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ABSTRACT

In this work, we considered circuit level techniques for low energy computation using the
principles of adiabatic and clock gating technique. This work presents ultra low power clock
gating adiabatic D flip-flop, SR flip-flop and JK flip-flop using single phase sinusoidal power
clock adiabatic scheme. Proposed flip-flops are realized with clock gating and single phase
Quasi-Static Energy Recovery Logic in TSMC 90nm CMOS technology. In the previously
proposed QSERL, two phase sinusoidal power clocks were used that required overhead of
multiple clock generator circuit. In this work, single phase QSERL is used to reduce loss in
the circuit. The proposed clock gating technique works efficiently for adiabatic flip-flops
during idle periods to reduce undesired dynamic power dissipation. All the simulations have
been performed using 90nm CMOS technology CADENCE spectre simulator. The use of
clock gating and adiabatic technique simultaneously saves power dissipation of around 80%

over conventional static CMOS technique at 100MHz.

The 4-bit shift register has been designed using proposed single phase QSERL D flip-flop
and compared with the conventional static CMOS 4-bit shift register circuit. The clock
gating QSERL shift register can save approximately 82% of power dissipation over
conventional CMOS shift register at 100MHz.
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CHAPTER 1

MOTIVATION OF THESIS

1.1 Imtroduction

Power dissipation has become a critical issue in high performance application, especially in
portable and battery operated ASIC systems {1]. With technology scaiing, the impact of
power dissipation is expected to gain significance. In order to minimize the power
dissipation, research at various levels of design, abstraction has been started and achieved

ultra low power with optimum performance.

The dynamic energy dissipation in a circuit is due to charging and discharging for its node
capacitance. The charging and discharging paths are different, causing energy to be
dissipated in the form of heat. An adiabatic switching technique reduces the dynamic energy
dissipation by recycling the charge stored in the node capacitance in circuits. This recycling
is achieved by using an AC power source instead of the traditional DC power source. The
energy dissipation is reduced by maintaining a very low potential difference across the two

terminals of turn-on MOS transistors [2, 3].

In the widely used static CMOS circuits, negligible dynamic power loss occurs as long as
input signal does not switch. But, clock generator circuit continuously provides clock signal
resulting in dynamic power dissipation. The clock gating is most efficient way to reduce
power dissipation in clock generator circuit. This technique detaches the clock generator
circuit from the logical circuit when this circuit is idle. It also reduces the load on clock
generator circuit. However, in adiabatic circuits, energy dissipation occurs even for constant
input signals since their output nodes are always charged and discharged by their power
clocks [4]. Similar to power gating and clock gating techniques of corivenﬁogal CMOS



circuits, adiabatic units can also be shut down by switching off their power clocks to reduce
energy loss during idle periods. Several clock gating schemes for adiabatic circuits have

been proposed and achieved considerable energy savings [5].

It is reported that, previously described clock gating adiabatic flip-flop is designed using the
multi-phase clock schemes. This report presents clock gating flip-flops using single-phase
quasi-static energy recovery scheme. Basic flip-flops have been designedrusing adiabatic
logic, clock gating technique and to achieve ultra low power circuit both techniques have
been used simultaneously.

1.2 Thesis Organization

Chapter 2 presents a brief overview of adiabatic logic, clock gating, quasi-static energy logic
and proposed technique

In chapter 3, implementation of D flip-flop, SR flip-flop, JK flip-flop and shift register using
proposed technique are presented along with the simulation results.. These results are

compared with conventional static CMOS method to show power efficiency of the circuit.

Chapter 4 presents design of shift register using proposed D flip-flop with simulations results.
All simulations have been done on 90nm CMOS technology CADENCE spectre simulator,

Finally, conclusions and recommendations for future work are outlined in chapter 5.



