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ABSTRACT

The demand for consumer electronics, biomedical implantable systems, sensor nodes in
sensor networks etc. have all contributed towards the drive for portable systems with long
battery life. This in turn has driven the need for mixed signal integrated circuits with analog
and digital logic on the same substrate as this reduces dimensions of the integrated circuits,
reduces the cost and also allows operation at higher speed. However, the noise transmission
from the digital part to the analog part which is sensitive to noise becomes a problem,
because of the loss in accuracy of the analog circuits or the reduction of the dynamic range.
In CMOS circuits, the noise is due to current peaks and voltage variations during the
switching of logic states. To solve this, several solutions are proposed — in terms of layout,

placement of pins and routing of signals and selection of alternate logic styles.

To address the switching noise, various low switching noise logic styles have emerged
wherein power supply current is kept nearly constant during the switching event and/or
working with smaller voltage swings. Some notable logic styles are current steering logic
(CSL) style, current balance logic (CBL) style, folded source-coupled logic (FSCL) style and

the source coupled logic (SCL) style.

The positive feedback source coupled logic (PFSCL) style, a variant of SCL, among these is
an attractive alternative as it addresses the issue and is explored in this thesis for design
modifications to improve the overall circuit performance. The work in this thesis

encapsulates its analysis and design.

The PFSCL FC based gates help in accommodating complex logic function into a single gate,

but requires larger footprint. The concept of multithreshold technique is incorporated and two

Vi



topologies are presented. The former results in area advantage while the latter improves

power consumption. The static and dynamic parameters are modelled and validated.

Next, a PFSCL Quadtail cell that can accommodate more inputs in a single gate is presented
thereafter. The usefulness of the proposal is illustrated with a three input PFSCL XOR gate.
The proposition is analysed for static and dynamic parameters. It is found that the proposed

XOR gate topology outperforms the possible existing counterparts.

The presence of a constant current source in PFSCL causes static power consumption which
restricts its application for battery constrained devices. The availability of dynamic PFSCL
style is an effort made in this direction. This style, however, requires cascading of gates for
multilevel realisation and also intermittent buffers for correct evaluation. Two schemes are
worked out to address this — the former modifies the pull down network of existing D-PFSCL

gate while the latter relies in inclusion of transmission gates.

The ultra-low power PFSCL gate is introduced in this work wherein low power supply is
used and the constituent transistors operate in subthreshold region. The basic principles for
design of PFSCL in subthreshold region are identified and trends are noted. From analysis
and simulations it is noted that the circuits implemented using PFSCL style in subthreshold
region offer more flexibility to the design of ultra-low power applications compared to those

implemented using CMOS in subthreshold region.

All the propositions are validated through extensive simulative investigations.
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Chapter 1 Introduction






1.1 Background

There is huge demand for electronic devices, especially portable and consumer electronics,
which requires that as many logical functions as possible be implemented on the same chip in
the form of System of Chip (SoC) so as to meet the speed and area requirements [1-7]. SoC
designs reduce cost by saving on the total number of chips, and can yield significant
performance improvements by reducing inter-chip communication time. Due to this, SoCs
where both the analog and digital circuitry is on the same semiconductor die have nowadays
become pervasive. The conventional CMOS logic style, used widely in SoCs, exhibits a large
switching noise that lowers the performance of the analog building blocks and therefore it
cannot be used on the same substrate with high-resolution analog circuits [8-10]. In order to
successfully interface the digital and analog components of a system onto the same die,
analog designers must either accept the noise inherent to CMOS digital circuits or try to
isolate the digital and analog components as much as possible, making system level
integration of SoC designs a challenging task. In order to isolate the noise generated by the
digital system from the analog counterpart or to mitigate it, several techniques are available
and these can be mainly be categorised in terms of - layout related methods, placement of
pins and routing of signals, usage of alternate substrate material and usage of alternate logic

styles [11-34].

Alternate logic styles that are suited to a mixed signal environment need to maintain a nearly
constant current during the switching event and have reduced voltage swing in order to
reduce the switching noise. The logic styles inheriting the features of maintaining constant
current during switching activity are classified in four categories namely current balance

logic (CBL) style [21-24], current steering logic (CSL) style [25-27], folded source coupled
3



logic (FSCL) style [7,28-30] and the MOS current mode logic style [31-34]. The CBL style is
further classified into enhanced current balance logic (E-CBL) [22], complementary output
current balance logic(C-CBL) [23], modified current balance logic (M-CBL) [24]. Similarly,
the CSL style includes folded current steering logic (FCSL) [26], differential current steering
logic (D-CSL) [27] whereas the enhanced folded source coupled logic (E2FSCL) [29], and
enhancement source coupled logic [30] belongs to FSCL style. The CBL and FSCL based
circuits use multiple current sources for logic function realisation whereas the CSL circuits
works on larger voltage swing. The MOS current mode logic based circuits, which is based
on the source-coupled pair of NMOS transistors, needs a single current source and works on
smaller voltage swing; therefore it is a preferred choice for mixed signal IC applications.
Also, MOS current mode logic or Source Coupled Logic (SCL), permits switching noise

reduction by two orders of magnitude compared to standard CMOS logic [14-16].

The SCL gates are classified as differential or single-ended [35-37]. The former is based on
the series-gating approach whereas in the latter the transistors share a common source and
drain terminal and are source-coupled to a transistor whose gate is connected to reference
voltage source [35, 37]. SCL gates are explored widely for building complex digital logic like
ADCs, DACs, front end receivers, optical fiber front end transreceivers, arithmetic circuits

etc [38-59].

1.2 Positive Feedback Source Coupled Logic style

An improved form of single-ended SCL style named as positive feedback source coupled
logic (PFSCL) style is suggested in [37]. The logic style replaces the reference voltage source
used in conventional single-ended SCL gates with a positive feedback to improve their
performance. It is targeted towards high speed and low power dissipation and power efficient

behaviour, and shows better performance compared to SCL. The logic style provides single
4



ended output and uses a NOR based architecture for implementing logic with a constant bias
current per gate. The NOR based architecture is an advantage in that it allows operation of
the gate at minimum supply voltage, which allows low power consumption requirements to
be met. This also has the advantage that the PFSCL can work easily in deep submicron
technologies, where the maximum power supply that is available is low. PFSCL style is
explored in [60-68] in terms of design and analysis and further studied in terms of
applications in arithmetic circuits, buffer, pipeline, latches, error detection and correction

circuits in [69-79].

The paper [37] explains the working of the basic PFSCL gate and derives the expressions for
static design parameters like small signal gain, noise margin and the voltage swing. The
analytical delay model of PFSCL gates is also given in terms of the bias current, process
parameters and the transistors’ aspect ratios. Simulation results are shared which confirm that

the proposed models are sufficiently accurate.

The analytical gate delay model for PFSCL is derived in [60] where the delay is given in
terms of the associated parasitic capacitances at the output node. To derive the delay model of
PFSCL gates the circuit is linearised around the logic threshold and circuit analysis is
simplified through suitable approximation. Since the positive feedback in PFSCL gates
significantly enhances the small-signal voltage gain, a much lower NMOS aspect ratio can be
used to achieve the same value of small signal voltage gain, compared to conventional SCL
logic. As a consequence, the contribution of NMOS parasitic capacitances to the output node
is strongly reduced, and so, the delay reduces. Simulations in 350 nm are carried out to
validate the delay model for PFSCL gates. For comparison, PFSCL gate based 5 stage ring
oscillator is simulated against conventional SCL based 5 stage ring oscillator for same design

parameters and it is found that PFSCL gates show better performance.



In [61-62], the issue of design of PFSCL gates is addressed as in today’s scenario, delay,
power and area occupied are all important design parameters that can be traded off against
each other depending upon the specific application. This needs that interrelation between
power, delay and area should be quantified and impact of variables like bias current,
transistor dimensions for NMOS and PMOS on power, delay and area should be analysed.
PFSCL gates offer lower delay compared to the traditional SCL gates. This excess of speed
could also be exploited to save power consumption for an assigned speed requirement, thus
allowing for a more flexible power-delay trade off management. Since the overall power
consumption usually limits the number of gates that can be integrated in a mixed-signal chip,
the reduction in the power consumption per gate allows for implementing more complex

logic circuits for a given power budget of the digital section.

The delay expression is derived using the parasitic node capacitances and then, using the
standard expressions for capacitances and some approximations according to meaningful
cases in the design space, i.e., power-efficient, high-speed and low-power design, the delay is
expressed in terms of the voltage swing and the bias current, which in turn define the gate
power consumption. To validate the analytical expressions, simulations for different design
cases like high speed, low power etc. are carried out and it is found that the analytical

expressions are suitably accurate.

In [63], comparison between MOS Current Mode Logic (MCML) and PFSCL
AND/OR/NOR gates is carried out through simulations in 180 nm to quantify the
improvement offered by PFSCL gates in terms of delay, power and area. On the basis of
simulations, it is found that for given power supply and bias current, PFSCL gates are faster

and occupy lesser area compared to MCML gates.



In [64], hysteresis is utilised to improve the performance of PESCL gates. To understand the
impact of hysteresis, the noise margin of PFESCL gate is modelled from which it is found that
hysteresis improves the noise margin. This implies that for a given noise margin, lower
voltage swing will satisfy the noise margin requirement, in turn reducing the gate delay. For a
given speed constraint, this reduction in delay due to hysteresis can be traded for reduction in
power by reducing the bias current. Thus, use of hysteresis can make PFSCL gates more
power efficient, which is important for high speed low power applications. Simulations were
carried out to evaluate the accuracy of the noise margin model, which was verified. PFCSL

gates were also simulated to verify the speed advantage under hysteresis.

In [65], a PFSCL style with higher speed than the existing PFSCL style is proposed where the
load in existing PFSCL is replaced with a new load which exhibits capacitive coupling,
which enhances the switching speed of the circuits. The capacitive coupling occurs between
the output node and the gate of the PMOS load which speeds up the process of
charging/discharging of the PFSCL gate. The mechanism of capacitive coupling is modelled
and its effect on the propagation delay is described. On the basis of simulation of
AND/NOR/OR gates based on proposed style versus conventional PFSCL based
AND/NOR/OR gates; it is shown that the logic gates based on the proposed style show lower

propagation delay by 31 percent compared to existing PFSCL logic gates.

Implementation of logic gates based on conventional PFSCL is a NOR based
implementation. This implies that, while PFSCL can implement OR/NOR functions easily as
a single gate implementation, complex logical functions having sum-of-minterms expression
requiring both AND/OR implementations are more difficult and require a multi-gate
cascaded implementation. PFSCL multi-gate cascaded implementation adds to the delay and

also increases the power dissipation due to the use of constant bias currents by each gate.
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This factor negates a lot of the speed and power dissipation advantages of PFSCL. In [66],
the use of triple-tail cell concept in conjunction with PFSCL, called the PFSCL fundamental
cell, is proposed to solve the issue of multi gate implementation of complex logic. This is
because triple-tail cell through the addition of control branch easily provides the AND
functionality. Thus, by implementing PFSCL fundamental cell based gates, complex two
input logic functions like XOR, multiplexer etc. including AND/NAND terms can be
implemented without need for cascading the gates which in turn improves the delay and the

power dissipation.

An efficient PFSCL fundamental cell based D-Latch is proposed and its performance
is compared to PFSCL based D-Latch [66]. It is found that the proposed D-Latch shows
lesser delay and lower power consumption compared to a PFSCL based D—Latch. Use of the
triple-tail concept also reduces the number of stages and the gate count compared to

conventional PFSCL based D—Latch.

In [69-74], an efficient circuit realisation scheme based on PFSCL style using generalized
PFSCL fundamental cell, called the configurable logic block (CLB) is given and used to
implement adder, serialiser, demultiplexer, linear feedback shift register (LFSR) and razor
flip-flop respectively. From simulations carried out in CMOS 180 nm technology, it is seen
that the proposed circuit utilising PFSCL fundamental cell architecture shows the best delay

and power dissipation compared to conventional PFSCL based implementation.

PFSCL style suffers from the disadvantage of having constant bias current which contributes
towards the power dissipation. With the increased need for power efficient circuits, a
modification to the existing PFSCL style is proposed in [67] which addresses the issue. Here,
a logic style called dynamic PFSCL (D-PFSCL) is introduced that uses dynamic current

source in contrast to constant current source of PFSCL to attain lower power consumption.
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Two techniques to implement multi-stage D-PFSCL application are also suggested. Several
D-PFSCL gates are simulated and compared with the respective PFSCL and significant
power reduction is achieved for D-PFSCL gates. These gates also show an improvement in

speed compared to existing PFSCL gates.

In [75], high speed and low power dissipation PFSCL based tristate buffers are proposed,
which are important for bus implementation. The paper discusses existing PFSCL tristate
buffers i.e. switch based and sleep based. While the sleep based tri state buffer is more power
efficient than the switch based tristate, it suffers from incomplete isolation of the common
output node from the tristate disabled buffers. Next in the paper, PFSCL tristate buffer switch
based topologies are proposed where the output enable/disable switch is used to maintain the
high impedance state and the load or the current source section is also modified to restrict the
current flow during high impedance state. Four proposed topologies are simulated in CMOS
180nm and their parameters like propagation delay, power dissipation and output enable time
are given. From simulation results, it is seen that one of the proposed topologies with

modified current source section performs the best.

In [76], further improvements to high speed and low power dissipation PFSCL based tristate
buffers as given in [75] are proposed. In the paper, the load section is modified to feed the
enable signal to the PMOS load directly instead of adding a transistor in series to the load
section to cut off the power supply to get tristate output. With this modified load section,
three topologies are presented. Simulations are done to characterise the propagation delay,
power dissipation and output enable time of the proposed topologies and these are compared
against the topologies given in [75] as well as existing switch based topologies and it is found

that one of the proposed topologies give the best performance.



In [77], PFSCL based asynchronous pipeline implementation is explored based on both
existing conventional PFSCL and a more efficient fundamental cell based PFSCL. Further, a
new hybrid implementation of the pipeline is proposed. A FIFO sequencer is implemented
using the three different architectures and it is observed that the hybrid implementation of
asynchronous pipeline results in lesser number of gates as well as lower average power

dissipation.

In [78], a clocked current comparator based on PFSCL is presented and its operation is
verified through simulations using 90nm CMOS technology parameters. From simulations, it

is seen that the proposed clocked current comparator is power efficient design.

In [79], the paper presents a modified configurable cell in PFSCL style that enhances the
capability of existing configurable cell in realizing complex logic functions for the case when
the fan-in increases. Three different realisation of magnitude comparator based on
conventional NOR/OR gate, existing configurable cell and proposed modified configurable
cell methods are introduced. The proposed modified configurable cell introduces one more
transistor in the outer branch in parallel to the existing transistor and this leads to reduction in
number of gates required to implement the magnitude comparator. SPICE simulations using
TSMC CMOS 180nm technology parameters are used to verify functionality and compare the
performance where the simulation results show that modified configurable cell-based
comparator’s performance is superior to its counterpart, thereby establishing the concept and

its usefulness.

1.3 Motivation

One of the issues with PFSCL is that conventional NOR based implementation [37] leads to

implementation of complex logic using multiple cascaded gates, where each is biased by
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constant current source, in turn leading to increased delay and power consumption. This issue
can be resolved by exploring alternate implementation architectures for PFSCL style that
support higher fan-in, optimise the implementation of complex logic circuits and thus lower
the delay while also having beneficial effect on power consumption. An alternate
implementation requiring lesser number of gates through which complex logic can be
implemented is through PFSCL fundamental cell architecture [66]. Based on [66], any two
input logic can be implemented in a single stage leading to power efficient design. Some
improvement is suggested in [79] leading to further reduction in the number of gates required
to implement a complex logic function. However, there is scope for more improvement in the
performance in terms of delay, power and area. In SCL style, the multithreshold technique is
explored with positive impact on performance parameters [48]. This has not been yet
explored in PFSCL style. The impact on parameters like area, power and delay with the
introduction of multithreshold technique in PFSCL fundamental cell architecture is explored
in this thesis. Also, the implementation of any two input complex logic in PFSCL style can be
carried out in a single stage using the PFSCL fundamental cell architecture, however, for
implementation of logic function requiring higher fan in, it can be extended with the resultant

advantage in performance and this is also explored in this thesis.

Another concern in modern VLSI design is that with the increased demand for portable
electronics, the power consumption has to be as low as possible in order to limit overheating
and facilitate portability, thus simplifying the design of packaging and heat dissipation. In the
case of PFSCL style, where the static power consumption is a direct product of power supply
and bias current, one of the ways to reduce the static power consumption is to explore D-
PFSCL [67] further. The application of dynamic current source to various implementation

architectures based on PFSCL style is expanded further in this thesis. .
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Another way in which the static power consumption can be reduced is by correspondingly

reducing the supply voltage, and when the supply voltage is drastically reduced to the point

where it is lower than the threshold voltage, the operation is in subthreshold region.

Operation in this region has its own advantages and disadvantages. Logic circuit operation in

the subthreshold region is explored for logic styles such as CMQOS, SCL etc. in [81-100].

Operation of complex arithmetic circuits based on PFSCL has not yet been explored in the

sub threshold region and this is explored in this thesis.

In this work, implementation of PFSCL style using different architectures is investigated to

achieve the following objectives:

a.

Investigation into the effect of lower threshold voltage transistor in PFSCL based
implementation

Enhancement of conventional circuit realisation schemes for high fan in.

Design of improved D-PFSCL architectures.

Investigation into the use of PFSCL in sub threshold region.

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

a.

Two different architectures are proposed with the introduction of multithreshold
technique in PFSCL based implementation leading to reduction in area and reduction
in minimum power supply voltage respectively.

PFSCL fundamental cell architecture is extended for higher fan-in such that three
input complex logic circuits can be implemented in a single stage with advantage in
delay and power consumption.

D-PFSCL architecture is modified so that any two input logic function can be
implemented in a single stage giving reduction in power consumption and speed.

12



d. Operation of PFSCL circuits in subthreshold region and its advantages compared to

performance of CMOS circuits in subthreshold region is investigated.

