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ABSTRACT

The demands of upcoming computing, as well as ialenges of nanometer-era of
VLSI design necessitate new digital logic techngjaad styles that are at the same time high
performance, energy efficient and robust to norse \aariation. Dynamic CMOS logic gates
are broadly used to design high performance csalue to their high speed. Conversely, the
vital demerit of dynamic logic style is its highise sensitivity. The main reason for this is
the sub-threshold leakage current flowing through pull down network. With continuous

technology scaling, this problem is getting mord arore severe.

In this thesis, a new noise tolerant dynamic CM®@8&ud technique is proposed. In
the proposed work, we have enhanced the behavidhefdomino CMOS logic. This
technique also gets benefit in terms of delay aomgp. This thesis describes the new low
power, noise tolerant and high speed domino logahriique and presents a comparison
result of this logic with previously reported scresnSimulation results prove that, in 180 nm
CMOS technology when we used this logic style tize wide fan-in logic gates, it could
achieve maximum level of noise robustness as caedp@arits basic counterpart. In addition,

the logic also works efficiently with sequentiatatiits.

The feasibility of this new technique is demonstdaby means of a real hardware,
we have built a custom test-chip in the UMC 180pmocess technology with an ALU core,
using the proposed domino logic style for eachgteslock. In this thesis, we have also
described the design and implementation of thigp.ch addition to this, we have also
presented initial power and delay performance coispas between the circuit level
simulated ALU and test-chip implemented in the jised domino logic style.

Finally we conclude that, the thesis contributaeky efficient logic style for wide

fan-in gates, which is not only noise robust babanergy efficient and high speed.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

The modern technologies move towards smaller, fasted cheaper computing
systems. This has been facilitated by exponentialease in device density and operating
frequency through VLSI technology scaling. This hiesl to an increase in power
consumption that has reached limits of reliabiithd cost. In addition, continued scaling into
the nanometer system Hasughtdesign robustness issues such as soft error,| $sigegrity,
and process variability. In addition, the issuespofver consumption and robustness are
affected with time. This has created a predicamentcomputer system design that

intimidated to be an uncertain block to future atbhement.

Researchers of pioneer computing systems have fthatdoower consumption and
design robustness must be taken into account ay éeeel of design. For any design in
circuit level, the choice of logic styles is vengraficant as it directly affects power,
performance, and robustness. Static CMOS and dologio do not fully meet the needs of
future computing. Two basic CMOS circuit designs stiatic logic and dynamic logic. Static
CMOS is better energy-efficient and robust butdsnslow to be used in critical and massive
designs. Domino logic is fast but consumes loadpafer and is not at all robust. Also,
domino logic scales poorly so that its speed adgetis much narrowed. Its power and
robustness are worst and having a lot of inconvex@ie We therefore require improved
digital logic technique and style which is at tleame time energy efficient, fast and noise

robust.
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In this thesis, we have proposed semi-domino lofgic footed logic circuit
implementation. Using this logic, unwanted pulsethe dynamic node, which are generated
during the precharge process, are prevented to fmaghe output node, as is in the
conventional case. As a result a lot of power \&daas compared to other domino gate logic
circuits. This logic is again modified using keep@id some footer transistors to get a better

energy-efficient, robust and high speed logic.

In this thesis, this logic gate is peer analyzed eompared with the same circuit
designed with other logic styles. This logic desigralso applied to comparator and adder.
To demonstrate advantages of the proposed logieahhardware, we built a custom test-

chip using a full custom design with UMC 180 nmgess.

1.2 PARAMETERS OF ENHANCEMENT

CMOS technology is the dominant logic style in tgddC design because of its high
speed, low power and high packaging density. Withtiouous technology scaling i.e.
reduction in feature size leads to high packagiegsidy which leads to increase in current
density as well as power density. Large increaseument or power density causes serious
reliability problems for scaled transistors likeidex breakdown, hot carrier injection [1] [2]
[3] [4]. This increase in power density can be i by supply voltage @) scaling
because of the quadratic relationship between pamer\tp, but rate of supply voltage
scaling is not as fast as rate at which device dgioeis are scaled because of various
physical limitations like built in junction poteatior silicon band gap which can't be scaled

further.

1.2.1 POWER

Ideally, in CMOS circuits the output node is eitkennected to ¥, or GND. Due to
absence of direct path betweeppvand GND CMOS circuits dissipates zero static power
But practically MOS transistor never acts as pearfgdgtch. There is always a leakage current
which leads to static power dissipation. The vagisources of power dissipation [5] [6] in
CMOS are,

» Static Power Dissipation
» Dynamic power Dissipation
The total power in a static CMOS is given by [5]
Prota=Psatict Psuitching + Psnortcircuit (1.1)
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1.2.2.1 STATIC POWER DISSIPATION (Psraric)

It is the power dissipated when there is no switglactivity within a circuit. Ideally,
CMOS circuit dissipates no static power, sinceghemo direct path fromps to GND. But
practically MOS transistor never acts as perfectctw There is always leakage current
which flows when the input(s) to and the outputsgjate are not changing, leads to static
power dissipation. But as the supply voltage is\gpeicaled down to reduce dynamic power,
low V14 transistors are used to maintain performance. &euiuin Vyy of transistor leads to

greater leakage current [5].

Static power dissipation is given by

P static = Vo * | Leakage -
Voo T
In 1
In 2 i
Charging
- current
S Node i
I
#discharging
current  ——c.

Fig.1.1 Switching and short-circuit current elemens in static CMOS

1.2.2.2 DYNAMIC POWER DISSIPATION

It is the dominant portion of power dissipation alhioccurs due to transit ion at gate
outputs. It consist two components of power didgipa

1) Switching Power dissipation §Riching

2) Short Circuit Power Dissipation §Ricircui)
1) Switching Power dissipation (Rwitching)

As the nodes in a digital CMOS circuit transitioack and forth between two logic

levels, the capacitance associated with the nod#s charged and discharged. Power
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dissipated during this process is called as switgipower and it is a major source of power
dissipation in CMOS circuits. For a static CMOScait with N switching nodes operating at

clock frequencydk, the switching power is given by [7].

Pauitching= 2e1 @iCi Voo Vaningfak (1.3)
Whereuai = switching activity at node i

Vo = supply voltage

Vswing =Voltage swing at node i

aiCi is the effective switch capacitance per cycle atenio

2) Short Circuit Power Dissipation (Rshortcircuit)

This is due to short circuit curreng€) which flows directly from Vp to GND when
both PMOS and NMOS transistor are ON. When inpuhé&gate gets stable at either logic
level only PMOS or NMOS transistors are ON. Henoeshort circuit current flows. But
when output of a gate switches in response to @éhamgnputs, both PMOS and NMOS
transistors conduct simultaneously for a shortrraleof time. This interval of time depends

upon rise or fall time of input signal and caudasrscircuit power dissipation.

Psortcircuit = Vop * Isc (1.4)

1.2.2 PROPAGATION DELAY

The dependency of propagation delay on circuitmpatar is given by [8]

- I/'
TdO{ (L DD

KVop = Vi) (1.5)
Wherea is the velocity saturation index

k depends upon WI/L

From equation 1.3 and 1.5, the power dissipatiah@opagation delay both depends
upon the supply voltage @¥). The scaling of supply voltage causes the redndti power
whereas the propagation delay significantly inoesa$o for each design depending upon its

application there exist a tradeoff between power delay.
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1.2.3 NOISE

Continuous scaling of CMOS technology makes noseoime an equally important
metric like power, performance and area. To mainp@rformance with the scaling of supply
voltage threshold voltage is also scaled down, Itieguin reduction of noise margin. In
current CMOS technology with reduced spacing betwiagrconnect and higher operating
frequency makes capacitive and inductive coupl®lgtd increase significantly resulting in

severe side effects on signal integrity.

Hence various logic styles are used to construgicl@ates depending upon its

application in terms of power, speed, noise rolesstrand area.

1.3 MOTIVATION FOR THE WORK

1.3.1 NEED FOR LOW-POWER

Fast advancement of VLSI CMOS circuit technologgasisfied by increased use of
small sized and wireless systems with very low poaensumption. Due to the continued
scaling of supply/threshold voltage and technolotpakage power is becoming very
significant in power dissipation of nano-scale CM@Ruits. Consequently, the total power

consumption is a critical factor while designingvlpower digital circuits [10].

1.3.2 NEED FOR HIGH SPEED

Rapidly increasing demand for higher speeds inatieas of signal processing, high-
speed computing, communication, and related ingniation includes an urgent
requirement for very high-speed integrated circudgilability of sub-100-ps VLSI circuits
and volume production are having great impact @se¢hareas. The time delay related with
interconnections is becoming an important facterthe calculation of total chip delay per

gate in high-speed VLSI circuits [11].

1.3.3 NEED FOR NOISE-IMMUNITY

Now-a-days technology is scaled down into the dselp-micron system, due to
which, noise immunity is becoming a significantussn VLSI chips design [12] [13] [14].
Noise in the digital circuit design is defined asy gpossible event which can cause the
voltage at node to vary from actual value. Varisasrces of noise like crosstalk, variation in

charge sharing, leakage current and supply volsageresent in VLSI chip design [15] [16]
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[17] [18] [19] [20]. The leakage current throughethransistors of a digital circuit is
increasing exponentially with technology scaling.

1.3.4 NEED FOR LESS-AREA

Size minimization with increased application is ntive major demand in recent
world. This demand has really given rise to VLSL][R22] [23]. In every field like wireless
systems, mobile systems to the daily use equipmimate is an aggressive need of

minimizing area or size.

1.4 OBJECTIVE OF THE RESEARCH WORK

Recent technology scaling and use of various |éanilies provides techniques to
achieve power consumption at the cost of performaRower, speed and robustness are so
critical to leading edge designs that they neeldetdaken care of each level of design. The
choice of logic styles is a very important constrait the circuit level. Logic styles differ in
terms of energy, delay, area and robustness. Be@uwsy design requires compromises and
trade-offs, designers need to pick and choose itsrétom different points on an energy-
delay-robustness envelope to meet each circuit. emong other things, meeting the needs
of future computing will require logic style thaitisfies high-performance, low-power, high-
robustness in the form of noise and variabilityseeaf implementation and verification. In
addition to that, we want to use logic styles thae compatible for all types of logic
implementation for further improvement in robustel the following chapters we will
show why existing logic styles do not meet thesedseand how the proposed logic can fill
the void. The objective of this research work isrtodify and improve domino logic that can
provide further improvement in power consumptioerfprmance, noise margin and area

overhead.

1.5 THESIS ORGANIZATION

This thesis is organized in such a way as to ptppayout a detail investigation and

results of the research work.

In chapter 1 objective of the thesis with a summafythesis organization are

presented.

Chapter 2 provides the background of CMOS logitestand recent proposed works

to upgrade dynamic logic.
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In Chapter 3 the proposed logic has been describguber analysis of the proposed
logic is presented. Furthermore, we have to compa@esame with previous logic styles
recently proposed by other researchers and conglittiemerit and demerit of the proposed

circuit.

Chapter 4 shows the noise analysis of the proposedit. In this chapter, we have
simulated and compared the proposed logic style vétious logic styles and shown how the

proposed logic proves to be noise tolerant as cosdlp® the other logic styles.

Chapter 5 describes some applications of proposeind logic. Comparator and
adder circuits are designed with the proposed lagid are analyzed with respect to the

previous proposed comparator and adder circuits.

Chapter 6 demonstrates advantages of proposed ilogeal hardware; we built a
custom test-chip in the UMC 180nm process withghaposed logic styles. We describe the
design, implementation, operation, and testinghtg thip. We also present initial energy

delay performance comparisons between the simutatecnd the real hardware.

Chapter 7 summarizes the contributions of this ishend discusses possible

perspectives for future work.
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Chapter 2

BACKGROUND LOGIC STYLES

2.1 DIFFERENT LOGIC STYLES

2.1.1 STATIC CMOS LOGIC

Static CMOS circuits consist of a pull up netwoRBUN) and a pull down network
(PDN) as depicted in Fig.2.1(a) [1], [24]. The PUMock consists of PMOS transistors,
which pull up the output node (OUT) topy and the PDN block consist of NMOS
transistors, which pull down the OUT node to GND.aAy instant of time either the pull up
or pull down block is on; so that the OUT node ramaaither at Yp or GND. The size of
PMOS devices is larger than NMOS devices, becdesebbility of PMOS is lower than the
mobility of NMOS. The structure of a CMOS invertershown in Fig.2.1 (b). It consists of a
PMOS and a NMOS transistor. The operation of theudiis as follows; when INPUT A is
HIGH (Vpp), Ty is ON and Fis OFF. A direct path exists from node Y to grouresulting
0 V at the output node Y. When A is LOW (0 V) iB ON and | is OFF, resulting in a
steady voltage of M, at node Y.

Properties

1. A transistor operates as a ‘switch’ controlled tsygate.

2. PMOS transistors are used to construct the PUNjewie NMOS devices
construct the PDN.

3. Parallel connected NMOS transistors represent arfubdBtion; series connected
NMOS transistors represent an AND function.

4. 2N numbers of transistors are required to implemaani-input logic.
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Fig.2.1(a) CMOS logic gates as a combination of PUahd PDN (b) CMOS inverter [25]

Advantages

1. In static logic, the voltage swing at node OUTdsi& to either the supply voltage
Vpp or GND [1]. Such characteristic of the CMOS citsuiesult in high noise
margin [2].

2. The logic levels of static CMOS logics are indepartdof relative size of the
transistors, so that the transistors can have nuiminsize [26]. Logic circuits
having this property are known as ‘Ratio-less Logircuits’, where the relative
dimensions of the composing transistors do notrdete logic levels of the
circuit.

3. In steady state, a path always remains with firggstance between either output
node (OUT) to ¥p or GND. Therefore, CMOS inverter has low output
impedance.

4. Low impedance of the circuit makes the circuit edislerant [1].

5. As the gate of a CMOS transistor works as an imsyldahe input resistance
becomes very high. Therefore, it consumes no D&ntrrThe input of inverter is
only connected to a gate of the transistor. Insteady state input current is nearly
zero.

6. There is absence of direct path betweegg ®¥nd GND. This means that, the gate
does not consume any static power.

7. Switching threshold of the circuit isp¥/2. Therefore the circuit becomes more

robust.
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Limitations

1. When the input signal is having finite rise or fiathe, both the NMOS and PMOS
transistors are ON during a very short intervdimk leads to short circuit current
[1] [26].

2. In this logic a fan-in of N requires 2N devicesul¢sin larger circuit area.

2.1.2 DIFFERENT TYPES OF STATIC LOGIC

2.1.2.1 PSEUDO N-MOS

Fig.2.2shows a modified form of CMOS inverter. Here only i® driven by the input
voltage. The gate of €Js grounded and acts as an active load for e load is called as
the “Pseudo NMOS Load” [1] [24] as depicted in Big. This inverter circuit is another
form of NMOS logic that consists of a driver traster Q and a load transistorgQHence
the name is ‘Pseudo NMOS'.

Vb

Qp

GND

" e
v

GND

Fig.2.2 Pseudo-NMOS logic

Advantage

In Pseudo-NMOS logic a fan-in of N requires only*NL number of transistors. This
transistor count is nearly half to the static logic
Disadvantage

1. This circuit has less noise margin so it is venys#é/e to noise.

2. It consumes more static power compared to stati©OSNbecause of the presence

of a PMOS transistor which is always ON.
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2.1.2.2 PASS TRANSISTOR LOGIC

Pass transistor logic is a widely used option ahplementary-CMOS, because it
tries to minimize transistor count needed for impdating a function by letting the inputs to
drive gate terminals as well as source or draimitgals. This phenomenon is very much
different than other logic styles that we have dssed in the above literature, which the gate
terminals of MOSFETSs are only driven by the primamyuts [27] [28] [29] [30] as depicted
in Fig.2.3.

Advantages
1. It reduces the transistor count required to implentiee same logic which allows
the inputs to drive the gate, source and drainitexis of MOSFET [27].
2. Reduction in the number of devices also reducesotliput capacitance of the

circuit.

B
1
[]

A

B
1 L F=AB
[ ]

Fig.2.3 Static Pass-transistor logic

Disadvantage
1. Pass transistor logic cannot be cascaded.

2.1.2.3 COMPLEMENTARY PASS-TRANSISTOR LOGIC

In high performance logic design this logic famigalled Complementary-PTL or
Differential-PTL, is generally used [31] [32] [33B4]. The basic idea is to accept the
complementary input and produce complementary éatpaepicted in Fig.2.4.

Advantages
1. With this logic complex CMOS gates like XOR, XNORdadders with less
numbers of transistors can be implemented [31].
2. In this logic gates, as the output nodes are eitbenected to Mo (power supply)
or GND over a low resistance path [32].
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Disadvantages
1. In complementary pass transistor logic, there ipresence of static power
dissipation [31].
2. Noise margin is reduced as compared to statictpassistor logic [1].

2.1.2.4 GATE-DIFFUSION-INPUT (GDI)

GDI is a new technique of realizing CMOS staticidoggchnique, which is based on
the use of a simple cell structure. A first lookvewds the basic cell looks like standard
CMOS inverter. Important properties of GDI cell ar&DI cell contains inputs G (common
gate input of NMOS and PMOS), N (input to the seddrain of NMOS) and P (input to
the source/drain of PMOS) [35] [36] [37] [38PfRas depicted in Fig.2.5.

OT

o=

GO O Out

=

o)
N

Fig.2.5 Gate-Diffusion-Input logic

Advantages
1. This gate diffusion input circuit technique reqgsineery less number of transistors
[35].
2. Due to presence of less number of devices, thaiitirequires less power to
operate [36].
Disadvantage
This circuit technigue is not convenient for latggic designs [37].
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2.2 DYNAMIC CMOS LOGIC

The pseudo NMOS logic style needs N + 1 numberasfsistors for realizing an N-
input logic gate. This logic has more static powesipation. Dynamic logic uses a clock
input, by which it experiences a series of prechaagd conditional evaluation phases as
shown in Fig.2.6 [1] [40] [41] [42] [43].

Precharge phase:

When the CLK is 0, the node OUT precharges #p Yhrough F, PDN is disabled
because dis OFF.

Voo [
[T,
OUT( .1 .10
IIn 1 (
n2
PDN —_
In N S— C L

C‘LK—| —=

TE
L

Fig.2.6 Dynamic logic

Evaluation phase:

When CLK=1, F is OFF and E is ON. The node OUT conditionally discharges
based upon input value to the pull down networkrolighout evaluation phase, the only
possible path from node OUT is only ground (GNDheToutput node (OUT) can only

discharge in evaluation phase and chargestodvring precharge phase [41].

Advantages
1. The logic function is result of the parallel andisg arrangements of NMOS pull

down network.
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2. N + 2 number of transistors required to implememainic logic, which is less
than that of static logic [1].

3. This logic is non-ratioed. The size of the PMOS ides is not important for
realizing correct functionality of the circuit.

4. This logic gates consume only dynamic power. Inaideondition, the static
current path never exists between the supply veltag and GND.

5. Gates designed with this logic have faster switglipeeds [42]. This is because
of reduced load capacitance attributed to the lawenber of transistors per gate
absence of short circuit current in the dynamiegat

Limitations
1. It has low noise margin due to reduction in switchihreshold.
2. Output is in high impedance state, if PDN is turpédduring evaluation phase.

3. This logic circuit suffers from charge leakage ahdrge sharing.
2.2.1 ISSUES IN DYNAMIC LOGIC

The dynamic logic results in high performance sohg as compared to its static
counterpart. If one needs dynamic circuits to ojgepaoperly, there are numerous important
things that must be considered. This includes @hatwring, charge leakage, back gate or
capacitive coupling, and clock feed through. Irsthéction we have discussed these issues

briefly.
2.2.1.1 CHARGE LEAKAGE

The operations of dynamic gate depend on chargedsioa dynamic node capacitor
[1]. If pull down network is conditionally off, theutput should ideally remain at high in
evaluation phase. But, charge of the dynamic nadeluzlly leaks away due to leakage
currents, eventually resulting in a malfunctionimigthe gate. Fig.2.7 depicts the source of
leakage for the basic dynamic logic circuit. Thiepomenon is also presented in [44] [45]
[46] [47] [48].

The reverse-biased diode and sub-threshold leatftiee NMOS pull-down device
M, are responsible for the charge leakage in dynamnguits. The charge of the output
capacitor C leaks away due these above mentioned sourceskdde. This phenomenon
degrades the circuit performances. It can be nttat the PMOS precharge device also

contributes some leakage current due to the revbige diode and the subthreshold
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conduction. The leakage current of the PMOS coantsrthe leakage of the pull down path

CIk—CH_M %

to some extent.

A=o—[_wm,

ck—|[ M.
N

GND

Fig.2.7 Charge leakage

ouT

2.2.1.2 CHARGE SHARING
—d[
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ck —[

Y

=

Fig.2.8 Charge sharing
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Charge sharing in dynamic logic is a vital concerrdynamic logic [48] [49] [50]
[51] [52] [53]. Assumingputput node is precharged t@d/during the precharge phase. Let’s
consider that, during precharge all the inputssateto logic zero so the capacitancgg€ts
discharged. Let’'s further consider that, input Bystat zero during the evaluation, while
input A makes a transition from 0 to 1. By doingsthM, will get on [1]. When M will get
ON, the charge stored at @vill be distributed over Cand G. this results in drop in the
output voltage and cannot be recovered due toythandic nature of the circuit as depicted in
Fig.2.8.

