward the
avenues of potential future work that could be built upon the base line principles

established here.

6.1 Concluding Remarks

This thesis presents various alternative logic styles to implement designs which
have low power, delay and PDP. Further, alternative logic styles based on improved
transistor technology are also explored with special emphasis on having a design with
low PDP. Various techniques are also used for leakage power reduction in MOSFET based
and improved transistor technology based alternative logic styles. Chapter 2 presents an
elaborative description of various alternative logic styles-DML, DCVSL and DMTGDI
logic styles. For each alternative logic style, the operation and analysis of 2-input NAND

gate is discussed.

In chapter 3, leakage reduction techniques (LECTOR and GALEOR), in context
of static and dynamic CMOS, are incorporated in footed DML design. Proposed design-
I incorporates LCTs with standard and high threshold voltage into footed DML design
and the designs so arrived at, are called LDML and LDML-HIGH-VTH respectively. The
proposed design-II employs GLT transistors with or without a footed diode transistor into
footed DML design and resulting designs are referred to as GDML and GDMLD
respectively. Extensive simulations are conducted to compare these designs in terms of
leakage power, delay, and leakage PDP. The effect of temperature variation, voltage
variation, technology scaling, and load capacitance variation is also delved into. Corner
analysis is also done for all the proposed designs. The simulations show that LDML-
HIGH-VTH is more efficient at leakage reduction than the LDML design, but it results
in increased delay. Meanwhile, GDMLD saves more leakage power than GDML, but it

also causes more delay. With technology scaling, the efficacy of the proposed designs
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improves, although the leakage power increases, and the leakage power saving decreases
with temperature rise. Increase in load capacitance causes an increase in delay, with
GDMLD showing highest severity. The comparative analysis shows that while GDML
and GDMLD are more efficient at leakage power saving, LDML has better leakage PDP

due to lower delay.

Two novel designs, namely M-DMTGDI and DM-DCVSL, are proposed in
chapter 4 and are referred to as proposed design-III and proposed design-1V, respectively.
Proposed design-III addresses the contention issue in the existing DMTGDI design by
embodying footed DML inverter in TGDI design. Proposed design-IV introduces dual
mode functionality in existing static DCVSL design which allows static and dynamic
mode of operation in a single structure. Extensive simulative investigation is done to
analyse the proposed designs in terms of power, delay and PDP, while also checking the
robustness of the proposed designs at different process corners. The effect of temperature
and voltage variation is also investigated. The simulations show that both the proposed
designs provide PDP reduction as compared to existing counterparts across all process
corners. Comparative analysis show that the proposed design-II1 is adept at PDP reduction
only when operated in dynamic mode for longer duration, however the proposed
design-1V provides PDP reduction in both static and dynamic mode. Thus, proposed
design-III exhibits higher performance for applications when the device is predominantly
operated in dynamic mode of operation. As the supply voltage increases, the proposed
designs exhibit an enhanced percentage reduction in PDP, yet it diminishes with a rise in

temperature.

Chapter 5 presents two novel designs, namely C-DML and C-MDMTGDI design,
which utilize CNTFETs, referred to as proposed design-V and proposed design-VI,

respectively. These proposed designs aim to harness the advantages of CNTFETs for their
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implementation. Extensive simulations have been carried out to comprehend these
designs across a range of crucial parameters, such as power, delay, and PDP. Moreover,
the performance of these designs has been evaluated under varying conditions of
temperature, voltage and CNTFET parameters (dielectric constant, oxide thickness and
chiral indices). The findings from these simulations consistently demonstrate superior
performance of the proposed C-DML and C-MDMTGDI design over their CMOS
counterparts, particularly in terms of reducing the PDP. Higher dielectric constants
enhance power but reduce delay, while increased oxide thickness elevates threshold
voltage, reducing power and increasing delay. Moreover, higher chiral indices decrease
threshold voltage, which leads to increased power but reduced delay in proposed designs.
Further, leakage reduction techniques-LECTOR, GALEOR and LCNT are also proposed
for C-MDMTGDI design, referred to as proposed design-VII. Here, simulations are done
to analyse the proposed designs in terms of leakage power, delay and leakage PDP.
Additionally, an assessment was conducted to examine the impact of variations in oxide
thickness, dielectric constant and chiral indices on the leakage power and delay of the
proposed designs. Simulation results reveal that the GALEOR-based C-MDMTGDI
design attains the maximum improvement in leakage power, followed by the LCNT-based
C-MDMTGDI design and the LECTOR-based C-MDMTGDI design. It's worth noting
that each of these proposed techniques for reducing leakage power results in a certain
degree of delay degradation. An increase in dielectric constant values show constant
leakage power but reduced delay due to lowered threshold voltage. Oxide thickness
insignificantly affects leakage power but increases delay due to increase in threshold
voltage. An increase in chiral indices decrease the threshold voltage, resulting in increased

power and decreased delay.
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6.2 Future Work

The emerging alternative logic styles and improved transistor technology offer
great opportunity for low power designs with enhanced performance as compared to
CMOS. By capitalizing on the unique features of alternative logic styles and improved
transistor technologies, designers can overcome some of the limitations associated with
conventional CMOS technology, thus paving the way for more efficient and capable

electronic devices in the modern era.

Some of the avenues for future work that can be taken up are:

[1] As new applications emerge, such as 10T, wearable devices, and edge computing,
the demands on circuits evolve. The proposed alternative logic styles, tailored to
specific application requirements, can offer optimized solutions that CMOS might
struggle to achieve.

[2] The future might witness hybrid designs that combine the strengths of alternative
logic styles and CMOS technology. This design could harness the energy
efficiency of alternative styles while leveraging CMOS for certain functions.

[3] Hybrid integration of improved transistor technology e.g., CNTFETSs, with
traditional MOSFET-based technologies can be done in the future. This design
leverages the strengths of both materials for improved performance and

functionality.

[4] The work on improved transistor technology can be further be explored to develop
designs for satellite and space electronics due to their resilience to harsh

environment and radiation.
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