1.4 Thesis Organization

This thesis examines the proposed PFSCL based architectures so as to be able to implement
complex logic with optimised delay, power and area. It also explores the PFSCL based
architectures that can support higher fan-in and work as a dynamic logic. It further explores
the PFSCL in subthreshold region of operation and details how the performance in
subthreshold region may be improved. Chapter 2 investigates basic PFSCL operation and
provides an overview of the logic style and includes an examination of performance
characteristics of basic PFSCL gates. It also discusses in detail the PFSCL fundamental cell

and dynamic PFSCL.

Chapter 3 discusses two new PFSCL based architectures based on multithreshold technique
that introduce the low threshold voltage transistor— i) in pull down network and ii) in constant
current source. The two new architectures are analysed and it is seen that the first architecture

leads to reduction in area while the second leads to reduction in power consumption.

Chapter 4 discusses a new PFSCL architecture that increases the fan-in and thus enables the
implementation of complex logic in reduced number of cascaded stages leading to reduction

in delay and power dissipation.

Chapter 5 builds upon the work done in D-PFSCL and presents ways to implement complex
logic circuits in PFSCL style using dynamic current source and requiring lesser number of

stages for implementation with improvement in delay and power consumption.

13



Chapter 6 examines the behaviour of circuit implemented using PFSCL style operating in
subthreshold region. This region of operation is suitable for ultra low power applications,
used for biomedical, implantable devices and devices used in sensor networks. The circuits
implemented using PFSCL style in subthreshold region offers benefits compared to CMOS in

subthreshold region and these results are presented.

Chapter 7 provides a final summary of the work throughout the thesis and summarizes avenues of
potential future work where many projects or theses could build upon the base line principles

established here.
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Chapter 2 Existing PFSCL architectures
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2.1 Introduction

In the previous chapter, the PFSCL literature survey is discussed followed by the
observations on research gaps for further work in this thesis. The existing structures that have
been picked are therefore discussed to better understand their working principle, design and
their benefits. The architectures that are discussed in this chapter include basic PFSCL style

with NOR based architecture, PFSCL fundamental cell architecture, D-PFSCL architecture.

2.2 PFSCL Style Fundamentals

The Positive Feedback Source Coupled Logic (PFSCL) [37] is a modified form of single-
ended SCL style. This logic style introduces a positive feedback into the conventional single-
ended SCL style to improve the switching speed of the gates and is targeted towards high

speed and low power dissipation. Basic architecture of a generic PFSCL gate is given in Fig.

2.1.
Vo
:"—",_: PMOS load
rpl Mrl
= L__"}-
Q |
Cp
I :
A‘—E-l Mdl'i| MdN Mf |— : PDN
. :
: |
O F]

Fig. 2.1 Basic architecture of a generic PFSCL gate

17



It consists of three major parts: a pull-down network (PDN) comprising of transistors Md1-
MdN along with feedback transistor Mf, a constant current source realized by transistor (Ms)

and a load transistor (Mr1). The circuit works on the principle of current steering.

Based on the logic level of the inputs A;-Ay, the bias current Iss flows through either Md1-
MdN or Mf. If any of the inputs A;-Ay is/are high, Iss flows through left side branch and is
converted into equivalent output voltage by the PMOS Mr1 presenting equivalent resistance
Rp. This is the output low voltage Vo, given by Vpp-IssRp. For the case where logic inputs
A;-Ay are low, the output remains high, given by Vpp, as no current is drained from the left
side branch and consequently there is no voltage drop across the resistance Rp. This is the
output high voltage Vou, given by Vpp. The difference between Vo and Vo, is called the

voltage swing, Vswine. From Fig. 2.1, it can be observed that output Q generates the NOR of

all the inputs As-An. For the case where the inputs are A;-Ay, the output Q is the AND of all
the inputs. Correspondingly, the OR and NAND output can be taken from the drain of Mf,
with help of De Morgan’s law. Thus, the architecture of the conventional PFSCL based gate
leads to direct implementation of NOR/OR functions. However, from the architecture, it is
observed that for implementation of logic functions that are sum-of-minterms expression,
multiple gates are needed, each gate implementing either a AND/NAND or an OR/NOR

function.

2.2.1 PFSCL operation and analysis

To analyze its behaviour, a PFSCL inverter as shown in Fig. 2.2 is considered. The operation
of the PFCSL inverter is explained as follows: Based on the logic level of the input A, the
bias current Iss flows through either Md1 or Mf. For the case when input A is high, Iss flows
through Md1 and is converted into equivalent output voltage by the load transistor Mrl

presenting equivalent resistance Rp. This is the output low voltage Vo, given by Vpp-lssRp.
18



For the case where logic inputs A is low, the output remains high, given by Vpp, as no
current is drained from the left side branch and consequently there is no voltage drop across
the resistance Rp. This is the output high voltage Von, given by Vpp, The difference between

Von and Vo, is called the voltage swing, Vswine.

VDD

| _: PMOS load
oy B0

Fig. 2.2 PFSCL inverter [37]

The analysis of the PFSCL inverter is done with approximations such that designing of any
PFSCL circuit can be done through hand calculations as described in [37]. The analysis is
presented in two parts: static model and delay model. The quantities such as voltage swing
(Vswing), small-signal voltage gain (A,) and the noise margin (NM) are constituents of static

model and are mathematical represented.

The values of high, low output voltages (Von and Vo) and Vswing are respectively given as

Vou = Vb (213.)
Vo|_ = VDD'ISSRP (Zlb)
VswinG = IssRp (2.2)
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Fig. 2.3 Voltage transfer characteristics of the PFSCL inverter

The voltage transfer characteristics (VTC) of the PFSCL inverter is shown in Fig. 2.3. It may
be noted that VTC is symmetrical around the logic threshold voltage (V.1). The small-signal
voltage gain (Ay) is evaluated around V r. The value of Ay is computed around the V by

using superposition of the input voltages at the gate of the transistors Md1 and Mf, and is

given as
gmnRP/2
AV: l_gmnRP/ (23)
2

Where gmn corresponds to the transconductance of the NMOS transistor and its value around

the V LT IS I‘LHCOX L_]:]ISS'

The NM of a PFSCL inverter [61] is given by (2.4).

R
NM= VS‘Zﬂf(gmn P/2> (2.4)

where function f is expressed as
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1 1
2 (=) 1 (2.5)
For x=%<l, the function of (2.5) can be approximated by (2.6)
f(x)=1.4x-0.65 (2.6)

The function exhibits hysteresis for x greater than unity. The above relation is valid for

ngm;;RPQ, whereas it 1. Alternatively, by using the piecewise-linear approximation of the
VTC [61], the NM can also be computed as

NM= oo (1ALV) (2.7)

o)

o
+ | | Ca a1 Cborl Coduri Ced.t 0.5Cg¢ | Co

Fig. 2.4 Linear half circuit

To evaluate the propagation delay, the circuit may be linearised around the logic threshold.
The presence of feedback, however, makes the analysis complex and an alternate approach is
given in [62] which suggests the use of half circuit model depicted in Fig. 2.4. The

propagation delay is computed as

|
p=RpCou=Rp(Cab,a1tCod,a1TCab,r1 TCod r1 Cyu 5 Cos i Cr) (2.8)
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Here, Cot represents overall capacitance at the output node and includes capacitive
contribution of the transistors and the external load capacitance Cr. The drain-bulk junction
capacitance (Cdb), the gate-to-source capacitance (Cgs) and the gate-to-drain capacitance (Cgd)
are capacitive contribution from transistors in PDN (Md1-Mf) and load section (Mr1). For the
transistors operating in saturation region, only overlap capacitance need be considered.
Therefore, the C, contribution from NMOQOS transistors will be equal to C,,Wy where Wy
represents width of NMOS transistor in PDN [62]. As the PMOS transistor in load section
operates in linear region, so both overlap capacitance and the intrinsic contribution associated
with its channel charge [62] are taken into account. The contribution of junction capacitance
for the transistors is adopted from [62]. The Miller effect associated with the gain from the
gate-to-source makes capacitance contribution of transistor Mf into %2 Cgs [62]. Further, Rp in
Fig. 2.4 is the equivalent resistance of the PMOS Mr1, given as in (2.11).

Based on the expressions for small signal voltage gain, voltage swing etc. the design
approach of a PFSCL inverter for a given value of the bias current Is;and the noise margin is
presented in [62]. Considering saturation region operation of NMOS transistors in the PDN
and gmnRp/2=1, the value of voltage swing for a specified value of NM is computed using

(2.4) as

2NM
VSWING: T]) =2.7NM (29)

Once the voltage swing is obtained, the next step is to size load transistor with equivalent
resistance Rp (=Vswing/lss). The equivalent resistance, of minimum sized PMOS transistor

(Remin), 1s assessed first which is followed by determining the bias current Iy gy using (2.10)

- \;SIV)VTIT (2.10)
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If the computed value of bias current is higher than lygn, then Rp < Rpmin. TO achieved this,
Lris set to its minimum value (Lmin) and the required Wr is computed using the standard

BSIM3v3 MOSFET model [80] given by (2.11) as

Rin
Rp= (2.11)

Rint

R *1E-6 . . . .
where Rps = (DS‘V”V—) models the source/drain parasitic resistance with Rpsw as the
P

empirical model parameter, Wp as the width of the PMOS load transistors and R, as the

intrinsic resistance of the load transistor in the linear region given as

A\ -1
Rin= [Meffpcox L_: (Vpp-|Vrp |)] (2.12a)
v 1SS Lpmin - (212b)
SWING Rppsw 10" Cox (VDD-Vp!
“efprOX(VDD'WTPI)(l DSW¥ M fzimin( DD TP))

Similarly, if Iss < lyign, then the value of Rp > Rppin. In such case minimum value is taken for

W5p and the values of Wminand Le are calculated from (2.11) as

Lo= C. W V-V Vswing _Rpsw10™ 213
P_ueffp ox Pmin( DD'| TPD[ - ] ( )

Iss Wemin

After this, the dimensions of transistors in the PDN (Md1, Mf1) are derived by substituting

EmlRe 1 Coyoy L x VS‘Z& in the derived equation of Ay in (2.3). The width Wy, of the PDN

2 n X T I

transistors is calculated as.

2

A LNminl

W ZN: ( \ ) NmszS (214)
I-Ay/ 2p, CoxVSwiNG
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If bias current is taken lower than supported by minimum sized NMOS transistor, (l.ow) then
(2.14) yields in a value smaller than the minimum channel width. The Wy is also set to

minimum value Wymin in such cases. Using (2.14), l..wis given by (2.15).

1 Whmin
[Low= 1 Lljnin anoxV§WING (2.15)

Further to the discussion on the design of the gates, the minimum power supply, Vppmin under
which the PFSCL inverter can function correctly is also calculated. This is an important
parameter as knowing the minimum power supply can provide scope in reducing the static
power dissipation, which is directly proportional to the power supply and is given by Vpp.lss.
For any source coupled logic gate with N levels of source coupled transistor pair, the Vppmin

can be expressed as:

VDDmin:(N+ 1 )VB '(N' 1 )VTN 'VTcurr (2 16)

Where V1, Vg, and Ve represent the typical threshold voltage, bias voltage and threshold
voltage for current source respectively. With the PFSCL inverter having single level of
source coupled transistor pair i.e. N=1, the minimum power supply (Vppmin) given by (2.16)

changes to:

VDDminzsz 'VTcurr (2 17)

2.2.2 Realisation of Conventional PFSCL gates

The PFSCL realisation of generic N input NOR and NAND gates are discussed in section 2.2
and shown in Fig. 2.5a and Fig. 2.5b respectively. Based on this, the 2 input XOR (XOR2)
PFSCL gate requires two levels as shown in Fig. 2.5c. Other complex gates can also be

implemented in similar way.
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2.3 PFSCL fundamental cell architecture

In the previous section, we discussed conventional PFSCL style, where the gates are
implemented using NOR based architecture [37]. As we saw for the case of XOR2 gate and
similarly for other complex logic, conventional PFSCL based implementation leads to
multiple cascaded PFSCL gates with corresponding increase in its delay and power. This
issue is mitigated in [65], which proposes a new architecture, called fundamental cell, that
can implement any 2-input complex logic function in a single stage, thus reducing the
number of cascaded stages needed for function implementation.

A D-latch based on PFSCL fundamental cell architecture (PFSCL FC) is shown in Fig. 2.6a
[66], with the associated block diagram in Fig. 2.6b. The fundamental cell is based on the
triple-tail cell concept, consisting of two triple-tail cells TT-1:(Md3, Mc1, Md4) and TT-2:
(Md5, Mc2, Md6) biased by separate current sources of Iss/2 value such that the new cell
draws the same current as that of the single traditional PFSCL gate. The said D-latch also

uses a PFSCL inverter in the first stage to generate complement of the CLK input. Comparing
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this implementation with a NOR based implementation that needs 6 NOR gates and 3 stages,

it is observed that the PFSCL FC offers advantages in terms of delay and power dissipation.

Von

e e

_ 1
CLK %@C | CLE| E/ICZ ;

CLK |[(CLK Qf—

PFSCL FC
D-Latch
Input

(b)
Fig. 2.6 a) PFSCL FC based D-Latch [66] b) Block representation

The transistors Ms1 and Ms2 operate in saturation in order to maintain a constant bias current
of Iss/2 value. The four PMOS transistors (Mr1, Mr2, Mr3 and Mr4) work as load. To realize
a D-latch, the transistors Mc2 and Mcl are driven by the input clock (CLK) and its
complement. The complement of the CLK is generated by the PFSCL inverter in the first
stage. Mcl and Mc2 are connected between the supply terminal and the common source
terminal of transistor pairs Md3-Md4 and Md5-Md6 respectively, as shown in Fig. 2.6. A

high voltage on CLK turns ON the transistor Mc2, and deactivates the transistor pair Md5—
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Md6. At the same time, the transistor Mcl turns OFF so that the transistor pair Md3-Md4
generates the output according to the input D. For the case when CLK is low, the transistor
pair Md3-Md4 gets activated and preserves the previous output. Thus, the PFSCL FC based
D-latch models the positive level sensitive D-latch.

Proper operation demands that when either Mc1 or Mc2 is ON, the side transistors Md3-Md4
or Md5-Md6 should be OFF. However, if all transistors are of the same dimension, then this
would not be possible. When a triple-tail cell is inactive i.e. Mcl or Mc2 is ON, it has to be
ensured that all of the bias current flows through the central branch and not through the side
branches. If the dimensions of all the transistors in the PDN are the same, then the current
would get equally divided between the side branch and the central branch for the case where
side branch is also ON along with the central branch. To avoid such a situation, the central
branch in the triple-tail cell is designed to have a dimension which is N times the dimensions
of the side branch, ensuring the majority of the bias current flows through the central branch
deactivating the cell properly. Further, at any given time, either of the two cells (TT-1/TT-2)

gets activated and determines the output of the gate.

2.3.1 Fundamental cell operation and analysis

To analyse the operation of the fundamental cell, a OR2 gate is considered, as in Fig. 2.7.
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Fig. 2.7 Fundamental cell based OR2 gate
In the OR2 gate, for the case when B is asserted high, TT-1 is activated while TT-2 gets
deactivated. In this case, since for OR2 gate the output should be logic high irrespective of
the value of input A, and the TT-1 is driven by Vpp. The other TT-2 does not contribute to
the output since whole of the bias current Iss/2 flows through Mc2. Further, for the case
where input B is low, TT-1 is deactivated and TT-2 contributes to the output, which in this
case depends on the input A. The general expression for the current flowing through the
central branch (Mci) and side branch (Mdi), keeping in mind that the ratio of dimensions of

central branch to side branch is N, is as in (2.18). The value of N is generally taken from 5-

20.
I 1
Ivei= ' o
Iss N
IMci: %ﬁ (218)

Considering all the input combinations for the OR2 gate, the currents through the central

branch and the side branches were derived using which the output high voltage and output
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low voltage were derived. The output voltage is decided by the currents flowing through Md2

and Md4. Table 2.1 gives the output voltages for various combinations of inputs.

Table 2.1 Output voltages for various combinations of inputs

S.No. Inputs Output voltage Vg
A B
l. ngh ngh VOH: VDD
2. Low Low Rplgg ( 1 )
= —2 1+ —

VorL1=Vbp 2 NT1

3. High Low Rplgg

J VorL2=Vpp- 2

4. Low High Rplss

Vor2=Vpp- >

Since there are two values of output low voltage Vor1 and Voo, there are two values of

voltage swing, as given in (2.19).

Vswing =5 (1<) (2.19a)

Vswing2= RPZISS (2.19Db)

For large values of N, the voltage swing Vswine Can be approximated as:

Ryl
Vewing= —5 (2.20)

where Rp is the equivalent PMOS resistance given in [37].

The small signal voltage gain, Ay and the noise margin, NM for the new fundamental cell are
computed by the method outlined in [37] and are given in (2.21) and (2.22) respectively.

g RP
mn /2

Ay (2.21)

R
1-5mn /2
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_ Vswing 1
NM= T(1-A—V) (2.22)

Where g = /pncox¥l§, is the transconductance of the transistors Md1-Md4, p,, Wy and
N

Ln are the effective electron mobility, the effective channel width and length of the said

transistors, respectively.

The use of fundamental cell offers high performance circuits but there exists a limitation in
terms of area requirement. The proper operation of fundamental cell requires that the
complete bias current Iss/2 should flow through the centre transistor in a deactivated triple-
tail cell. But in practice it is difficult to achieve since the bias current Iss/2 divides between
the centre branch and one of the two outer branches as both of them are driven by high
inputs. To address this limitation and facilitate proper activation/ deactivation, the aspect ratio
of centre transistors is made N times of the outer transistors [66]. However, it is obvious that
while realizing complex function this approach leads to significant area overhead due to

larger aspect ratio of centre transistors.