CHAPTER 2

ADIABATIC LOGIC

2.1 Overview

Interest in low energy is growing as the cost of power dissipation becomes preposterous. Itis
desirable to restore the delivered energy back to the power supply for effective energy
management. Adiabatic computing is an attractive ‘approach from this point of view. In
recent years, several adiabatic logic families have been proposed for low power systems. In
order to realize a complete system such as a microprocessor, it is necessary to use large
mac;ro blocks as building blocks. The flip-flops are one of the most-usetul in digital circuits.
An adiabatic flip-flop offers low power and direct interface to other adiabatic circuit families

as well.

Most research has focused on building adiabatic logic out of CMOS. However, current
CMOS technology, though fairly energy efficient compared to similar technologies, dissipate
energy as heat, mostly when switching. In (drder to solve this problem, there are two
fundamental rules CMOS adiabatic circuits must follow. The first is never to turn on a
transistor when there is a voltage difference between the drain and source. The second says

never to turn off a transistor that has current flowing through it [3].

CMOS transistors dissipate power when they switch. The main part of this dissipation is due
to the need to charge and discharge the gate capacitance C through a component that has

some resistance R. The energy dissipated during charging of the gate is

E =2-Cv? ' @.1)



where T is the time it takes the gate to charge or discharge. In non-reversible circuits, the
charging time T is proportional to RC. Reversible logic uses the fact that a single clock cycle
is much longer than RC and thus attempts to spread the charging of the gate over the whole
cycle and thus reduces the energy dissipation. In order to extend the charging time of the
gate we make sure never to turn on a transistor that has a potential difference between source
and d{ain, and furthermore, once the transistor is turned on, energy flows through it in a

gradual and controlled manner.

The second rule that adiabatic circuits must follow is never to turn off a transistor when there
is current flowing through it. The reason for this follows from the fact that transistors are not
pérfect switches going from on to off instantly. Instead, it gradually changes from on to off
when the gate voltage changes. Furthermore, the change is proportional to the speed at which
the gate voltage changes. A fact when combined with the previous constraint, implies that
the transistor is in an “in between” state for a long period of time. During this time, the
voltage drop across the transistor greatly increases yet the resistance is not high enough to

bring power dissipation to zero.

Adiabatic Charging (AC) and Energy-Recovery (ER) are two circuit methods used to reduce
the energy dissipation by the system. Typically these techniques are most effective at
reducing dissipation for charging high capacitance loads or loads that require high voltage.
Other load types can usually be charged more ‘efﬁcicntly by employing voltage-scaling
techniques [1].

2.2 Energy-Dissipation

Energy dissipation is calculated for three different charging sources: a conventional step, a
ramp, and a sinusoidal. To evaluate the theoretical efficiency of a waveform shape for
charging a capacitive load, the simple RC circuit charged by a voltage source is examined in

Fig.2.1.

The energy being drawn from the voltage supply is
Ee = [J7Vo(0) L(Y) dt (2.2)

The energy delivered to the capacitor is



Eg = [ Ve(®) L(t) dt 2.3)

which is always equal to -;-CV2 if the capacitor charged from ground to V. Therefore, the

energy dissipated in the resistor, Egjsg is

Eaiss = Es — Ec = Eg —3CV2 @249
Egiss = J, IZRdt (2.5)
IS = IC IC

Vs Ve

Fig. 2.1: Simple RC circuit



In Fig. 2.1, if we apply charging source to RC circuit which is step waveform varying from 0
to Vg, then initiaﬂy voltage at V=0 and V=0. Then if we apply step input, it variés from 0
to Vaa in one step so the voltage at V=V4q and capacitor opposes sudden changes, hence
voltage at V. is still zero and starts charging slowly. So at this point, the voltage difference

across resistance is Vg4 and current is flowing through the resistance. Hence power

dissipation is equal to %CVZ.

If the charging source is linear ramp varying slowly from 0 to V4q over time interval “T?,
where T is very much greater than time constant RC, then initially the voltage at V; and V,
equal to zero. And if we apply a linear ramp which ﬁses 'slowly from 0 to Vg, then voltage at
V; and V. also starts rising. This means the voltage across capacitor exactly follows the input

voltage and at any point of time, the voltage difference across resistor is very small or ideally

zero. Hence the power dissipation is small which is B,I_E CV? and ideally it is zero.