2.2.1.3 CAPACITIVE COUPLING

The high impedance of output node makes the cixvary sensitive towards crosstalk
noise as shown in Fig.2.9. A wire routed over aasgit node may couple capacitively and
destroy the state of the floating node i.e. ;:0@ne more important form of capacitive
coupling is back gate (or output-to-input) couplifgg] [55] [56] [57] [36] [37] [38] [39]
[58].

Voo Voo Voo
Clk
—d[_Mp —d_Ms Ms_Jo———
Oout Outb
J_ NIl J_ In
_”:Ml C|_1 |:M4 C|_2
L
GND GND
— M2 M;EI
Clk
—[_Me GND
Y4
GND

Fig.2.9 Capacitive coupling

2.2.1.4 CLOCK-FEEDTHROUGH

This is a special case of capacitive coupling, Wiéccalled as clock feedthrough [59]
[60] [61] as depicted in Fig.2.10. During precharge phask £1) the output node goes to
Vpp. By assuming evaluation transistors are in OFfestahen Clk makes a transition from

Page | 17



Bacbgroand Logic Styles

low to high, due to the coupling capacitance betwgate of M and output node (Ot the
output of the dynamic node to rise abous,VThis is depicted as clock feed through [1].

]
Mame ‘V\s | :4 — —'=T — | T

OUT1(Due to CLK Feedthrough)

—

k oun

CLK
0UT2(does not discharged to GND)

Q0

-25 -

5 1.0 15 2.0 2.5 2.0 3.5 4.0
time (ns)

Fig.2.10 Clock feed-through
2.3 DOMINO LOGIC

The domino logic [62] [21] [63] [64] [65] [66] [41]67] [68] structure is similar to
that of dynamic logic along with a static CMOS inee that is used to avoid cascading
problem as shown in Fig.2.11. During precharge @l{@4.K = 0), output is charged topy
and output of inverter becomes zero. In the evalnaphase (CLK = 1), the node OUT
makes only transition from 0 to 1. Since in thecharge phase the node OUT discharges to
logic 0, hence the false evaluation is avoidedrdpdascading of various domino blocks. As

it uses static inverter only non-inverting logicnche realized and it increases propagation

delay.

Property
The domino gate contains a static inverter, sosinearting logic can only be
implemented using this logic [1] [63].

Advantage
Domino logic gates can achieve very high speed.imberters can be sized
to match the fan-out, which are much smaller thacamplimentary static
CMOQOS, as only the gate capacitance has to be ammbéor per fan-out gate
[66].

Limitation

Only the non-inverting logic can be implemented][66
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Fig.2.11 Domino CMOS Logic

2.3.1 RACE CONDITION IN DOMINO LOGIC

The possibility of race conditions is high in domilogic, when clock is slow. The
slow clocks, in domino logic based sequential discthere present a time window where
NMOS and PMOS are conducting. This will lead tohpbétween input and output, which

can disturb the functionality of the circuit.

Not only in slower clocks, the race conditions atemur for long rise time and fall
times. The domino logic based sequential circuicfionality and performance will be intact
as long as the clock rise time and fall time is k#ndahan 3 to 5 times of the propagation
delay of the application circuit. This criterion éasy to achieve in larger circuits and in
smaller circuits, designer has to take care prapagadelay, rise time, fall time and

frequency of the clock to avoid race condition.

2.4 OVERVIEW OF PREVIOUS WORKS

Noise in digital integrated CMOS circuit is becogione of the principal problems in
deep submicron technology [69] [70]. In past thoszades, researchers have developed
many circuit techniques to develop the noise toleeaof domino logic gates. For discussing
most of the previous proposed techniques, in thadien we have presented a summary of
some of the significant methods. In this section, hage classified all previous proposed
techniques into four main groups depending upoir tieuit modifications and principle of

operations:
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Keeper implementation
Precharge of internal nodes

Source voltage raising

P w0 bdPE

Complementary p-network

Vpp

Clk—d|[ My
S Q

‘ Pull Down Network

Ck—i[_ M.

ck—d[—

A—I[_

B—1[_

clk—[_
A4

GND

(b)

Fig.2.12 CMOS domino logic (a) Schematic of domingircuit (b) Schematic of 2 - input
domino AND gate
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2.4.1 KEEPER IMPLEMENTATION

This technique is the easiest method for domino GM@yic circuit to improve its
noise tolerance performance. This technique wasdasn employing a weak transistor,
which is called as “keeper transistor”, connectennf Vpp to dynamic node as depicted in
Fig.2.12. To maintain charge stored in the dynaoic, keeper transistor provides a small
amount of current from M to dynamic node of the domino logic. In basic doonlogic
circuit [71], gate of keeper transistor was coneddb the GND, as depicted in Fig.2.13(a).
This type of connection keeps the keeper transist@ways ON state. After some years,
feedback keeper technique was used, which is apict Fig.2.13(b). This technique was
more broadly used because it could be able to méiteia potential dc power consumption
problem, which was a vital problem in the evaluatphase of always-on keeper of domino
logics [72].

Keeper transistor causes lots of contention propiehen the PDN gets ON through
evaluation phase, which results in slower gategperdnce. When we design a high fan-in
gate with deep submicron technology; we need a s&ong keeper transistor to compensate
the large amount of leakage current flowing throtlgh PDN of the logic gate. These strong
keeper transistors have serious contention probfams. et al. in [73] and [74] as depicted in
Fig.2.13(c) and Alvndpour et al. in [75] and [76] depicted in Fig.2.13(d) have proposed
two new types of keeper design techniques. Botltitwait techniques operate on the same
basic principle, (i.e. they temporarily disable Keeper transistor for a very small time, when
switching takes place at dynamic gate). Both théhods are extremely effective in noise
tolerance enhancement of the dynamic logic gatasnagleakage noise. Still, these gates
with large keepers are very much effective to exdknoise as dynamic node is not protected

when the gate switches.

To reduce the internal and external noise P. Mazunatl al in [77] as depicted in
Fig.2.14(a,b) have designed a noise tolerant ¢iteahnique using circuitry having an effect
of negative differential resistance. An inverteplaces to produce feedback signal instead of
straight connecting it to output. This result irspense time of feedback keeper transistor
becomes independent upon output load. In this wWay,technique independently optimizes
the feedback inverter without concerned about #te gutput.
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Fig.2.13 Keeper implementation (a) Implemented asoastantly ON keeper [71](b)
Implemented as feedback keeper [72] (c) High Speédeledback keeper implementation
[73](d) Conditional keeper implementation [75]
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Fig.2.14 Implementation of optimized keeper (a) Immented as inverter feedback (b)
Implemented as pseudo PMOS inverter feedback
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Fig.2.15 Precharging internal nodes implemented oAND3 gate, (a) Precharging every
internal nodes [78], (b) Precharging some internahodes [79]
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2.4.2 PRECHARGE OF INTERNAL NODES

Logic gates having large fan-in have charge shaingng internal nodes in the PDN
and dynamic node which results in false gate switgland output logic change. To avoid
this charge sharing problem we can precharge tieenal nodes along with dynamic node.
[78] [79]. A dynamic AND3 gate designed with theshnique has been shown in Fig.2.15(a).
This technique could eliminate charge sharing mwobin an expense of huge chip area, when
all internal nodes get precharged. Partial preehargn also be done to the circuits as
depicted in Fig.2.15(b), where not all but sometlef internal nodes are precharged along
with the dynamic node. This technique is a traddm#fween over chip area and noise
immunity. If cost of inverter to produce the complentary clock signal can be justified, then
to precharge all internal nodes, NMOS transistarsalso be used. Meanwhile as the internal
nodes are precharged, thus NMOS precharge trarssistm decrease the dynamic power
consumption of the logic gate and also reduce thehdrging time. Thus it can be said that

precharging internal node technique is not a véfiecive technique against noise.
2.4.3 SOURCE VOLTAGE RAISING

Raising source voltage is one of the very efficigays to minimize both external and
internal noises. As the sum of transistor threskolthge and source voltage should be lesser
than the gate voltage to turn on a transistor, thagease in source voltage can directly
increase turn-on voltage of the gate. Furthermibre,threshold voltage of the transistor is
increases with increase in the source voltage dubotly effect,. This also contributes

towards improvement of turn on voltage of the gate.

The PMOS pull up method of raising source volta8f@] s depicted in Fig.2.16(b).
In this technique one PMOS transistor is employethe internal node Nwhich forms a
voltage divider having a clock controlled transist&witching threshold voltage of the
domino gate is controlled by the voltage level otle@ N. Voltage level of node Ncan be
controlled with the size of PMOS pull up transistbue to the presence of resistive voltage
divider this circuit consumes a large amount of p®@ver. It can be seen that, the voltage of
the dynamic node cannot be less than the nodeolkhge level, so there is no rail to rail
voltage swing at node NNGate output may also do not comprise a rail tbswing if the

PMOS pull-up transistor is large in size which adijuraises noise immunity of the gate.
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The method shown in Fig.2.16(c) is an improved métto control noise. In this
method a feedback controlled pull-up transistoergloyed in the circuit [81]. To make the
internal node voltage high, an NMOS transistorsedis Gate of that transistor is connected to
dynamic node of the logic circuit. When voltagettod dynamic node becomes low, the pull-
up transistor becomes off; then, the dynamic nodeerences rail to rail voltage swing.
Similarly, up to some extent the DC power consuarpis minimized. This happens only
under some combinations of input which do not wmnPDN. In this technique, one PMOS
transistor can also be used in similar way withoadition that gate of PMOS transistor

should be connected to output.

A feedback NMOS transistor is employed in the nmiechnique. This feedback
transistor is employed in exactly similar way litee NMOS pull up technique [82]. This
duplicates the PDN to decrease the power consumgiia increase the noise tolerance
performances. In Fig.2.16(d) a domino AND2 gate designed with the above mentioned
mirror technique. The mirror network is OFF wherretree pull down network goes OFF,
which cuts off DC conducting path from the NMOS Ipyb transistor through the clocked
transistor. In this manner, this circuit totallynehates the DC power consumption. But, this
mirror technique stretches the discharge path fagnitly in the PDN, this condition
probably slows the circuit operation. This logiglstsufficiently increases circuit active area

which leads to increase the size of the circuit.
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Vop
Ck —d[_
S Q
A —i=

GND

(d)

Fig.2.16 Raising source voltage of AND2 gate, (aM®S pull up technique [80], (b)
NMOS pull up technigue with feedback [81], (c) Mirror technique [82], (d) Twin
transistor technique [83]

The twin transistor technique [83] [84] is a methodaise the source voltage of the
dynamic gate. This technique contains a NMOS ppltransistor at each internal node for
improvement of noise immunity of dynamic logic. tharmore, the drain of each of the

NMOS pull up transistor is connected to input iaga of \bp, as explained in

Fig.2.16(d). This activity avoids the unnecessatglitton of current by the pull up
transistor, which results in less power consumpti@onversely, this technique increases
input capacitance of gate which leads to slow dalen gate switching ability in further
stages. Similarly, this technique is inappropriateimplementation of some logic functions.
Fig.2.17(a) shows a 3 input gate, which is a mikatttion of OR and AND gates. This
circuit implements logic function F = {(A+B).C}. lits assume inputs B and C are low while
input A is high. As C is low, dynamic node remaatshigh logic level. At that time, no
discharge path exists between the dynamic nodegeowhd. In this condition, a conducting
path present between the input B and input A, gécted in Fig.2.17(b). At this instant of
time, the logic levels at node A or B become uraiert
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Fig.2.17 Twin transistor technique with short circut problem, (a) A OR-AND gate, (b)
OR-AND gate showing direct conducting path
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2.4.4 COMPLEMENTARY P-NETWORK

This complementary PMOS technique consists of &kviAAOS network, which can
avoid the dynamic node to float in evaluation phddes technique [85] [86] is shown in
Fig.2.18(a). This gate functions similarly like madomino gate at precharge period. When
evaluation period starts, this circuit performsaiakewed CMOS logic. This circuit technique
also has a silicon area overhead. The key drawbfatiks technique is it is quite ineffective
in implementing in large logic gates. In case ghhian-in OR gates, the dynamic logic styles

performs better than the static logic gates ip&gormance.

In CMOS inverter technique the complementary PMf@8sistor can be implemented
at transistor level, which is depicted in Fig.2l)3[87]. Here, the relative size of PMOS
transistor was varied to adjust the threshold geltaf the logic gate. A vital benefit of this
technique is that this technique can be applieglcsgkely to some of the inputs if we found
that subset of inputs to be noisy. The vital disadage of this technique is that, because of
serious dc current, it is not appropriate for ORegaelow certain input combinations. Also
let’s use this circuit for simple 3 input AND— ORgic. Let, input B is low and input A and C
are high, a direct conducting path present betwggnand GND, as depicted in Fig.2.18(b).
Voltage level of the dynamic node is determinedthg relative strength of the pull up
transistor M and that of the discharging path transistors. H® dircuit is more hazardous
than the previous one. The logic style fails switighwhen this pull up transistor is strong

enough for recovering gate noise tolerance.

In both of the above two techniques, dynamic node be reset falsely in some
combinations of input. In Fig.2.18(b), let, inputb&comes ON and input B comes from ON
to OFF state in the evaluation phase, at that tdyeamic node may be go high by the pull
up PMOS transistor. To solve this type of wrongetgsroblem, scientists in [88] used an
extra transistor N presented in Fig.2.18(c). Mbecomes ON, when the gate output remains
low. In evaluation phase the output goes high at time, transistor Mis turns off, which
detaches the pull up transistors from thg \VSimilarly complementary p-network technique
can also be improved. It can be seen that this tdebnique could not resolve the dc

conduction problem for the logic circuits complgtel
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Fig.2.18 Constructing complementary PMOS networksdr AND2 gate, (a) Construction
of complementary PMOS network technique [85], (b) ®OS inverter technique [87],
(c) Gated CMOS inverter technique [88], (d) Tripletransistor technique [89]
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Fig.2.19 Short circuit problems in inverter technicue, (a) A 3-input OR-AND gate, (b)
Direct conducting path
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A new noise tolerant AND2 gate designed with triplensistor technique [89] is
depicted in Fig.2.18(d). In this technique, eachhef NMOS transistors in PDN of a basic
dynamic logic is substituted by three numbers arfigistors. This technique is considered as a
variation of the CMOS inverter technique. In thisthiod, in the evaluation network an extra
NMOS transistor is added to control the power gatson through the DC conducting path.
This technique significantly increases dischargégpaf PDN, like mirror technique. This
logic performs well for wide logic gates. This aiitccannot be applied universally because of

its large size and performance.

2.5 OTHER MODIFICATIONS

2.5.1 SFEG (SOURCE FOLLOWING EVALUATION GATE) TECHNIQUE

Source following evaluation gate technique is asited as SFEG technique, which is
demonstrated in [90] [91] [92], and shown in Fig®.The basic idea of this technique is,
implementation of the logic functions by means nfNIMOS PUN, noise immunity of the
gate increases. Leakage currents which flow thrayghuation network charges the dynamic
node A. This results in reducingsYof the NMOS transistors. This reducessVeduces the
leakage current of the circuit exponentially. Adutiilly, the critical node leakage current
(ILeak) is only because of the transistoi M this technique because the critical node dgvin
the final static inverter and the dynamic noderavethe same nodes. A big demerit of this
technique is that the NMOS PUN is unable to chaihgedynamic node up topy rather it
can charge the dynamic node only up W4 during a switching of the gate. The pull up
PMOS transistor Mcompensates the threshold voltage drop. Thougmsig@r M gets ON
with a delay of the feedback loop. Therefore, skouit current flowing through the path

M, and M; during the switching of the gate causes a lotovigr dissipation.
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Fig.2.20 SFEG dynamic logic circuit design [91] [92
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2.5.2 MENDOZA’S DOMINO LOGIC

To increase the noise immunity of domino logic Mera in [93] depicted in
Fig.2.21, inserted an NMOS transistoy, letween the precharge nodednd the PDN. A
delay stage, which can be constructed with threeaxded static inverters, was used to locally
generate the NCLK signal from the clock Clk, anBMOS transistor Mis added between
node NCLK and node,PThe inputs are not used to precharge any ofriatarodes in the
PDN. This phenomenon is advantageous as the capaldads at the input nodes stay the
same. However, some drawback exists with area ssphpation delay. Due to the presence

of the inverters Mand M, the propagation delay is makes the circuit slower.

2.5.3 MODIFIED SFEG

To increase noise tolerance modified SFEG was [sexgbdy Frustaci in [90] [94] as
depicted in Fig.2.22. This scheme runs very mudsidiilar from the SFEG technique in
having large value of noise tolerance then the ab®FEG technique. This design is a trade-
off between noise tolerance performance and powssipdtion. A big drawback of this
circuit is that, it is having NMOS-based PUN whialso evaluates the logic gate; which
exploits the principle of dynamic logic style. ltelay- UNG performances show below

average results.
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Fig.2.21 Two-input dynamic AND-gate implemented wh noise-tolerant dynamic
circuit method, (a) Gate can be domino [static outpt inverter (OI)] or TSPC (NC2MOS
output inverter), (b) Timing diagram
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Fig.2.22 Modified SFEG circuit design

2.5.4 DIODE-FOOTED DOMINO
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Fig. 2.23Diode footed Domino [95]
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In diode-footed domino [95] an NMOS transistorhisre in a diode configuration i.e.
gate and drain terminals connected together iresavith the evaluation network, as shown
in Fig. 2.23. A diode connected transistor is eiptb in this design in which the leakage
flowing through PDN in evaluation phase causesvtiitage drop across the diode transistor.
Which makes the &s negative and leakage reduces. The performancedkgyn can be
compromised by the mirror network. By varying theesof mirror, noise immunity can be
made. But when we compare it with standard foot®m®ino this scheme is very slower.

Also the inverse clock increases the capacitivd tafahe clock driver.
2.6 CONCLUSION

Static CMOS performs very well in terms of robussand energy, but is not good in
terms of delay. Domino CMOS logic performs very Mrlterms of delay, but is not good in
terms of robustness and energy. A slight noisegmtes the input of the domino logic
modifies the output logic level. In domino logiglst present a static CMOS inverter at the
output of the dynamic node. Due to this, noise imityuof the circuit increases and
capacitance at the output node reduces. In thisish@s we proceed further, we have
proposed a novel circuit technique for domino logdibis circuit technique is more noise
robust, has very less power dissipation and openaith high speed as compared to the
previous reported logic styles. The new proposefclts also compared with the previous

proposed ones to show its enhancements and adeantag
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Chapter 3

PROPOSED DOMINO LOGIC

3.1 INTRODUCTION

The fast improvement of VLSI CMOS circuit technigaedue to the wireless systems
with low power budgets and increased use of sma#ldsgadgets and very high speed
processors. To attain this requirement, the suppliages and size of transistors are scaled
with technology. Due to larger number of devices pkip, the interconnection density
increases. The interconnection density along widj ltlock frequency increases capacitive
coupling of the circuit [96]. Therefore, the nojsalses are generated leading to logic failure
and delay of the circuit [96]. Again, when supphltage is scaled, the threshold voltage of
the device needs to be scaled to preserve theitgredormance, which leads to increase in

the leakage current of the device.

Due to low device count and high speed especiaiyppared to complementary
CMOS, dynamic-logic circuits are broadly used invigle range of applications including
dynamic memory, digital signal processors and npioessors [97]. Dynamic circuit
contains a pull-down network which realizes ouriggslogic functions. According to the
basic dynamic circuit operation, the dynamic nodecparges at every clock cycle. As the
clock signal frequency is high, the circuit genesata lot of noise which consumes extra

power and slows the circuit.

In this thesis, we have proposed a novel circutthee which can reduce the noise of
dynamic logic dramatically. This circuit increasgreed and decreases the power dissipation

of the circuit as compared to other existing donogic styles in the literature.
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3.2 BASIC DOMINO GATE

Fig.3.1 is an example of footless domino gate. fecparge period when the clock
remains at LOW, precharging PMOS gets ON, at iha tlynamic node is connected tgpV
and gets precharged too. When clock goes high, the evaluation phase stésoutput
gets evaluated with the pull-down network and cbodally gets discharged if the PDN is
conducting. During evaluation period when the PBNot conducting, the dynamic node
should be at logic 1. But due to subthreshold lgak#éhe high fan-in NMOS PDN leaks the
stored charge present in the capacitance of thamiynnode. This lost charge is usually
compensated by PMOS keeper, which targets to redbeevoltage level of the dynamic
node. However, when an impulse of noise occursata mput, the keeper may not always be
able to recover the voltage level of the dynamidenolrhe subthreshold leakage current is
exponentially dependent ong¥ So, in the presence of noise impulse, the gatmg®

increases and the dynamic node gets wrongly digedar

As compared to the static CMOS logic gates, dongates have higher noise
sensitivity because of its low switching thresheddtage. The switching threshold voltage is
equal to the Yy of the pull-down NMOS devices [98]. In the designhigh fan-in gates,
noise immunity has become a great concern. Thieéause of the high number of transistors
and circuit branches, which cause more possiblaspfitr gate and sub-threshold leakage

currents.

_T_\/DD
—d[m: Mz Jp—

Dynami
| Node uT
IN, A dyn
. NOT Gate
A PDN
IN,
GND

Fig.3.1 A typical footless Domino gate
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Noise of domino gates is now more important thae #tea, delay and power
dissipation issues, therefore various techniques hmeen proposed [95] [90] recently to
reduce the noise of dynamic circuits. Besides nsiswsitivity in domino logic, there are also

many other issues with area, power dissipationckehaly.