2.3.2 Implementation of gates

The concept of fundamental cell is generalized by defining a configurable logic block (CLB)
[69], as shown in Fig. 2.8. It consists of a PFSCL inverter to generate complement of input M
and two triple-tail cells (TT-1, TT-2) and can be configured to realise various two input logic
functions. Its usage has also been extended to efficiently realize complex circuits such as

comparators, adders, multipliers, LFSR etc. [70-74].
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Fig. 2.8 CLB [71]

The mapping of various inputs to X, Y and M and interconnection of the outputs Q1-Q4 for
the implementation of various two input logic functions like XOR2, MUX2 etc. is given in

the following Table 2.2.

Table 2.2 Realisation of different logic functions using CLB

Logic Actual Mapping with the CLB inputs | Output nodes
Function | Inputs M X Y
OR A B B B A Q2,Q4
NOR A B B B A Q1, Q3
NAND A B B A B Q1, Q3
AND A B B A B Q2, Q4
XOR A B B A A Q1, Q4
XNOR A B B A A Q2, Q3
MUX SEL,I0,11 | SEL 11 10 Q2,Q4

From the architecture, it is further observed that any two input complex function can be easily
implemented using fundamental cell, however, three input complex logic functions would

require cascading of two fundamental cell based gates.
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2.4 Dynamic PFSCL (D-PFSCL)

The Dynamic Positive Feedback Source Coupled Logic (D-PFSCL) gates [67] are designed
by adapting the method suggested for differential dynamic gates in [52, 56] and they show an
improvement in speed and power consumption over the static PFSCL counterpart. Like static
PFSCL, the D-PFSCL supports only NOR/OR operation and the structure of a D-PFSCL
inverter is shown in Fig. 2.9. It comprises of three main parts namely a pull down network

(PDN), precharge transistors and a dynamic current source (DCS).

VDD
-'|J ' "" |
CLK ! . Precharge
! Mrl | transistors
| I
Q p
C L e
T :
e : AN i
1
A var MmN mie |- i PON
| |
| X 1
e e e e Y —/—/—/—(— 2 1
CTTTTTToYTTITIIIiIIT
.
CL_I‘_I—| Msl
DCS

Fig. 2.9 D-PFSCL inverter [67]
The PMOS transistor My, is the precharge transistor while the transistors Ms;, Mg, and the
capacitor C; form the DCS. Both of these are driven by a clock (CLK) input. The PDN
consists of transistor Md1-Mf, with Md1-driven by input A. The transistor M¢is driven by a
feedback connection from the output node Q voltage to provide a feedback connection. The
output node, Q provides the inverted output. However, in cases, where buffer output is

required, then it is obtained by placing an additional precharge transistor Mr2 in Fig 2.9 and
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then taking the output from its drain terminal (drain of Ms). At any given instance, output

from only one node is obtained as these gates belong to single-ended SCL gates.

A D-PFSCL gate operates in two phases known as precharge phase and the evaluation phase,
depending on the CLK signal. For low value of CLK, the circuit works in precharge phase
wherein the output node is charged to Vpp since the precharge transistor is ON.
Simultaneously, the capacitor C; gets discharged to ground potential via the conducting Mg,
transistor. Further, any changes in the applied input A does not influence the output as Mg, is
OFF such that no conductive path can be established between the output nodes and ground.
Alternatively, for high value of CLK, the logic function is evaluated since Mg; is ON and the
transistors Mg, My are OFF. In this evaluation phase, either the output remains at logic high
i.e. Vpp or discharges to logic low i.e. Vpp-Vswing. The mechanism for fixing the voltage

swing is discussed in the next section.

2.4.1 D-PFSCL operation and analysis
To achieve the required voltage swing Vswine during the evaluation, the capacitor C; is sized
such that the output is discharged to the low level i.e. Vpp-Vswing. Using the charge

conservation principle, we can write:

VopCour=(Cour™C1)(Vop-Vswing) (2.23)

where Cour is the total load capacitance at the output node which include the parasitic

capacitances of the transistors and the external load capacitance C,.

CIZM (2.24)

(Vpp-Vswing)
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In practice, the capacitor C; is realized by a dummy transistor with its source and drain
terminals connected together. Considering the width and length of dummy transistor to be

W¢; and Lca, the size of dummy transistor can be calculated as:

_ (VswingCour)
Weilar= Cox(VDD-VswiNG) (2'25)

where Coy, is the gate oxide capacitance per unit area.

The D-PFSCL gates do not consume static power. This is due to the fact that there is no
constant current path from the power supply to the ground because the transistor pairs Mg
and Ms; (Fig. 2.9) in the dynamic current source would never turn ON simultaneously. The

D-PFSCL gates, however, consume dynamic power which is
P4yn=Cout Vb Vswingferk (2.26)
where fc k is frequency of the clock signal.

The dynamic power consumption of the logic gates depends on the switching activity of the
output node [1]. It is already known that for uniformly distributed inputs, the low-to-high

transition probability for an N input gate is
No

aL—>H:2_N (227)

where Ng is the number of zero entries in the truth table of the logic function. Thus, the power

consumption of an N-input D-PFSCL gate with transition probability o; _,;; IS given as:

Payn=01 uCout Vop Vswingferk (2.28)
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2.4.2 Realisation of gates

To implement complex logic, multiple D-PFSCL gates need to be cascaded and D-PFSCL
gates are cascaded by two methods: one by inserting a PFSCL inverter in between each stage
so that only a low to high transition at the output will occur and will avoid erroneous outputs
of the subsequent stages. However, insertion of PFSCL inverter leads to static power
consumption that contradicts the basic aim of the proposed logic style. Second method
involves inserting a self-timed buffer (STB) to avoid malfunction because of the
simultaneous evaluation of all stages [67]. A STB generates a delayed CLK signal for the
succeeding stage, after the preceding stage output has stabilized ensuring that the evaluation
of a succeeding stage starts only after the completion of evaluation in its preceding stage [56].
The STB uses two clocked cascaded inverters as shown in Fig. 2.10a, with its symbol shown
in Fig.2.10b. The CLK signal (CLK;) and the node Y voltage in dynamic current source of
the preceding state (stage i) drives the first inverter. The output of STB (CLKj.1) is now given

as the CLK signal to the subsequent stage (stage i+1).

Vbp

CLKi

CLKi+1

— CLK

STB

Y CLK [

(@) (b)

Fig. 2.10 STB a) MOS schematic b) symbol

The overall power consumption for multi-stage D-PFSCL gate based on use of STB between

the stages with K D-PFSCL identical gates and M identical STBs can be approximated as
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Pyyn=Kor 1CourVop Vswinaferk + 2MCsra Vipferk

Where Cstg is the capacitance at drain of M1-M2 of STB (and consequently of M3-M4 of

STB) and the factor of 2 is due to the two transistor pairs M1-M2, M3-M4.

An implementation of 2-input D-PFSCL XOR gate is shown in Fig. 2.11c using 2-input D-
PFSCL NOR gates (Fig. 2.11a) with symbol as in Fig.2.11b using an intermittent STB (Fig.

2.10b). Similarly, the 3-input D-PFSCL XOR gate can be implemented by connecting two

identical XOR gates.

CLK

CLK1

CLK Q
D-PFSCL
A NOR
]-lnputs Cl
B
CLK1
CLK Q
D-PFSCL
x NOR
]-Inpms Cl
B

Fig. 2.11 a) D-PFSCL NOR2 b) D-PFSCL NOR2 symbol c) D-PFSCL XOR2 gate [66]
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2.5 Conclusion

In this chapter, the analysis and design of the existing PFSCL architectures are presented. The
modelling of static parameters and delay is discussed under fundamentals of PFSCL style
which is followed by design considerations. PFSCL FC is also described and its advantages
in realizing XOR2 gate are also elucidated. The D-PFSCL, a dynamic variant of PFSCL
which helps in avoiding static power consumption is next discussed. The operation, design

and methods for cascading D-PFSCL gates are also elaborated.
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Chapter 3 Multithreshold PFSCL Architecture
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3.1 Introduction

Multithreshold technique is widely used for achieving higher speed in active mode of
operation and lowering power in sleep mode [49]. The use of lower threshold transistor
provides higher current drive and this fact may be exploited in reducing device dimensions. It
is also seen that the minimum power supply for the operation for SCL and its variants
depends on threshold voltage of the current source, Vreur. Thus, the introduction of lower

threshold transistor may help in reducing footprint as well as power supply.

This chapter focuses on two aspects of using low threshold transistor in PFSCL fundamental
cell. It is introduced in central branch transistor to reduce the footprint, and in current source
transistor to lower minimum power supply. Both their behaviours are analysed and supported

by mathematical formulations followed by simulations.

3.2 Proposed architecture-1

The existing PFSCL fundamental cell (PFSCL FC) [66] requires that for proper operation, the
dimension of the centre transistor be N times the dimension of the outer transistors and this
approach leads to significant area overhead due to larger aspect ratio of centre transistors.
Proposed architecture-1 modifies the existing PFSCL FC [66] to include a low threshold

voltage transistor as the centre transistor, instead of normal threshold voltage transistor.

The proposed architecture-1 achieves activation/deactivation by lowering the threshold
voltage of the centre transistor by a factor o in comparison to the outer transistors. For
understanding the working, consider the proposed architecture-1 based XOR2 gate given in
Fig. 3.1a, with symbol as in Fig. 3.1b. The PDN has two modified triple-tail cells MTT-1
(Md1, Mcl, Md2) and MTT-2 (Md3, Mc2, Md4) each biased by Iss/2 with the inputs A, B

and B. In the schematic, the low threshold voltage centre transistors Mc1- Mc2 are made bold
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to differentiate from others having typical threshold voltage. The transistors Mr1-Mr4 act as

loads and generate the output voltage Q.

_ﬁ@lﬂ MIEP:L_ _L:cﬂjﬂ M\E"D:L_

e e

A_I@f_ﬁi_l ﬂ%ﬁﬂ

MTT-2

Ve[ s 111 P Ve[ Ms2 1 1./2

(@)
A inl
Proposed
architecture-1
XOR2
B lin2 Q inl
Proposed
architecture-1
XOR2
XOR3
C_ lin2 Q /=

Fig. 3.1 Proposed architecture-1 a) XOR2 gate b) Symbol
From the schematic, the working of the proposed architecture-1 based XOR2 gate is as
follows: As in the case of existing PFSCL FC, for proper operation of the gate, only one of
the modified triple-tail cells MTT-1 or MTT?2 is active, that is one of the central branches
(Mc1-Mc2) is OFF (active) and the other is ON (inactive). Going further, for the case where
input B is high, MTT-2 is inactive as Mc2 drains the bias current Iss/2 from Vpp and does not
affect the output. This happens because Mc2 is low threshold voltage transistor compared to

Md3-Md4 and conducts majority of the current even when Md3 or Md4 is ON. Thus, low
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threshold voltage for Mc1-Mc2 enables correct operation. Correspondingly, MTT-1 is active
for input B at high level, and the output Q is high if A is low else it is high. Similarly for the
case when input B is low, MTT-1 is inactive and MTT-2 is active. In this case, if A is high,

output Q is high else it is low. Thus, the functionality of the gate can be modeled as:

A it B=0
Q= . (3.1)

A if B=1
The schematic of a generic gate based on proposed architecture-1 is shown in Fig. 3.2. The
PDN of the proposed architecture-1 generic gate has two modified triple-tail cells MTT-1
with the generic inputs A, B and M. Here, the output voltage is generated by combining any
one of the two output nodes of modified triple-tail cells i.e. (MTT-1: either Q1 or Q2; MTT-2
either Q3 or Q4). To generate any two input logic function, the inputs A, B and M are

mapped appropriately as per the Table 2.2.

VI)I)

ﬁ Mrl M\EE:]T_ _TI:C{IfI\iIr?‘ M\Eﬁ

il pve = Y

Fig. 3.2 Proposed architecture-1 generic gate
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3.2.1 Analysis
To analyze the proposed architecture-1, a XOR2 gate is considered for the derivation of the

static model and the delay model and is discussed in detail further.

The static behaviour is modelled in terms of three parameters namely the voltage swing
Vswine, the small signal voltage gain, Ay, and the noise margin, NM. Based on the insight
into the working of the proposed XOR2 gate as given in Fig.3.1, currents in MTTs of the
proposed XOR2 gate are derived. In a deactivated MTT, it is clear that one of the outer
transistors and the centre transistor are ON. Therefore, in such a situation, based on the
design assumption that the threshold voltage of the centre transistor is lower than the outer by
a factor, the currents through the i™ centre transistor (Ici) and the j™ ON outer transistor (Iy)

where i € (1,2) and j € (1,2,3,4), can be expressed as:

2
_ M Cox Wy v V1N (3.2)

I 1IN
Ci 2 Ly GS™

(Cox W 2
Ip;= “T L—:j (Vgs-V1n) (3.3)

Mn, Ves and V1 are the effective electron mobility, the gate source voltage and the threshold
voltage of NMOS transistor respectively. As each MTT-1 and MTT-2 are biased by the

current source with bias current lss/2, the two currents can be related as:
IeitIp= 1373 (3.4)

Using (3.2)-(3.4), Ici and Ip; are derived as:

2 2
HpCox Wy, 2 0l #nCox Wy, 2 0l \
/ 7 Ly VN () [l YIN D)

I | 1
ICiZT kz‘f‘ Tos (35)
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1y Cox W 1hCoxWN
| /“2°—XL§VN( )j(ss%w( ))

_ISS
== (1-3- = ) (3.6)

2 2
1, Cox Wy o-1 HnCoxWNy, 2ol
P LNV (a) Lss 20N VTN(a)

Substituting p=%+ ,the current equations (3.5) and (3.6)

Iss

are simplified as:

ISS

Iei=>p (3.7)
ISS

Ipj==(1-p) (3.8)

Based on the derived current expression, the output voltage for different input combinations
fed to the proposed architecture-1 based XOR2 gate (Fig. 3.1) is obtained and used to derive
the Vswing, Which is defined as the difference between high output voltage (Von) and low

output voltage (Vo) subsequently.

Case 1. Both inputs (A and B) are at high logic level: In this condition, the transistors Md1,
Md3 and Mc2 are ON and transistors Mcl1, Md2, Md4 are OFF. The current through the

transistors Md1, Md3 and Mc2 is written as:

I I I
Ipi= = - == > ID3—§(1'P) (3.9)
This input condition produces a low output voltage Vo computed as:

Rpl
VOL:VDD- PZSS (3 10)

Case 2. Both inputs (A and B) are at low logic level: The transistors Md2, Mc1 and Md4 are
ON and transistors Md1, Mc2, Md3 are OFF in this case. Therefore, the current through the

transistors Md2, Mc1 and Md4 is found as:
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1 I
Ipy= ﬁ(l p); ICI_ P ID4—ﬁ (3.11)

This input condition corresponds to low output voltage Vo, given as:

Rpl
VoL=Vpp- PZSS (3- 12)

Case 3. Input A is high and input B is low logic levels: Under this condition, the transistors
Md1, Mc1, Md3 are ON and transistors Md2, Mc2, Md4 are OFF. The current through the

ON transistors Md1, Mc1, Md3 is computed as:

I I
Ip;= E(1 -p); ICl_ P ID3_§ (3.13)

Consequently, the expression for the high output voltage Voy is evaluated as:

Rplgs(1-
Vou =Vpp- %(p) (3.14)

Case 4. Input A is low and Input B is high: Here, the transistors Md2, Mc2 and Md4 are ON
and the transistors Md1, Mc1, Md3 are OFF. The current through the ON transistors Md2,

Mc2 and Md4 are expressed as:

Ipp=—> S5 = IZS ID4_ *(1-p) (3.19)
Consequently, the expression for the high output voltage Voy is evaluated as:

Vou=Vpp- w (3.16)

Using the above equations (3.9)-(3.16), the Vswine is expressed as:

Rpl
Vswing=Vou-VoL= psts (3.17)
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The A, and NM for the proposed architecture-1 based XOR2 gate, is calculated as per [37]

and is given in (3.18)-(3.19).

Emn RP /2

A.=
\' l_gmnRP/2

(3.18)

where gmp IS the transconductance of the modified triple-tail cell, given by

_ Wyl
Zin— M Cox T 3

NMZM(I_L)
2 Ay

(3.19)

Now, the propagation delay of the proposed architecture-1 is derived on the basis of the
behaviour of the proposed architecture-1 XOR2 gate. The propagation delay depends on the
contribution of parasitic MOS capacitances at the output node and the load capacitance. The
parasitic capacitance for the proposed XOR2 gate (Fig. 3.1) is calculated by considering input
B as low, such that MTT-2 is activated and MTT-1 is deactivated. Now, for a low-to-high

transition on input A, total capacitance at the output node is depicted in Fig. 3.3, consisting of

the parasitic capacitances and the load capacitance C,.

Cdb,dl Cdb,rl ng,rl Cgd|d2 O'5Cgs,d2 Cdb,d4 ng,d4 Cdb,r4 ng,r4 C._

Fig. 3.3 Linear half circuit of proposed architecture-1

The propagation delay tpp can be expressed as

Tpp=RpCout
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= Rp(Cap,d1Coddi TCab,r1TCodr1 TCqdt % Cos,a2tCab,as+Cod,a4HCab,ratCoara+C) ) (3.20)
Where Rp here is the equivalent resistance of the PMOS Mrl, Cdb, Cgd and Cgs are the
parasitic capacitances as discussed in section 2.2.1, the capacitive contribution from
transistors in PDN (Md1, Md4) and load section (Mrl1, Mr4). The gate-to-source capacitance
contribution of transistor Md2 is %Cgs due the Miller effect [62]. Using [81], we get an

expression relating the delay analytically to the Vswing and the Iss.

v 1
Tpp= VY SWING ((a)VémeJr(b) % +(c) g) (3.21)

2 L min
where a== — 7 | (2L CiKegnt4Cisu Kegsw3CadoLnCox)
Emn NP _VTN/
vancox( /2) (VGS u)

2
b= F (3Abu1kmaxcox upWPmin (VDD' |VTP |) )

2
c= 5(4Ldncjszeqsw + 4']-'dpcjszeqsw + 2WPmin(LdejKeqp + 2stwpKeqswp) +

3 -
4'LdpcjswpKeqswp + 2WPmiandOp - EAbulkmachz)xp—p(VDD - |VTP|)RDSW10 6)

and the symbols have their usual meanings.
For a given NM and A, values and using the static model expressions, the design approach of
the proposed architecture-1 based XOR2 gate for a given value of the bias current I is

presented. Firstly, the required value of Vswine, Re is calculated as:

2NM

VswinG=TT (3.22)
Ay
R},:”;Iﬂ (3.23)
1SS

Thus, the expression for Iy can be written as:
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_ 2 VswiNG
T (3.24)

Where Rp,,i, represents the resistance of minimum sized PMOS load transistor (Mr1-Mr4).