The charging source is sinusoidal wave adjusted to resonate between 0 and Vg4 volts with a
charging time of T. It has been used in place of a linear ramp because it is simple to generate
with a resonating inductor and capacitor circuit, then power dissipation becomes
(n?/8)(RC/T)CV?. That is, the sine wave is much more efficient than a step input if period
is sufficiently slow, but only 81% efficient compared to a ramp with same rise time. Hence

sine wave, easier to generate, is more efficient than the step but less efficient than the ramp.

2.3 Conventional Charging and Adiabatic Charging

Adiabatic charging is achieved when a charging waveform is more efficient than ~;1!-CVz such

as with the ramp or sine wave. Energy recovery is achieved when some of the %CV2 of

energy stored on the charged capacitive load is recovered and reused for later charging. In
order to evaluate the merits of AC and ER, a comparison is made to conventional charging

and discharging methods using Equations 2.2 through 2.5.

Conventional charging, also known as switching method, is used by standard CMOS gates.
To charge a load to a voltage, the load is connected through a resistive switch to a voltage
source that is biased at V. To discharge a load to ground, it is connected through a resistive

switch to the ground node. These transitions can be modelled as step inputs because the



transition times of the switch input are smaller than the RC time constant of the switch and

load.

In this conventional charging example,

When charging a load with a step input, a large voltage drop across the resistor results
in energy dissipation as heat equal to %CVZ. In addition %CV2 has been transferred to
the capacitor.

When discharging the load with a step input, again there is alarge vol’gage drop across
the resistor and the %CV2 that was stored on the capacitor is dissipated. -Here, the
entire CV? that began in the voltage supply has been dissipated as heat in the resistor
2]

A similar procedure is applied to a charge and discharge cycle of adiabatic charging. A linear

ramp is used (in place of dc supply) for the adiabatic source. The ramp transition time (t)

must be much larger than the RC time constant of the load and switch resistance.

When the load is charged slowly by the ramp, the-dissipation in the resistor is %C- cve,
C
which less than the charging case. However, just as in the conventional case, %CV2 is
transferred to the capacitor. If the ramp transition time is infinitely long, then ? is
~C

approximately zero and only 1¢v2 is drawn from the voltage supply.
2 g

When discharging the load slowly ‘with a ramp input, again there is a small

instantaneously voltage drop across the resistor, so the dissipation in the resistor is

? CV2, The capacitor begun with %CVz and only %E CV? is dissipated in the resistor,
-C . C

so (—1- — R—c) CVZ, is retumned to the supply.
2t

A typical voltage supply will shunt any retumned energy to ground, dissipating it across some

resistance and rendering an adiabatic discharging no more energy efficient than the

conventional case. However, if the supply is a resonant source, it will be able to reclaim the

returned energy and use it for subsequent charging.



Typically, energy recovery has some overhead either in the form of increased circuit
complexity or power supply complexity. In addition, the requisite adiabatic charging time is
slower than combinational switching, so the system must usually bé designed around the
adiabatically charged nodes. Thus, energy ‘recovery is often only used When the %CV2 of the
load is a significant percentage of system energy dissipation. It is often simpler to reduce the
voltage, V, or reduce the switched capacitance, C, in order to save power. However when the
limits of C and V have been reached (or they are fixed), adiabatic charging and energy

recovery can be powerful technique for reducing the dissipation below %CV2 .



2.4 Adiabatic Logic Families.

Adiabatic logic, which utilizes AC power supplies to recycle the energy of node capacitance,
is a promising low power design approach. Over the past decade, several adiabatic logic
families, such as PAL-2N, ECRL , 2N-2N2P , CPAL etc, were proposed and achieved
considerable energy savings over conventional CMOS ones. However, these circuits require -
multi-phase AC power-clocks. The problems of multi-phase clocking schemes include the
complicated clock tree, clock skew, and multiple power-clock generators that increase more
energy dissipation. Moreover, adiabatic circuits with multi-phase power-clocks require
insertion of some buffers in circuits for maintaining proper pipeline‘ bperation, .which cause

extra energy dissipation and area overhead.