3.3 PROBLEM DESCRIPTION IN DOMINO LOGIC

The schematic of a basic footed domino logic ctrauvith a traditional buffer is
depicted in Fig.3.2 [99]. The logic function implented in the circuit is ‘Out = (A + B) C +
A B’. According to basic operation of classical dom logic, the logic level of node ‘&’
should always be held as ‘High’, when the PDN is-monducting. In domino logic, has two

operation phases: 1) precharge and 2) evaluation.

1) Precharge phase:- In the precharge period, wherClk signal is LOW, at that
time the NMOS clock transistor remains in OFF statd the PMOS clock transistor remains
ON. Therefore, the dynamic node i.e. node ‘a’ wél charged to ‘1’ irrespective of the logic
state of the PDN. If the pull down network is coatitog, the N_FOOQOT i.e. node ‘b’ will also
be ‘High’ along with node ‘a’.

Vop

T Vop
—d[ ] —d

a (Dynamic c

gode) OouT
c—LC A —C
d

ACB—C B

b (N_FOOT)
Clk

_|

Fig.3.2 Logic function realized with conventional dmino logic
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2) Evaluation Phase:- Evaluation phase of domigicls more complicated than the
precharge period. During the evaluation periodthes Clk is ON, the PMOS precharge
transistor is OFF disconnecting the dynamic nodenfi/pp. On the other hand, the gate of
NMOS stacking transistor is at ‘high’. So the ndofewill be shorted to ground. As a result,
if the pull-down network is on, the node ‘a’ willsa be discharged and the logic level of ‘a’

will decrease to ‘LOW’ as shown in Fig.3.3 (a, b, €

W W)
r

(a) Clock (CIk)
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I 1 1
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(b) Node ‘&’
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:
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Fig.3.3 Output waveforms of Clk and node a, b, ¢ fahe circuit described in Fig.3.2
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According to the theory, the output i.e. node &only the inverted waveform of the
dynamic node i.e. node ‘a’ as shown Hig.3.3. During precharge period, the NMOS
transistor of the buffer will be turned OFF for eurin the evaluation it turns ON
conditionally. The turning ON of NMOS of the buffdepends on the combination logic

functions and input values.

To describe clearly, a simulation was done takinizction as vehicle. Where Z =
((A+B).C+ A.B). This simulation was done mgicadence specter 180 nm technology
with a clock frequency of 500 MHz and a temperanfr@? C. When ((A + B) C + A . B)
equals to ‘Low’, node ‘a’ i.e. the dynamic node slibbe at ‘High’. However, conventional
domino logic, there are many pulses in the dynamade ‘a’ as a result of the precharge
process as shown in (b). Fig.3.3 (a) shows thar@it with a frequency of 500 MHz. As the
Clk switches frequently, the ‘High’ level of noda’ ‘also switches frequently with CIKk.
Because of the presence of pulses at the dynande, mutput node ‘c’ also comprise of

several pulses as shown in Fig. 3(d).

These pulses are not expected in the output nodeGMOS domino logic circuit, so

it will cause various problems:

1) Pulses can change the logic level of outpufAs a result of the presence of many
pulses at the output, the output always changes@mdins at 1 for very less time. These

pulses only add noise to the domino logic circuit.

2) The power consumption of the circuit increases|f input logic is on because of
the pulse, the number of switching operation of bléfer in evaluation phase will be as
frequent as the clock signal. Therefore a high enirwill flow through the buffer, this
process results in increase in power consumptiothefcircuit. For each switching, Power
Consumption = ¥p*l, where, \,,p denotes the supply voltage and | denotes shartitir

current flowing through the buffer frompy to GND.

Recently, several researchers have proposed sdeehaliques to reduce the noise,
delay and power of wide fan-in domino gates [3]][f#0] [100] [101] [102] [103] [104]
[105] [106]. All the existing techniques try to imgyve the noise robustness of domino gates
at a significant cost in terms of delay or energnsumption. Moreover, the degradation in

speed and the increase in energy dissipation sedecbme more and more troublesome.
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As described above, the most vital problem of basimino logic is the frequent
switching output node due to precharge phase. Wirelean't stop the precharge phase of the
domino logic, we can certainly minimize pulses la utput, thus we can improve the
domino circuit in order to reduce noise and powarstimption. In this thesis, we have made
adopted a novel approach to mitigate this probl&he proposed approach also provides
better performance in terms of power, delay, PD, moise tolerance at the cost of 2 extra
footer transistors in the logic. This would increake area of the circuit for low fan-in
domino gates, but for higher fan-in domino logicséa circuits, relative percentage of

increase in area also reduces.

3.4 THE NOVEL APPROACH

3.4.1 CIRCUIT DESCRIPTION

In this section, we have presented a new schemehémesign of noise tolerant
domino logic technique. This circuit contains agla&rge transistor, an evaluation network,
footer transistors and semi-dynamic inverter asatiegh in Fig. 3.4. In the precharge period
when the clock is LOW, the precharge PMOS gets @8l dynamic node is connected to
Vpp and gets precharged tooY When clock goes high, the evaluation phase starts
output gets evaluated with pull-down network thamditionally gets discharged if the PDN
is ON. During evaluation period when all the irpate at logic 0, the dynamic node stays at
logic 1. However, in case of wide fan-in circuithje to the subthreshold leakage PDN
network leaks the charge stored in the capacitatcéne dynamic node. When a noise
voltage impulse occurs at gate input, voltage levehe dynamic node decreases resulting is
change in output logic. To stop that, the footansistors (M, M3 and M) are connected. M
acts as stacking transistor. At the evaluationgggrivhen the dynamic node should be

discharged, at that time Jvinakes a charge discharge path.

In basic domino logic, the output pulses persighancircuit, due to the precharge act.
The pulses of output node N_FOOT always propaghtsduse of turning on the NMOS
transistor present in the buffer by precharge piristhe dynamic node. Therefore it can be
easily said that we can avoid the precharge pulggagating to the output of the buffer, if we
can turn off the NMOS transistor of the buffer aigriprecharge. Following this method, this

unique circuit technique is proposed.
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Fig. 3.4 Proposed Circuit

3.4.2 CIRCUIT ANALYSIS

The proposed novel domino circuit scheme is showfig. 3.4. Transistor s used
as stacking transistor. Due to voltage drop acMgsgate-to-source voltage of the NMOS
transistor in the PDN decreases (stacking effe@8])1 The proposed circuit has additional
evaluation transistor Mwith gate connected to the CLK. When; kas voltage drop due to
presence of noise-signals,,Mtarts leaking which causes a lot of power diggpa This
makes the circuit less noise robust. In proposedrse, the transistor Mauses the stacking
effect [107]; which makes gate-to-source voltaggs ¥f M, smaller (M less conducting).

Hence circuit becomes more noise robust and legsige power consuming.

(Stacking effect — The subthreshold leakage cundmth flows through the stack of
series-connected transistors reduces, when mangidtars in the stack are turned off. This

effect is called as the stacking effect.)

We now connect the source of thes M drain of the NMOS clock transistor

(N_FOQOT) in place of ground. When a dynamic cirasifollowed by a buffer, it is called
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domino logic. This proposed approach is a novel ification of domino logic, where the
source of NMOS of the buffer is not connected toDBGMather it is connected to the

N_FOOT. This state of circuit is referred as ‘satomino’ state.

Fig.3.5 depicts the simulated waveform of propaseclit showing wave form of the
input, output, clock, N_DYN node, N_FOOT node siatatl at 1 Volt, 500 MHz frequency
and at 27 C using cadence specter. This simulation waveftustrates the waveform when
the circuit enters to evaluation period. In theleaton period of the circuit conditionally
when any one input of the OR gate goes high, theamljc node i.e. N_DYN starts
discharging. When N_DYN discharges to 0, due topilesence of the buffer, the output goes
high. There is a small delay between the dischgrginN_DYN and the charging of output

node.

The Fig.3.5 presents the CIlk, input (A), N_DYN, NOGT and output (Out)
waveforms. This shows that, the logic operateslamo the basic domino logic, although it

is in semi-domino state and having 2 numbers obdxansistors.

Transient Responss

—IClk A —fnet35  — [net051 — Y
NDYN)  (N_FOOT)

/\

L0

75 - -
N_DYN

Cll

V(W)

N_FOOT

25

time [ns)

Fig.3.5 Simulated waveform of proposed scheme
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3.4.3 NOISE ANALYSIS

When PDN is OFF and the N_DYN is at high voltagehat time the N_FOOT stays
at low voltage. Due to the high voltage level ohdsnic node, the gate of the NMOS gM
goes high and the low level of N_FOOT makes thecoaf the M to 0. This makes ¥ON
and voltage of buffer output becomes same as thiageo of N_FOOT. It can be easily
verified that if the NMOS transistor of buffer cae turned off permanently, by doing this,
the pulses propagating to the output can be avq&.

In the evaluation period, when the NMOS M ON, N_FOOT gets discharged to 0.
When PDN is ON the N_DYN also gets discharged tmad. This makes thedé of buffer
NMOS Ms to 0 as s=Vs-Vs=0. This results in switching OFF the NMOS and thdfer
output gets completely charged through PMOS M

In precharge the dynamic node will get chargedigb,hwhen PDN is ON the voltage
of the N_FOOT is nearly same as N_DYN, as the NM@Ss OFF. The Vs of the buffer
NMOS will be Vs - Vs< Vry which keeps the NMOS of the buffer at turned Ofges. The
PMOS of the buffer is also OFF due to the highll@féN_DYN node. This makes the output
of buffer LOW.

3.4.4 POWER ANALYSIS

The proposed structure uses semi-domino buffectstre. So the output node OUT
has no pulses in precharge stage as shown in EidrB3the figure the first waveform shows
the clock the second and third wave form showsataeeform of the 2 input signals namely
A and B. The # waveform shows the output plotted for the basimitio gate. The Band
6™ waveform shows the outputs of the two referenceuiti structures. The last or th&' 7

waveform shows the output of the proposed circuit.

It can be seen that the 4, 5 and 6 waveformshesotutput of the reference circuits
contains the pulses in the ON stage, but the peapositput does not contain such pulses,
which means that the buffer does not get on andredfuently, therefore current through the

buffer reduced sufficiently then the counterpart.

As demonstrated before, the buffer is operatinguod off as frequently as the clock
single as there are many pulses in the conventisimatture. So the current through the

buffer will also be large, which is consistent witle current curve simulation.
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Fig.3.6 Waveform simulated for OR gate

1. Clock Input
2. Input A
3. Input B
4. Output for basic circuit
5. Output for [95]
6. Output for [90]
7. Output for Proposed circuit
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Fig. 3.9 Domino logic circuits

showing charging andlis-charging paths (a) precharging

stage (b) evaluation stage when PDN is conducting) (evaluation stage when PDN is non

conducting
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Fig. 3.10 Current waveform simulated for 2-input ORgate

Fig. 3.7 shows the simulated waveforms clearly, whEig. 3.7 (a) shows the
waveforms for the 2-input OR gate designed withidoemoted domino logic and Fig. 3.7 (b)
shows the waveforms for the 2-input OR gate desigmith the proposed logic. Both the
figures Fig. 3.7 (a) and (b) show five waveformsteae. CIk, input A, input B, waveform at
N_DYN and waveform at output node respectively frmm to bottom. It can be clearly seen
that in basic OR gate the dynamic node and theubwtpntain a lot of pulses, which come
with the switching of the Clk input. On the othemdl, the output waveform of the proposed
logic does not switch frequently with the prechapgdse. So the current flow through the
buffer of the proposed circuit is very less as cared to the current flow through the buffer
of basic domino. Fig. 3.8 shows the waveform sineddor the basic OR gate demonstrating
Torrand Ton.
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In this section, we have calculated the power sabgdthe proposed logic in
comparison with the basic domino logic. The domiogic circuit family only consumes
dynamic power. In ideal condition, no static cutrpath ever exists betweern,yand GND
as depicted in Fig. 3.9 (a). In precharge stagemn@lk is low, PMOS Mgets ON and the
dynamic node charges througlap/ but at that time the NMOS Ms OFF. This results the
discharging path to be in OFF state.

In the evaluation phase, when Clk is high, NMOgddts ON and the dynamic node
discharges through GND, if the PDN is ON as showrfig. 3.9 (b). This state results
discharge path to conduct from dynamic node to GABDthe other hand as the as the Clk is
high PMOS M1 is OFF, by which no static currenthpean be established betweepp\fo
GND. At the evaluation phase when the PDN is ONyehis neither charging path nor

discharging path present in the circuit.

This proves that in domino logic circuit family tieeis no static power consumption
in the circuit. It only consumes dynamic poweridaal condition, no static current path ever

exists between pp and GND.

To find power consumption of the ideal basic domowgic circuit, we can neglect the
static power consumption in the circuit i.e. powensumption at dy and Torr As a result

only we have to find out the switching power conption i.e. dynamic power of the circuit.

Domino logic has two stages of operation. Firshesdynamic stage and the second is

the buffer stage.

The average power consumption of first stage cdaouined out by
Pavglz K-VDDZ- Cdyn + T f VDD- Vnoise- Cdyn (3-1)
In which,r =T,/ (Ton+Tof¢):

K is the probability of the state that the input tbghange in a unit time. Note that K carries

the unit of frequency.

Toff is the time when input logic is OFF

T,,, is the time when input logic is ON.
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Vhoise is the pulse voltage in output node of basic doniigic

Cayn is the capacitance at node N_DYN

Power consumption of the second stage in convealdtiomino logic can be calculated by,
Pavg2=KVpp®. (Cioaa + Cousrer) + - f-Vop-Vnoise- (Cioad + Cousrer)  (3:2)
Cpufsrer is the buffer's internal parasitic capacitor.

Ci0qq is the load capacitor in the output of the buffer.

AssumingCioqq > Cpyrrer, We can simplify equation (3.2)

Pavg2= K-VDDZ- Cload + T‘.f. VDD- Vnoise- Cload (3-3)

And the total power consumption of the conventiarze is
Pavg= K-VDDZ' (Cload + Cdyn) + 7. f VDD' Vnoise' (Cload + Cdyn) (3-4)

In contrast, in the proposed logic style, when P@hs from OFF to ON, output
node gets pulled up to the ‘High’ logic level. Tipiglling up will consumes a large amount of
current. In the precharge period, when the pulltdowtwork is on, the node ‘a’ and ‘b’ will

nearly be the same for, and
VG3: VG— VS: Va— Vb: 0.

As per theory, when ¥k is having lower voltage thantV, then the MOS transistor
will be OFF and there is very small current go tigio it, which can be overlooked in most

cases.

Now, we can find the power saving, if we will firlde power consumption of the
proposed structure. Since the first stage is samsiec@ventional stage, the power
consumption of the stage 1 is not changed as egqués.1). The consumption of second

stage of proposed logic is given in equation (3.5).
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In the proposed logic power is given by

Pprop = K-VDDZ- Cload + 7. f VDD- Vnoise_p- Cload (3-5)

WhereVy,,ise p is the pulse voltage in the output node of the psegl logic

So the finally the amount of power which the praggbsircuit saves is then observed
from equation (3.1), (3.4) and (3.5) is

Pan - Pprosz-VDDZ- (Cload + Cdyn) + T‘.f. VDD- Vnoise- (Cload + Cdyn)

- K-VDDZ- Cload - T.f. VDD- Vnoise_p- Cload

Power saved due to semidynamic logic is

— 2
Psaved_ K-VDD . Cdyn + 7. f VDD- Vnoise- Cdyn + 7. f VDD- Vnoise- Cload
—-T. f Vbp- Vnoise_p- Cloaa
We can takéd/ypise > Vioise p» @s noise in the proposed logic is very less as aoetto

noise in the basic domino logic. So, the above &uiaecomes,
— 2
Psaved_K-VDD . Cdyn +7. f VDD' Vnoise' Cdyn +7. f VDD' Vnoise' Cload (36)

The ratio of power savagican be calculated as,

_ Pavg_ Pprop
Pavg

K-VDDZ- (Cload + Cdyn) + T'.f. VDD- Vnoise- (Cload + Cdyn)
_ - K-VDDZ- (Cload + Cdyn) - T'.f. VDD- Vnoisep- Cload
K-VDDZ- (Cload + Cdyn) + T'.f. VDD- Vnoise- (Cload + Cdyn)

n

The dynamic capacitance is very less as compartettioad capacitance

i.e. Cdyn<<Cload
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So in the above derivation we have neglectecfmgl

Cload + Cdyn = Cload
The ratio of power savaglbecomes,

Tr. f VDD' Vnoise' Cload
- f VDD- Vnoisep- Cload

K-VDDZ- Cload + 7. f VDD- Vnoise- Cload

n

According to equation (3.6), assuming the frequeat\Clk is very large (in this

simulation we have simulated wifh= 500 MHz), then the above equation becomes,

_ T'.f. VDD- (Vnoise - Vnoisep)- Cload

rl =

T‘.f. VDD- Vnoise- (Cload + Cdyn)

(Vnoise_Vnoisep)-Cload
= ) (3.7)

VnOLse-(Cload'l'Cdyn)
If we will ignore the output noise of the propodmdfer, than the power saving is:
C
~ load (3.8)
Cload+Cdyn

(Note: the concusion is on the condition tha,, << Cj4qq)

As this thesis progresses; we will show the amafimtower saving with this circuit

technique.

3.4.5 CHARGE SHARING ANALYSIS

In spite of a lot of advantages, domino circuitedhespecial care to eliminate the
charge-sharing problem. This problem results inumexpected value of output. Let's

consider a domino k-input AND gate in Fig. 3.11.the evaluation period, supposing all
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inputs In, are at high excepting inputihich is situated next to the clock transistay il
low. As kth input I is at ‘low’, ideally, the value of the dynamic reodx should remain at
‘high’; but, the capacitor at the dynamic node S charged in the precharge phase is
distributed to the internal nodes of those turnedt@nsistors. Let Cis the equivalent
capacitance of the internal node, as showrign 3.11. The output voltage,Vbecomes Yp

* Co (Cot+Ci) in the evaluation phase. When i€ very large, Y may become too ‘low’ to
determine the succeeding stage. As a result, wedtin input conditions, re-distribution of
charge among junction capacitance at internal nodesause error or glitch at outputs [108]
[109] [110].

Voo Vop

Clk —d,:Mp —C||:

- Co == I

GND

e —C

<H|
o

e —C ;—; )

Clk —|[Mn
V

GND

Fig. 3.11 Charge sharing Problem in Domino gate

This proposed logic also suffers from charge slgapiroblem in the precharge period.
Charge sharing is introduced at the parasitic depare at node N_FOOT when the logic
input is high. The voltage drop at the dynamicenstould be less than noise margin. If there
is a voltage drop at this dynamic node then theitehbg a variation in the output node.

However, this variation can propagate to the néxg¢ies leading to serious charge sharing
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problem and also leading to an incorrect outpwd. 312 shows the charge sharing problem

in the proposed work.

This charge sharing problem can be assuaged bynmakime changes in the circuit.

VoD i
PRECHARGE VDD
TRANSISTOR
QX M1
:I .d M6
DYMNAMIC
NODE
Path] (DTN pUiRa
f
_I aw/‘
F}[)P& | Path1l
r.
|'I = __'___pl—ﬁ_'_ﬁ-f
A -
N_FOOT M
1L |path
IE:LL—l M3
i
GND e
GND

Fig.3.12 Charge sharing problem in the proposed war

Solution | — Dual voltage technique as shown in Fig.3.13 (an- extra higher
voltage can be used a4 for making the dynamic buffer to work at a higheftage. We
have to make Mo, will be lower than Vp,. This technique will compensate the voltage drop

at the output node due to charge sharing. Fig.@JL8hows the case of duahy/
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Result —It uses the dual power for voltage compensatiothatoutput node. This
process does not use any parasitic load capacitarttéhe charge sharing can be eliminated.
But in this circuit technique we have to turn dfEtPMOS of the buffer. This dual voltage
solution in this circuit technique will prohibit eéhswitching off of PMOS, as ¢¢, will be

greater than the difference ibM and \bpo.

|Vgsp| > Vpp2 = Vpp1 >0

This leads to a large leakage current which leadgshe biggest drawback of

submicron technologies.

Solution Il — Channel length modification as shown in Fig.3.18«bdncreasing the
channel length of Mcan decrease the current flowing through pathnd @ncrease the
current flowing through path I. 1t will also keeettransistor Min off state to close the path

lll. So the voltage drop at output node will desearig.3.13 (b) shows this solution.

Result —By increasing the channel length a larger amourghairge will be shared
through the PDN instead of MThis moderates the charge sharing at the outpde.nThis
process can lead to increase in delay of the tiend also cannot solve the charge sharing

solution completely.

Solution 1l — Increasing load capacitance as shown in Fig.X)13 By increasing
the load capacitance of the output nodendl be more than € Making this we can reduce

the charge sharing effect.

Result —when output load capacitance increased a lot eagdwer was used by the

circuit. Also it cannot reduce the charge sharirapfem completely.

Solution IV — Increasing the width of Mwe can reduce the current flowing through

path 1l resulting in more current flow through pdtas shown in Fig.3.13 (d).

Result —This increase the delay of the circuit and theuiirgets slow. Also it cannot

completely eliminate the problem in cost of a ladgéay in the circuit.