The calculated Ijgy i1s compared with the required bias current lIss value. For values of
Iss>lnicH, Rp Will be less than Rpmin and to calculate its value, Lp is set to minimum Lppyi, and

W5 is calculated using (3.23) and (2.11).

WP= ZVPISS Lpmin (3 . 25)
SWING Hpcox(VDD'lvTP|)<I'RDSW10-6PPCOX(VDD"VTPD>

Similarly, for values of Iss< lyicn, Rp Will be greater than Rpmin and to calculate its value, Wp

IS set to Wpmin and Lp is calculated as per following expression, derived using (3.23) and

(2.11) and mathematical simplification.

Lo=u C 2Vswing  Rpsw10® 3.26
P_up oxWPmin(VDD'lvaD[ Plgg - Wpimin ] ( : )

After this, the dimensions of transistors in the PDN is derived by substituting

gmnRP — 2 wi % VswING
n X Ly Iss p

in the derived equation of A, in (3.18) for Iss > I, ow. The width

W\ of the PDN transistors is calculated as:

Wymp? () s (3.27)

\4
— 7
1-Ay/ 2u,Cox VSwING

where Lnmin 1S the minimum length of the NMOS transistor, and all other variables are as
previously defined. For the case having Iss < I_ow, the Wy for all the PDN transistors is kept

at their minimum value, Wmin.
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3.2.2 Simulations

In this section, the behaviour of the proposed architecture-1 based XOR2 gate is verified
through simulations and the results are shown in Fig. 3.4 by considering power supply and
voltage swing of 1.1 V and 0.4 V respectively. It can be observed that for the cases when
input B is at low logic level, the output is same as input A while it is complement of input A

otherwise. Thus, the waveforms confirm the correct behaviour.

1.2V II
0.5V

* Input A
1.2V %
0.5V

° InputB
1.2V o o
0.5V . , .

0 40 80 120 160

“ Proposed architecture-1XOR2 output

Time (ns) ———>

Fig. 3.4 Simulation waveform of proposed architecture-1 based XOR2 gate
Now, the static and the delay model, set forth in the section 3.2.1 is verified through
simulations. This is followed by observation of the behaviour of the proposed architecture-1
XOR2 gate under process variations. A proposed architecture-1 based full adder as an
application of the proposed architecture-1 is presented at the end as an application. The
proposed XOR2 gate is designed by considering the equations (3.17)-(3.19) for Vpp, o of
1.1V and 1.3 respectively, for a wide range of Iss (10 pA to 200 pA) and Vswing (0.4 V and

0.5 V).

The simulated results for variation of Ay, NM and Vswine With respect to bias currents are

recorded and are placed in Figs. 3.5a and 3.5b for Vswing 0f 0.4V and 0.5V respectively. The
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predicted Vswing, Av and NM values using (3.17)-(3.19) are plotted along with
corresponding simulated values in Fig. 3.5. In all plots of Fig. 3.5, percentage error in static

parameters is also plotted and maximum error of 17.4% is observed.
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Fig. 3.5 Predicted and Simulated results with error versus lIss for static parameters with
VswinG of a) 0.4V and b) 0.5v

The derived delay expression in (3.21) is validated by designing and performing simulations
for Vpp, Av, a of 1.1V, 19 and 1.3 respectively. The delay is measured for Iss ranging from
10pA to 200 A with Vswing of 0.4V and 0.5V. The simulated delay and predicted delay
values obtained by using the expression (3.21) for load capacitance value of 50fF, 500fF and
1 pF is plotted in Fig. 3.6 for Vswing Of 0.4V and 0.5V. It is observed that the propagation
delay increases with increasing load capacitance. For a given load capacitance, the delay
decreases with increasing lIss, due to the availability of higher current for
charging/discharging of load capacitance. Further, a maximum error of 27% can be observed

from the error plot between the predicted and simulated values in Fig. 3.6.
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Fig. 3.6 Predicted and Simulated results with error in delay versus Iss for a) Vswing =0.4V
and CL:50fF b) Vswing =0.4V and C|_:500ﬂ: C) Vswing =0.4V and CL:].pF d) Vswing =0.5V
and CL:50fF E) VSWING =0.5V and CLZSOOfF f) VSWING =0.5V and CL:].pF

To showcase the advantage of the proposed architecture-1 based XOR2 gate, it is compared
with the existing PFSCL FC based XOR2 gate. For this, an optimum value of a, the threshold
voltage reduction factor, is determined. The proposed architecture-1 based XOR2 gate is
simulated for a ranging from 1.1 to 1.9, for a bias current Iss of 100pA. For the particular
case when input A and input B are high and MTT-2 is deactivated, the ratio of currents
through Mc2 and Md3 i.e. Ico/lps was measured. The area and current ratio against o is
plotted in Fig. 3.7. It is observed that the area reduces with the lowering threshold voltage of
centre transistor. An optimum value of a=1.7 (Ico/lp3=6) is chosen as it provides good

activation/deactivation.
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Fig. 3.7 Area vs Ico/Ips vs a for proposed architecture-1 based XOR2 gate
To compare the performance of the proposed architecture-1 with its existing counterpart,
simulations are performed for measuring the propagation delay of XOR2 gate by keeping
same current ratio (Ico/lIpz3 =6) in both the implementations. The delay of XOR2 is observed
to be 405 ps in proposed architecture-1 based gate while it is 407 ps in existing counterpart.
The corresponding area for the proposed architecture-1 based XOR?2 gate is 1.048pum? while
for the existing PFSCL FC based XOR2 counterpart is 1.656 pm?® Thus, the proposed
architecture-1 based XOR2 gate shows an area advantage of 36.7% with no negative impact

on the propagation delay.

Further, the effect of parameter variations on voltage swing and delay of proposed
architecture-1 based XOR2 gate and existing PFSCL FC based XOR2 gate is studied by
performing Monte Carlo analysis for 500 simulation runs. The corresponding variation in
voltage swing and delay for both the gates are plotted in Figs. 3.8a and 3.8b respectively. It is
seen that voltage swing variations for the proposed and existing PFSCL FC based XOR2 gate
are 37.8% and 38.6% respectively and are of the same order. However, the delay shows
lesser variation for the proposed architecture-1 based XOR2 gate (29.2%) as compared to the

existing PFSCL FC based XOR?2 gate (34.7%).
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Fig. 3.8 Monte Carlo results for Vswing and Delay for a) proposed and b) existing PFSCL
FC based XOR2 gate

The process corner analysis for both proposed architecture-1 based XOR2 gate and existing
PFSCL FC based XOR2 gate is plotted in Fig.3.9. In Fig.3.9a, the delay is plotted for
different process corners while in Fig. 3.9b, the variation in the voltage swing with different
process corners is plotted. It can be observed that the SS process corner gives the highest
delay while the FF process corner leads to the lowest delay values. With respect to voltage

swing, the ratio of variation between the highest and lowest voltage swing for both the
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proposed architecture-1 and existing PFSCL FC is the same. The proposed architecture-4

functions correctly under various process corners.
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Fig. 3.9 Impact of process corners on a) Delay and b) Vswing

As an application a full adder was designed and simulated using both the existing and
proposed architecture-1 for 1ss=100 pA and Vswing=0.4V, for the same Ici/lp;=6. The gate
level schematic for the sum and carry logic is shown in Fig. 3.10a,b. The sum logic as in Fig

3.10a consists of two cascaded XOR2 gates with the proposed architecture-1 XOR2 gate as in
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Fig. 3.1. The proposed architecture-1 based realisation of the two input AND (AND2) and
OR (OR2) are drawn in Figs. 3.10c and 3.10d respectively. The simulation waveforms for the
full adder using proposed architecture-1 is shown in Fig. 3.11 and the performance summary
is tabulated in Table 3.2. It is seen that the proposed architecture-1 based design provides an

area advantage of 66% while maintaining the same power and delay performance.
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Fig. 3.10 Proposed architecture-1 based a) Sum and b) Carry ¢c) AND2 gate and d) OR2 gate
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Table 3.1 Performance summary of the full adder

Function | Scheme | Delay (ns) Power (unW) | PDP (fJ) | Area (um°)

Sum Proposed | 0.871 220 191.6 2.088
Existing | 0.870 220 191.4 6.148

Carry Proposed | 2.07 550 1138.5 5.22
Existing | 2.147 550 1180.85 15.37
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3.3 Proposed architecture-2

In proposed architecture-2, a low threshold voltage NMOS is introduced for generating the
constant current used to bias the PFSCL FC based gate [66]. The diagram of the existing

PFSCL FC based XOR2 gate is shown in Fig.3.12.
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Fig. 3.12 Existing PFSCL FC based XOR2 gate
As was discussed in (2.16), the minimum power supply (Vppmin) for any gate based on
PFSCL style is given by 2Vg-Vi.ur, Where Vg and Vo represent the bias voltage and
threshold voltage for current source respectively. Therefore, it is apparent that one of the
ways to reduce the power dissipation is to reduce the Vo as it leads to direct reduction in

Vg and thus, to the power supply.

In the proposed architecture-2, low threshold voltage transistors Ms1-Ms2 are introduced in
the existing PFSCL FC architecture as shown in Fig. 3.13. This implies that for a given bias

current, the required Vg also reduces, leading to corresponding reduction in the power supply.
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Fig. 3.13 Proposed architecture-2 based XOR2 gate
The working of the proposed architecture-2 based XOR2 gate, which is given in Fig. 3.13, is
same as that of PFSCL FC based architectures, discussed in chapter 2, as the structure of the
proposed architecture -2 remains the same. Further, the ratio of dimensions of central branch
to side branch is kept as N, with the value of N generally taken from 5-20, for proper
activation/deactivation of the constituent triple-tail cells. However, for understanding, it is
explained again. The proposed architecture-2, consisting of two triple-tail cells TT-1 (Md1-
Mc1-Md2) and TT-2 (Md3-Mc2-Md4) is biased by a constant current source of Iss/2, which
here is generated by a low threshold voltage transistor Ms1, Ms2. The central branches, Mc1-
Mc2, are directly connected to the power supply and whichever one of them is ON at any
instant, will not contribute towards the output or in other words is deactivated. Thus, when
Mcl or Mc2 is OFF, the TT-1 or TT-2 is active and the active triple-tail contributes to the
output based on the input A. For example, when input B is high, from Fig. 3.13 it is observed
that the TT-1 is active and depending upon whether input A is high or low, the output Q is
either low or high, which is the expected output for XOR2 gate. Similarly, for the case where
input B is low, TT-2 is active and depending upon whether input A is high or low, the output

Q is either high or low, which is the expected output for XOR2 gate.
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3.3.1 Analysis

The behaviour of the proposed architecture-2 XOR2 gate is now analysed in terms of static
parameters like voltage swing Vswing, Small signal voltage gain, Ay and the noise margin,
NM and the delay. Looking at Fig. 3.13 showing the proposed architecture-2 XOR2 gate, it is
observed that the PDN remains the same as in existing PFSCL FC architecture. Thus, Vswine,

Ay and NM can be expressed as in (2.20)-(2.22).

The propagation delay tpp can be expressed as in (3.20), which is reproduced below.
Tpp=RpCout (3.28)
Here the overall capacitance Cg,; at the output node remains the same as in (3.20) as it is
determined by considering the capacitive effects associated with the transistors and the
external load capacitance CL and the structure of the PDN remains the same. However, the
Rp in (3.31) is different for proposed architecture-2. Analysing the PMOS equivalent
resistance Rp, we observe that it can be expressed as in (3.32) as a first order approximation.
This expression shows the dependence of Rp on the power supply voltage and the dimensions

of the transistor.

_ Lp
#,Cox (VoD Vpl ) W

Rp (3.29)

Thus, from (3.32), we see that due to the dependence of the PMOS based resistor on the
power supply voltage, Vppmin, the dimensions of the PMOS resistance in the proposed
architecture-2 based XOR2 gate varies from conventional PFSCL and the existing PFSCL FC
based gates for a given voltage swing and bias current. For a gate operated at the minimum
power supply voltage, since the Vppmin has reduced as per (2.16), the dimension W5 has to be
increased for the same voltage swing, as compared to conventional PFSCL and the existing

PFSCL FC gates.
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Since we know that the delay is proportional to the parasitic capacitances at the output node,
as in (3.31), the increase in Wp for the proposed architecture-2 XOR2 gate corresponds to a
slight increase in the delay compared to existing PFSCL FC based gates. However, with the
reduction in power consumption due to lower supply voltage and the corresponding reduction
in PDP, the proposed architecture-2 gate shows power efficient behaviour compared to

conventional PFSCL and the existing PFSCL FC gates.

3.3.2 Simulations

The proposed architecture-2 XOR2 gate was simulated through SPICE simulations. In the
proposed architecture-2 XOR2 gate, the threshold voltage of the current source NMOS was
set to 0.3V while the threshold voltages of other NMOS were set to their typical value
according to the technology node. The XOR2 gate as shown in Fig.3.13 was designed for

voltage swing of 400mV.

For comparison, conventional PFSCL and the existing PFSCL FC based XOR2 gates were
also simulated for the same simulation conditions. Each gate was simulated for wide ranging
value of bias current from 20pA to 100 pA at the minimum required power supply voltage,
according to (2.16), which is given in Table 3.2. The Vpp for proposed architecture-2 based

XOR2 gate comes out to 0.9V as per (2.16).

Table 3.2 Power Supply voltage Vppmin

S.No. Architectures Vbpmin
1. | Proposed architecture-2 2VE-V1eur=2X0.6V-0.3V 0.9V
2. | Existing PFSCL FC 2Vp-Vieur=2X0.8V-0.5V 1.1V
3. | PFSCL conventional architecture 2VE-V1eur=2X0.8V-0.5V 1.1V
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The propagation delay, the power dissipation and the power delay product were measured for
the conventional PFSCL (given in Fig. 2.5c), existing PFSCL FC and the proposed
architecture-2 XOR2 gates. The simulation results for delay is shown in Fig. 3.14 where the
notation PFSCL FC is used to refer to existing PFSCL FC. From Fig. 3.14, it is seen that the
conventional PFSCL gate shows much higher delay as compared to existing PFSCL FC gate
and the proposed gate respectively. It is also noted that the delay of the proposed architecture-
2 XOR2 gate is slightly higher that the delay of PFSCL FC XOR2 gate, in line with the

analysis in section 3.3.1.
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Fig. 3.14 Propagation delay versus bias current for XOR2 gate
With respect to power dissipation, it is observed from Fig. 3.15 that the power dissipation of
the proposed architecture-2 XOR2 gate is lower than the existing PFSCL FC based gates,
shown as PFSCL FC in the figure, due to the reduction in the minimum required supply
voltage. The same factor also leads to an improvement in the PDP for the proposed

architecture-2 XOR2 gate, which is shown in Fig. 3.16.
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Fig. 3.16 PDP versus bias current for XOR2 gate

The proposed PFSCL architecture-2 based XOR2 gate shows a maximum improvement in the
power consumption and the PDP of 18.18% and 8.05% with respect to existing PFSCL FC
based XOR?2 gate. It also shows a maximum improvement in the power dissipation and the

PDP of 72% and 95% with respect to conventional PFSCL based XOR?2 gate.

To study the behaviour of the architecture statistically under process variations, Monte Carlo
simulation of 500 runs was carried out, with respect to delay and voltage swing. The results

of Monte Carlo simulation on delay and volatge swing is shown in Fig. 3.17.
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The results as in Fig. 3.17 bring out the fact that the reponse of proposed architecture-2 is
similar to existing PFSCL FC under the effect of process variations, This implies that the
proposed architecture-2, which leads to a reduction in the power supply does not otherwise

impact its working.

To check the impact of process corners on the behaviour of the proposed architecture-2
XOR2 gate, the variation in voltage swing and delay were measured for the different process
corners and the results are plotted in Fig. 3.18. The corresponding impact on XOR2 gate

based on existing PFSCL FC and conventional PFSCL have also been plotted.
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Fig. 3.18 Effect of process corners on XOR2 gate a) Delay b) Voltage Swing
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From the Fig. 3.18a, we see that the impact of process corner on delay is as expected, with
the FF case showing the least delay. From the Fig. 3.18b, we observe that the voltage swing
shows the maximum variations for the SF and FS cases which duly correspond to the case
where the driving power of the NMOS of reduced along with the reduction in the PMOS
equivalent resistance and vice versa. However, the architectures function correctly even in the

presence of process corners.

3.4 Summary

In this chapter, the use of low threshold voltage transistor in the existing PFSCL FC based
gate is explored. It is introduced in central branch transistor to reduce the footprint, and in
current source transistor to lower minimum power supply. In the proposed architecture-1, low
threshold voltage transistor is used in the central branch and its behaviour is analysed on the
basis of static model and the delay model. Through simulations, it is observed that the
proposed architecture-1 based full adder provides an area advantage of 66% while
maintaining the same power and delay performance. In proposed architecture-2, a low
threshold voltage transistor is introduced in the constant current source of the existing PFSCL
FC architecture in order to reduce the power dissipation. This premise is proven through the
simulation results where proposed architecture-2 based XOR2 gate is compared to existing
PFSCL FC based XOR2 gate and conventional PFSCL XOR2 gate. From the simulations
results, it is clear that use of the proposed architecture-2 leads to significant power saving of
18.18% and PDP of 8% with respect to PFSCL FC based XOR2 gate. The reduction in power
dissipation is a direct consequence of the reduction in the minimum power supply voltage
that is needed due to the use of low threshold voltage transistor for generating the bias

current. For both proposed architecture-1 and proposed architecture-2, effect of process
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variations is also studied through Monte Carlo analysis and process corner analysis and the

simulation results show that both the proposed architecures function correctly.
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Chapter 4 Modified PFSCL architecture for higher fan-in
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4.1 Introduction

The conventional PFSCL gate is a NOR/OR based generic gate which infers multistage
implementation for sum of minterms expressions that requires AND-OR implementation, a
fact which culminates into higher delay and power consumption. An alternate architecture to
realize  AND-OR function is through fundamental cell based approach. An overall
improvement in performance is achieved; however, it allows only two input logic function
realisation in a single stage. This chapter focuses on the issue of increasing the fan-in of a
gate based on PFSCL style. A new architecture capable of implementing AND-OR functions
with higher fan is presented, which extends the fundamental cell so that it can accept higher

number of inputs.