Over the past decade, several memory designs based on adiabatic logic, such as ECRL
(efficient charge recovery logic), PAL-2N (pass-transistor adiabatic logic with NMOS pull-
down configuration), and CPAL (complementary pass-transistor adiabatic logic) etc, have

been reported and achieved considerable energy savings over conventional CMOS ones.

A few adiabatic logic families using a single-phase power-clock have been reported, which
have easier generator. TSEL and SCAL circuits use a single-phase power-clock, but.the
additional reference voltage and current increase the design complexity, since they are
difficult to design due to the optimal value of reference voltage concerning about clock
frequency. The CAL (Clocked Adiabatic Logic) circuits can also use a single-phase power-
clock by introducing an auxiliary clock signal. Because of the simple structure, CAL circuits
are easy to design for realizing complicated circuits. However, the auxiliary clock signal
doesn’t work in.an adiabatic manner, reéultinl;, in large energy loss because of large switching
capacitance on auxiliary clock lines. QSERL scheme is very s'nn;ﬁe similar to static CMOS
logic. But this is two phase adiabatic process. This scheme can be made simpler by
removing one phase supply of previously reported design. This proposed circuit will also be

suitable to work with clock gating technique which is explained in next chapter.



2.5 An Overview of Quasi-Static Energy Recovery Logic (QSERL)

v B v
P-MOS P-MOS P-MOS |
tree tree free
w X Y zZ
N-MOS N-MOS N-MOS
tree tree free .

- . v’
~ - -
U. 1

Low Vx MOSFET

v ovaluate . poid :_evaluate . hold . -evaluate

Fig. 2.2: Two-Phase QSERL [6]
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Here V' is ¢ and V™ is &.

QSERL scheme is shown in Fig. 2.2 that resembles the static CMOS logic. QSERL uses two
additional diodes and two sinusoidal clocks in complementary phases. Hence it is called as
2-phase QSERL. In this technique instead of ground one ac sinusoidal supply in series with
diode is used which is in complementary phase with upper sinusoidal voltage supply. The
diode on the top of PMOS tree controls the charging path, while other diode at the bottom of
NMOS tree controls the discharging path. Note that cascaded gates are in alternate phases.
The second gate in Fig. 2.2 evaluates its logic while first one is in hold phase [6, 7].

Consider the case of cascaded inverters connected in series. Now consider the case that @ is
increasing and @ is decreasing, diode connected at the top of PMOS will be forward biased
and diode connected at bottom of NMOS Will be reverse biased. Suppose initially input is
switching from logic ‘1’ to logic ‘0°, PMOS of first stage will get turned-on and output will
follow @ supply. But there will be some threshold drop from Vpp to Vpp — Vp for logic ‘1°
as diode is connected. Where V5 is threshold voltage of diode. Now for second stage as input
is rising so NMOS of this stage will get turned-on and PMOS will get turned-off. But for this
case only upper diodes are on and lower are off, so this second stage will not change its state

or we can say it is at hold state.

Now consider the case when ¢ is decreaSing and @ is increasing, diode connected at top will
get reverse biased and diode connected at bottom will be forward biased.. So second stage
will be at evaluate phase and first stage will be at hold phase. Hence output of this stage will
be logic ‘0°. But instead of ground sinusoidal supply is connected so output will follow ¢.
Here logic ‘0’ will not be at zero voltage but it will be slightly higher than threshold voltage
due to diode drop. Therefore in 2-phase QSERL output will swing from V¢ to Vpp — V7.
Hence alternate phases will be at evaluate pﬁas’e and next alternate phase will be at hold

phase.