Solution V — Implementing keeper- A keeper can be implementedllpato the
PMOS transistor as shown in Fig.3.14(a).
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Fig.3.13 (a) Dual \bp implementation (b) Increasing the channel length (cincreasing
load capacitance (d) Increasing the width of M
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Result —Keeper is generally solves the charge sharingigsulynamic logics. This
is a very good solution because there is no sfaiwer consumption in the circuit with a
keeper. It is a very good solution as comparetiécsplution I, II, Ill, IV. In this case voltage
drop at the output node can be entirely eliminaitealso has less delay effect as compared to

other solutions as less parasitic capacitancenaodvied.

The keeper transistor is generally a weak transikeeper transistor supplies a slight
amount of current from the pg to the dynamic node to recover the charge losstand
improve the noise robustness of the circuit. Whendutput node is at 0, it supplies 0 to the
keeper transistor M M, then gets ON. M is then supplied to the dynamic node by which

the charge loss at the dynamic node gets compehgaieake the dynamic node at strong 1.

Fig.3.14(b) shows the simulation results of thergbasharing without and with
keeper. The output waveform shows that the cinitit keeper keeps the output voltage at
strong 1. This assures a good stability of theudir¢Jsing 180 nm technology when it was
simulated with 4p=1.8 V with and without keeper and compared therait be seen that we
can get a power saving of 45 % to 65 %. This carautee a stable circuit. Table 3.1 shows

the comparison of power consumption of proposecuiwith and without keeper.

Table 3.1 Power consumption of the proposed circuwith and without keeper

Fan-i Power consumption with Power consumption Power consumption
an-in ;
keeper without keeper overhead
2-bit 1.80E-08 3.32E-08 45%
4-bit 2.56E-08 5.82E-08 62%
8-bit 3.11E-08 6.15E-08 49%
16-bit 3.42E-08 7.35E-08 63%
32-bit 4.23E-08 9.53E-08 55%
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Fig.3.14 Keeper implementation

Page | 63



Proposed Doméine Logée

3.5 ORGATE IN PROPOSED LOGIC

VDD ~ [vop _
PRECHARGE KEEPER VDD
TRANSISTOR
CLK » o
:j _{j M7
DYNAMIC
NODE
OUTPUT
__4 M6
IN1|[:: N2 |[::
N_FOOT M s
|
CLK
= M4
GND M5
GND

V

Fig. 3.15 Proposed 2-input OR gate
3.5.1 CIRCUIT DESCRIPTION AND OPERATION

In the domino logic worst case arises with OR gasethere is no stacking transistor
in the PDN designed with basic domino logic. Herethe novel OR gate is designed using
the proposed logic as shown in Fig. 3.15. The PDNasic OR gate is replaced by the two
NMOS transistors supplied with the inputs; idhd IN respectively. This circuit consists of a
precharge transistor, an evaluation network evalgatvo input OR, a keeper transistor,
footer transistors and semi-dynamic inverter. la precharge period, when the clock is
‘LOW’, the precharge PMOS gets ON and dynamic ngels connected to thepl and gets
precharge to Wp.When clock goes ‘high’, the evaluation period tstaand output gets
evaluated with the pull-down network and conditibhgets discharged if any one of the
input is at logic 1. At the evaluation period whalhthe inputs are at logic 0, the dynamic

node becomes at logic 1. But the NMOS PDN leaksctiage stored in the capacitance at
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the dynamic node due to the subthreshold leakags. i again compensated by the PMOS
keeper M, which aims to restore the voltage of the dynamade. When a noise voltage
impulse occurs at gate input, the keeper may naldbe to restore the voltage level of the
dynamic node. To stop that the footers, M1, and M, are connected. Macts as stack
transistor. At the evaluation phase when the PDat isgic 1, at that time Mstops the free
discharge of dynamic node voltage to evaluate |0gat the dynamic node. To compansate
that My makes a charge discharge path. Hegealain acts as a stack for th path to
maintain the dynamic node.

Domino logic always followed by an inverter. Trasis My and PMOS transistor M6
make a static NOT gate. This circuit expliots thiengiple of static logic, where, in static
inverter, the source of NMOS is connected to groundthis logic design the source of
NMOS Mg is connected to the foot of the PDN i.e the N_FQ®ihe dynamic logic.

When the PDN is OFF and the N_DYN is at high vatagd the N_FOOT is at low
voltage. The high level of dynamic node makes e @f the NMOS M6 of the bufferpg
and the low level of N_FOOT makes the source ofMgdo 0. This makes KON and the
voltage of buffer output will be same as the vadta§ N_FOOT. It can be easily verified that
if the NMOS of the buffer can permanently be turmdf] pulses propagating to the output
can be avoided.

In the evaluation period, when the NMOS clock trstios M, gets ON, N_FOOT gets
discharged to 0. When the PDN is ON the N_DYN ajsts discharged to ground. This
makes the ¥s of buffer NMOS M to 0 as Vés= Vg - Vs= 0. This makes the NMOS OFF
and the buffer output gets completely charged tind@MOS M.

In precharge period, the dynamic node will get ghdrto ‘high’, when the PDN is
ON the voltage of the N_FOOT is nearly same as NND&s the NMOS Mis OFF. The
Vgs of the buffer NMOS will be ¥ - Vs < V4 which keeps the NMOS of the buffer at
turned OFF stage. The PMOS of the buffer is alsé @te to the high level of N_DYN
node. This makes the output of buffer LOW.

In the evaluation period, when the NMOS clock trstios M, is ON, N_FOOT gets
discharged to 0. When the PDN is ON the N_DYN ajsts discharged to ground. This
makes the ¥s of buffer NMOS M to 0 as \és=Ve-Vs=0. This makes the NMOS OFF and
the buffer output gets completely charged througloB M;.
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In precharge period, the dynamic node will get ghdrto high, when PDN is ON the
voltage of the N_FOOT is nearly same as N_DYNhasNMOS M, is OFF. The ¥s of the
buffer NMOS will be \& - Vs < Vg which keeps the NMOS of the buffer at turned OFF
stage. The PMOS of the buffer is also OFF dueddibh level of N_DYN node. This makes
the output of buffer LOW.

e
DY MAMIC NMODE
1.5 OUIT16
CLOCK ouT2
1.25
1.0
=
=
frd
= N_FOOT16
N_FOOT2
25
&.I i- ...................................
=
o 2.5 5.0 7.5
[ sons| e6258mV time {nx}

S

Fig.3.16 Simulated output voltages from 2-input td.6 input of OR gate

Fig.3.16 shows the simulated waveform of the predadynamic logic for OR gate.
Here the number of inputs was varied from 2- ingotd6-inputs. Fig.3.16 shows how the
output waveform and the waveform of the N_FOOT tstowvards the right with increasing

the number of input.

3.6 COMPARISON OF THE PROPOSED OR GATE WITH DOMINO OR GATE

The circuits were simulated with Cadence Spectnregud MC 180 nm technologies
and 1.8 V. The proposed circuit was being compamgti the OR gate designed with
previousproposed techniques. The OR gate was ingpitad and used as a vehicle for circuit

observation because it is a typical example of wiak-down network.
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3.6.1 COMPARISON WITH NUMBER OF DEVICES USED

The proposed circuit was implemented and compargld the OR gate of other
reference circuits and also investigated with défe values of fan-in. It was found that the
proposed circuit performs better than the previmaposed circuits due to its less switching
activity at the output. Table 3.2 shows the congmariof the proposed scheme with the
previous proposed schemes according to the numberaosistor used and the use of
inverting input. This comparison is useful becaule,number of transistor effect the size of
the circuit and the inverting input uses an extreerter in the circuit. The presence of

inverting input also create problem with the symctization of the circuit.

Table 3.2 Comparasion of the proposed domino withrpvious proposed domino logic

styles by number of transistors used for implementig 2-input OR gate

Circuit type Scheme on Paper| Scheme on paper Proposed Scheme
[95] [90]
Number of _tranS|stor 12 11 09
used transistor used
Use of Inverting clock Yes Yes No

3.6.2 AREA PERFORMANCES

While, the performance of a circuit comes into ¢desation, area performs a vital
role. Therefore, in this section we have designéd gates with all types of logic styles.
Except the basic logic styles, the OR gate withppsed logic has the lowest area as
compared to the other reference domino logic stylesome extra number of transistors are
used in this circuit which gives benefit in formpmdwer, delay and noise reduction. Fig.3.17
shows the chart presenting the comparison of arealf the logic styles, simulated with 2-
input OR gate.

Fig.3.18 shows delay vs area for OR gate designgdtiae proposed logic and other
reference circuits described in [95] and [90]. Ig.B.18the lowest point refers the proposed

logic, higher and middle points refer scheme onl @%d [90] respectively. This graph has
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been plotted for 2-inpur OR gate designed withedéht logic. The previous proposed
reference circuits require more number of transssto implement a given logic. On the other
hand, the number of transistor required is lessehé proposed logic circuit to design the
same given logicFig.3.19shows the PDP (logarithmic scale) vs area grapérevthe lowest
point refers the proposed logic, higher and migimts refer scheme proposed on reference
[95] and [90].

1.00E-03
9.00E-04

B.ODE-C4
7.00E-04

6.00E-04

5.00E-04
4.00E-04

ABRFA (sqmeter)

3.00E-04
2.00E-04
1.00E-04

0.00E+D0

B Basib footless and keeperless B Basic footless and keepered

¥ Basic footed and keepered B Scheme on Ref [93]

H Scheme on Ref [90] ® Proposed Scheme

Fig.3.17 Chart showing area comparison of all theobic styles with proposed logic
(Simulated with 2-input OR- gate)

[Note: - In Fig.3.18he leftmost and the lowermost point representk pigrformance
circuit as low area and less delay is desireddirauit. Also, inFig.3.19the leftmost and the
lowermost point represents high performance cirasitow area and less PDP is desired in a

circuit.]

All the simulations were done using cadence spd@@enm technology, using 1.8 V
Voo, 500 MHz Clk frequency and at 2T temperature. For comparison, all these circuits

have been simulated in same environmental condiitm2-input OR gate.

Page | 68



Proposed Doméine Logée
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Fig.3.18 Delay vs area where the lowest point refethe proposed logic, higher and

middle points refer scheme on [95] and [90]
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Fig.3.19 PDP (logarithmic scale) vs area where tHewest point refers the proposed

logic, higher and middle points refer scheme on [9&nd [90]
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Table 3.3 Comparison of power and delay for OR gatdesigned with proposed domino
logic with OR gate designed with Basic circuit anather reference circuits (Varying the

supply voltage)
Supply | Parameters Basic Basic Basic | Scheme| Scheme| Proposed
Voltage Domino | Domino | Domino on on Scheme
in Volt Footless | Footless| Footed | Paper | paper
and and and [95] [90]
Keeperless| with with
Keeper | Keeper
1.8 Delay 1.57 E-11 240E-114.10 E-11] 1.23E-9| 1.04 E-9 3.3 E-1]
Power 3.33E-5 3.32E-5 560E-6 458Et5 5.6E8 12k
1.6 Delay 1.78 E-11 2.69E-114.10E-11] 1.28E-9| 1.05E-9 3.86E-1
Power 2.39 E-5 239E-5 960E-¢6 3.20Et5 858E-8 185K
14 Delay 2.08 E-11 3.13E-114.11E-11] 1.32E-9| 106 E-9 4.64E-1
Power 1.62 E-5 162E-5 280E-5 220E/5 149E8 43BE
1.2 Delay 252 E-11 3.82E-114.00 E-11] 1.35E-9| 1.09E-9 5.89E-1
Power 1.01E-5 101E-5 114E-% 139E/5 139E8 3 BE
1.0 Delay 3.29 E-11 504 E-114.01E-11] 142E-9| 1.15E-9 6.10E-1
Power 5.56 E-6 556 E-5| 140E-5 7.81Et5 144E-8 2&FEKE
0.8 Delay 490 E-11 7.73E-114.16 E-11] 1.58E-9| 1.31E-9 1.28E-1
Power 2.44 E-6 246 E-5| 140E-5 350Et5 3.1ER8 55 E

Table 3.4 Comparison of PDP for OR gate designed thiproposed domino logic with
OR gate designed with Basic circuit and other refeence circuits (Varying the supply

voltage)

Bas_ic Bas_ic Bas_ic
Voliage n | Footless | Footless | Footed | Scheme on Scheme on Proposed
Volt and | andwith | andwith | ~aPe'[98] | paper[S0] | Scheme

Keeperless| Keeper Keeper
1.8 5.23E-16 7.97E-16 2.30E-17 3.94E-14 5.82E-17 4. 69H
1.6 4.25E-16 | 6.43E-16] 3.94E-17 4.10E-14  9.01E-17 6.02E-
1.4 3.37E-16 | 5.07E-16/ 1.15E-16  2.90E-14  1.58E-17  2.P3E-
1.2 2.55E-16 3.86E-16 4.56E-17 1.88E-14 1.52E-17 1.83E-
1.0 1.83E-16 | 2.80E-15 5.61E-17 1.11E-13  1.66E-17  1.48Et
0.8 1.20E-16 | 1.90E-15| 5.82E-17 5.53E-14  4.06E-17  7.18Et
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The PDP (Power-Delay Product) was calculated, sitedland plotted using cadence

spectre. We constructed the 2 to 32 bit OR gategu#iie basic techniques, reference

techniques and our proposed technique.

Table 3.5 Comparison of power and delay for OR gatdesigned with proposed domino
logic with OR gate designed with Basic circuit anather reference circuits (Varying the
number of fan-in)

Basic Basic Basic
OR- Param Domino | Domino | Domino | Scheme | Scheme Proposed
gate | iors Footless | Footless| Footed | on Paper| on paper Scheme
fan-in and and with | and with [95] [90]
Keeperless| Keeper | Keeper
_ Delay | 3.96E-11 | 6.86E-11 5.10E-11 1.98E-09 1.95E-09 4841}
28l Power | 2.29E-05 | 3.29E-03 7.80E-06 5.30E-p5 7.32E-08 3-BBE
. Delay | 4.58E-11 | 6.99E-11 7.45E-11 3.12E-09 2.56E-09 5441
8t Power | 3.92E-05 | 3.92E-03 7.98E-06 5.25E-05 1.29E-07 5838}
_ Delay | 5.59E-11 | 7.79E-11 8.70E-11 5.46E-09 4.09E-09 6499f
o8t Power | 5.84E-05 | 5.84E-0% 9.12E-06 7.42E-05 1.59E-07 6-DBF
) Delay | 6.53E-11 | 8.23E-11 9.51E-11 7.52E-09 7.15E-09 8041
1o-81 Power | 6.85E-05 | 6.83E-05 1.40E-O5 8.81E-0S5 3.44E-07 7-88FE
) Delay | 9.95E-11 | 1.95E-10 1.35E-11 1.58E-08 1.56E-08 10D}
Se-Bl Power | 7.44E-05 | 7.43E-0% 4.42E-05 9.72E-05 7.10E-07 908

Table 3.6 Comparison of PDP for OR gate designed thiproposed domino logic with
OR gate designed with Basic circuit and other refegnce circuits (Varying the number

of fan-in)
Basic Basic Basic
OR-gate Domino Domino Domino Scheme on Scheme on Proposed
fanin Footless | Footless Footed Paper[95] | paper[90] | Scheme
and and with and with
Keeperless| Keeper Keeper
2 9.07E-16 1.57E-15 3.98E-17 1.05E-13 1.43E-16 1.68E+
4 1.8E-15 2.74E-15| 5.95E-17 1.64E-13 3.3E-16 3.17E18
6 3.26E-15 4 55E-15 7.93E-17 4.05E-13 6.5E-16 4.3E-18
16 4.47E-15 5.62E-15 1.33E-16 6.63E-13 2.46E-15 5.98E-
32 7.4E-15 1.45E-14 5.97E-17 1.54E-12 1.11E-14 1.02Er1

Page | 71



Proposed Doméine Logée

Voltage (V)
1.008-01 =& Basic Domina
1.0 0.3 0.8 07 0.6 0.5
Footless and
1.00E-03 KEEDEIEESS
—— Basic Domino
GaED Footless and
Keepered
1.00E-07 ; )
—&— Basic Donuino
1.00E-09 Footed and
Keepered
§ 1.008-11 “— Reference
‘_.__—r—"‘"‘""‘""-*—-—*—t (%3]
100613 —E&—— : g —
o . e Reference
| pp—
1.00E-19 Scheme

Fig.3.20 PDP Plot for the proposed scheme with treher schemes by reducing Mo
from 1.0 V to 0.5V

T T 1
01 #— Basic Domino
Footless and
Qa0E Keeperless
—— Basic Domino
0.00001
Footless and
1E-07 Keepered
) —d— Basic Domino
1E-08 Footed and
K ed
a, 1E-11 o S
E % " Reference
16-13 +—4& - - . : [23]
15 | p—p————t
o : [20]
1E-17 .‘__'4___.———0———?—'_
1E-19 —#&— Proposed
e 2 4 g 15 32 Scheme
MNumber of Fan-in

Fig.3.21 Simulation of OR-gate PDP Plot comparisiofor the proposed scheme with the
other schemes by increasing the fan-in upto 32 bit
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Fig.3.20 shows the comparison of power delay prodB®P) of all the reference
circuits, the basic circuits and the proposed diramarying the voltage from 0.8 V to 1.8 V.
Fig.3.21 compares the power-delay product (PDPthefcircuits by increasing number of
fan-in. When compared to the other circuits, it denseen that, the PDP can be reduced
nearly 80% in the proposed circuit. This resulte ¢l the less number of switching in the
circuit, which leads to faster operation and lemsgr dissipation of the circuit for evaluation
of the logic. Table 3.3 figures out the individymwer and delay of the circuits, whereas
Table 3.4 gives the information of the PDP of thdividual circuits for different input
voltages. Table 3.5 figures out the individual powad delay of the circuits and Table 3.6
shows the PDP of the circuit with different fan-ifhe proposed circuit shows advantage in
having less number of transistors as compared @optkevious. As compared to the basic
domino the proposed circuit contains only 3 extaagsistors, where the other circuits contain
more number of extra transistors as compared tiz lo@snino circuit with the disadvantage

of having the inverting clock.

3.6.4 SIMULATION RESULTS USING 65 nm TECHNOLOGY

We checked the power delay product using 65 nmntdolyy. Power dissipation of
the circuit increased a little bit as compared&0 hm technology because of the presence of
small spikes in the output node. Speed of the ttircwreased as compared to 180 nm

technology and finally PDP decreased by 10%.

Transient Response
ame |V\s ‘

-23
1.25

fa €
8 73
=25
-25
1.25
8 75

» .25

H ¥ @

L etz @

55
5
‘w2 @ P ”qqqqqnq”qqqqqq ﬂWWWWWWWWWWWWWWWWWWWWNWWWWWWWP
QUTPUT node ?,75 %

0.0 25.0 0.0 75.0 100
time (ns)

Fig. 3.22 Simulation output of 2-input OR gate usig Vpp=1.2 V and in 65 nm
technology
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Table 3.7 Power and delay performance of 2-input ORate using 180 and 65 nm

technologies

Technologies Power Delay
180 nm 3.10 E-8 5.89 E-11
65 nm 4.20 E-8 3.90 E-11

Table 3.8 PDP performance of 2-input OR gate usin§y80 and 65 nm technologies

Technologies

PDP

180 nm

1.82 E-18

65 nm

1.63 E-18

PDP

1.85E-18
1.80E-18
1.75E-18

q 1.70E-18

]

O 1. 655E-18

1.60E-18

1.55E-18

1.50E-18

180 nm

65 nm

m PDP

Fig. 3.23 PDP performance of 2-input OR gate usin§§f80 and 65 nm technologies

Fig. 3.22 depicts the simulation output of 2-in@R gate using VDD = 1.2 V and in

65 nm technology. Table 3.7 shows power and dedmfopnance of 2-input OR gate using
180 and 65 nm technologies and Table 3.8 and32&8 compares PDP performance of 2-
input OR gate using 180 and 65 nm technologies.

3.7 LEAKAGE CURRENT COMPARISON

All the noise tolerant circuit techniques are basadhe principle of increasing the
threshold voltage of transistors in the PDN. Theréase in threshold voltage of NMOS

transistors leads to reduction in sub-thresholétdga current [111]. Sub-threshold leakage

current (Lupty IS the drain to source leakage current when istorsis OFF and is given by

[111].
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—#— Basic Dominc
Footless and
Keeperless

—— Basic Domino
Footless and
Keepered

—é—Basic Domino
Footed and
Keepered

Reference [#7]

=
L]

Leakage Current (uA) (log)

[ =9
W

——Reference [#0]

001

(=]

~&— Proposed
0.1 02 03 04 : Scheme
Inpput Voltage (V)

Fig.3.24 Leakage currents of the analyzed technigeeas a function of input voltage for

16-input OR-gate

1

v
(Ves=Vino—YVs+nVps) -Ds
Loupin, = Ae™T GS—Vtho~VVstNVDs [1 —eVT]
Where
, w —Avge
A= poCox (Vr)?elBe mvr
Lesy
Also

Vi 0= Zero bias Threshold Voltage
V1 = KT/q is the thermal Voltage

n = DIBL coefficient
Cox = Gate oxide Thickness

n0 = Zero bias mobility

m = subthreshold swing coefficient
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Fig.3.24 depicts a semi-log graph where the leakageents at the critical node
(ILeax for the techniques [95] [90] and [112] [113] [11{]15] [116] [117] lpn for the
proposed one) are plotted as a function of the igguet voltage. The graph relates to a 16-
input OR gate and the variable parameters of eaxtintque have been set in order to ensure
the same PDP value. It is worth noting that théed#hce betweendax of the schemes [112]
[113] [114] [115] [116] [117] and\bn Of the proposed technique is larger than one avtler
magnitude. The stacking transistor and the extth fsam the dynamic node to the ground

help in reducing the leakage current.