The existing PFSCL fundamental cell architecture (PFSCL FC) is modified to accept three
inputs by proposing a Quadtail cell. This would lead to a corresponding reduction in number
of stages needed to implement any logic function. The concept, its analysis and simulations

are presented further.

4.2 Proposed Architecture-3

This architecture is an extension of the PFSCL FC [66] which consists of two triple-tail cells.
Essentially, the triple-tail cell is modified by adding a central branch to increase the number
of logic inputs that can be handled by a single cell. Basic structure of the proposed

architecture, called the Quadtail cell, is shown in Fig. 4.1.
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Fig. 4.1 Quadtail cell- Basic structure of the proposed architecture-3

The Quadtail cell has two central branches and two side branches. The two central branches
are connected directly to the power supply and the two side branches are connected to PMOS
based resistances for converting the bias current Igjas flowing through that branch into the
equivalent output voltage. Since these gates are single ended, the output is taken from either
the drain of Md1 or Mf. The cell is inactive if the input logic levels B and C both are high or
one of them is high as majority of bias current will flow through central branch(s)
irrespective of whether A is at logic high/low level. To ensure this, the dimensions of Mc1-
Mc2 are kept at N times the dimensions of Md1-Md2. The cell is only active for the case
where both B and C are logic low level, leading to bias current flowing through either Md1 or

Mf depending on whether A is high or low.

It is worth mentioning here that the Quadtail cell of Fig. 4.1 gives appropriate output only if
both the inputs in central branch are at logic low. Therefore, three more such cells need to be

connected in a similar way as discussed in Chapter 2.
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To illustrate the point further Quadtail based three input XOR (XOR3) gate implementation
is given in Fig. 4.2a. The Quadtail cells QTT-1, QTT-2, QTT-3 and QTT-4 respectively
implement minterms A BC, ABC, A BC and ABC. Thus, the proposed architecture-3 based
XOR3 gate can be expressed in terms of the minterms generated by each of the four QTT as

follows.

XOR3= A BC+ ABC+ A BC+ ABC (4.1)

Considering total current drawn by a XOR3 gate as Iss, each Quadtail cell is biased by bias
current Igjas equal to Iss/4. For comparison, the XOR3 gate based on conventional PFSCL
and existing PFSCL FC is shown in Fig. 4.2b and Fig. 4.2c respectively, from which it is
observed that while the proposed architecture-3 based XOR3 is a single gate implementation,
the conventional PFSCL XOR3 is a four stage implementation with seven gates and the
existing PFSCL FC based XOR3 is a two stage implementation with two gates. Thus, the
proposed architecture-3 based XOR3, which is a single gate implementation, leads to

performance improvement.
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The schematic of a generic gate based on proposed architecture-3 is shown in Fig. 4.3. The
PDN of the proposed architecture-3 generic gate has four quad-tail cells QTT-1 to QTT-4
with the generic inputs X1, X2, X3, X4 and M1, M2 for central branch. Here, the output
voltage is generated by combining any one of the two output nodes of the Quadtail cells i.e.

(QTT-1: either Q1 or Q2; QTT-2 either Q3 or Q4 etc.). The generic gate may generate any
73



three input logic function by appropriately choosing inputs. Table 4.1 enlists the input

combination for carry output of full adder and 4:1 MUX (MUX4).
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Fig. 4.3 Proposed architecture-3 generic gate

Table 4.1 Realisation of different 3 input logic functions based on proposed architecture-3

Logic Actual Mapping with the inputs Output nodes

Function | Inputs X1 X2 X3 X4 | M1 M2

Cary | A BC | ‘0 T B C | 01,03,05,0Q7
MUX4 '?é'lé'é’ o| 11| 12| 13| B C | 01,03,05,Q7

SUM AB.C Q1,03,05,Q7

>
>

>
>
>
>
w

4.2.1 Analysis
To analyze the proposed architecture-3, the static model and the delay model are derived on

the basis of the working of the proposed architecture-3 based XOR3 gate and are discussed in

detail further.

The static behaviour is modelled in terms of three parameters namely the voltage swing
Vswing, the small signal voltage gain, Ay, and the noise margin, NM. Based on the insight

into the working of the proposed architecture-3 XOR3 gate as given in Fig.4.2, currents in
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QTTs of the proposed architecture-3 XOR3 gate are derived, using which the static

parameters namely the Vswine, the Ay, and the NM are derived.

Based on the working of the Quadtail cell mentioned previously, only one of the four
Quadtail cells QTT1-QTT4 will be active at any time and others will drain Iss/4 directly from
the power supply. Each Quadtail cell would be either inactive or active. In case it is active,
the central branch will be OFF and the bias current of Iss/4 will be drained from either of the
side branches, as per the logic input. In case of inactive cell, one of the side branches and the
central branches will be ON. Using our design assumption that the dimension of the central
branches are N times the dimension of the side branch, the following expressions for the

different scenarios of currents flowing through the central branches are described below.

Case 1: Considering the situation when both the central branches of a Quadtail cell i.e. both B
and C are logic high. Then both the central branches of a QTT-4 will be ON along with one
of the side branches depending upon logic level of input A. For A at logic input level high,

we may write

I
IverHvesthvar==3 5 Imaz =0 (4.2)

As central branch transistors are N times wider than side branch transistors, they will be

carrying N times current of side branch transistors, so

Imc7 = Imcs = Nlmgr (4.3)
Solving further, the current through central and side branches are obtained as

NI I
IMc7:IMc8:4(TSfl); IMd8:$; Invg7 =0 (4.4a)

If input A assumes logic low, then (4.3a) may be rewritten as
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NI 1
e =Imes= oyt M07= 3on 0 IMas = 0 (4.4b)

Case 2: Considering one of the central branches of a Quadtail cell is ON i.e. either B or C is

logic high.
Specifically, let us take the case where B is logic high and C is logic low. Then for Quadtail
cell QTT-4, for A at logic input level high, we may write

I
IMc7+IMd8=% i Ima7 = 05 Iyeg =0 (4.5)

As central branch transistors are N times wider than side branch transistors, they will be

carrying N times current of side branch transistors, so

Imcs= Nlmgz (4.6)

Solving further, the current through central and side branches are obtained as

NI I
IMcFﬁ? Mdszﬁi Ima7 = 0; Ineg = 0 (4.7a)

If input A assumes logic low, then (4.6a) may be rewritten as

NI I
= 10vn 7 M7= 00y Ivas = 05 Tves = 0 (4.7b)

Case 3: Considering the situation where both of the central branches of a Quadtail cell are
OFF. Specifically, let us take the case where B and C are logic low. Then for Quadtail cell

QTT-4, for A at logic input level high, we may write
Iss

Imas + ImertImes Hmas=775 Imer = Ives = Inaz = 0; (4.8a)

Ivas = 5 (4.80)
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If input A assumes logic low, then (4.8a) and (4.8b) may respectively be rewritten as
I
Ivas + IvertIves +IMd8:%; Ivie7 = Imes = Imag = 0 (4.92)
I

The following Table 4.2 shows the active and inactive cells and current through the different

branches using (4.2)-(4.9).

Table 4.2 Working of proposed architecture-3 based XOR3 gate

S.No. |A |B | C | Inactive | Active | Output* | Current through branches
connected to output node XOR3 *

1. L |L|L |QTT-1,23 |QTT-4 |L Id1=1,, 1d3=1d5=0, Id7=lI,

2. L |L|H|QTT-1,34|QTT-2 |H Id1=I, 1d3= 1d5=0, Id7=I,

3. L |H|L QTT-1,24 |QTT-3 |H Id1=I, 1d3= 1d5=0, Id7=I,

4, L |[H|H|QTT-234 |QTT-1 |L Id1=ly, 1d3=1d5=0, 1d7=1,

S. H |L |L |QTT-123|QTT-4 |H 1d1=0, 1d3= Id5=I, 1d7=0

6. H |[L |H|QTT-1,34 |QTT-2 |L 1d1=0, 1d3=ly, 1d5=I,, 1d7=0

1. H |[H|L |QTT-1,24 | QTT-3 |L 1d1=0, 1d3=l,, Id5=Iy, 1d7 =0

8. H |H|H | QTT-234 |QTT-1 |H 1d1=0, 1d3= Id5=I, 1d7=0

* where L=Low; H=High;

+7 _ _Iss . Iss.y _ _Iss
€ 4(N+1)

a™ 42N+1) P74

Width of central branch transistor
Width of side branch transistor

with N =

From the Table 4.2, the output high voltage Vou, for the case where the logic inputs A, B and
C are low, low and high respectively, is given by (4.10). The same expression is obtained for

other combinations of the input that lead to output logic high level.
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— Iss Iss |_ _ Iss
Vou=Vpp-Rp [4(N+1)+4(N+1)] Vbp-Rp 2N (4.10)

Further, the output low voltage Vo, for the case where the logic inputs A, B and C are Low,
High and High respectively, is given by (4.11). The Vo_ is the same for other input

combinations that lead to output low voltage.

_ Iss Iss ]_ Iss(N+1)
VoL=Vpp-Rp [T " ianml Vo Re 605 (4.11)

From (4.10)-(4.11), the voltage swing, Vswine can be calculated as follows.

Rplss N
SWINGT 2 [ N+D)(N+1)

(4.12)

Further, analyzing the working of the proposed architecture-3, it is observed that at any
instant only one of the QTT is on, meaning that the central branch is OFF and structure being
similar to PFSCL. The A, and NM, for the proposed architecture-3 based XOR2 gate, is

calculated as per [37] and is given in (4.13)-(4.14).

o Re
Av=—"% (4.13)
l_ng

where g = / 1 Cox Y—slsf , Is the transconductance of the Quadtail cell.

_Vswing 1 L
NM= > (1 AV) (4.14)

Now, the propagation delay of the proposed architecture-3 is derived on the basis of the
behaviour of the proposed architecture-3 based XOR3 gate. The propagation delay depends
on the contribution of parasitic MOS capacitances at the output node and the load
capacitance. The parasitic capacitance for the proposed architecture-3 based XOR3 gate is
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calculated by considering all the inputs A, B, C as logic high, such that QTT-1 is activated
and all other QTT2-4 are deactivated. Now, for a high—to-low transition on input A, total

capacitance at the output node, Coy, is depicted in Fig. 4.4.

| |ng1 X1
O | | Q
+ _&b,dl Capags |Cabas |Capar |Coaaz | Coaas | Coaga| Coan
v, (D
gmlva
Rp
X1 Q
O Q

Ecqs,d20'5cqs.d4O'5Cgs,d€0'5cgs,d8 qu,d5 ng,dﬁ qu,d,d'ng:d8 Cdb,rl CL

Fig. 4.4 Linear half circuit of proposed architecture-3
As per [37], the propagation delay, tpp can be expressed as in (4.15).
TpD :RP Cout (4 . 153.)

= Rp(Cab,d1TCob,a3TCab,astCab,a7 + Caadl + Coaiz + Coaa3 + Coaas + Coaas + Coaae +
Cod,d7 T Cod as TCobr1 TCodr1 TCys,d2TCys a4 TCos a6 TCos,as TC1) (4.15b)
Where Rp here is the equivalent resistance of the PMOS Mr1, C, is expressed in terms of the

parasitic capacitances associated with the transistors and the external load capacitance C,.
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The parasitic capacitances are Cqy, Cgq and Cgs as given in section 2.2.1 of the transistors in
PDN (Md1, Md8) and load section (Mrl, Mr2). The gate-to-source capacitance contribution
of transistor Md2-Md8 is ¥2Cgs due the Miller effect [61], leading to the factor of 2Cgs,. Using
[78] and the fact that the dimensions of all the transistors in the side branches are the same,

we get an expression relating the delay analytically to the Vswing and the Iss.

1
VswING

trp ==y — (QD+ 1 (q2)+(q3) (4.16)

Where

2
> (4 (:ZV) p“z) (LanCiKeqn2CisnKegew )+

(N
ql ((2N+1)(N+1)) (10 (:—ZV)Z 4L, )ng0+ (g (:_Zv)z h) L,Cox

anox anox

q2:8Ldanszeqsw+2LdpCjSWPKeqSWP+CL

_ N’ Lp 3
q3= ((2N+1)(N+1)) (anox(VDD-VTP)) (LdpijKeqp+2stwpKeqswp+ng0p+ 2 AbulkmaprminCox)

For a given NM and A, values and using the static model expressions, the design approach of
the proposed architecture-3 based gate for a given value of the bias current Isis presented.

Firstly, the required value of Vswing, Rp is calculated as:

INM
Vswing= P (4.17)
Av
_ 2VswinG [@N+D(N+1)
Rp="021 ] (4.18)

Thus, the expression for Iy can be written as:

2V @N+1D(N+1)
Inige= RiZ::G[ N (4-19)
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Where Rp,,i, represents the resistance of minimum sized PMOS load transistor (Mr1-Mr2).

The calculated Iy is compared with the required bias current lIss value. For values of
Iss>lnicH, Rp will be less than Rpmin and to calculate its value, Lp is set to minimum Lppy,, and

W is calculated using (4.18) and (2.11).

N Iss Lpmin
@N+D(N+1D) | 2Vswing “pCOX(VDD'lvTP|)<1'RDSWIO_GHpCox(VDD"VTPD>
Similarly, for values of Iss< lyicn, Rp Will be greater than Rpmin and to calculate its value, Wp
IS set to Wpmin and Lp is calculated as per following expression, derived using (4.18) and

(2.11) and mathematical simplification.

(QN+1)(N+1))2V Rpsw107®
LP:HpCoxWPmin(VDD‘WTPD[ S e ] (4.21)

N%Igs Wpmin

From (4.21), it is observed that the W5 is less than the value of W5p in case of conventional

PFSCL and it is due to the bias current of Iss/4 used in each QTT cell.

Further, the dimension of transistors in the PDN is derived using (4.13)-(4.14), as follows.

— N4 AV 2 4ISSLN
Wn= [N+ (N+1)]? ((1+Av)) 1 Cox VEWING (4.22)

Looking at the expression of Rp in (4.18), it is higher for proposed architecture-3 compared

to [37] and [66].

Using the expression for transistor dimensions and a given voltage swing, the circuits are
designed for various logic functions. For a logic function like XOR3, which is implemented
in a single stage using proposed architecture-3, the delay for [66] and [37] is higher due to the

multistage implementation.
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4.2.2 Simulations

Firstly, the behaviour of the proposed architecture-3 based XOR3 gate is verified through
simulations and the results are shown in Fig.4.5 confirming the correct behaviour. The
simulations are carried out considering a power supply and voltage swing of 1.1 V and 0.4 V

respectively.

1.1V 3

0.7V 4
o Input A
1.1V 3

0.7V 2

s Input B

1.1V 3

0.7V

v Input C
1.1V i = = = = =
O7V :\ T {' T T \l\ ( T k T T [l
0 32 64 96 128 160
s XOR3 Time (ns) ———>

Fig. 4.5 Simulation waveforms of the proposed architecture-3 XOR3 gate

Next, to compare the behaviour of the proposed architecture-3 with the existing architectures
i.e. PFSCL FC [66] and conventional PFSCL [37], a XOR3 gate is designed and simulated.
For purpose of comparison, simulation conditions were kept uniform with supply voltage

Vpp of 1.1V, voltage swing Vswing 0f 400mV and N=15 and a load capacitance C of 50fF.

To study the behaviour of delay with respect to the bias current, the bias current was varied
from 20uA to 100pA and the corresponding power dissipation and PDP were also noted. The

results are shown in Fig. 4.6.
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Fig. 4.6 Performance comparison versus Iss a) Delay b) Power dissipation ¢) PDP of XOR3

gate
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From the results shown in Fig. 4.6, it is seen that the delay for all the three architectures are
very similar, however, the power dissipation is the least for the proposed architecture-3
leading to the minimum PDP while the conventional PFSCL NOR-based architecture shows
the maximum power dissipation and hence maximum PDP. Thus the proposed architecture-3
is power efficient. For Iss of 100pA, the proposed architecture-3 with respect to [37] shows a
maximum reduction in delay, power dissipation and PDP of 6.7%, 85% and 87%

respectively.

Next, to verify the behaviour of the proposed architecture-3 XOR3 gate under effect of
process variations, Monte Carlo analysis was also carried out on XOR3 based on proposed

architecture-3 followed by simulations under various process corners.

The results of the Monte Carlo analysis, carried out for 500 runs, are shown in Fig. 4.7. The
results for the existing PFSCL FC [66] and conventional PFSCL [37] are also presented for
comparison. From the results, it is seen that with respect to delay, all three architectures show
similar order of variation; however, the voltage swing shows maximum variation for

conventional PFSCL NOR based architecture while the proposed architecture-3 shows least

variation.
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Fig. 4.7 Impact of Monte Carlo for 500 runs a) Proposed architecture-3 b) PFSCL FC c)

conventional PFSCL

The simulation results for the process corners are shown in Fig. 4.8. It is seen that proposed

architecture-3 based XOR3 gate shows the least variation.
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Fig. 4.8 Impact of process corners on the three architectures a) Delay and b) Vswine

To illustrate the usefulness of the proposed architecture-3, a full adder is implemented in all

three architectures. Since the sum functionality is implemented by the XOR3 function which

is already shown, the carry circuit has also been designed and simulated. The carry, expressed

as in (4.24) can be implemented using proposed architecture-3, is shown in Fig.4.9a. The

carry circuit implemented based on conventional PFSCL [37] and the existing PFSCL FC

[66] is shown in Fig. 4.9b and Fig. 4.9c respectively.
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Fig. 4.9 Carry a) Proposed architecture-3 b) Conventional PFSCL ¢) PFSCL FC

These gates are simulated under earlier simulation conditions and the performance

parameters for Iss of 100pA are summarised in Table 4.3.