MOSFETs with gate and drain shorted having low-threshold voltage can be used instead of
diodes used for controlling the charging and discharging paths. It has advantage of
increasing speed of circuit as MOSFET has highest switching speed. Also we can obtain
lower threshold MOSFET which results in lower power dissipation across it.

11



2.6 Clock Gating

Energy recovery‘techm'que is originally developed for low power digital circuits. It achieves
low power dissipation by restricting current across devices with low voltage drop and by
recycling energy sfored on load capacitors by using an AC supply voltage. Major portion of
total power dissipation in synchronous systerhs is on the clock circuit. Hence clock gating is

the most efficient technique to reduce power dissipation in clock generator circuit [8-10].

In static CMOS circuits, negligible dynamic power loss occurs as long as input signal does
not switch. But, clock generator circuit continuously provides clock signal resulting in
dynamic power dissipation. The clock gating is most efficient way to reduce power
dissipation in clock generator circuit. This technique detaches the clock generator circuit
ﬁ'om the logical circuit when this circuit is idle. However, in adiabatic circuits, energy
dissipation occurs even for constant input signals since their output nodes are continuously
charged and discharged by their power clock§ [4]. Similar to power gating and clock gating
techniques of conventional CMOS circuits, adiabatic units can also be shut down by
switching off their power clocks to reduce energy loss during idle periods. This work

presents clock gating flip-flops using single-phase quasi-static energy recovery scheme.

When input signal is not changing ie. logical circuit is idle, clock generator circuit
continuously provide clock to logical circuit which results in loss of power. Clock gating is
one of the most efficient way to reduce power dissipation in the clock generator circuit. It

detaches clock generator circuit from logical circuit during idle periods.

Here clock of an adiabatic circuit is synchronized with the clock generator circuit. But the
frequency of adiabatic clock circuit is kept around four times or more as that of clock
generator circuit. So that all operations of adiabatic circuit should be done during required

clock peridd of signal and input signal is reliably sampled at the output.

‘When output of logical circuit is changing its state from logic ‘0° to logic ¢1°, we can see that
pull-up network of p-MOS js on and voltage drop across it is almost zero. Clock signal of
adiabatic circuit has juét started rising when logical circuit is triggered so there will be zero
voltage drop across pull-up transistors and hence power dissipation is zero while output
signal is switching from logic ‘0” to logic ‘1°. Also we can say that logical circuit is
following adiabatic logic. In an adiabatic circuit when output is at logic ‘1°, charge stored at

output node is continuously recovered by the supply ac battery. As we have introduced both

12



techniques i.e. adiabatic and clock gating simultaneously, charge stored at output node will
not be recovered by an ac supply since output has been detachéd from ac supply using clock
gating technique. So while switéhing logic “1° to logic ‘0’ at the output node, logical circuit
will not work adiabatically and there will be large voltage drop across pull-down network
which results in power dissipation. Hence in 2-phase QSERL, it is worth to use 2 phases of
the supply. It will be advantage to use only one phase. Hence one supply with diode place at -

the bottom of circuit is removed to reduce extra power loss.

2.7 Proposed Single Phase QSERL

o

P-MOS
tree

N-MOS
tree

Fig. 2.3: Proposed Single-Phase QSERL
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The QSERL as shown in Fig. 2.2 uses two phase poWef clocks in which output voltage does
not gain full voltage swing i.e. 0 to Vpp. However the problems of multi-phase clocking
adiabatic circuits include clock skew, complicated power clock tree and multiple power clock
generators, which results in extra area overhead and increase in the complexity of the layout
place and route [11]. There is Vr threshold drop from upper as well as lower side in output
voltage in QSERL which results in output swing from Fpp-¥7 to ¥r. In this work, single-
phase QSERL circuit (Fig.2.3) is used that avoids overhead of multi-phase power clock
generator circuit and hence reduces power dissipation. - In single phase QSERL, one power
clock with NMOS transistor placed at the bottom has been removed. It results in increase in
output voltage swing i.é. from O to Vpp-Vr. An advantage of this circuit is that it increases

output voltage swing and also reduces power dissipation.