3.8 KEEPER OPTIMIZATION

We first optimized the feedback keepers such thatkeeper strength for speed is
minimized, when the keeper strength for noise &vlee (that is, the gate noise-tolerant
requirement) is given. Fig.3.1 shows a dynamicdagate with the conventional feedback

keeper.

I-V characteristic of the keeper circuit is verynsiive to the parameters of the
transistors. The |-V characteristic of this simp{eeper is very suitable for the high-

performance keeper application because:
1) The I-V curves do have the folded-back property

2) When proper beta ratio and transistor thresholthge values are chosen, the
folded-back phenomenon can occur in the left hlthe plot. This simulation has been
studied with SPICE simulation.

The impacts of ¥p voltage and transistor sizing on the |-V charaster of the
circuit are shown in Fig.3.25 and Fig.3.26. It sserved that the current peak moves down
when the absolute value of thepp/ voltage is reduced. When the relative size of the
transistors is changed, it is also observed thahdhough the magnitude of the current
changes, the shape of the |-V characteristic resnairgely unchanged. Obviously, a large

WI/L ratio and a low ¥ are preferred in this application.
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Fig.3.25 I-V characteristics of feedback keeper wit different W/L ratio
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Fig.3.26 I-V characteristics of feedback keeper wit different value of Vpp
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3.9 IMPLEMENTATION OF PROPOSED LOGIC IN DIFFERENT LOGIC
FUNCTIONS

- @ 5cheme on paper [#0]

B Basic Domino Footed
and with Keeper
i T

T_ﬁ M Basic Domino Footless

. and with Keeper
|  #Basic Domino Footless

and Keeperless
—_—

1.00E-10 1.00E-08 1.00E-06 1.00E-04 1.00E-02 1.00E+00

Fig.3.27 Graphical representation of power dissipan comparison with different logic

function and proposed scheme

1. X=AB2. X=A+B3. X=ABC4. X=A+B+CX=ABCD6.X=A+B+C+
D7.X=ABC+D8.X=AB+CD

With 1:1 duty ratio of the clock signal, we havdccdated the power dissipated for
our proposed logic. In order to validate the claimpewer saving and faster circuit operation
extensive simulations were performed using a sdbgft as illustrated in Table 3.9 and
Table 3.10. In this comparison the supply voltage .8 V, clock frequency was 500MHz,
load capacitance was 10pf. The results are showimeirgraphical form for easy comparison
in the Fig.3.27 and Fig.3.28. The X-axis of Fig/3shows the power consumption and has

been taken in logarithmic value. As the power camstion of the proposed scheme is least,
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the power consumption bar extends more in the nagdirection. Similarly in Fig.3.28 the
X-axis shows the delay in logarithmic scale. Thastedelay of the proposed circuit spreads
more in the negative direction. This experimentellgsis validates that the proposed logic is

more power saving and fast for other logic function

_—————————
- wscheme on paper [93]

—_— "

i Basic Domino Footed and
with Keeper

# Basic Domino Footless
E% R
% 8 Basc oomino oot

T and Keeperless
1.00E-13 100E-11 100E-09 10DE-O0Y 100E-05 100E-03 1I00E-O01

Fig.3.28 Graphical representation of circuit delaycomparison with different logic

functions and the proposed scheme

1. X=AB2.X=A+B3.X=ABC4. X=A+B€5. X=ABCD6.X=A+B+C+
D7.X=ABC+D8 X=AB+CD
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Table 3.9 Power saving comparison with different Igic functions and the proposed

scheme

Bagic Ba;ic Bas_ic
ocdc, | Foolls | Footess | Fotedand| SEhETmESn) Sehemen) Foposes

and and with with

Keeperless| Keeper Keeper
X=AB 1.50E-06 3.67E-06 2.98E-07 1.35E-05 8.59E-09 8.0 E
X=A+B 2.29E-05 3.29E-05 7.80E-06 5.30E-0b 7.32E-08 3.82E
X=ABC 6.31E-06 8.53E-06 5.79E-07 1.93E-0b 1.42E-08 8.109E
X=A+B+C 1.68E-05 7.56E-05 8.89E-06 5.83E-0p 6.37E-08 5683
X=ABCD 6.56E-06 8.73E-06 6.09E-07 2.04E-0p 1.79E-08 8.YBE
X=A+B+C+D | 1.79E-05 8.03E-05 8.74E-06 5.24E-0p 6.86E-08 5.0 E
X=ABC+D 2.72E-05 5.29E-05 9.30E-06 8.30E-0b 7.81E-08 7.82E
X=AB+CD 3.29E-05 5.19E-05 2.80E-07 1.30E-05 7.82E-09 8.B2E

Table 3.10 Circuit delay with different logic functions and the proposed scheme

Basic Basic
Logic Basic Domino Domino Domino Scheme | Scheme Proposed
funct%ons Footless and Footless | Footed and | on Paper | on Paper Scﬁeme
Keeperless and with with [95] [90]
Keeper Keeper
X=AB 1.21E-11 3.73E-11 1.94E-08 4.28E-08 1.55E{09 1.5%H
X=A+B 3.96E-11 6.86E-11 5.10E-08 1.98E-09 1.95E{09 4.8B6E
X=ABC 5.54E-11 6.79E-11 3.33E-08 7.27E-08 8.92E108 1.BBE|
X=A+B+C 6.56E-10 9.26E-10 8.11E-08 5.22E-09 6.43E109 4.70F
X=ABCD 3.55E-11 3.52E-11 3.39E-08 7.09E-08 5.72E108 0.8BE|
X=A+B+C+D 8.59E-10 9.85E-10 8.81E-08 8.91E-09 9.30E109 6.21F
X=ABC+D 596E-11 7.16E-11 2.50E-08 3.28E-09 5.05E109 8.BBE|
X=AB+CD 1.31E-11 3.99E-11 1.93E-08 4.35E-08 1.81E109 1.02E
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3.10 COMPARISON IN DIFFERENT CORNER PROCESSES

3.10.1 CORNERS

Corners define differences due to process inacmgademperature and other
parameter variations. It is clear that simulatitreg take these differences into consideration
will differ one from another. Corners that descriiferences due to process inaccuracies
(such as doping variations) are supplied with tteeg@ss kit and usually are located in model
library. For example the kit can include corners feast NMOS Fast PMOS, Slow NMOS
Slow PMOS, Fast NMOS Slow PMOS, Slow NMOS Fast PMa@f8l Typical NMOS
Typical PMOS. There is also possibility that comeiill describe I1C’s behavior in different
temperatures and other parameter variations, ssidfymvariations (in this casepp has to
be a variable in schematic). Each corner that bellsimulated can contain one technology
corner, one temperature value and one value foryewther parameter. During corner
simulation all available corners are simulated #ng influence of parameter variations on

IC can be checked.

3.10.1.1 CORNERS ANALYSIS

In a theoretical manufacturing process, procesmi@s can have exact values and
these exact values can be used to calculate the fge the process. However, in a real
manufacturing process, process variables are gebjgo a manufacturing tolerance. They
fluctuate randomly around their ideal values. Tlhenbined random variation for all the

components results in an uncertain yield for tmeuii as a whole.

Corners analysis looks at the performance outcayaeresrated from the most extreme

variations expected in the process, voltage angéeature values (therners).

With this information, we can determine whether tlegcuit performance
specifications can be met, even when the randoroepsovariations combine in their most

unfavorable patterns.

In this corner analysis we have used our the foupdovided library files for Slow-
Slow (SS), Slow-Fast (SF), Typical-Typical (TT), sk&low (FS) and Fast-Fast (FF)

processes.
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3.10.2 PDP ANALYSIS OF THE PROPOSED CIRCUIT BY DIFFERENT CORNER PROCESSES

Fig.3.29 and Table 3.11 demonstrate that, the megaircuit shows the best PDP
performance under differences process inaccuradasperature and other parameter
variations; this was done by corner analysis. Tiopgsed circuit shows best result when it is
compared with the different corner cases. The pegdogic shows nearly same PDP for all
the corner processes. Due to less number of swigdhie deflection of the power and delay

is less with the variation of processes like terapee, voltage and process.

1T FF 55 SF FS

EEI BE-1 GE- |DE 1E-

4.47E BOE- 3 G4E B.97E 5.54E

3.74E-16 G 3.65E-16 7 43E-16 5.43E-
3.29E-165.85E 7.53E166 74 4.26E-167 79 7B5E 166 sop 37BE16 ;o op
4.55E-19 471E-19 3.89E-19 8.62E-19 7.59E-19

# Bzsic Domino Footless and Keeperiess M Basic Domino Footless and with Keeper
# Basic Domino Footed and with Keeper B Scheme on Paper [95]
W Scheme on paper [90] u Proposed Scheme

Fig.3.29 Simulated PDP output of different logic sle compared with the proposed logic

style in different corner Processes (Simulated witR-input OR gate)

Table 3.11 PDP performance of different logic styleompared with the proposed logic

style in different corner processes (Simulated witl2-input OR gate)

P-D-P TT FF Ss SF FS

Basic Domino Footless and Keeperless24E-16| 6.58E-16| 3.65E-16| 7.43E-16| 5.43E-16
Basic Domino Footless with Keeper  3.29E41B.53E-16| 4.26E-16| 7.85E-16| 5.78E-16
Basic Domino Footed and Keepered  5.46E-#738E-17| 3.86E-17| 6.50E-17| 6.21E-17
Scheme on Pap5s] 4.47E-14| 7.60E-14| 3.64E-14| 8.97E-14| 5.94E-14
Scheme on Pap0] 5.85E-17| 6.74E-17| 2.79E-17| 6.59E-17| 3.79E-17
Proposed Logic style 4 55E-191.71E-19| 3.89E-19| 8.62E-19| 7.59E-19
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3.11 STATISTICAL ANALYSIS OF PROPOSED CIRCUIT

The manufacturing variations in components affaet pproduction of any design that
includes them. Statistical analysis permits ugudysthis relationship in detail. In general we
can say that Monte-Carlo simulation is a technigsed to understand the impact of risk in
the system.

Fig.3.30 shows the difference between normal sittamlaand Monte-Carlo simulation
means in normal simulation, we are giving fixed @ypand we are getting fixed output or
power but suppose supply voltage is changed beaHuseme reason then what will be the
output or power that we can analysis by Monte Caintoulation where the shape of each

statistical distribution represents the manufaotytolerances on a device.

3.11.1 WORKING OF MONTE-CARLO SIMULATION

The manufacturing variations in components affeetgroduction yield of any design
that includes them. Statistical analysis allows youstudy this relationship in detail. To
prepare for a statistical analysis, we create agdebat includes devices models that are
assigned statistically varying parameter valuese Shape of each statistical distribution
shows the manufacturing tolerances on a devicewces. During the analysis, the statistical
analysis option performs multiple simulations, wigtach simulation using different
parameters values for the devices based upon #iignas statistical distributions. When the
simulations finish, we may use the data analysasufes of the statistical analysis option to
examine how manufacturing tolerances affect thealveroduction yield of our design. If
necessary then we may switch to different companenichange the design to improve the
yield [12] [13]. Fig.3.30 shows the difference beam normal and Monte Carlo simulation.

NORMAL %,
- POWER=3mW
Vin=0.169V SIMULATION

J

(a) Normal simulation process
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MONTE-CARLO
SIMULATION

(b) Monte-Carlo simulation process

Fig.3.30 Difference between normal simulation and Mnte-Carlo simulation

DESIGN

MODEL FILE

statistics {
process {
vary slv_vt0_ne dist=gauss std=.08

}
mismatch {
vary slv_vt0_ne dist=gauss std=.08

| Y,

Fig. 3.31 Procedure of Monte Carlo on cadence

For Monte Carlo simulation we have to create a @eghat includes devices or

device models that are assigned statistically ngrparameter values.

The statistics block defines how parameters varinduhe analysis. In this case, each

parameter has either a Gaussian or a log-normiibdison with a deviation specified by the
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std. parameters. All the parameters vary when gouariation is specified and four of them

vary when mismatch is specified.

3.11.2 POWER DISSIPATION ANALYSIS BY MONTE-CARLO METHOD

We have simulated the histogram of the power diggip of the proposed domino
logic simulated with 2-input OR-gate and have coragdat with the basic domino logic. The
simulation has been done in cadence spectre usorgeMCarlo method. Fig.3.32 shows the
result of power dissipation using Monte-Carlo siatidn at \bp = 1.8 V and N = 1000 for
basic domino logic. This simulation is having medn = 53uW and standard deviation of

29.57uw.

Fig.3.33 shows the result power dissipation usitugte-Carlo simulation process at
Vpp = 1.8 V and N = 1000 for proposed domino logicisT$imulation is having mean at p =

55nW and standard deviation of 27.33 nW which$s lian the basic domino.

135
120

p=53 uW, 0 =29.57 uyW

1045

90

7h

B0

45

15

; ,_,-,.,I,I, 111l ,I,I.,
10 20 30 40 &0 60 70 g0

Power ( uWatt )

Number of Qutcomes

Fig.3.32 The histogram of power dissipation of basidomino logic simulated with 2-
input OR-gate and 1.8 V for N = 1000
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p=55nW,0=27.33 nW

Number of Outcomes

Fig.3.33 The histogram of power dissipation of propsed domino logic simulated with 2-
input OR-gate and 1.8 V for N = 1000

The statistical distribution of histograms consteacfor the basic domino shows a
more spreaded output, whereas the statisticalmlisitvn of histograms constructed with the
simulation of the proposed circuit gives a sharyefarm. This proves the stability of the
circuit for a wide range of parameter values. Thrappened due to the reduction of noise in
the circuit. This is because; the presence of ndiseirbs the stability of the circuit with a
small change in any parameter. For the basic domth@dighest number of outcomes is 127
where in the proposed logic the highest numbeuttame is 244, which is around double of

the basic domino.
3.11.3 DELAY ANALYSIS BY MONTE-CARLO METHOD

We have simulated the histogram of the delay optioposed domino logic simulated
with 2-input OR-gate and compared it with the bakimino logic. The simulation has been
done in cadence spectre using Monte-Carlo methad3.B4 shows the result of power
dissipation using Monte-Carlo simulation agpvV= 1.8 V and N = 1000 for basic domino
logic. Fig.3.35 shows the result power dissipatisimg Monte-Carlo simulation process at

Vpp = 8 and N = 1000.
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u=38.5ns,0=35.30ns

5

2 5 575 65 725
Delay in ns

i
£
s

Fig.3.34 The histogram of delay of basic domino lagsimulated with 2-input OR-gate

300 7
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240

jcorﬂles

[==]
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Number of Ou

and 1.8 V for N = 1000

n=17ns,0=12.54 ns

25 6 145 10 125 16 1756 2 225 25 2TS5 W 325 35 3NS5 40 425 45 ARG 50 S0+

Delay in ns

Fig.3.35 The histogram of delay of proposed dominlegic simulated with 2-input OR-

gate and 1.8 V for N = 1000
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Like the power dissipation output, the statistitigtribution of histograms constructed
for the basic domino shows a spreaded output, \aketbe statistical distribution of
histograms constructed with the simulation of theppsed circuit gives a sharp waveform.
This proves the stability of the circuit for a widenge of parameter values. This happened
due to the reduction in switching of the circuittire output node. Due to the minimization of
switching the time of simulation decreases. Reduadt switching also decreases the noise of
the proposed circuit. The highest number of outcoioe the basic domino is 107 where in
the proposed logic the highest number of outcon&8@s which is 161% more from the basic
domino. The output of basic domino is having meian & 38.5 ns and standard deviation of
35.30 ns. The output of proposed domino is haviegmat 4 = 17 ns and standard deviation
of 12.54 ns.

3.11.4 POWER DISSIPATION VS. DELAY WITH MONTE-CARLO SIMULATION

BASIC DOMINO FOOTLESS BASIC DOMINGO FOOTLESS
AND KEEPERILESS AND KEEPERED
51 =
e
Q" e
T
I s
] 2 4 4
1
34567 8 9101112 34567 8 9101112
ower muw Power m uW
BASIC DOMINO FOOTED
AND KEEPERED PROPOSED DOMING LOGIC
51 51
4 4 4 4 4
B A
=] .H
37 g3
o b v b
a2 2 R
14 }
56 7 8 21011121314 123 4586 7 8910
Power in uW Power in uW

Fig.3.36 The scattered output of power dissipatioN's. Delay for basic domino logics

and proposed domino logic simulated with 2- input ® - gate and 1.8 V for N = 10000
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Fig.3.36 shows the scattered output of power diggip vs delay for basic domino
logics and proposed domino logic. This simulatioasvdone using 2 — input OR gate as a
vehicle. All these circuits were simulated in sa@neironment at a temperature ofZ7, 1.8
V 500 MHz frequency and N = 10000.

The output has power in X — axis and delay in Ykis avith number of runs = 10000.
It can be observed from the output that in propasenlit the deviation of the output is less
as for 10000 numbers of simulations. The outputntsoiof the proposed circuit are
concentrated at a place, which results towardst grerdiormance of the circuit. On the other

hand, the output of the basic circuits gives ateoad output.

3.12 SEQUENTIAL CIRCUIT IMPLEMENTATION USING PROPOSED LOGIC
3.12.1 BASIC CMOS FLIP-FLOP

The node X is precharged tg,y when Clk = 0. The cascaded inverter generates a
very narrow pulse at every rising edge of the D = 1, then node X discharge through
series connected of three transistors driving @. 6 D remains 1, node X will be discharged
at every rising edge of the Clk. This leads to dargwitching power. When D=0, node X
remains at 1 driving Q to 0. Fig.3.37 depicts theib CMOS flip-flip [118].

VDD

VDD

- E\'[P 1 ,_q MP2
Tom X

I>So >0 >0+ | Do ?

D —{ MN2 ——[ MN

LA

<

CLK ND

|| MN3

I~
Y
GIND

Fig.3.37 Basic dynamic FF [118]
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Fig.3.38 SDER FF [119]

Vpp

MP;_Pp—

d[_MP;

QB

Y
Y

Clk M,

GND

Fig.3.39 SCCER FF [119]
3.12.2 SDER FLIP-FLOP

The input data (D) and its inverted output (DB) leggbto MN;, MN3 respectively.
The clock signal (Clk) and its inverted output (B)kgenerates an implicit conducting pulse
at every rising edge of Clk. Clk and CIkB appliedMN2, MN4 and MN,, MN3 respectively.
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At rising edge of CIlk all these transistor startnaucting for a short duration of time
determined by delay of inverter and allows D & DBréach at RESET & SET node. Q and
QB retain the previous values till the next risedpe of Clk. This flip-flop is called as static
because SET and RESET nodes retains the state @iptilop without being precharged. If
the input data remains idle no internal switchinguws at SET and RESET node results in
low power consumption at low data switching acyivitig.3.38 depicts the SDER flip-flop
[119].

3.12.3 SCCER FLIP-FLOP

A weak pull up transistor MHs used to charge the node X tgpV The clock signals
(CIk) and its inverted output (CIkB) generates aplicit conducting pulse at every rising
edge of Clk allowing MN& MN ; to conduct. MN controlled by QB provides a conditional
discharging path for node X. Since Mbbntrolled by QB, no discharge occurs at node X as
long as D remains HIGH, results in low power congtiom. The worst case, timing of this
design occurs if D=1 and node X discharges thrdaghtransistors connected in series. This
requires a wider MM MN , for proper discharging of node X. Fig.3.39 shotws SCCER
flip-flop [119].

3.12.4 PROPOSED FF
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Fig.3.40 Proposed FF
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The proposed FF uses the proposed logic of thisighes depicted in Fig.3.40. It
modifies the basic FF in the way that describedhis thesis. The proposed FF has a
precharge PMOS MP a keeper PMOS MP NMOS MN; inputs the delayed clock and
NMOS MN; inputs D. MR and MN; input the CIk, where MMacts as the stack transistor.
At the evaluation phase, when the PDN is conductihthat time M stops the free discharge
of dynamic node voltage to evaluate logic 0 atdiieamic node. To compansate that MN
makes a charge discharge path. Here;Main acts as a stack for tH¥ gath to maintain
the dynamic node. Hence circuit becomes extra noisest and reduces the leakage power
consumption. This can be increased by widening Nt (high W/L) to make it more

conducting.

M1 should be grounded according to the basic citegitnique has connected to the
N_FOOT in the proposed flip-flop. By doing thisetieontinuous switching activity of the
N_FOOT does not pass to the output node. This esdtiee power consumption and noise of
the circuit. As the output does not switch manyetirthe circuit delay also becomes less and

circuit gets fast.

When CIlk=0, the node X or the dynamic node is getcharged to M. The
cascaded inverter, which inputs to Ndenerates a very narrow pulse at every rising edg
the CIk.

When D=1, then node X i.e. The dynamic node diggh#inrough series connected of
three transistors Mjl MN, and MN; driving X to 0 and output node i.e. Q to 1. If Dnains
1, node X will be discharged at every rising edg¢he CIk. This leads to larger switching

power.

When D=0, node X remains at 1 driving Q to 0. Thesaditions satisfy the

conditions of D-FF.