Table 4.3 Summary of results for a Full Adder

Paramater Conventional PFSCL FC Proposed
PFSCL architecture-3

Sum

Delay (ns) 0.84 0.82 0.78

Power Dissipation (uW) | 770.00 220.00 110.00

PDP (107°)) 646.00 180.00 86

Carry

Delay (ns) 1.45 0.92 0.81

Power Dissipation (uW) | 550.00 550.00 110.00

PDP (107°)) 798.00 506.55 88.55
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From the results in Table 4.3, it is observed that proposed architecture-3 has the best

performance in terms of lowest delay and minimum PDP.

4.3 Conclusion

In this chapter, architecture is proposed that supports higher fan-in than the existing PFSCL
FC [66] leading to reduced requirement for number of gates for implementation of complex
logic function and to lower delay and power dissipation. The structure and the working of a
XOR3 gate are presented followed by analysis of its voltage swing, gain and delay.
Simulations are carried out for full adder and through comparison with existing PFSCL
architectures, it is observed that proposed architecture-3 based gates leads to maximum
reduction with respect to conventional PFSCL in delay, power dissipation and PDP of 6.7%,
85% and 87% respectively. Hence, the use of proposed architecture-3 can lead to efficient

PFSCL circuit design.
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Chapter 5

Modified Dynamic PFSCL architectures
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5.1 Introduction

The analysis and design of static PFSCL combinational gates is the theme of previous
chapters. The emphasis is placed on improving area/power consumption of PFSCL FC [66]
and presenting a new cell for optimizing performance of complex logic gates. This approach,
however, requires constant current source(s) for proper operation and infers static power

consumption.

The reduction of power consumption remains mainstay in the designs operating with limited
battery resources and D-PFSCL circuits discussed in section 2.3 fill this space. These designs
are primarily based on precharge — evaluate logic and employ dynamic current source to
mitigate the static power consumption and also confer a speed advantage. Existing D-PFSCL
gates have limitation of implementation of logic functions in only NOR/OR forms. But in
practice, most of the functions are expressed as sum of minterms expressions needing AND-
OR implementation. Therefore, in such case, the existing architecture infers high gate count
as well as cascading of multiple gates which degrades the performance in terms of both
power and delay. Two modified D-PFSCL architectures are proposed in this chapter to
overcome the drawback in the existing D-PFSCL architecture. The first architecture namely
proposed architecture-4 enable implementation of any 2-input logic in a single stage by
modifying the PDN of existing D-PFSCL gate. The latter introduces transmission gates in the
design for embedding AND-OR functionality in existing D-PFSCL and is termed as proposed

architecture-5. The functionality of the proposals is verified through simulations.

5.2 Proposed architecture-4

The concept behind proposed architecture-4 is to generate logical AND term by modifying

the existing D-PFSCL gate. This is done by inserting a low threshold voltage NMOS
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transistor (Mcl) between the source-coupled transistor pair (Mdl, Mf), from the power
supply to common source node X, called the modified triple-tail (MTT) as shown in Fig. 5.1.
For clear distinction, the low threshold voltage transistor Mcl is marked with bold line while
the usual MOS symbol is used for remaining transistors. The threshold voltage of the middle
transistor Mc1 is maintained lower than other transistors in the PDN by a factor a. The
PMOS transistors Mr1-Mr2 act as precharge transistors and output Q here is taken from the
drain of Mr2. The effect of introducing Mc2 as the central branch in existing D-PFSCL is
analysed by connecting inputs 10 and SEL to Md1 and Mc1 respectively and generating the
output from node Q. In the precharge phase, i.e. clock signal is at low logic level (CLK=0),
the output node Q is charged to Vpp and C; is discharged to ground potential in the same way

as in existing D-PFSCL gate. The potential of node X depends on the SEL input during this
phase. It becomes (Vx=V - Vin/a) or (Vx=V,- V) for the high and low value of SEL

respectively. The inputs 10 and SEL do not influence the output as Msl is OFF. Further, in
the precharge phase, C;, which is part of the dynamic current source (DCS), discharges to

ground through Ms2, which is driven by CLK and hence ON.

CLK!

1
Precharge t--——F----{----J------ 1 Q

transistors — ]

-

DCS

Fig. 5.1 Modified schematic of a D-PFSCL with the addition of Mc1l
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During the evaluation phase, the transistors Ms2, Mrl and Mr2 are OFF as the clock signal is
at high logic level. The output is now evaluated since Msl is ON. The capacitor C; is charged
till its potential becomes equal to node X potential to stop the charge transfer further. The

impact of adding Mc2 is studied by assuming low and high values of the SEL signal.

Case 1: When SEL is low

In this case, Mc2 is OFF and the output is evaluated according to input 10. If 10 is high (low),

the output node Q will attain high (low) logic level.

Case 2: When SEL is high

In this condition, Mc2 is ON and depending on the logic level at 10 either Md1 or Md2 will
be ON. Let us assume that 10 is at low logic level such that Md2 is ON and Md1 is OFF. As
the transistors Md2 and Mc1 both conduct therefore both of them participate in the charging
of C;. But since the threshold voltage of Mc1 is lower than Md2, larger current flows through
Mc1l and charges C; from power supply without much contribution of Md2. Thus, the charge
transfer from C_ to C; does not happen and the output node Q remains at high logic level.
Similarly, for high value of 10, the output remains high due to charging of C; by Mc1 instead
of Md1. Thus, the output remains high irrespective of 10 value. The node voltages are shown

in graphical form for both Case 1 and Case 2 in Fig. 5.2.
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Fig. 5.2 Voltages at different nodes of modified D-PFSCL

It is to be noted that C; discharges to ground in precharge phase and gets charged till its
potential becomes equal to V2 of node X. It is clear from the above discussion that for high
value of SEL the output of proposed architecture-4 remains independent of 10. Thus, an extra
circuitry is needed such that the output node responds to transition at the input when SEL is
high. This is accomplished by adding an identical circuit with input 11, complement of SEL
(SEL) and a DCS as shown previously in Fig. 5.1. The complete schematic of the proposed
architecture-4 gate is drawn in Fig. 5.3. It now consists of two MTTs namely MTT1: (Md1,
Md2, Mc1) and MTT2: (Md3, Md4, Mc2). The signals (10, I1, SEL and SEL) are inputs and
the CLK signal drives the precharge and DCSs. For high values of SEL, SEL is at low logic
level, such that the output is obtained according to the 11 input. The operation of the proposed

architecture-4 gate for various combinations of the inputs is summarized in Table 5.1. From
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the Table 5.1, it is seen that the complete functionality of the proposed architecture-4 gate can

be modelled as

10 if SEL=0
Q= {11, if SEL=1 (5.1)
which can be written in Boolean expression as:
Q=10 SEL+I1 SEL (5.2)

Thus, the proposed architectire-4 gate incorporates the AND-OR functionality. Further, (5.2)
represents the function of a MUX2 with data inputs 10 and 11 and select input SEL. The
comparison of proposed architecture-4 MUX2 realisation with the existing D-PFSCL MUX2
realisation in Fig. 5.4 clearly indicates the reduction in gate count and STB, which leads to

performance improvement.

Wl 08

Q
. < 1 G
—|Mdl SELMe1 Mdz}J s S |EJC'> M’E}J |1
MTT-1 MTT-2
CLE | M1 [ Ms3
— Yl
CLK Ms2
| s I C,
] | Ms4

1T° I

Fig. 5.3 Complete schematic of the proposed architecture-4 MUX2
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Table 5.1 Summary of the proposed architecture-4 MUX2 operation

INPUT(s)

State of transistors in

State of transistors in

MTT-1 MTT-2 OUTPUT
Q
SEL | lo | i | Ma | Ma | Mgz | Mas | Mz | Mas

L L L OFF OFF ON OFF ON ON L
L L H OFF OFF ON ON ON OFF L
L H L ON OFF | OFF OFF ON ON H
L H H ON OFF | OFF ON ON OFF H
H L L OFF ON ON OFF OFF ON L
H L H OFF ON ON ON OFF OFF H
H H L ON ON OFF OFF OFF ON L
H H H ON ON OFF ON OFF OFF H

Where H=High logic level (Vpp), L=Low logic level (Vpp-Vswing)-

(@)

-
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Fig. 5.4 MUX2 a) Gate level schematic b) Existing D-PFSCL

The proposed architecture-4 gate (Fig. 5.3) can be transformed into a generalized structure by
inserting separate precharge transistors such that four nodes (O1-O4) are available to
configure the gate for any given functionality. The complete schematic for the proposed
architecture-4 generic gate is given in Fig. 5.5. At any given instant, only one output node
from each cell i.e. (either O1 or O2) and (either O3 or 04) is combined to define the output.
The generic structure also offers the advantage of obtaining output either in true or the
compliment of the implemented function. To explain the same, the implementation of D-
PFSCL XOR2 gate is considered. The XOR2 gate functionality with input A, B can be

expressed as:

A if B=0
Q= . (5.3)

A if B=1
So, mapping it with Fig. 5.5, in MTT -1 M is replaced by input B while in MTT-2, M is
replaced by input B respectively, while the inputs Al and A2 are both replaced by input A,

as shown in Fig. 5.6. Extending this concept, any two input gate can be implemented using
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the proposed architecture-4 generic gate by mapping appropriate inputs, as given in Table

2.2.
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Fig. 5.5 Proposed architecture-4 generic gate
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Fig. 5.6 Proposed architecture-4 XOR2 gate
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52.1  Analysis
In the design of proposed architecture-4 gate, the value of C; plays an important role since it
affects the voltage swing of the gate. Since the structure of the DCS remains the same as in

existing D-PFSCL, the dimensioning of C; remains as per (2.23)-(2.25).

Further, seeing that C; determines the required voltage swing at the output node, the PMOS
transistors Mrl — Mr4 as in Fig. 5.3 are kept at minimum dimensions. Also, since in a
dynamic circuit, the charging and the discharging of the nodes occurs through the
instantaneous currents, the dimensions of the PDN are kept minimum as per the technology

node used.

The static power consumption in the proposed architecture-4 gate is negligible as the
transistors Mr1-Mr2 (Mr3-Mr4) and Ms1-Ms2 (Ms3-Ms4) never turn ON simultaneously,
and a direct path from power supply to ground is never established. Further, the capacitors
will charge up during different phases of clock and therefore will consume dynamic power
(Payn). During the precharge phase, the load capacitor (Cy) is precharged by the power supply
(Vpp). In the evaluation phase, depending on the input, C; is charged via middle transistors of
PDN or by charge transfer from the C,. The dynamic power consumption of the logic gate
depends on the switching activity of the output node [1]. It is already known that for

uniformly distributed inputs, the low-to-high transition probability for an N input gate is

OLH™ N (5.4)

where Ny is the number of zero entries in the truth table of the logic function. Thus, the power

consumption of the proposed architecture-4 gate with transition probability o .y IS given as:
Payn=0y _yCLVpp Vswingferkt CiVop(Vpp- Ve (5.9)
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Where fc k is the clock frequency.

If K identical gates are used in the realisation of the multi-stage D-PFSCL gate then the
power can be written as (5.14), including the dynamic power consumption of the M number

of STBs used.
Pyyn=Koy yCrVpp Vswingferkt KCi Vpp(Vpp- Vrn)ferk 2MCsra Vb feik (5.6)

Where Cgsrg is the capacitance at drain of M1-M2 of STB (and consequently of M3-M4 of

STB) and the factor of 2 is due to the two transistor pairs M1-M2, M3-M4.

5.2.2 Simulations
In this section, the performance of the proposed architecture-4 gates is first compared with
existing gates and followed by a performance examination of a proposed architecture-4 gate

under different conditions.

Different logic functions are implemented using the proposed architecture-4 and existing D-
PFSCL, static PFSCL and dynamic CMOS styles. The simulations are performed with a
power supply Vpp, Vswine, clock frequency and load capacitance of 1.8 V, 0.4V, 1 GHz and
100 fF respectively. During simulations, it is assumed that the compliment of all the inputs is
available. The simulations of the proposed architecture-4 XOR2 gate are carried out to get an
insight on the impact of a (the factor by which the threshold voltage of the middle transistor
Mcl/Mc2 is reduced with respect to the outer transistors Md1-Md4) on current flow. By
assuming inputs, A=B=1 in proposed XOR2 (Fig. 5.6), the ratio of currents in Md3 and Mc2
(Imas/Imc2) Is plotted in Fig. 5.7 for various value of a. The correct operation requires that
maximum current should flow through Mc2. To achieve this, it is observed that high value of
a increases the current flow through middle transistor, thereby minimizing the current ratio.

A value of a=1.5 is chosen for simulation since the further increase in its value does not
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cause much reduction in the current ratio.
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The realisation of XOR2 gate based on existing D-PFSCL is shown in Fig. 5.8. A STB is
inserted between the stages in accordance with the existing scheme. The simulation
waveform of XOR2 gate realized using the existing D-PFSCL and the proposed architecture-
4 is shown in Fig. 5.9 and is examined for the marked time duration (A-B-C-D-E). In the
durations (A-B) and (C-D), the CLK input is at low logic level (0 V), the circuit works in
precharge phase and the XOR2 gate outputs for both the schemes is precharged to high logic
level (1.8 V). Also, any changes in the inputs do not influence the output. Further, in the
intervals (B-C) and (D-E), the circuit works in evaluation phase. In the interval B-C, for high
value of inputs A and B, the output is at low logic level (1.4 V). In the interval D-E, for low
value of input A and high value of input B, the output is at high logic level (1.8 V). So, the
XOR2 gate based on both the schemes exhibits the same behaviour. However, a close
observation of the waveforms reveals a reduction in delay for proposed architecture-4 XOR2
in comparison to existing D-PFSCL XOR2. The other logic functions namely MUX2,

NAND2, XOR3 are also realized and similar behaviour is observed.
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Further, the above logic functions are also implemented and simulated using existing static
PFSCL [37] and dynamic CMOS [81] styles. Their performance is compared in terms of
parameters namely gate count, power, precharge (tore) and evaluation delay (tpH.) and other
parameters. For the sake of fair comparison, the aspect ratios of transistors are maintained
same in all the styles. The simulation results are listed in Table 5.2 and from the results the

following conclusions are derived.

a. The realisations of NAND2, XOR2, XOR3, MUX2 using the existing architectures
requires three to nine D-PFCSL gates in contrast to one to three in the proposed
architecture-4. Thus, gate count in the proposed architecture-4 is minimum among
PFSCL variants, which directly benefits the performance of the circuits. It can be seen
that the circuit based on the proposed architecture-4 outperforms the existing D-PFSCL
gates in all performance parameters.

b. It can also be observed that the proposed architecture-4 gates consume less power than
the static PFSCL counterparts. In terms of tpy, the static PFSCL circuits have larger

delay values as the cascading of NOR gates adds to the delay.

c. The simulation results of the proposed architecture-4 gates indicate better performance
than the dynamic CMOS circuits in terms of power and energy delay product (EDP). This
is due to the fact that the proposed architecture-4 gates have reduced swing in comparison

to the full swing behaviour of the dynamic CMOS circuits.

Table 5.2 Performance comparison

Style Dynamic Static Existing Proposed

Parameter CMOS PFSCL D-PFSCL architecture-4

Circuit1:  2:1 Multiplexer
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Gate count 1 3 3 1
STB count 0 1 0
TorL (PS) 98 194 334 82
Tore (PS) 76 207 45
Power (UW) 389 600 182 88
EDP (x10%'J.s) 933 5645 5075 147
lstatic - 300 pA
Circuit2: XOR2
Gate count 1 3 3 1
STB count 0 1 0
TorL (PS) 119 156 197 86
Tore (PS) 7 | 150 45
Power (UW) 364 590 290 85
EDP (x107J.s) 1288 3589 2813 157
lsaic(UA) | - 300 B —
Circuit 3:  NAND2
Gate count 1 1 1 1
STB count 0 -- 0 0
TorL (PS) 105 101 96 78
Tore (PS) V- 88 46
Power (UW) 243 180 54 114.3
EDP (x107J.s) 669.7 459 124.4 173.8
staic (MA) 100 — |
Circuit4: XOR3
Gate count 3 9 9 2
STB count 0 0 3 1
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TorL (PS) 246 369 335 134
Tore (PS) 257 398 298.7 163.5

Power (UW) 477 1620 338 191
EDP (x107%'J.s) 7216.5 55145 9483 857.4

laic(UA) | 900 | @ -

Next, the impact of process variations is analysed by performing Monte Carlo for 500

simulation runs. The variations in output of the proposed architecture-4 XOR2 gate when

both the inputs A and B are at logic high level are shown in Fig. 5.10. A pictorial histogram

showing the number of samples and the variation in teH, Tpre, Vswing and the dynamic power

dissipation for the proposed architecture-4 XOR2 gate is shown in Fig. 5.11 respectively.