When output of logical block is switching from logic 0 to logic 1, voltage across turned-on
PUN is zero or minimum. So minimum power is dissipated while switching from logic ‘0’ to
logic *1°. But for logical switching from logic ‘1° to logic “0”, it will not work adiabatically.
Therefore this single phase QSERL is quasi-adiabatic circuit.

In static CMOS circuit, dynamic loss does not occnr as long as input signal is constant. But
in adiabatic circuits, there will be continuous dynamic power dissipation even for constant
input signai because energy stored at output node is continuously being recovered [12-16].
So to avoid this loss, an adiabatic logic block should be detached from energy recovery
supply. One PMOS transistor is introduced to detach logic block from energy recovery
supply when input signal is not changing. »
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2.8 Single Phase Power Clock Generator Circuit
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Fig. 2.4: Resonant energy recovery power clock generator circuit (18, 19]
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Fig. 2.5: Output waveform of power: clock generator circuit
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The energy recovery power clock generator circuit is a single phase resonant clock generator
as shown in Fig. 2.4 [18, 19]. A reference signal is applied to NMOS transistor. Transistor
pulls clk to ground when the reference signal reaches its minimum value, thereby maintaining
the oscillations of the resonant circuit. This size of transistor is large and hence driven by the
chain of progressively sized inverters. The natural oscillating frequency of this oscillating
circuit is given by

1
f_Zn‘/E

2.6)

where C is the total capacitance connected to the clock-tree including parasitic capacitances
of the clock-tree and gate capacitances associated with clock inputs of all flip-flops. In order
to have an efficient clock generator, it is important that the frequency of the reference (REF)
signal be the same as the natural oscillation frequency of the resonant circuit [18]. In order to
calculate the value of capacitance C, first with a given value of inductor L and with the REF
signal at zero, the whole system, including the flip-flops, is simulated. The clock signal
shows a decaying oscillating waveform settling down to Vpp/2. From this waveform, the
natural decaying frequency is measured, and then by using Equation 2.6, the value of C is
‘calculated. Having the value of C, the value of L for the frequency of 400 MHz can again be
.determined from Equation 2.6.

Obtained output waveform of power clock generator circuit having frequency of 400MHz
with R, L and C are 1.25KQ, 40.7pH and 3.5{F respectively is shown in Fig. 2.5. Power
consumption of the resonant energy recovery clock generator circuit is calculated for
different loads which are mentioned in Table 2.1. It is observed that with increase in load
capacitance of the clock genefator circuit, power consumption of circuit will also increase.
Hence it is necessary to reduce load capacitance of clock generator circuit which is done by
gating method, so that it can drive maximum circuit with less power dissipation. In the next
section, we have calculated power consumption for different flip-flops which does not

include the power consumption of resonant energy recovery clock generator circuit.
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Table 2.1: Power consumption of clock generator circuit for different load

Induct(;r (nH) Load Capacitance (fF) Power Consumption (W)
142.5 1 263
57 2.5 271
285 5 277
19 7.5 290
14.25 10 296
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CHAPTER 3

FLIP FLOP DESIGN

3.1 Introduction : R

In digital circuits, a flip-flop or latch is a circuit that has two stable states and can be used to
store state information. These two states are logic ‘1’ and-logic ‘0°. The circuit can be made
to change state by signals applied to one or more control inputs and will have one or two
outputs. Flip-flops and latches are a ﬁlﬁdamental building block of digital electronics
systems used in computers, communications, and many other types of systems. To reduce
power consumption of digital system, it is necessary to reduce power dissipation of basic flip-

flops.

Flip-flops and latches are used as data storage elements. Such data storage can be used for
storage of state, and such a circuit is described as sequential logic. When used in a finite-
state machine, the output and next state depend not only on its current input, but also on its
current state (and hence, previous inputs). It can also be used for counting of pulses, and for

synchronizing variably-timed input signals to some reference timing signal.