3.12.5 SIMULATION RESULT FOR PROPOSED FF

All the flip-flops were designed using UMC 180 nmogess technology using 1.8 V
supply voltage. The designs were simulated at géeature of 27 centigrade and clock
frequency of 500 MHz. A load capacitance of 30 feswused for all outputs. Fig.3.41
illustrates the timing definitions for the flip-ibs. Delay was measured with 50% of the

signal transitions. Setup time is defined as theetirom when data becomes stable to the
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rising transition of the clock. Hold time is defthas the time from the rising transition of the
clock to the earliest time that data may changer dféing sample. Setup and hold times are
measured with reference to the 50% of rising ttasiof the clock. Table 3.12 and Fig.3.42

compare the power, delay and PDP of all the FFs.
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Fig.3.41 Proposed FF output illustrating timing deinitions

3.12.6 SIMULATION RESULTS AND COMPARISON OF PROPOSED FF WITH OTHER FFS

The proposed flip-flop was compared with the otfligrflops. An ideal clock was
used for individual flip-flop simulations. Fig.3.48picts the CIk-Q (clock-to-output) delay
versus setup time for all the flip-flops and Fig8shows D-Q (data-to-output) delay versus
setup time for all the flip-flops. It can be clgadeen that the delay outputs of the previous
proposed flip-flops were much more than that ofghgposed flip-flop. These outputs give a

clear illustration of the behavior of the propo$igaflops in the minimum delay region.
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Fig.3.42 Power, delay and PDP comparison of all FFs
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Table 3.12 Power, delay and PDP comparison of ahe flip-flops

PARAMETERS| POWER (W)| DELAY (S) | POWER_DELAY PRODUCT|
BASIC FF 1.37E-06 1.18E-10 1.6166E-16
SDER FF 2.93E-06 1.13E-10 3.3109E-16
SCCER FF 2.84E-06 8.69E-11 2.468E-16

PROPOSED FH 2.60E-06 1.67E-11 4.342E-17

For any flip-flop, there is a specific setup timéigh results in a minimum D-Q

delay. This optimum setup time is used in this pdpethe comparison of setup time. As

shown in the graph of Fig.3.43 the Clk-Q delay Imees independent of setup time for more

setup times. The proposed flip-flop has lowest Qlklelay and D-Q delay in comparison to

all the previous proposed flip-flops. Among all etHlip-flops SCCER FF has lowest D-Q
delay and SDER has lowest Clk-Q delay.

Fig.3.45 shows the power as a function of datackuvig activity for all the flip-flops.

Proposed FF has lowest power consumption for daii@lsng activity less than 50%. For

more than 50 % of data switching activity basicdeRsumes lowest power. This is due to the

fact that at higher switching activity there isead opportunity of energy saving.
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Fig.3.43 Clk-Q Delay Vs Setup Time
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Fig.3.45 Power Vs Data Switching Activity at 50 MHz
3.13 CONCLUSION

In this chapter we have presented a new domine Istgie and analysed this logic in
various ways. This logic style is simulated and paned with the basic domino logic styles
and also some previous proposed logic styles.m&llibgics were simulated and compared in

the same environment and found that the performahdee proposed logic is very good as
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compared to other logic styles. As previously désad, it becomes harder to use dynamic
logic as technology because of its noise. This @sed logic style increases the speed and
reduces the power consumption of the circuit duitsttess switching activity at the output.
This virtual domino logic style also show advantagehen implemented in different
arithmetic circuits and also in sequential logicgits. This proposed domino logic style is an
ideal technology to reduce noise which has beaudged in the next chapter.
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Chapter 4

NOISE ANALYSIS

4.1 INTRODUCTION

Noise is unwanted electrical or electromagneticrgynehat degrades the quality of
signals and data. Noise occurs in digital and anagstems, and can affect files and

communications of all types, including text, prags images, audio, and telemetry. [120]

Noise in a dynamic logic is defined as a pulselictgthat appears at the inputs of
dynamic gates. In CMOS dynamic logic the dynamidengets charged at the precharge
phase. Noise pulse discharges the dynamic node riedhg [84]. Continuous scaling in
CMOS technology and increase in circuit compleribyv a days are making the role of noise
in digital circuits more important [70] [121] [9884] [12] [122] [123] [112] [17]. The main

reason for its importance is,

1. Scaling of threshold voltages
2. Increasing interconnect densities

3. High frequency of operation

Noise is used to describe a phenomenon that resltege at non switching node to
diverge from its nominal value [121]. Noise has & been a major issue for all analog
circuits. The reason behind the popularity of digitystems as compared to analog system is
the noise immunity in digital circuits. In the pregs of advanced VLSI technology, noise
tolerance in CMOS digital dynamic circuits is bedogna major issue. Additionally, with the
continuous scaling of CMOS technologies, signatgnty and noise issues have become a

metric of equivalent importance to power, perforceand area. Static CMOS circuits can

Page | 98



ocse Aualyscs

achieve highest noise margin because at steady atityput nodes are always connected to
either \bp or GND, but this is not possible in dynamic citsudue to possibilities of floating
nodes, which makes dynamic circuit more susceptibleoise. If a dynamic node stores its
value relatively for a long time, noise current adischarge the capacitor responsible for
holding logic level at dynamic node leading to ftiocal failure. Therefore, analysis of effect

of noise in dynamic circuits is very important.

4.2 SOURCES OF NOISE IN DOMINO CMOS LOGIC CIRCUITS

In CMOS dynamic logic circuits sources of noise dsnclassified broadly into 2

basic categories:

4.2.1 INTERNAL GATE NOISES

Charge sharing noise -Charge sharing noise is produced by the redistabubf
charge among the dynamic node and internal noddsegfull-down network. Redistribution
of charge causes the reduction of the voltage |&\u@k reduction in voltage at the dynamic

node causes change in output logic of the circuit

Leakage noise -Charge loss due to subthreshold leakage curretiteirevaluation
phase is referred as leakage noise. The exporigrdfathe circuit with respect to threshold
voltage of transistor increases, which is consyasthled-down as thepy decreases. Thus,
leakage in transistors proves to be a very bigcgoof noise in wide CMOS dynamic logic

gates.

4.2.2 EXTERNAL NOISES

Input noise- Input noise is the noise, which is present atitipeits of a logic gate.
These are produced by coupling effect of the logites. This noise is also known as
crosstalk. This type of noise proved to be thel gtarce of failure for deep submicron VLSI

circuits.

Power noise and ground noiseParasitic resistance and inductance are presdiméin
power and ground network of the chip package. Pphiasitic resistance and inductance are
the cause of the power and ground noise. The @dtgage also contains chip pins. Presence
of chip pins in the chip package increases the pamel ground noise. This power and
ground voltage mismatch between a driver gate aneceiver gate get translated to a dc

noise at the input.
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Substrate noise-The signal integrity of a logic gate through sudittrcoupling in a
circuit can be affected by substrate noise. Alsisenin the substrate can lower the threshold
voltage of the transistors in the PDN as threskolthge of the transistor is a function of the

substrate voltage.

Besides all these types of noises, alpha partadgation can be dangerous for the

correct functioning of very deep submicron CMOS dwrlogic circuits.

4.3 OR GATE IMPLEMENTATION IN PROPOSED DOMINO LOGIC

VDD VDD —_—

PRECHARGE KEEPER VDD
TRANSISTOR
CLK :| " Mo
_(j M7
DYNAMIC
NODE
OUTPUT

T =

N_FOOT I s
I
CLK
___--4 M4
GND M
GND

\Y

Fig.4.1 Novel 2-input OR gate designed with the ppsed domino logic
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4.3.1 DESCRIPTION

In the CMOS domino logic style, worst case scenarises with OR gate, as there is
no stacking transistor in the PDN designed withdbeventional domino logic. Hereby, the
novel OR gate is designed using the proposed liogkig.4.1. The PDN comprises of two
NMOS transistors supplied with the inputs; IBind IN respectively and are connected in
parallel resulting in an OR gate. This circuit iwhole comprises of a precharge transistor
M, an evaluation network connected in parallel eatihg two input OR, a keeper transistor

M., footer transistors B M4 and Ms and a inverter comprising dnd M.

In the precharge phase, when the clock is at LOMhat time pre-charging PMOS
M; gets ON (starts conducting) and the dynamic nedeonnected to the p¢ and gets
precharged to M. At the rising edge of clock i.e. in the evaluatiphase, M gets OFF
(stops conducting) and the dynamic node gets eteduaith the pull-down network. While
evaluating an OR gate, the dynamic node conditiprgts discharged ie. if any one of the
input is at logic 1. At the evaluation period whahthe inputs are at logic 0, the dynamic
node becomes at logic 1. But due to the subthrdslealkkage, NMOS pull-down network
leaks the charge stored at the dynamic node capaeit This leakage is again compensated
by the PMOS keeper transistor,Mvhich aims to restore the voltage of the dynanude.
When a noise voltage impulse occurs at gate inpatkeeper may not be able to restore the
voltage level of the dynamic node. To stop thatfdwers M, M4, and M; are connected. M
acts as stack transistor. At the evaluation phdsenwhe PDN is at logic 1, at that timg M
stops the free discharge of dynamic node voltagevéduate logic O at the dynamic node. To
compansate that dmakes a charge discharge path. Hegealyhin acts as a stack for tHé 2

path to maintain the dynamic node.

To measure the robustness of the circuit, in treduation phase similar noise pulses
were applied to every input and the noise ampliaidde output was measured as depicted in
Fig.4.3. In this type of measurement, the amplitefiehe output noise is observed for
different amplitudes of the input noise keeping dineation of the input noise pulse constant.
The noise pulse duration was kept at 30 ps (whschhe typical gate delay of 180-nm
technology). In this section, we have used two enggerformance matrices UNG (Unity
Noise Gain) and ANTE (Average Noise Threshold Eyerg pulse of noise have been used

to simulate cross-talk noise at the input. Theatife noise of a circuit depends on both the
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duration and amplitude of the input noise. Here,hage changed the input noise level by

changing the amplitude of the noise pulse.

4.4 NOISE TOLERANCE PERFORMANCE

Noise tolerance performance of the circuit can beasared in two ways for the

proposed circuit.

1. UNG (Unity Noise Gain)
2. ANTE (Average Noise Threshold Energy)

For measuring UNG and ANTE for the proposed citdinst we have to add a noise
injection circuit (NIC) to the circuit to inject is®. This will let to find out the unity noise
gain (UNG) and average noise threshold energy (ANAiel compare the same with other

circuits.

4.4.1 NOISE INJECTION CIRCUIT (NIC)

Error Free

cid
S 9

57

Fig.4.2 (a) Noise immunity curve [124] (b) NIC [87]

For finding the noise immunity of domino CMOS ciitsunoise pulses are inserted to
the input of the circuits. Generally NIC circuit?[] is used to inject noise pulses of desired
amplitude () and width () at the input of various logic gates as shown in4=2 (b).
NIC are distributed throughout the chip to injecise pulses. The NIC circuit is issued to
create a glitch at the output of the given cirtitchanging its inputs in time. The noise pulse

of desired width () produced by NIC is controlled byc\and the amplitude of noise pulse
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(Vn) is controlled by the supply voltage of final imiexr Vpp . SO by varying ¥ and \bpn

various amount of noise can be injected at thetinplogic gates.

4.5 UNITY NOISE GAIN (UNG)

1 Jlem— S e s it artom ook eumimeiad
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Z400m ;
e :
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Fig.4.3 UNG-delay curves for domino 2-input OR gate

Unity noise gain is a method of leakage measuremktite circuit. To measure the
robustness of the circuit, in the evaluation phsieglar noise pulses were applied to every
input of OR gate and amplitude of the noise atdb#put of the OR gates was measured as
shown in Fig.4.3. Here, the amplitude of the outpaise is detected for different amplitudes
of the input noise keeping the width of the inpuise pulse constant. The noise pulse
duration was kept at 30 ps (which is the typicaegadelay of 180-nm technology). Unity
noise gain (UNG) is defined as the amplitude of itiut noise which can cause the same
amplitude of noise at the output [102]. A pulseseohave been used to simulate cross-talk
noise at the input. The effective noise of a cirdeippends on both the duration and amplitude

of the input noise. Here, we have changed the inpise level by changing the amplitude of

the noise pulse.

UNG = {Vnoise Vioise= Vout}
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Fig.4.4 shows UNG histogram for all the dynamic @é&es, where the UNG of the
OR gate designed with proposed logic was compairiéd ttve UNG of OR gate designed
with the other basic styles simulated in the samérenment. Table 4.1 figures out the same
UNG comparison where UNG is normalizes to 1 V. phaposed logic shows considerably
higher noise tolerance when compared with the bdsmino logic, keepered and footed
domino logic gates. In higher fan-in gates, there ihigh UNG degradation. As the fan-in
increases the UNG falls down. The proposed domivesga better UNG performance
because of its less number of switching at the wutphe degradation slope of proposed
circuit is very less as compared to other standardino logic gate. This happens because
there is a voltage drop through the footer transssivk, M4 of the proposed circuit method as
shown in Fig.4.1. Voltage drop in the footer tratmi increases the gate switching voltage
for this circuit. This gate switching voltage inases the noise immunity of the circuit. So,

the circuit also possesses noise immunity in haghih.

Table 4.2 presents the UNG ratio for different fan-in of @ftes under the same
Condition. In that table it can be seen that, tbe technique beats all the previous proposed
schemes. As compared to reference [90], whichasbist competitor, the unity noise gain

achieves at least 10% higher.

Table 4.1 UNG of the proposed domino logic comparet other basic domino logic

styles under Same Delay (UNG Numbers Normalized 6 = 1V)

Number of Basic Domino Basic Domino | Basic Domino Pronosed
) Footless and Footless and Footed and P
fan-in ; . Scheme
Keeperless with Keeper with Keeper
2 390 436 567 856
4 372 409 530 851
8 347 376 493 849
16 310 332 448 842
32 285 301 426 840
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Fig.4.4 UNG comparison in case of different fan-ifior wide dynamic OR gates

Table 4.2 UNG ratio for Different fan-in of OR gates under the same Condition

UNG Comparison | UNG Ratio
Fan-in 2
proposed/Basic Domino Footless and Keeperless 856/390 2.19/1
proposed/Basic Domino Footless and with Keeper 856/436 1.96/1
proposed/Basic Domino Footed and with Keeper 856/567 1.50/1
proposed/Scheme on PapgB5] 856/660 1.29/1
proposed/Scheme on PapgP0] 856/766 1.11/1
UNG Comparison | UNG Ratio
Fan-in 4
proposed/ Basic Domino Footless and Keeperless 851/372 2.28/1
proposed/Basic Domino Footless and with Keeper 851/409 2.08/1
proposed/Basic Domino Footed and with Keeper 851/530 1.60/1
proposed/Scheme on PapgB5] 851/667 1.27/1
proposed/Scheme on Papg@0] 851/771 1.10/1
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UNG Comparison | UNG Ratio
Fan-in 8
proposed/ Basic Domino Footless and Keeperless 849/347 2.44/1
proposed/Basic Domino Footless and with Keeper 849/376 2.25/1
proposed/Basic Domino Footed and with Keeper 849/493 1.72/1
proposed/Scheme on PapgP5] 849/650 1.30/1
proposed/Scheme on PapdP0] 849/758 1.12/1
UNG Comparison | UNG Ratio
Fan-in 16
proposed/ Basic Domino Footless and Keeperless 842/310 2.71/1
proposed/Basic Domino Footless and with Keeper 842/321 2.62/1
proposed/Basic Domino Footed and with Keeper 842/448 1.87/1
proposed/Scheme on PapgP5] 842/640 1.31/1
proposed/Scheme on PapgP0] 842/741 1.13/1
UNG Comparison | UNG Ratio
Fan-in 32
proposed/ Basic Domino Footless and Keeperless 840/285 2.94/1
proposed/Basic Domino Footless and with Keeper 840/301 2.79/1
proposed/Basic Domino Footed and with Keeper 840/426 1.97/1
proposed/Scheme on PapgB5] 840/633 1.26/1
proposed/Scheme on PapdP0] 840/725 1.15/1
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4.5.1 UNG COMPARISON UNDER DIFFERENT CORNER PROCESSES

Table 4.3 UNG ratio for Different fan-in of OR gates under the same Condition

UNG Comparison | UNG Ratio
TT 250°C
proposed/ Basic Domino Footless and Keeperless 850/392 2.16/1
proposed/Basic Domino Footless and with Keeper 850/432 1.96/1
proposed/Basic Domino Footed and with Keeper 850/565 1.50/1
proposed/Scheme on PapgP5] 850/664 1.28/1
proposed/Scheme on PapgP0] 850/763 1.11/1
UNG Comparison | UNG Ratio
ss128c
proposed/ Basic Domino Footless and Keeperless 841/370 2.27/1
proposed/Basic Domino Footless and with Keeper 841/403 2.08/1
proposed/Basic Domino Footed and with Keeper 841/525 1.60/1
proposed/Scheme on PapgP5] 841/655 1.28/1
proposed/Scheme on PapdP0] 841/738 1.13/1
UNG Comparison | UNG Ratio
FF 55 C
proposed/ Basic Domino Footless and Keeperless 830/333 2.49/1
proposed/Basic Domino Footless and with Keeper 830/356 2.33/1
proposed/Basic Domino Footed and with Keeper 830/478 1.73/1
proposed/Scheme on PapgB5] 830/643 1.29/1
proposed/Scheme on PapdP0] 830/736 1.12/1
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Table 4.3 shows the ratio of UNG for different carcases under the same condition.
Three cases have been shown in this table i.ecdlypipical (TT), slow-slow (SS), fast-fast
(FF). This table shows that the proposed logicaigiig better noise tolerance than the basic
circuit techniques and the scheme proposed in &6l [90]. If we will compare it with
reference [90], which is the best competitor, théyunoise gain achieves at least 10-13 %

higher.

4.5.2 UNG COMPARISON AGAINST PDP

Fig.4.5 depicts the simulation results found for ®ldgainst PDP for OR gates with
different number of inputs. For all the technigués, unity noise gain was measured in UMC
180 nm technology and a temperature df 7by using the procedure explained above. All
the inputs IN—-IN15 were driven by noise pulses. These noise pulse&ndo the circuit were

with the varying amplitude and same duration.

The amplitude of input noise pulse was graduallsiechand watched, till a noise
waveform with the same amplitude of the noise isgatind at the output. In the evaluation
phase of CLK, when the CLK is high at that timetegdelay was measured, 0 to 1 transition
of one of the input IN and putting all the other inputs 4N low. Lastly, the PDP was
measured in the worst-cases. Power delay produstmemasured after measuring the power
dissipation and delay of the circuit. The UNG agaithe PDP for all the techniques and with
different number fan-in were plotted as shown im.45. As depicted in Fig.4.5, the
proposed scheme reaches the highest values of \i@& Whereas the basic keeperless and
footless domino techniques are at lowest placeh \Wispect to basic keeperless and footless
domino technique, the proposed domino circuit teqiraises the UNG up to 45%.

The schemes of [90] and [95] achieve the best vatueity noise gain (UNG) after
the proposed scheme. Still, the new scheme alsewashthe lowest PDP with such a high
UNG. With respect to the basic scheme, schemed88][90] proposed scheme has higher
UNG. In addition, the proposed scheme achieves PIBP84 and 53% lower respectively. In
this section, the proposed circuit technique hanlmmpared with all the other techniques.
The simulations results confirm that, the propostedctures achieve the best UNG-PDP.
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Fig.4.5 UNG Vs. PDP for all the techniques with dferent number of fan-in

4.6 AVERAGE NOISE THRESHOLD ENERGY (ANTE)

The ANTE metric is the Average Noise Threshold EgeAverage noise threshold

energy is defined as the average input noise erth@ythe circuit can tolerate [84]. The

energy of the pulse is defined as the energy egutile energy dissipated in all resistor

subjected to a voltage waveform with amplitude aaath.
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Fig.4.6 Plot for Noise Voltage Vs Noise Pulse Widtlor 2-input OR gate with Vpp=1 for

different domino logic along with the proposed schmae
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Fig.4.7 Plot for calculated ANTE Vs Noise Pulse With for 2-input OR gate with Vpp=1

for different domino logic along with the proposedscheme

ANTE = (1/K) Y. V3T

Where K is number of observations
V is pulse amplitude

T is pulse width

Fig.4.6 and Fig.4.7 show the resulting noise imrtyuaurve for the 2-input OR gate
designed with the proposed domino logic circuit andhpared with the 2-input OR gate of
basic domino logic technique, keepered and footewshinio techniques along with some
recently proposed domino logic style. This was satad in 500 MHz CIk frequency using
UMC 180 nm technology at a room temperature df @&htigrade using cadence specter.
Fig.4.6 shows the plot for noise voltage againssexulse width for 2-input OR gate with
Vpp=1 for different domino logic along with the progasscheme. Here, X-axis shows the
pulse width of the noise input and Y-axis shows #mplitude of the noise pulse. To
calculate the noise immunity of the circuit, anye@f the inputs of the 2-input OR gate was
given zero input value, while the other input wppleed to a noise pulse. The pulse width of
noise was kept fixed and the amplitude of noise wa&seased until output logic state
changes. Therefore, we got the maximum noise amdgljtwhich the circuit can bear at a
particular noise pulse width. Same procedure wasated with different pulse widths till the
noise immunity curve was constructed. Fig.4.7 Riotalculated ANTE vs noise pulse width
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for 2-input OR gate with ¥ = 1 for different domino logic along with the prasal scheme.

The basic footed domino with keeper performs béktan the proposed logic in this race upto
0.5 ns of input noise pulse width. However, it dpesforms good for input noise pulses over
0.5 ns. Over 0.5 ns of input noise pulse the pregdsgic outperforms the basic footed

domino logic in ANTE metric.