Similar variations in TpHL, Tpre, Vswing Were observed for XOR2 gates in all the styles. The

mean and the variance in the performance parameters for different logic styles are listed

Table 5.3.The results indicate that the proposed architecture-4 gate shows more sensitivity

towards variations in comparison to existing D-PFSCL gate.
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Fig. 5.10 Proposed architecture-4 based XOR2 gate output under Monte Carlo analysis
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Fig. 5.11 Monte Carlo variation in Proposed architecture-4 XOR2 gate a) tpHL D) Tpre C)

Style Dynamic Static Existing Proposed
CMOS PFSCL D-PFSCL Architecture-4
Parameter Mean | 3¢ Mean | 3o Mean | 3o Mean | 3o
Tone (PS) 120 [ 757 [162 [70.4 [168.3 |[17.9 |116 |24.6
Tore (PS) 69.7 |58 |- —— [159.7 [124 [ 289 |344
Power (LW) 321 3.45 | 580 23 1250 | 27.6 | 193 11.6
Vswine (V) 1.8 0.01 | 0.388 | 0.057 | 0.36 0.1 |0.33 0.031
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Further, simulation of the proposed architecture-4 was carried out under all the process
corners to check the behaviour of the proposed architecture-4 based XOR2 and the results in

all architectures are as in Fig. 5.12. It may be observed that the proposed architecture-4 based

XOR2 works correctly under all process corners.
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Fig. 5.12 Process corner results of XOR2 gate a) tpri b) Tpre C) power

To further illustrate the usefulness of proposed architecture-4, 8:1 multiplexer (MUXS8) is
considered. It is implemented and simulated in all the logic styles and the performance is
compared. The block diagram of the MUX8 in the proposed architecture-4 is shown in Fig.
5.13. A performance summary is drawn in Table 5.4. It can be observed that the MUX8
realized using proposed architecture-4 outperforms in comparison to the other styles. Further,
the area occupied by XOR2 gate realized using dynamic CMQOS, static PFSCL, existing D-
PFSCL and the proposed architecture are 50 um?, 60 pm? 250 pm? 100 pm? respectively.
The results show that the proposed architecture-4 based implementation occupies lesser area

compared to existing D-PFSCL based implementation.
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Fig. 5.13 Block diagram of the proposed architecture-4 MUX8
Table 5.4 Performance summary of MUX8
Style Dynamic Static Existing Proposed
Paramete CMOS PFSCL D-PFSCL Architecture-4
Gate count 14 21 21 7
STB count 0 0 5 2
TPHL (pS) 754 864 831 400
Tore (PS) 562 | - 620 250
Power (UW) 2268 3780 1134 700
EDP 322 705 195 28
(x10%.5)
Istatic(uA) """ 2100 | e e




5.3 Proposed Architecture -5

In the previous section, the proposed architecture-4 has the advantage of having no static
power consumption and specifically, it could implement any two input complex logic in a
single stage, thus avoiding the use of STB(s) in between with the corresponding reduction in
delay and dynamic power consumption. However, it can be seen that complex logic with
higher number of inputs would require cascading of gates based on proposed architecture-4.
Hence, in order to have implementation of n-input complex logic in minimum number of
gates as possible, an alternative based on D-PFSCL architecture is proposed, that can support

a higher fan-in.

The proposed architecture-5 is based on the inclusion of transmission gate in the PDN of a D-
PFSCL gate. It consists of transmission gate based logic network and a D-PFSCL gate. A
generalized gate based on the proposed scheme is shown in Fig. 5.14. The logic function is
implemented using the transmission gates and the corresponding output is fed to the D-PFSCL
gate. In the Fig. 5.14, the transmission gate based Boolean function, f with n inputs, could be
any 2 input or 3 input function, with output Q; that is fed to transistor Md1 of the PDN. The
working of the proposed gate is similar to existing D-PFSCL gates; however the working of the
proposed architecture-5 is explained here again for clarity. The dynamic current source DCS1,
shown in the Fig. 5.14 consists of Ms1 and Ms2 driven by clock (CLK) and its complement
(CLK) respectively with capacitance C; connected to node Y. During the precharge phase i.e.
CLK=0, the output node Q is charged to Vpp through Mr2 while the capacitor C; is discharged
to ground potential through Ms2. Additionally, the logic function is evaluated through the
transmission gate based network and the final output from this network, Qt is available at the
input of the D-PFSCL gate, i.e. Md1. In the subsequent evaluation phase i.e. CLK=1, the D-

PFSCL gate evaluates. In this phase, Msl is ON and is connected to virtual ground through C;.
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Depending on the value of Q, the output of the transmission gate network, either Md1 or Md2
conducts. For the case where input Q; is low, then Md2 conducts, pulling down the node voltage
of Q from Vpp to Vpp-Vswing, While C; gets charged up. For the case where input Q; is high,
Md1 conducts and C; gets charged up through Md1. The output Q in this case remains at Vpp,

which is the output high voltage.
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Fig. 5.14 Proposed architecture-5 generic gate
Further, as seen from the description of the working of the proposed architecture-5 gate, it is
observed that the output of the transmission gate has to be ready before the start of the
evaluation phase, meaning that the propagation delay through the transmission gate should be
less than the precharge phase of the clock. Through simulations, it is observed that logic

circuits upto MUX8 can be implemented using proposed architecture-5 in a single stage.

111



However, for larger logic circuits, let us say MUX16, MUX32 etc. cascading of multiple

proposed architecture-5 based gates would be required.

Since the proposed architecture-5 is a dynamic clock based circuit, cascading of multiple
gates should be done such that the evaluation of the subsequent stages start only after the
output of the previous stage has stabilized. This is carried out by inserting a self-timed buffer
(STB) to avoid malfunction because of the simultaneous evaluation of all stages [67]. An

implementation of MUX16 using 3 proposed architecture-5 based gates and 1 STB is shown

in Fig. 5.15.
CLK1 I—
CLK Q CLK,
Proposed
architecture-5 STB
A0 MUX8 CLK2
]-Inputs c1 v CLKi,
A7
=S CLK CLK | MUX16
Proposed Proposed
architecture-5 architecture-5
A8 MUX8 MUX2
]-Inputs C1 ]-Inputs C1
Al5 | | I
S2 S1 S0 S3
Fig. 5.15 Proposed architecture-5 MUX16 gate
5.3.1 Analysis

In proposed architecture-5, the capacitor in the DCS, C, controls the voltage swing and its

dimensioning is done as per (2.23)-(2.25) since the DCS is the same as in existing D-PFSCL.

Further, seeing that C; determines the required voltage swing at the output node, the PMOS
transistors Mrl — Mr2 as in Fig. 5.14 are kept at minimum dimensions. Further, since in a

dynamic circuit, the charging and the discharging of the nodes occurs through the
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instantaneous currents, the dimensions of the transistors Md1-Md2 are kept minimum as per

the technology node used.

The static power consumption in the proposed architecture-5 gate is negligible as the
transistors Ms1-Ms2 and Mr1-Mr2 never turn ON simultaneously, and a direct path from
power supply to ground is never established. Further, the capacitors will charge up during
different phases of clock and therefore will consume dynamic power (Pgyn). During the
precharge phase, the load capacitor (C.) is precharged by the power supply (Vpp). Thus, the
working of the proposed architecture-5 based gate is exactly the same as existing D-PFSCL
architecture and Pgyn is given by (2.28) for single gate and (2.29) for multi-gate

implementation.

5.3.2 Simulations

The effectiveness of the proposed architecture-5 in the implementation of various complex
logic functions is evaluated by designing and simulating multiple gates. Simulations were
carried out with power supply, voltage swing, clock frequency and load capacitance of 1.1V,
0.4V, 1 GHz and 50fF respectively. Firstly, the performance of XOR2 gate based on
proposed architecture-5 (Fig.5.16a) is compared to XOR2 gate based on the existing
architectures. The corresponding schematic of the proposed architecture-4, as shown in Fig.
5.16b employs two modified triple-tail cells having individual and separate DCSs. The third
realisation as per existing D-PFSCL is shown in Fig.5.16c¢, having two input D-PFSCL gates
arranged in two stages with intermittent STB. Thus, both of them employ multiple DCSs
leading to increased dynamic power consumption. However, the XOR2 gate realized using
the proposed architecture-5 implements the functionality in a single stage. The input-output
waveform of the proposed architecture-5 based XOR2 gate is as shown in Fig.5.16d.The

output timing transitions are depicted in Fig. 5.17e which shows clearly the fast transition in
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the proposed architecture-5 based XOR2 gate in comparison to the XOR2 gate based on

existing D-PFSCL based architectures.
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Fig. 5.16 XOR2 gate a) Proposed architecture-5 b) Proposed architecture-4 c) D-PFSCL [67]

d) Simulation waveforms e) Transitions at the proposed architecture-5 XOR2 gate output

In order to provide the complete view of the investigation, the other common functionalities
such as two input AND (AND2), OR (OR2), 2: 1 multiplexer (MUX2), 8:1 multiplexer
(MUXS8) are implemented and simulated in all the three architectures under the same
simulation conditions. The findings are also summarized in Table 5.5. The advantage in terms
of delay and power in the proposed architecture-5 based function implementation is evident
from the results. Specifically, it is also observed through simulation results that for proposed
architecture-5 MUX8, the maximum reduction in tpy_ and dynamic power dissipation is
10.8%, 95.1% with respect to proposed architecture-4 MUX8 and 92.7%, 98.3% with respect

to existing D-PFSCL MUX8.
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Table 5.5 Performance Comparison of gates based on D-PFSCL, proposed architecture-4 and

proposed architecture-5

Function | Parameters | D-PFSCL | Proposed architecture-4 | Proposed architecture-5
AND2 | tpre (pS) 34.2 317 27.9
Ton (PS) 36 33.4 325
Payn (UW) | 90.42 61.6 14.08
OR2 Tore (PS) 28.7 30.9 27.7
TpHL (PS) 34 32.5 32.5
Payn (UMW) | 29.6 64.089 11.99
XOR2 | Tpre (pS) 46.7 27.1 27.6
TpnL (PS) 76.9 44.1 33.09
Payn (UMW) | 93.96 61.26 25.34
MUX2 | Tpre (pS) 44.02 30.8 27.68
Ton (PS) 109.7 326 33.09
Payn (MW) | 90.81 64.056 31.067
MUX8 | Tpre (pS) 88.8 413 28.1
Ton (PS) 454.6 37.1 33.1
Payn (MW) | 1410 488.2 23.84

Continuing with the study of proposed architecture-5 based XOR2 gate, the effect of supply

voltage reduction on precharge delay, evaluation delay, dynamic power dissipation and EDP

is simulated and the same is plotted in Fig. 5.17. An increasing trend in the delay values in

Fig. 5.17a, b is observed with reducing supply voltage while a decreasing trend exists for

dynamic power with reducing supply voltage as shown in Fig. 5.17c. The changes in EDP are
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also noted and a minimum EDP point is identified for all the XOR2 gates as shown in Fig.

5.17d. At the minimum EDP point, the proposed architecture-5 XOR2 gate shows a reduction

of 98% and 72% in EDP value with respect to D-PFSCL [66] and proposed architecture-4

based XOR2 gate respectively.
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Carrying the analysis further, the impact of reduction in supply voltage on the maximum
clock frequency at which the gate can operate correctly is analysed through the results plotted

in Fig. 5.18.
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From Fig. 5.18a, it is seen that the proposed architecture-5 XOR2 gate can operate at higher
frequency as compared to the XOR2 gate based on other architectures. It is also observed that
the maximum operating frequency increases with increasing supply voltage, with a maximum
operating frequency of 11 GHz for proposed architecture-5 XOR2 at supply voltage of 1.1V.
Further, an insight to dynamic power consumption with clock frequency for a XOR2 gate is
provided in Fig. 5.18b. It is seen that for the same power consumption, the proposed
architecture-5 offers an improvement in speed of 450% while for the same speed,; it offers an

80% reduction in power consumption with respect to existing D-PFSCL style.

Further, to study the impact of variations on the performance parameters namely tpre, Tp and
dynamic power, Monte Carlo simulations of 500 runs are carried out. The observations of the
Monte Carlo simulations are summarized in Table 5.6 The results signify that the
performance of the circuit is overall improved by following the logic implementation based
on the proposed architecture-5. Also, the proposed architecture-5 XOR2 gate shows a 0.29%,
0.33% and 1.3% variation in precharge delay, evaluation delay and dynamic power
respectively. The obtained values are the least in comparison to the XOR2 design based on
existing architectures. The Monte Carlo results for 500 runs the proposed architecture-5

XOR2 gate are plotted in Fig. 5.19.

Table 5.6 Monte Carlo results for XOR2

Parameter D-PFSCL Proposed architecture-4 | Proposed architecture-5
K c % K c % i )y %
Tpre (PS) 442 1 0.79 | 1.7% | 25.8 1.1 4.2% 27.6 0.081 0.29%
TrHL(PS) 107 |35 |3.2% |51.0 3.2 6.2% 33.3 0.11 0.33%
Payn (UMW) |89.7 1 0.73 | 0.8% |59.5 |[0.79 1.3% 246 |0.3387 | 1.3%

p = Mean, ¢ = Standard deviation, % = percentage variation
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The process corner analysis at FF, FS, SF and SS for all the XOR2 designs is summarized in

Fig. 5.20. It is observed that the proposed architecture-5 XOR2 gate operates correctly in all

corners and shows a best case evaluation delay for FF corner of 29ps and a worst case of 45ps

with higher dynamic power consumption of 28.5uW for the best case and lower power

consumption of 22.4uW for the worst case. For the precharge delay, it is observed that best

case delay corresponds to SF process corner with 19.2ps and worst case delay corresponds to

FS process corner with 35.4ps.
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To illustrate further the performance of proposed architecture-5, a full adder is designed and
simulated in all the logic styles and the performance is noted. The block diagram of the full
adder based on the proposed architecture-5 is shown in Fig. 5.21. The performance summary
is shown in Table 5.7. It is observed that the full adder realized using proposed architecture-5

performs better in comparison to the other styles.
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Table 5.7 Performance Comparison of full adder based on existing D-PFSCL, proposed

architecture-4 and proposed architecture-5

Function | Parameters | D-PFSCL | Proposed architecture-4 | Proposed architecture-5
Full Tore (PS) 75.9 38.9 26.7

adder TpHL(PS) 361.1 126 34.02

(SUM) | Pgyn (UW) | 5247 185.5 26.74

Full Tore (PS) 45.7 46.5 28.04

adder TpHL(PS) 100.5 113.8 33.12

(Carry) | Payn (UW) | 210.66 276.96 26.23

5.4 Conclusion

In this chapter, two new D-PFSCL architectures are presented. The proposed architecture-4
modifies the existing D-PFSCL gate architecture so that any complex two input logic
expression can be generated using a single gate, compared to multistage implementation
required for existing D-PFSCL. The behaviour of the proposed architecture-4 is analysed and
the expression for dynamic power dissipation is derived. With the reduction in number of
gates and STBs for the implementation of any complex two input logic compared to
conventional D-PFSCL, the advantage in delay and dynamic power consumption is apparent
and is verified through simulations. It is observed that there is a maximum reduction in delay
and power consumption of 51.8% and 38.2% respectively for proposed architecture-4 MUX8
gate compared to existing D-PFSCL. In proposed architecture-5 a new way of realisation of
dynamic gates in PFSCL style is presented, which can easily implement different complex
logic functions with lesser number of cascaded gates and STBs, compared to existing D-

PFSCL and also proposed architecture-4. Further, the proposed architecture-5 uses single
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DCS per gate, leading to lower dynamic power dissipation. Thus, the proposed architecture is
an efficient method for realisation of logic functions in terms of performance parameters.
This is also observed through simulation results, where for proposed architecture-5 based
MUX8 gate, the maximum reduction in delay and power dissipation is 10.8%, 95.1% with
respect to proposed architecture-4 MUX8 and 92.7%, 98.3% with respect to existing D-
PFSCL MUX8. Comparing the delay and power consumption for MUX8 based on proposed
architecture-4 and proposed architecture-5 respectively, it is observed that proposed
architecture-5 performs better. For both proposed architecture-4 and proposed architecture-5,
effect of process variations has also been studied through Monte Carlo analysis and process
corner analysis, from which it is ascertained that both the proposed architectures function

correctly.
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Chapter 6  Subthreshold PFSCL gates
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6.1 Introduction

In the previous chapters, various methods to reduce power dissipation was discussed so as to
make the circuits more suitable for the portable electronic applications. In this chapter, an
alternate method for reduction in power dissipation is explored wherein a specific class of
circuits operating with a power supply lower than the threshold voltage is considered. These
circuits, called as subthreshold circuits, refer to the operation in the subthreshold region and
provide proportional reduction in power dissipation. Such circuits have very specific target
applications that need operation in extremely low voltages apart from having low power
dissipation and low speed of operation. Circuits that operate in subthreshold region are
widely studied in logic styles such as CMOS, SCL etc. [81-100] but the same has not been
studied with PFSCL style. With the advantages of PFSCL style, it is expected that PFSCL
gates operating in subthreshold region referred to as ST-PFSCL will also offer certain unique

advantages compared to the subthreshold CMQOS (ST-CMOS) counterpart.

6.2 Proposedarchitecture-6

Proposed architecture-6 is based on ST-PFSCL and operation of ST-PFSCL gate is
discussed followed by analysis of its behaviour. The proposed architecture-6 gate uses power
supply Vpp which is less than the threshold voltage of the MOS [101-102]. An ST-PFSCL
inverter is shown in Fig. 6.1. It consists of source coupled pair of transistors Md1-Mf, biased
by constant current Iss. The constant current Iss is typically in the range of few pico Amperes
to hundreds of nano Amperes. The transistor Md1 is driven by logic input A while the
positive feedback drives transistor Mfl using the output voltage Q. The constant current is
generated by transistor Ms, which is biased by Vgn. The voltages Vgn and Vgp are generated
by replica bias circuit [104] that accurately controls the bias current Iss and correspondingly

sets Vgp for given voltage swing.
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Fig. 6.1 ST-PFSCL inverter
The PMOS Mrl, biased by appropriate potential Vgp, acts as a load resistance Rp generating
the single ended output Q. The PMOS resistance Rpis implemented as per [103], with bulk
drain connected PMOS, as it is capable of generating resistance in the gigaOhms (GQ) range
without requiring large dimensions. This requirement for resistance in the GQ range comes
due to the fact that bias current is in the pico Amperes to nano Amperes range with voltage
drop of few hundred milli volts. The working of the ST-PFSCL inverter is as follows: The
transistor pair Md1-Mf steers the bias current Iss through either of the branches depending on
the input A, which is then converted into equivalent output voltage by the PMOS resistance
Rp. For the case where input A is low, the bias current Iss does not flow through Md1 and
hence the output Q remains at Vpp, which is the logic high level. In this case, the bias current
is drained by Mf, which is driven by the high input, Vpp. For the case, where input A is high,
the bias current Iss flows through Md1 and hence the output Q drops to Vpp-IssRp, which is
the logic low level. Thus, the functionality of the gate can be modeled as per (6.1), showing

that the proposed architecture- 6 based inverter functions as expected.
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VDD if A=0

Q= ~ (6.1)
VDD'ISSRP lfAZI

The behaviour of the proposed architecture-6 based inverter is modelled in terms of static and

delay parameters to further understand it’s working.