Flip-flops can be either simple (transparent or opaque) or clocked (synchronous or edge-
triggered). The simple ones are commonly called latches. Latches are level triggered also we
called it as transparent latch. Output will change its state only when clock is at logic ‘1°.
Flip-flops are edge triggered. It will change its output state only when it senses edge of clock
signal. The word latch ‘is .mainly used for storage elements, while clocked devices are
described as flip-flops.

18



Flip-flops can be divided into common types: the D ("data” or "delay"), SR ("set-reset"), T
("toggle™), and JK types are the common ones. The behaviour of a particular type can be .
described by what is termed the characteristic equation, which derives the "next" (i.e., after

the next clock pulse) output, Quex:, in terms of the input signal(s) and/or the current output, Q.

3.2 D-Flip Flop
3.2.1 Introduction

The D flip-flop shown in Fig. 3.1 is the most common flip-flop in use today. It is better
known as data or delay flip-flop (as its outpuf Q.looks like a delay of input D). D flip-flop
consists of two latches and pass-transistor MOS logic is used to design it. The Q output takes
on the state of the D input at the momient of a positive edge at the clock pin (or negative edge
if the clock input is active low). Since the output takes the value of the D input or data input,
and delays it by one clock cycle hence it is called as D flip-flop. The D flip-flop can be
interpreted as a primitive memory cell, or delay line. Whenever the clock pulses, the value 6f

Q,,.m_ is D otherwise it holds its previous state Qprev.

Clock gating method can be used in D flip-flop to reduce load, on clock circuit. The reliable
D ﬂip—ﬂop is realized using clock gating and single phase QSERL method simultaneously
which is shown in Fig. 3.2. Clock gating method is iniplemented using comparator and
gating circuits. In D flip-flop, comparator includes XOR gate which compares D and @,
while the gating logic includes simple AND gate at the input of which ¢k signal and

comparator output is applied.

Comparator circuit continnously compares input data with output, if both data are same then
it will not trigger D flip-flop. But if both signals are different then it will make output of
comparator high. This high signal is applied to gating circuit, if ¢k is high then it will trigger
to D flip-flop. '
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When ck=0, node ckg is pulled high. During the subsequent hlgh level of the ck signal, two
different situations are possible [7]. . ~

__ As D is different from 0O, comp becomes equal to 1 and node ckg is pulled down. Afterward

i»_’Theyare . i
1) Double Clock Gatmg a.nd - I
2 NCZMOS Clock Gatmg o )

In double clock gatmg techmque two gatmg techmques are used for two d1fferent latches i m '

D ﬂ1p ﬂop whereas in NC2MOS clock gatmg techmque, only one gatmg method is used for-_ :

both latches So numbers of translstors requlred for double gatmg are more as compared to -

:NCZMOS gatmg Power d1s51pat10n curve w1th sw1tchmg act1v1ty rises rapldly for double' .

- gatmg as compared to NCZMOS gatmg [8] Hence double gatmg requlres large c1rcu1t and‘ '

d1s31pates more power as compared to NCZMOS gatmg techmque § Hence dt.is advantage to» :

. use: NC? MOS gatmg techmque

"In th1s work, NCZMOS Gatmg is used whl" : uses
flop and henGe feduces- the. gatmg logrc overhead'. E
for negative edge tiiggefed flip-flop is showii in Fig. 3.3. The stricture uses a pull-up nat, for
;.‘Tg- node, realized by only one PMOS driven by ck signal. In this way only the clock ck and
not comp can drive negative edge on ckg, so ::that the flip-flop can be activated only by ck.
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Fig. 3.5: RCX extracted view of clock gating single phase QSERL D flip-flop layout
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The schematic for positive edge triggered ﬂlp-ﬂop is quite similar. The difference is in pull-
down net, which is composed of a single NMOS driven by ck and in the pull-up net which

presents two series PMOS, one driven by ck-and other by comp [8].