4.6.1 AVERAGE NOISE THRESHOLD ENERGY NOISE REJECTION CURVES

Domino CMOS Logic gates act as low pass filterse @iiinamic noise rejection curve
is defined as the locus of the combination of atagé of noise input and duration of noise
input, which can cause a gate to switch. If ang drthe duration and amplitude combination
of the noise lies above the dynamic noise rejeatione then the input noise causes failure of
the circuit. In Fig.4.8, depicts the dynamic noisgection curves of proposed circuit with
different number of fan-in. This curve shows noisemunity. This curve when fan-in

increases, noise margin decreases in this circuit.
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Fig.4.8 The dynamic noise rejection curves of proged circuit with different fan-in

4.7 CONCLUSION

In this chapter, noise tolerance of the circuitsswaeasured in two ways for the
proposed circuit. 1. UNG (Unity Noise Gain) and ANTE (Average Noise Threshold
Energy). For measuring UNG and ANTE for the proplosiecuit, first we have to add a noise

injection circuit (NIC) to inject noise. This lesuo find out the unity noise gain (UNG) and
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average noise threshold energy (ANTE) and comperesame with other circuits. The noise
tolerance of the proposed circuit when comparedh whe same of other proposed circuits
was found to be 80 % to 90 % more noise toleraam the other basic circuits and the two
reference circuits simulated under same environnmeftNG matric. When compared with
reference [90], which is the best one, the UNGheaat least 10-13 % higher. The proposed
scheme reaches PDPs 53, 64 and 73% lower when ocednpéth the basic scheme, scheme
[95] and [90] respectively. When compared in thewiof ANTE metric, ANTE metric also
proved the proposed logic to be very much noiseraot when compared to all other
reference techniques. Simulation results of thisptér confirm that the proposed structure
achieves a great level of performance on noisedaote. The new technique outperforms all
the other schemes in noise tolerance performarinesrder to demonstrate performance

improvement of the proposed logic, few applicatibase been presented in the next chapter.
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Chapter 5

APPLICATIONS OF PROPOSED DOMINO LOGIC

In this chapter, in order to prove the significanck proposed logic, several
applications like adder and comparator are consdleThese adder and comparator are

simulated in UMC 180 nm technology and comparetthéar basic counterpart.

5.1 ADDERS

Full adders are the basic elements of complex ragtlt circuits such as adders,
multipliers, dividers, exponent circuits, etc. [1R6]. Thus, enhancement of the full adder
circuit results to the performance upgrading of émire system performances [95] [90].
Thus researchers from all over world are now waglan full adder circuits to make it faster

with smaller area and consuming lesser power [1228] [129].

A full adder circuit adds binary numbers and acd¢sdar values carried in. A single
bit full adder operates on single-bit numbers ashdsahem. This is generally written as A, B,
and G,. A and B are are operands of the addition operati@y, bit is carried out in from
consequent less significant stage. The circuit pced a double-bit output, carryout and sum

typically represented by the signals,&nd S,
where,

S = AGBDHCi,
Cout=AB + AC, + BGp

Complex arithmetic functions like multiplicationylstraction, addition, and division

functions generally can be realized with multiptiders. Also all digital signal processing

Page | 114



Applications Of Proposed Domino Logic

units, microprocessors and encryption units hawderdircuits in their core. Therefore,
inefficient adder performance disturbs the arithmsystem entirely. Several CMOS adders
have been proposed by researchers in the past f@aireproving either power, delay or
noise performance [130] [122] [123]. In additiontb@t, numerous comparative studies have
been done for analyzing which adder design providebest performance when applied on
an integrated circuits [9] [95] [131] [1] [132] [BB[134] [127] [128].

5.2 PREVIOUS PROPOSED ADDERS

The selection of a logic style is inclined to sofaetors specifically circuit speed,
power dissipation, layout efficiency, noise toleranavailable supply voltage, area and
process technology etc. Though dynamic circuitsoden used for implementation of high
speed logic circuits, yet there is fear of highkbege currents and a lot of power dissipation
because of the presence of global clocking in@uitirOn the other hand, static logic style is
voluminous and slow in operation. So in last someades researchers have worked on adder
circuits for improving either power, delay or nojserformance. Here in this section, we are

listing some of the past proposed adder structures.

5.2.1 CONVENTIONAL STATIC CMOS FULL ADDER CELL
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b e

e A IS e e ] 75 s
i
O ST — s gl P
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. . i R b - 1”: Carry
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Fig.5.1 Conventional static logic full adder circui (CSL) [134]

The conventional static CMOS full adder circuit 413s depicted in Fig.5.1. Full

adder designed with this logic style requires 2Bidistors. This logic style is based on both
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NMOS and PMOS logic style. Any logic gate designiedthis method contains two
complementary logic networks. One is combination RWIOS devices and the other
combination of NMOS devices for creating pull updgoull down network. This design

guarantees output node swings betwégn and ground, so that static power dissipated in the
circuit is negligible.

A schematic of conventional static logic is depicia Fig.5.1. Static CMOS logic
represents a traditional logic family well-knowrr feimplicity in design style, robustness,
low power, and good noise margins. An adder desigh this logic uses 28 transistors,
which represents the static CMOS design.

5.2.2 CONVENTIONAL DYNAMIC FULL ADDER CELL

The conventional dynamic full adder circuit is d#pd in [29]. Full adder designed
with this logic style requires 16 numbers of tratwis, which is designed with CMOS logic
style as depicted in Fig.5.2. Dynamic adder altfohgving higher speed and small in size,
yet performance of domino logic comes at the cbsioaver, robustness, and design effort.

Domino logic consumes more power because of theased number of transitions at the
output node.
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Fig.5.2 Conventional dynamic logic full adder circut (CDL) [29]

Page | 116



Applications Of Proposed Domino Logic

5.2.3 COMPLEMENTARY PASS-TRANSISTOR LOGIC (CPL) FULL ADDER CELL

The complementary pass-transistor logic (CPL) &lter has been described in [1].
Full adder designed with this logic style requiB&stransistors. The design is based on the
complementary pass-transistor logic as shown in5R3g CPL adder provides full swing of
operation, high operational speed and best drigagabilities because of the presence of
static inverters and a very fast differential sta§®MOS transistors. However, owing to the

presence of static inverters and internal nodesetls huge power dissipation.
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Fig.5.3 Complementary passtransistor logic (CPL) [IL

5.2.4 TRANSMISSION-GATES CMOS (TGCMOS) FULL ADDER CELL

Transmission-gates CMOS (TGCMOS) full adder cirgsiilescribed in [127]. Full

adder designed with this logic style requires 2@distors. The design contains transmission
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gates as depicted in Fig.5.4. This circuit usesstrassion gates in which PMOS and NMOS
are in parallel and are controlled by complementgignals. Parallel PMOS and NMOS
transistors are ON or OFF at the same time. The BM®itch gives a good zero but a weak
1. The PMOS switch gives a good one but a weak@.main drawback of these TGCMOS
is that their deficiency in driving capability. Whdransmission gate adders are cascaded,

their performance reduces considerably.
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Fig.5.4 Transmission gate CMOS full adder circuit TGCMOS) [127]

5.2.5 14 TRANSISTORS (14T) ADDER CELL
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Fig.5.5 14 Transistor CMOS full adder circuit (14TQVOS) [128]
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14T adder cell is a low power implementation of fiad adder cell. Full adder
designed with this logic style requires 14 tramsst(14T) [128]. 14T full adder contains
transmission gates and XOR gates designed for tamepconsumption as shown in Fig.5.5.
14T full adder cell is designed using transmisgjates and low power XOR/XNOR gates.
Limitation of 14T adder cell is its less drivingpaility and non-full swing output whenply

becomes less than 1V.

5.2.6 TRANSMISSION FUNCTION FULL ADDER CELL (TFA)

The transmission function full adder cell (TFA) described in [129]. Full adder
designed with this logic style requires 16 tramsit This design contains transmission
function as depicted in Fig.5.6. This transmisdidhadder, which is denoted as TFA, is less
complex than the basic CMOS full adder circuit showFig.5.1. Transmission function full-
adder requires lesser number of transistors in apisgn with conventional one. The
transistor required for transmission function fadlder circuit is 16, while the number of
transistors requires designing conventional sedider is 28. It provides buffered outputs of
appropriate polarity for both sum and carry-outATias a disadvantage of mediocre speed

and higher power consumption.
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Fig.5.6 Transmission function full adder circuit (TFA) [129]
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5.3 PROPOSED ADDER

In this section, a new full adder cell is presentekich is designed with the proposed
circuit technique as depicted in Fig. 5.7. Thiguait consists of two precharge transistors
(M1, Mg), evaluation networks to evaluate carry and sulMNFCarry, PDN Sum), two
keeper transistors (M My), six footer transistors (M My, Ms, M1, M1, M12) and two
pseudo-domino inverters. In the precharge phasenw@ik goes LOW, pre-charging PMOS
transistor becomes ON and the dynamic node is abedidéo the ¥p and obtain precharge
from Vpp. When clock goes high, the evaluation phase stamtisthe output gets evaluated
with the pull-down network and conditionally geisaharged if any one of the input stays at
logic 1. At the evaluation stage when all the ispaute at logic 0, the dynamic node becomes
logic 1. But high fan-in NMOS PDN leaks the stomdthrge of the dynamic node due to
subthreshold leakage. This leakage current is agaitpensated by PMOS keeper transistor,
this targets to recover the voltage drop of theadyic node. When an impulse of noise
voltage occurs at input, keeper may not be abledtover the voltage level of the dynamic
node. To stop that the footerssMM, and M are connected to carry part andgMVi;; and
M, are connected to the sum part &hd Mo operate as stack transistors. At the evaluation
phase when PDN of sum carry are at logic 1, attthe Ms and My stops free discharge of
dynamic node voltage to evaluate logic O at the adyic node of carry and sum
simultaneously. To compansate thai &d M, make a charge discharge path for the carry
part and the sum part simultaneously. Hereakld M, again act as a stack for the 2nd path

to maintain dynamic node.

It was previously discussed that, pulses at the®QOTF always propagates due to the
NMOS transistor of the buffer i.e. Mand My of this adder. These pulses are generated due
to the precharge act of dynamic logic. So, by amans if we can switch off that NMOS
transistors M and My during precharge, the pulse propagating to theututan easily be
avoided. Following this method, this novel circsiitucture is proposed. This process makes
the circuit become less power consuming and naErant. This can be increased by

widening My and M, (high W/L) to make it more conducting.

The source of NMOS transistor of the buffer wasnemted to the foot of PDN i.e.
drain of NMOS CIk transistor, instead of Gnd. Byirdpthis, the circuit operates in Semi

domino scheme.
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Carry

Fig. 5.7 Proposed full adder

Fig.5.8 and Fig.5.9 shows output waveform of theidbadder and the proposed adder
circuits simultaneously. Among these output wavwefrshown in Fig.5.8 and Fig.5.9, the
first one shows the clock input, the second ormvshthe carry input (§), third waveform
and the fourth waveform show the data inputs (A Bhahe fifth waveform shows the carry
output and the sixth one shows the sum output efbidsic adder and the proposed adder
simultaneously.

It can be seen that in Fig.5.8, sum and carry dutyaveforms of the basic adder
contains a lot of noise. The output gets ON and @g&n and again with clock frequency
when waveforms are at logic 1. This characterisfithe output waveform leads to more
delay and more power consumption of the circuiinffut logic is on because of the pulse,
the number of switching of the buffer in evaluatip@riod will be as frequent as the clock
signal. Therefore, heavy amount of current flowstigh the buffer; which results in increase
in power consumption of the circuit. For each shiitg, Power Consumption =pg*l,
where, \bp denotes the supply voltage and | denotes the shodit current flowing through
the buffer from \bp to GND. The power consumption of the circuit irages due to
precharge phase of clock. Though we can't stoptheharge period, we have optimized the
dynamic circuit in this thesis to reduce noise gadver consumption. Fig.5.9 represents
output waveform of proposed adder, which does nesess these pulses in the sum and carry

waveform. This makes the circuit faster and the grozonsumption noticeably decreased.
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Transient Response
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Fig.5.8 Output of the basic adder
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Fig.5.9 Output of the proposed adder
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5.4 COMPARISON RESULTS

The adder circuits were simulated by using CadeSpecter using 180 nm
technologies using 1.8 V. The circuit was being pared with the adders designed with
previous techniques. It was found that the propasedit performs better than the previous
proposed circuits. Hereby, in this section we wailalyze the performance comparison with

different simulation results.
5.4.1 POWER-DELAY PRODUCT (PDP) PERFORMANCE

Here, we have designed and compared the propo#ieadtier cells using the basic
techniques, reference techniques and our propasadtdechnique. Fig.5.10 and Table 5.1
shows comparison of delay of all the referenceudis¢ the basic circuits and the proposed
(PDL) circuit varying the voltage. Fig.5.11 and T&ab.2 compare power of the circuits by
changing the supply voltage. When compared to therccircuits it can be seen that the
power-delay-product (PDP) could reduce 65% to 8&%eg in the proposed adder circuit
shown in Fig.5.12. As compared to basic dominogitoposed circuit contains only 3 extra
transistors whereas other circuits contain more bemof extra transistors and also the
inconvenience of having inverting clock. To estiemgtower, the power consumption
estimated here is not only power consumption ofdyr@amic logic but also power which is
dissipated through the clock buffer. Note that Wit having lower power-delay-product

(PDP) are better performing.
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Fig.5.10 Delay comparison (Varying the supply voltge)
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Fig.5.12 Power-delay product (PDP) comparison (Vaipg the supply voltage)
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Table 5.1 Delay comparison (Varying the supply vadtge)

CSL CDL CPL TGCMOS 14TCMOS| TFA Prop?SEd

Logic
1.8V 6.57E-11] 5.66E-11| 7.19E-11| 4.23E-11| 8.34E-11) 8.60E-112.30E-11
16V 7.88E-11] 7.69E-11| 9.10E-11| 5.28E-11| 7.05E-11) 8.30E-113.10E-11
14V 8.58E-11| 8.13E-11| 6.70E-11| 5.32E-11| 7.06E-11] 6.38E-113.24E-11
1.2V 8.52E-11| 3.82E-11| 6.00E-11| 6.35E-11| 5.00E-11] 4.62E-112.89E-11
10V 9.29E-11| 5.04E-11| 4.01E-11| 6.42E-11| 5.15E-11) 5.38E-112.20E-11
0.8V 9.00E-11| 7.73E-11| 9.16E-11| 7.58E-11| 3.31E-11 4.57E-112.08E-11

Table 5.2 Power comparison (Varying the supply vodtge)

CSL CDL CPL TGCMOS 14TCMOS| TFA Propc.)sed

Logic
18V 5.57E-08 8.66E-08| 6.19E-08| 7.23E-08| 8.90E-08 5.60E-08.30E-08
1.6V | 5.48E-08 8.69E-08| 6.50E-08| 7.28E-08| 8.99E-08| 5.30E-0&.10E-08
14V 5.28E-08 8.13E-08| 6.10E-08| 7.72E-08| 9.78E-08 5.38E-08.04E-08
1.2V 5.08E-08 7.63E-08| 5.60E-08| 7.40E-08| 8.45E-08 3.38E-08l.44E-08
1.0V | 467E-08 7.50E-08| 5.40E-08| 7.29E-08| 7.83E-08 3.52E-(081.38E-08
0.8V | 3.00E-08 6.53E-08| 4.37E-08| 7.21E-08| 7.50E-08 2.08E-083.40E-09
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5.4.2 UNITY NOISE GAIN (UNG)

Unity noise gain is a method of leakage measuremérhe circuit. To measure
robustness of the circuit, in the evaluation phsieglar noise pulses were applied to every
input of OR gate and noise amplitude at outputhef ®R gates was measured as shown in
Fig.4.3. Here, noise amplitude at output is detbdte different voltage of input noise
keeping width of noise pulse constant. The noideepduration was kept at 30 ps (which is
the typical gate delay of 180-nm technology). Umtjse gain(UNG) is defined as the input
noise amplitude which can cause same amplitudeutpfud noise [102]. A pulse noise have
been used to simulate noise at the input. Actuslenof a circuit depends upon both duration
and amplitude ofnput noise. So, the input noise level can be niediby modifying the
pulse amplitude or duration. Here, the input néésel was changed by changing voltage of
the input noise pulse. In our simulations, we hakianged input noise of the circuit by
changing the noise voltage. unity noise gain ofpfeposed circuit was 25 to 40 % more than

that of the conventional circuits. Note that citstnaving more UNG are more stable circuit.

Tables.3 compares UNG of the proposed adder with other eotienal style adders
and Fig.5.13 shows it graphically. Note that moNGJimplies more stable circuit.
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Fig.5.13 UNG comparison (Varying supply voltage)
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Table 5.3 UNG comparison (Varying supply voltage)

é‘fggé’s CSL | cDL | cPL | TGCMOS | 14TCMOS | TFA Prf(fgoiied
1.8 | 390| 436| 367 542 589 661 856
16 | 372| 409| 331 541 578 654 851
1.4 | 347| 376| 343 532 574 650 849
12 | 310| 453| 338 530 571 647 842
1.0 | 285| 431| 326 524 560 64p 840

5.4.3 LEAKAGE CURRENT COMPARISON

Leakage current of the proposed adder method hes $imulated with UMC CMOS
180 nm technology and was compared with conventiadaers simulated in the same
environment. Fig.5.14 shows the comparison rediie footer transistors prevent a huge
amount of leakage current from leaking.
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Fig.5.14 Leakage currents comparison of the analyddechniques with conventional
techniques for 1-bit adder
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Fig.5.14 describes a semilog graph betweepk!i.e. leakage current for all the
techniques and input voltage for the proposed baakage currents at the critical node are
plotted against input voltage of gate. The grapwshthe comparison results of the analyzed
technique with the conventional techniques simdi&be 1 bit adder. The variable parameters
of all the techniques were set with the intentiérensuring the same PDP value. It can be
clearly seen that the leakage curreptd of the proposed technique is larger than thatlof a

other techniques when simulated in same environment

5.5 DIGITAL COMPARATOR DESIGN BY PROPOSED LOGIC DESIGN
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Fig.5.15 Basic 16-bit comparator design

To validate efficiency of the proposed CMOS domiagic technique Fig.5.16, we
have employed this proposed design technique tmmes large fan-in 16-bit comparator.
This design has been defined and compared wittoitgentional equivalents in this section.

Fig.5.15 depicts the schematic design of a 16rAgtii domino comparator designed
with standard footless domino. In precharge phésekCIk) is ‘0’, all inputs become zero.
At that time, dynamic node gets precharged throtigh PMOS, as a result; the output
becomes ‘0. During the evaluation period when thlack goes high, PMOS becomes OFF

and the pull down network conducts according to libgic levels of the inputs. If all
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matching bits of A input and B input are equal, any discharge path exits to discharge the
dynamic node. But, if the logic level of A inputcafB input vary a single bit position,
conducting path established from the dynamic nod&ND, which discharges the dynamic

node. This causes output node to become ‘1’.

In this circuit operation, the worst case situatiath delay becomes, when the input
A and input B differ in any single bit position. t¢e only one of the two evaluation branches
conducts, which discharges total voltage of dynamoide to ground. The worst case scenario
for noise becomes, when every input bit becomes aad they receive the same noise in the
evaluation period. Considering typical case of emparator, generally keeper transistor is
upsized to achieve improved noise tolerance anaydekrformance. The keeper ratio
actually described as ratio of current driving iiypibf the keeper to current driving ability of
one of the evaluation branches. Comparator desigiitbdbasic domino logic fails to operate
correctly for smaller size of keeper because ot higakage current. Here in proposed
comparator, keeper was kept at minimum size arg aiZooter transistors are upsized to

find better noise immunity and delay performance.

Vb Vb Vb
Clk

- 2 [
L

Clk

GND

GND

Fig.5.16 16-bit Comparator designed with the propad logic
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5.5.1 COMPARISON OF THE PROPOSED COMPARATOR WITH BASIC COMPARATOR

Fig.5.17, Fig.5.18, Fig.5.19 and Fig.5.20 show réwmults of this experiment in 180-
nm process at 1.8 V and 2r. As detected from Fig.5.17 and Fig.5.18, the powe
consumption and delay of the comparator designék thie proposed logic is considerably
lower than that of the basic logic. This impliesittlthe power-delay product (PDP) of the
proposed comparator is very less than that of tdvedsrd comparator. Fig.5.19 and Fig.5.20
show that the unity noise-gain of the proposedgtes significantly more than the standard
domino gate. In Fig.5.19 the UNG comparison is lus iasis of varying the supply voltage
and Fig.5.20 UNG comparison is on the basis ofimgryhe fan-in of the circuit. Table 5.4,
Table 5.5, Table 5.6 and Table 5.7 and also shawtable where the observed data are
presented in tabular form.