6.2.1 Analysis

To analyze the behaviour of ST-PFSCL gates, the behaviour of the MOS in subthreshold
region is first discussed. This is followed by discussion on the parameters - the voltage swing
Vswine, the small signal voltage gain, Ay and the delay model, which were derived based on

the working of the proposed architecture-6 based inverter.

The transistor drain current, Ipgp, is related to the gate and drain voltages as [104].
W (VGs-V1o) Vps
Ipsun=lo L—N e MU (1-6 Ut ) (6.2)
N

where Iy, the specific current of the device is written as

W,
IOZZHHHHCOX L_I:U% (63)

Nn is the subthreshold slope factor for the NMOS, Ut =kT/q is the thermal voltage, Wy and
Ly are the effective channel width and length of the device and other symbols have their

usual meaning.

For the case of saturation, the Ipsy, modifies to equation (6.3) and loses its dependence on the

drain voltage, with the condition that Vps > 31,V1n.

W (Vgs-Vin)
N
IDsub:IO E € Tl (63)
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In the ST-PFSCL inverter, the transistor Ms operates in the saturation region while the
transistor pair Md1-Mf1 operates in either the saturation or the cut-off depending on the logic

input. Therefore, the bias current Iss, as shown in Fig. 6.1 is equal to Ipsyp.

W (Vgs-V1n)
ISS:IOL_;Ie nnUT (64)

Further, looking at the flow of the bias current Iss through transistor pair Md1-Mf, the
potential at the output node Q can be expressed as in (6.5) for output high voltage Von and

output low voltage VoL.

Vou=Vpp (6.5a)
W (VGs-VIn)
VoL=Vpp-{ I L_I:] e ™T |Rp (6.5b)

The difference between the logic high level and the logic low level is the voltage swing,

Vswine, given by (6.6) [104]. This value is generally set to few hundreds of mV.

W (VesvVin)
N
Vswing=Von-Vo =| lo € YT Rp (6.6)

Looking at Rp again, which is a bulk-drain connected PMOS, the expression for Rp based on
the current flowing through the PMOS and the voltage drop Vswing across the PMOS given

by Vsp is given as per [103] as in (6.7).

n -1
RPsub: ( fSST) : TV& (67)
(np'l)e T

Mp IS the subthreshold slope factor for the PMOS My;, Ur=KT/q is the thermodynamic voltage,

Vsp Is the PMOS source-drain voltage and Iss is the drain current.
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Considering the small signal voltage gain, Ay, it is observed from the working of the ST-

PFSCL inverter that Ay can be expressed as per [37] in (6.8).

gm,sTRP /)

Ay= (6.8)

g ,STRP
1S/

where gmst IS the transconductance of the NMOS transistor in the subthreshold region of

operation. As per [104], gm st iS given by

lss (6.9)

g T e—
m,ST nnUT

Using (6.9) and the expression for Rp as in (6.7) and simplifying, we get expression for Ay as

1

VSD/
A U
() \1

VSD/
e Ut

AV:

(6.10)
any
T

From (6.10), we observe that for ST-PFSCL, the small signal voltage gain depends on the
subthreshold slope factor for PMOS and NMOS, n, and n,and not on the dimensions of the

transistors. This is also supported by the simulations.

The propagation delay of the proposed architecture-6 is derived on the basis of the behaviour
of the ST-PFSCL inverter. The propagation delay depends on the contribution of parasitic
MOS capacitances at the output node and the load capacitance. The parasitic capacitance for
the ST-PFSCL inverter gate (Fig. 6.1) is calculated by considering input A is low. For a low-

to-high transition on input A, total capacitance at the output node is depicted in Fig. 6.2.
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The propagation delay tpp can be expressed as
Tpp, ST=RpsubCout (6.11a)
1
D, ST=Rpsub(Cedd1 7Cab,d1 Cabr1 + Coar1 TCoq 5 Cosf + C1) (6.11b)

Where C,y is the sum of the constituent parasitic capacitances and load capacitance C,.
However, in the subthreshold region, due to the fact that the dimensions and the voltages are
both very low, the load capacitance dominates [104] and the tpp gt Can be expressed as in

(6.12).

\Y%
Tpp, st=CL % (6.12)

VswinG

Resistance Rpsyp IS substituted by -
SS

, showing the inverse dependence of the propagation

delay on the bias current. Further, due to the constant current source, there is static power
dissipation, Pp s, for ST-PFSCL which is constant and is given by (6.13). Using (6.12) and

(6.13) the power delay product (PDPst) can be derived as in (6.14).

W (Vas-Vin)
Ppst= Vpplss = Vpp IoL—se MUt (6.13)
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PDPSTZCLVSWINGVDD (6 14)

From (6.14), it is seen that the PDPgsy for a ST-PFSCL inverter depends only on C. and
Vswing and Vpp and is independent of the bias current. Thus, it is nearly constant for given
Vpp While the delay can be independently controlled as per requirement through Iss, allowing

flexibility in the design for ultra low power applications.

The corresponding power dissipation and PDP for ST-CMOS are given in (6.15) and (6.16),

where a is the activity rate factor [104].

~bp
Pp stemos=CrVip (H 2/ en"UT> fop (6.15)

R
PDP srcmos= Ci Vo <1+ 2/ en"UT> (6.16)

From (6.15) and (6.16), it is seen that Vpp impacts delay, Pp and PDP for ST-CMOQOS, in
which case any change in Vpp to reduce the Pp will automatically increase the delay and

impact the PDP.

6.2.2 Simulations

To verify the behaviour of the proposed architecture-6 based inverter simulation is carried out
in PTM 90nm CMOS technology using a power supply and voltage swing of 0.4 VV and 0.2 V
respectively. The input output waveform is as shown in Fig.6.3. It can be observed that for
the cases when input A is at low logic level, the output is high and vice versa, confirming the

inverter functionality.
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Fig. 6.3 Simulation waveform of ST-PFSCL inverter

To showcase the performance of ST-PFSCL, a XOR2 gate is designed as it is an integral part

of arithmetic circuits, error detection, random number generation etc. Fig. 6.4 shows ST-

PFSCL XOR2 gate where three ST-PFSCL NOR?2 gates are used to generate the output and

Ven and Vgp are the bias voltages generated by the replica bias circuit to set the Iss and

PMOS resistance respectively as required. The ST-PFSCL XOR?2 is designed for Vpp=0.4V)

with voltage swing Vswing=0.2V for varying lss, ranging from few pico Amperes to

hundreds of nano Amperes. The delay tpp, st Versus Iss is plotted in Fig. 6.5, from which it is

observed that the tpp <7 is inversely proportional to Iss as given in (6.12).
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The delay curves for Vpp = 0.3V and 0.5V has also been plotted in Fig. 6.5 and it is observed
that the delay is not dependant on Vpp. The ST-PFSCL XOR2 gate PDP versus delay is
plotted in Fig. 6.6. It is seen that for a particular Vpp, the PDP remains constant while
allowing wide variation in the delay through control of Iss, which is as per equations (6.12)

and (6.13).

The behaviour of the proposed architecture-6 based XOR2 gate under effect of process
variations is studied through Monte Carlo simulations and the results for 500 simulation runs
are presented in Fig. 6.7. It is observed that proposed architecture-6 based XOR2 gate shows

a maximum variation of 29.8% for delay & 15.4% for Vswine.
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Fig. 6.7 Monte Carlo results for ST-PFSCL XOR2 a) Delay b) Voltage swing

The process corner analysis at FF, FS, SF and SS for ST-PFSCL XOR2 gate is carried out

and the effect on delay and voltage swing is plotted at different design corners and different

temperatures in Fig. 6.8. It is observed that the SS process corner and T=0°C gives the

highest delay while the FF process corner with T=125°C leads to the lowest delay. Also the

FS process corner leads to highest voltage swing for T=0°C while the SF process corner leads

to lowest voltage swing for T=125°C. The proposed architecture-6 XOR2 gate functions

correctly under various process corners. The behaviour with respect to variation in

temperature is also as expected.
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As an application, a divide-by-8 circuit is implemented in ST-PFSCL as shown in Fig. 6.9
and the frequency of operation versus power dissipation is plotted in Fig. 6.10, with the curve
for ST-CMOS also shown for comparison. Further, the PDP versus delay has also been
plotted, as shown in Fig. 6.11. The simulation results for ST-PFSCL are presented for Vpp =
0.4V and Vswing=0.2V for varying Iss while in the case of ST-CMOS, the Vpp is varied from

0.2V to0 0.8V.

139



CLK

inl
ST-PFSCL inl
NOR2 ST-PFSCL
inl in2 Vo NOR2
ST-PFSCL in2 Vo Q
NOR2
in2 Vo
ST-PFSCL ST-PFSCL ST-PFSCL
NOR2 NOR2 NOR2 o
— 1D Q —
D-Latch
_ lck Qnp—
@
o S T ————— — ——— — — — — _I
: |
|
| CLKour]
| D Q Q |
CLKouthl
| CLK  Qn cLK Qn |
'T _________________ :7‘J
-
\\ -
\ -
\
CLKi CLKour
DIV/2 DIV/2 DIV/2
CLKni CI—KOUT,n
(b)

Fig. 6.9 a) ST-PFSCL D latch gate b) ST-PFSCL divide-by-8 circuit

140



1000

- —e—ST-PFSCL
100 - - m-ST-CMOS
N 10 - - -
=, i
L1
0.1 ' m--
0.01 +—trmmp s iy iy

0.10 1.00 10.00 100.00 1000.00
Power Dissipation [NW]

Fig. 6.10 Frequency of operation versus power dissipation of the divide-by-8 circuit

10
g | —ST-PFSCL
3 &
5 ST-CMOS:
O 4 PDPof3pJ@ VDD 0.2V
, | PDPof18p) @ VDD 05V
0 1 II““| L L T
0.1 10 1000

Tpp,sT (1)
Fig. 6.11 PDP versus delay of the divide-by-8 circuit
Thus, as bias current increases, the frequency of operation, fopst, and Pp st both increase for
ST-PFSCL, as shown in (6.12) and (6.13). However, from Fig. 6.8, it is further noted that for
the ST-PFSCL circuit, the fop, st is an order of magnitude higher as compared to ST-CMOS
circuit for a given Pp st and for given a fopst, the Ppsr is an order of magnitude lower
compared to ST-CMOS. From Fig.6.11, it is seen that the PDPst for ST-PFSCL remains
nearly constant at 0.4pJ with change in bias current, Iss from few pico Amperes to hundreds
of nano Amperes as given in (6.14). However for ST-CMOQOS, the PDPst.cmos changes with

Vpp as per (6.16) by varying from PDP st.cmos 0f 3pJ at Vpp 0.2V to PDP st.cmos 0f 18pJ at
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Vpp 0.5V. This shows that for ST-CMOS the only variable parameter is Vpp, through which

design conditions on delay, Pp st-cmos and PDP st.cmos have to be met.

6.3 Conclusion

The implementation of digital logic in subthreshold region for ultra-low power applications is
explored for PFSCL style and logic gates like ST-PFSCL XOR2 and divide-by-8 are
simulated. From the simulations, it is observed that for ST-PFSCL, the delay can be varied
independently of the supply voltage by varying the bias current over a wide range, leading to
nearly constant PDP versus operating frequency. For example, the PDP for ST-PFSCL based
divide-by-8 PDP is around 0.4pJ for Vpp= 0.4V independent of the bias current in
comparison to ST-CMOS based divide-by-8 circuit with PDP of 8.52pJ at Vpp= 0.4V, which
PDP also varies with the power supply. The results indicate that ST-PFSCL based gates add
flexibility to the design of ultra-low power applications compared to ST-CMQOS, while also
being power efficient. This is in contrast to ST-CMOS, where the supply voltage impacts
both the delay and the PDP. Thus, the use of ST-PFSCL to implement ultra-low power
applications is beneficial as it provides two important variables, namely the bias current and
the power supply, through which behaviour of the gate can be designed to satisfy the design

conditions.
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Chapter 7 Conclusion
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This chapter provides a final summary of the work done throughout the thesis and
summarizes avenues of potential future work that could be built upon the base line principles

established here.

7.1 Concluding Remarks

This thesis examines PFSCL architectures so as to be able to implement complex logic with
reduced delay, power and area. Chapter 2 investigates basic PFSCL operation and provides
an overview of the logic style and includes an examination of performance characteristics of
basic PFSCL gates. The analysis and design of PFSCL fundamental cell (PFSCL FC) based
gate is also detailed to set the background of further elaboration on the topic. The dynamic
PFSCL (D-PFSCL) is yet another available style described in this chapter and is dealt in this

work.

In third chapter, multithreshold PFSCL architectures are proposed that introduce low
threshold voltage transistor in PFSCL FC i) in the PDN in order to reduce the footprint and ii)
in the constant current source to lower minimum power supply and hence the power
dissipation. The proposed architecture-1, where the PDN is modified, is analysed and its
static model for XOR2 gate including small signal voltage gain and noise margin and delay
model are derived so that the behaviour can be predicted. It is also confirmed from the
simulation results that proposed architecture-1 based full adder leads to an area reduction of
66% while maintaining the same power and delay performance with respect to existing
PFSCL FC based full adder. The proposed architecture-2, where the constant current source
is modified, is analysed with respect to its impact on reduction in power supply. The

expressions for the small signal voltage gain, noise margin and delay for proposed
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architecture-2 remain the same as for conventional PFSCL. From simulation results it is
observed that proposed architecture-2 leads to a power saving of 18.18% and PDP of 8% with

respect to existing PFSCL FC based XOR2 gate.

In chapter four, the existing PFSCL FC that can implement two input logic in a single stage is
modified so as to increase the fan-in and thus enable the implementation of complex three
input logic in single stage leading to reduction in delay and power dissipation. The proposed
architecture-3 introduces an additional transistor in central branch of the triple-tail cell and
the resulting structure is named as Quadtail cell. The behaviour of proposed architecture-3 is
captured in terms of the output voltage levels, small signal voltage gain, noise margin and
delay. Complex three input logic like XOR3 and carry are implemented in a single stage
based on proposed architecture-3 and a reduction in delay, power dissipation, PDP of 4.8%,
50%, 52% and 12%, 80%, 82% respectively is observed in comparison to existing PFSCL

FC. Hence, the use of proposed architecture-3 can lead to efficient PFSCL circuit design.

To mitigate the static power consumption of PFSCL circuits, D-PFSCL circuits are worked
upon in Chapter 5. The existing D-PFSCL provides advantage in terms of reduction in static
power, however it needs multiple stages to even implement two input complex logic like
XOR2 etc. In proposed architecture-4, the PDN of the existing D-PFSCL is modified by
adding a transistor between power supply and common source node so that expressions
needing AND-OR functionality can be implemented. The proposed architecture-4 is analysed
and the design of the capacitor is discussed followed by the expression for the dynamic
power. Multiple gates based on proposed architecture-4 are simulated and it is observed that
such implementation leads to a reduction in the delay and power consumption compared to
existing D-PFSCL. For the case of proposed architecture-4 MUXS8, it leads to a reduction in

the delay and power consumption of 51.8% and 38.2% respectively compared to existing D-
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PFSCL. Another approach is also suggested to embed AND-OR functionality. This
introduces the transmission gates to D-PFSCL and results in proposed architecture-5. The
design of the capacitor and expression for dynamic power are included followed by the
illustration of the usability and advantages of the proposed architecture-5 through simulation
of gates such as XOR3, MUXa8, full adder etc. For example, it is observed through simulation
results that for proposed architecture-5 based MUX8 gate, the maximum reduction in delay
and power dissipation is 10.8%, 95.1% with respect to proposed architecture-4 MUX8 and
92.7%, 98.3% with respect to existing D-PFSCL MUX8. Comparing the delay and power
consumption for MUX8 based on proposed architecture-4 and proposed architecture-5

respectively, it is observed that proposed architecture-5 performs better.

In chapter six, the behaviour of the circuit implemented using PFSCL style operating in
subthreshold region is explored as proposed architecture-6. Using expression for bias current
in the subthreshold region, the basic principles for design of PFSCL in subthreshold region
are identified using which a XOR2 and divide-by-8 are designed. Through simulations, the
frequency of operation and the power dissipation is also analysed and trends are noted that
will help in design of ST-PFSCL circuits for specific ultra-low power applications. It is also
noted that the circuits implemented using PFSCL style in subthreshold region offers benefits
compared to CMOS in subthreshold region in that it adds flexibility to the design of ultra-low
power applications by having two variables namely the bias current and the power supply,

through which behaviour of the gate can be designed to satisfy the design conditions.

7.2 Avenues for future work

The source coupled logic is an efficient way to implement digital circuits used in mixed
signal applications. It has advantage of eliminating/ lowering switching noise generated in its

CMOS based counterparts along with the power consumption is lower at higher frequencies.
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Here, work is done to increase fan-in capabilities and reduce power consumption. Further, the

impact of the use of multithreshold transistor in PFSCL style is explored.

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

1. The proposed architectures may be used to develop applications such as ring
oscillators, high performance arithmetic circuits, digital filters etc.

2. The PFSCL circuits may further be designed to accommodate higher fan-in in a
single gate for improving performance in terms of power consumption and delay.

3. Carbon Nanotube FET (CNTFET) and multigate device such as fin FET (FinFET)
have emerged as an alternative to CMOS technology due to its good scaling ability,
high ON current, reduced threshold voltage variations, better sub-threshold slope and
short-channel effect. The PFSCL circuits may be designed and developed using these
technologies.

4. The work on ST-PFSCL may be extended to explore architectures that lead to lesser

number of gates for implementation and develop circuits for biomedical applications.
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