Table 5.4 Delay comparison (Varying the fan-in)

Fan-in of comparatory Basic Comparatpr  Proposed @Goatgr
4 5.81E-11 9.30E-12
8 6.11E-11 9.73E-12
12 6.15E-11 9.88E-12
16 6.54E-11 0.88E-11
24 6.86E-11 1.10E-11
32 7.00E-11 2.33E-11

Table 5.5 Power comparison (Varying the fan-in)

Fan-in of comparator Basic Comparator Proposed Comparator
4 7.50E-08 2.87E-08
8 7.83E-08 2.90E-08
12 7.98E-08 3.69E-08
16 8.17E-08 3.91E-08
24 8.27E-08 4.28E-08
32 8.92E-08 4.44E-08

Page | 131



Applications Of Proposed Domino Logic

8.00E-11
7.00E-11 —
6.00E-11 M
5.00E-11 = Basicc
2 comparator
@ 4.00E-11 design
-
5 .
% 3.00E-11 == Froposed Logic
=] 3 DOE-11 ) comparator
1.00E-11 4_.—%
0.00E+00 T T T T T 1
4 8 12 16 24 a2
Fan-in
Fig.5.17 Delay comparison (Varying the fan-in)
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Fig.5.18 Power comparison (Varying fan-in)
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Fig.5.19 UNG comparison with fan-in of 16 bit (Varyng the supply voltage)
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Fig.5.20 UNG comparison using supply voltage of 1\ (Varying the fan-in)
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Table 5.6 UNG comparison with fan-in of 16 bit (Vaying the supply voltage)

DI

Supply Voltageg Basic comparatoy Proposed Comparat
1.8 384 843
1.6 362 841
14 359 838
1.2 347 832
1.0 299 811

Table 5.7 UNG comparison with supply voltage of 1.8 (Varying the fan-in)

DI

Supply Voltageg Basic comparatoy Proposed Comparat
4 411 856
8 410 850
12 400 846
16 384 843
24 372 825
32 356 811

Table 5.8 UNG comparison with fan in = 16 (Varyinghe supply voltage)

DI

Supply Voltageg Basic comparatoy Proposed Comparat
1.8 384 843
1.6 362 841
14 359 838
1.2 347 832
1.0 299 811
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5.6 CONCLUSION

In this chapter, a full adder and a comparatorewdesigned using the
proposed logic. The proposed one after simulatias sompared with the simulation results
of the previous proposed logic, which were simulatesame environment as the proposed
logic. The outputs were presented clearly in thispter. In the next chapter we have

designed an ALU testchip with proposed logic desityte.

Page | 135



Test (lit

Chapter 6

LAYOUT OF TEST CHIP

6.1 INTRODUCTION

To demonstrate the advantages of proposed domgio $tyle in real hardware, we
have built a custom test-chip in UMC 180 nm proce#k an ALU core, using the proposed
domino logic style. In this chapter, we have destgthe ALU chip. We have also presented
initial power delay performance comparisons betwtwncircuit level simulated ALU and

real hardware implemented in the proposed domigiz Istyle.

6.2 ANALOG IC DESIGN FLOW

The basic design flow of an analog IC design, togetvith Cadence tool is shown in
Fig.6.1. A schematic view of the ALU circuit wasstigned first by using Cadence composer
schematic editor. Then the circuit was simulateidgisadence analog design environment.

Then layout of schematic was desiggdusing Virtuoso Layout Editor [135] [136].

The resulting layout is then subjected to DesigteRtheck (DRC), which is some
geometric rules dependent on the technology. EbettRule Check (ERC) is then performed
for electrical errors like short circuit. Then tlagout of the ALU was compared with circuit
schematic of the ALU by performing Layout Versushi@matic (LVS) check, to ensure that

the required functionality is actually implemented.

Finally, a net list including parasitic resistarmed capacitance was extracted. The
simulation of this spice netlist is called as Pbayout Simulation. Once functionality of
layout is verified than final layout was then corted to certain standard file formats like

GDS-Il depending upon foundry.
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Fig.6.1 Analog IC design Flow
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6.3 ALU ARCHITECTURE:

6.3.1 DESIGN SPECIFICATIONS:

Block diagram of ALU is shown in Fig.6.2. The ALUomtains two units, one
arithmetic unit and another logic unit. Arithmetinit is built with adder/substractor,
multiplier and shifter. Logic unit is built with ND operator, OR/NOR operator,
AND/NAND operator and OR/XOR operator. The openatioode is set by the control signal

and the multiplexor unit. Here an approach wa®¥edld to design the test chip.

A [7:0} B [7:0}
OPCODE
—
%
A A B A B A 1B A B A B A |B A B E
— b o - | o ——— o —h —] - ()
I LOGIC 1! ARITHMATIC =
I 1 | 12
N
2
noT || NanD || NOR XOR ADD suB || mMuLT ||SHIFTER
1! I
| L |
L e — — o [ I [T T SN R R e e ] —
C C

8 - BIT OUTPUT AND STATUS FLAG GENERATION

TEMP_OUT| R

Fig.6.2 ALU block diagram
First top-down approach is followed to specify @riént blocks of ALU as shown in

Fig.6.2. Then bottom-up approach is follows to design eadtvidual block.

ALU cores consume a two 8-bit input vector and picd8-bit output vector on every
cycle, at up to roughly 1 GHz. The ALU contains twmits, one arithmetic unit and another

logic unit. Arithmetic unit is built with adder/ssatvactor, multiplier and shifter. Logic unit is
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built with NOT operator, OR/NOR operator, AND/NAN@perator and OR/XOR operator.
Operation mode is set by the control signal andrih#iplexor unit.

Table 6.1 Functionality of ALU

Selection Line ($5:.S) | Functionality Operation
000 NOT A
001 NAND (AB)’
010 NOR (A+B)’
011 XOR AOB
100 ADD A+B
101 SUB A-B
110 MULT A*B
111 SHFT Right shift of A

The ALU has 8 operations implemented as definethbyTable 6.1. The operations
are selected by the three select lings & and S. The select lines are asserted by the

corresponding ALU instructions as shown under dparacolumn in the table.

6.3.2 SCHEMATIC & SIGNAL OF ALL THE INTERNAL BLOCKS

All the logical and arithmetic blocks were designesing the proposed domino logic
technique using cadence spectre using 180 nm texghes. All circuits were designed using
the proposed CMOS logic technique. In this sectienhave shown schematic diagrams of
all the blocks used for the ALU.
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* Fig.6.5 Proposed 2-input NAND gate schematic
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Fig.6.12 Proposed 8-bit adder schematic
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Fig.6.3 depicts the proposed 2-input XOR gate whiclised for the ALU design.
Fig.6.4 shows the 8 bit XOR gate designed by casga®l numbers of 2-input XOR gates.
This feeds as inputs A [0, 7] and B [0, 7] and gi%OR output Q [0, 7]. Fig.6.5 presents the
proposed 2-input NAND gate which is used for theUAtlesign. The 8-bit NAND gate was
designed by cascading 8 numbers of 2-input NANRgais depicted in Fig.6.6. This feeds
as inputs A [0, 7] and B [0, 7] and gives NAND autt® [0, 7]. Fig.6.7 presents the proposed
2-input NOR gate which is used for the ALU desighe 8-bit NOR gate was designed by
cascading 8 numbers of 2-input NAND gates as degiot Fig.6.8. This circuit feeds as
inputs A [0, 7], B [0, 7] and result NOR output Q, [7]. All these circuits were designed
using proposed CMOS domino logic design describedis thesis.

Fig.6.9 depicts the schematic of 1-bit D-FF desijire cadence spectre 180 nm
technologies. This D-FF is designed using 8 NANDega8 numbers of 1-bit D-FFs were
cascaded to create one shifter as depicted in.E®.€ig.6.11 gives the schematic of 1-bit
adder circuit designed with 28 transistors in cadespectre. 8 numbers of 1-bit adders were
cascaded to design one 8-bit adder circuit as thpis Fig.6.12. One 8-bit adder circuit and
8 numbers of NOT gates were combined to form sabslir circuit as depicted in Fig.6.13.
Here all basic gates were designed using the peab@MOS logic design using cadence
spectre UMC 180 nm technologies and simulated usfigMHz frequency at a temperature
of 27° C.

Fig.6.13, Fig.6.14 and Fig.6.15 depicts the schienwdt2:1, 4:1 and 8:1 multiplexor.

The 4:1 and 8:1 multiplexor were designed usingn8 & numbers of 2:1 multiplexor
respectively. Fig.6.17 illustrates the multipliezsigned with Braun multiplier style. Braun
multiplier is a parallel multiplier, which is commly called as Carry Save Array Multiplier.
This multiplier can perform the multiplication of/® unsigned numbers. It contains an array
of adders and AND gates. This adders and AND gatesrranged in an iterative structure.
This multiplier design does not require logic régis. The full adder and the AND blocks
used to design this multiplier were designed usiregproposed domino logic style as shown
in Fig.6.17.
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6.3.3 LAYOUT OF PROPOSED ALU

In full-custom (bottom-up) design flow, creation tdyout is one of the most
important steps. The designers describe the comptaictures and relative placement of all
the layers, which is to be used in fabrication. Téyout is drawn by means of a Layout
Editor. Physical layout design is very closely tethto overall circuit performance (speed,
area, power dissipation and noise performance)ausec the physical structure decides
parasitic capacitances and resistances, and sdi@m Then a detailed layout of CMOS logic

needs a very serious and time-consuming designt.effo

A layout design of CMOS logic gates starts withcait design and initial sizing of
CMOS transistors. It is very vital that the layalgsign essentially should not violate any of
the Layout Design Rules, so that a high probabditydefect-free fabrication possessing all
features of layout can be achieved.

Fig.6.18 to Fig.6.32 show the various internal mMedand the layout of ALU.

T T A T
rTrrrrrrrr r T

|§r |i
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E&:

Fig.6.18 Proposed 2-input NAND layout
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Fig.6.25 Proposed 8-bit adder layout
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Fig.6.27 Proposed 8-bit shifter layout
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Fig.6.31 Proposed 8:1 mux layout
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Fig.6.33 Layout of proposed ALU

6.3.4 CREATING I/O PINS

After completion of layout the input and output pwhich are present in schematic

are added to layout along withhyYand GND.
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6.3.5 DRC CHECK

The mask layout, which is created, has to confarm tomplex set of design rules,
with the purpose of guaranteeing least probabdftylefects in fabrication. A tool called as
Design Rule Checker is built into the Layout Editavhich identifies any design rule
violations during and after the mask layout desQRC is used to check all process-specific
design rules. There are technology specific desiges which describe how closely the
layers can be placed together. These rules prakigleninimum requirement to avoid failure
of circuit due to fabrication fault. If the layoist done perfectly then it shows no DRC error

as in the following Fig.6.34.

Ho DRC errors found.

Fig.6.34 DRC error window

6.3.6 LVS CHECK

After the DRC is completed then the layout is cleeckompared to the schematic
created earlier. This is called as "Layout versasegatic" (LVS), to verify that layout is
equivalent to schematic. If all the connectionsMeen components in schematic and layout
are matched properly, then this LVS run shows thatschematic and layout matched, as
shown in following Fig.6.35. A successful LVS daoest guarantee that the extracted circuit

will surely satisfy all the required performances.

LVS Debug - ALUB

File View Options Tools Help [

Cell List (sch || lay) Extract 4 Compare

*#++ Schematic and Layout Match

Summary (Sch || Lay)

Dpen Sohwmatio DpE. Ch Layoul OsE iy Yool

Fig.6.35 LVS run window
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6.3.7 PARASITIC EXTRACTION

After completion of DRC & LVS the parasitic resist& and capacitance of layout is
extracted by performing RCX extraction, which islled as av_extracted view. The
av_extracted view of proposed ALU can be found after generation of av_extracted view
post-layout simulation is performed. A configurendow as shown in Fig.6.36 is generated

to do post-layout simulation.

__ Cadencen hierarchy editori (ALU ALLTST config) (Save Neede Z [BEE
File Edit VYiew Plug-Ins Help
DR OB v~ 0 2B
Top Cell
Library: [aLl Cell: |ALI_TST View: |schematic Open

Global Bindings

Library List |myLib

Yiew List |spectre cmos_sch cmos.sch schematic weriloga ahdl

Stop List  [spectre

Cell Bindings

Library | Cell | Yiew Found | View to Use | Inherited View List |

AL ALI_TST schematic spectre crmos_sch cm...

AL ALUE av_extracted av_extracted spectra crmas_sch cm.

AL ArD2 schematic spectre crmas_sch cm.

AL D_FF schermatic spectre cmos_sch cm.

AL MUXZ_1 schematic Spectre crmos_sch cm.

AL MUKS_1 schermatic spectre cmos_sch cm.

AL MANDZ schematic spectre crmos_sch om...

ALl BANMDZS schematic spectre cmos_sch cm...

AL MANDE schematic spectre crmas_sch cm...

AL MNOR2 schematic spectre cmos_sch cm...

AL MNORE schematic spectre crmas_sch cm...

AL SUBES schematic spectre crmos_sch cm... |

Messages

Afternpting To open cell view (AL0 ALUS av_extracted]) for edit. =

Bound cell (ALl ALLE) to view "av_extracted”, ]

Bound cell {aLL ALUE) 1o wiew "schematic”. | |

Sawved the current configuration. 5]

Bound cell (ALU ALUS) to wiew "av_extracted”. -
|Read‘1‘--- |& Update Meeded |Filters QOFF |NameSpace: CDBA

Fig.6.36 Configure window of 1-bit ALU for av_extrected view

6.3.8 POST LAYOUT SIMULATION & PERFORMANCE ANALYSIS

After parasitic extraction of ALU layout is overdi we carried out post layout
simulation. The post layout simulation results wesenpared with pre layout simulation. The

post layout simulation result was done by using UM nm technology using the tool

Page | 160



Test (lit

cadence spectre. To demonstrate the proper operaitithe proposed ALU we have taken

some case studies.
CASE-I (Multiplication operation)

When selection = 110, A = 00001101, B = 000010&M tA*B = 10000010.

{Ck —/Q0 —jQl —JQ7

2.0

€104

WD

T
95 10 11 11
time {ns)

Fig. 6.37 Multiplication output of ALU

Fig. 6.37 depicts the output of the multiplicatioperation in the proposed ALU. To
select the multiplication operation, selection Iweas set to ‘110’ as shown in Table 6.1.
Input A was set to ‘00001101’ and input B was sed@®001010. The output was found out in
the ALU was Q = 10000010. Here first waveform shdlae clock input, second, third and
fourth waveforms show theQ Q. and Q bits. Fig. 6.38 shows the power consumption of
the proposed ALU for multiplication operation and.F6.39 shows the delay of the Q7 bit
from the clock. Fig. 6.38 and Fig. 6.39 also coreptue power and delay of the pre-layout
and post-layout simulation when simulated for 8rbitltiplication operation in the proposed
ALU.
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Fig. 6.38 Pre-layout and post-layout power comparan for multiplication operation
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Fig. 6.39 Pre-layout and post-layout delay comparis for multiplication operation

CASE-I (Right Shift Operation)

When selection = 111, A = 10000001 then, afterepesitive edge trigger one bit right shift

occurs as shown in Fig. 6.40.
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Fig. 6.40 Right shift operation of ALU

In case-ll to select the right shift operation dflAthe select line was set to ‘111"
The input A was taken as ‘10000001’ and right sbiferation was done. Fig. 6.40 shows the
output @@ to Q,, where @Q was taken as the MSB. Fig. 6.41 shows the powssigtion of
the ALU at the time of right shift operation andalso shows the difference in power
consumption in case of pre and post-layout simomati Fig. 6.42 compares the clock-Q
delay of pre-layout and post-layout simulationstHa post layout simulations the delay and
power dissipation of circuit is getting more dueth® presence of parasitic components

present in the circuit.

The post layout simulation result was done by usinC 180 nm technology using
the tool cadence spectre. In Fig.6.43 post-layeildgydcomparison of the proposed ALU with
ALU designed with basic dynamic logic is shown. éldelay of the ALU circuit was found
out by changing the simulation voltages of both #&Js. In this graph X-axis shows the
different simulation voltages with which the ALUrciiits were simulated and Y-axis shows
delay of the ALU circuits. It can be found that ALtlesigned with the proposed logic
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performs 50-60% faster than the ALU designed withlhasic dynamic ALU. Proposed ALU
is also 60-70 % less power consuming than the Aeklghed with basic dynamic logic.
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Fig. 6.41 Pre-layout and post-layout power compara for right shift operation
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Fig. 6.42 Pre-layout and post-layout delay comparas for right shift operation

Here the proposed ALU gets the benefit on powesooption due to less switching
activity of the output node as described in chaptérhis analysis verifies the performance of
the proposed ALU designed with UMC 180 nm technpldgoth the figures Fig.6.43 and
Fig.6.44 validate the enhanced performance of neW.AThe results of this section validate

the performance of proposed adder circuit with &y wenall variation in post layout results.
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The proposed ALU has much lower power consumptieneliting from the no pulse

propagation to output node and footer transistors.
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Fig.6.43 Post-layout delay comparison of proposedlA) with ALU designed with basic

dynamic logic
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Fig.6.44 Post layout power comparison of proposedlA) with ALU designed with basic

dynamic logic
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6.3.9 PADDING AND CONNECTIONS

A pad consists of a bonding pad, ESD protectionudir A bonding pad is an area
where the bond wire is soldered. Wire goes fromdoum pad to the chip. ESD circuit is
electrostatic discharge circuit which is a protagtcircuit consisting of a pair of big PMOS
and NMOS transistors.

Electrostatic discharge occurs when the chargesdtor the human body or other
device is discharge to the gate of a MOS transmmtorontact or by static induction. This can
destroy the MOS transistor so ESD protection islireg. The solution is to use clamping
diodes implemented using MOS transistors with ¢jattup to GND for NMOS and pé for
PMOS.

The bonding pad consists of 3 superimposed squatdetal 1, Metal 2 and Metal 3
joined together by respective vias (i.e;-M; and M-M3). The core of layout contains eight
PMOS transistors connected parallel betwegp &d signal terminal. Metal 2 layer used to

distribute \bp where Metal 1 is used to distribute signal.

The designed test chip consists of 48 pads, 12aoh side. Among the 48 pads, 40
pads are normal I/O pads (10 on each side), 4 gsep®ds (1 on each side) and 4 are GND
pads (1 on each side). In between the bonding thadfller cells are present. The filler cells

prevent the contact of pads with each other. Wiilesgrom these bonding pads to the chip.

Fig.6.45 ALU Testchip shows the final ALU test chdesigned with the proposed
logic designed using UMC 180 nm technology.

6.4 CONCLUSION

We have designed and submitted for fabrications&chip demonstrating functional
proposed ALUs. Initial simulations indicate thatetiproposed ALU has lower energy
consumption and delay than the equivalent domigaldLU. We have also simulated and
compared the pre-layout and post-layout simulatemd demonstrated the small amount of
deflection in results in the post-layout performesicThis testchip is currently submitted for

fabrication.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

In this dissertation, we have introduced and demnatesl a novel logic style. This
logic consumes low power and is noise robust. phigposed logic is superior to domino and
static CMOS logic in addition to some recent praubfogic styles in terms of energy and
delay, and at the same time is more noise robast @&imy logic styles. In particular, we have
shown 60 — 80 % power reduction vs. domino and 30 % speed improvement vs. static
CMOS. In addition, we have presented that the ladgo works efficiently with sequential

circuits.

7.1 SUMMARY OF CONTRIBUTIONS
The main contributions presented in this thesis are

» The high performance logic design-
To enhance the performance of the domino logicestyle added three extra footer
transistors and applied semi-domino logic styledme up with proposed logic style.
This semi-domino logic style decreases switchinghatoutput node; this facilitates
reduction of power consumption of the circuit. Rermore, the circuit becomes noise
robust. The 3 extra footer transistors enhancepleeational speed of the new domino
logic which leads to decrease the delay of theuttirdhrough extensive simulations
the above ideas regarding speed, power and noigewatidated. This proposed logic
style has been compared with all basic domino Isgytes and also some previous
proposed logic styles in the same environmental Yound that the proposed logic is
20 — 30 % faster than the basic footed and keesafeeine and also 80 — 90 % faster

than scheme [95] and [90]. Furthermore, the les&bing activity of the output node
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reduces the power consumption of the circuit bya@s compared to reference [90]
which is its best competitor.

* Noise reduction-
To find the noise tolerance performance enhancemdNiG and ANTE of the
proposed circuit and all other circuits were fowud. The proposed circuit was found
to be 70 — 90 % more noise tolerant than the dibsic circuits and the two reference
circuits simulated in same environment under UNGiffNoise Gain) metric. When
compared with reference [90], which is the best petitor, the UNG reaches 10-13
% higher. When compared with basic scheme, sch@&3leajnd scheme [90] at the
parity of UNG, the proposed scheme reaches PDP&458nd 73% lower respectively
that clearly indicates superior feature of the psma approach.

» Proposed logic application-
Proposed domino logic was applied to design addércamparator. These adder and
comparator were then simulated and the simula@ésults were compared with the
adder and comparator designed with other basic lstgies. The adder designed with
proposed logic style has 60 — 70 % less PDP and@5% higher UNG as compared
to its basic counterpart. Whereas, the comparageigded with the proposed logic
possesses 75 — 80 % lower PDP and 45 — 50 % higi€r as compared to its basic
counterpart.

* Testchip-
We have implemented a testchip in UMC 180 nm teldgyocontaining an 8-bit
ALU using the proposed logic style to demonstrée feasibility of the proposed
logic. Simulations indicate that the proposed AL&s ower power consumption and
delay than the equivalent domino logic ALU. We haNso simulated and compared
the pre-layout and post-layout simulations and destrated a small amount of
deviation in results in the post-layout performancd@his testchip is currently

submitted for fabrication.

7.2 FUTURE WORK

There is several research directions that can lsupd based on this work:

Robustness
Issues such as soft error, transient noise, anidbitly each present different failure

modes and these effects can be analyzed.
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Noise Reduction
Further noise reduction techniques can be explofdw noise reduction technique

proposed in this work can form the basis.

Testing of test chip
The test chip after fabrication can be tested amén be simulated with real hardware,

where functionality of the test chip can be testidr fabrication.
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