Above explamed gatmg method was for clock generator clrcuzt Sanie; gatmg method can also

" be used for power supply of D-fE. PMOS transxstor is connected between power supply and

mverters of D-ff Wth]:l acts as gatmg for power supply Output of clock gating: c1rcu1t ie.

. ckg 1s connected to the gate of th.lS PMOS 1:ran51stor So thls PMOS sw1tch is tumed—on only

when D-ff is mggered by clock gatmg c1rcu1t

15
— + N .
S 05 Q i - l - - s
o . NN . .
15
1
05 - Q
0
15
1
kg
3]
0
is g
Prmmee———————
1
05 D inpnt ,
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o %5 - me{os) 7 50 s . 100

Fig. 3.6: Stmulated waveform of clock gating single phase OSERL D flip-flop

"

3.2.2 Simulations and Results:

Layout of clock gating adiabatic D flip-flop and its RCX extraction is shown in Fig. 3.4 and
Fig. 3.5. Fig. 3.6 shows the simulated output waveform of single pllase QSERL clock gating
D flip-flop. From output waveform it is observed that logic °1’ is somewhat lower than Vpp
i.e. lower by threshold of PMOS as it is working as diode. Also it is observed that logic ‘1’ is
somewhat sinusoidal which is due to linear operation of PMOS. Voltage applied at the gate
of PMOS is not equal to Vpp but is lower than threshold voltage hence this PMOS is
operating in linear region or we can say that it is lightly on.
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Fig. 3.7: Power consumption as a function of inpuf switching activity for D-ff at clock frequerncy of 100MHz
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Table 3.1: Power consumption at switching activity = 0.5 and C,.= 5fF

Clock Frequency | Conventional Static | Clock Gating 1ph- Adiabatic Gain
(MHz) CMOS (uW) QSERL (uW)
50 33 13.5 2.44 .
100 37 14.8 2.5
200 42 17 2.47
300 49 20.1 245
400 59 25 2.36

Table 3.2: Power consumption at switching activity = 0.5 and f = 400MHz

Load Capacitance Conventional Static | Clock Gating 1ph- Adiabatic Gain
{fF) CMOS (W) QSERL (uW) :
1 46 20 2.3
3 51 22 2.32
5 59 25 2.36
7 70 30 233
10 85 38 224
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Power consumption comparison between conventional D flip- flop and clock gating QSERL
D flip-flop method with operating frequency and switching activity of the circuit is shown in
Fig. 3.7 and Fig. 3.8 respectively. If we increase the load capacitance of the circuit then
power consumption of power clock supply will also increases and its graph for different
- switching activity is also shown in Fig. 3.9-3.12. Gap between the plotted line of
conventional and clock gating QSERL method is increasing which is clearly observed in
graphs. In adiabatic circuit, this gap reduces with increase in frequency and after a particular
frequency both lines get crossed. This is because power dissipation of adiabatic circuit is
more at higher frequiency as compared to conventional CMOS method ie. for higher
frequencies adiabatic circuit will not be useful. It is worth to use adiabatic logic for the

circuit having higher operating frequency.

Table 3.1 and 3.2 shows the power consumption of power clock supply of circuit of
conventional static CMOS and clock gating single-phase QSERL circuit at the load
capacitance of Cy, = 5fF and input clock frequency of 400MHz respectively at 50 % switching
activity. In this table adiabatic gain has also been calculated which is equal to ratio of
conventional static CMOS power consumption to clock gating single phase QSERL power
consumption. From the obtained results of an adiabatic gain, it can be concluded that with an

increase in operating frequency of circuit adiabatic géin will get reduced.

From the plotted graph it is observed that power dissipation of conventional static CMOS and
clock gating single phase QSERL D flip-flop is increasing linearly with frequency. Gap
between these two plots are almost same but if we observe percentage wise then it is clear
that percentage of power saving is reducing with increasing frequency. Clock gating single
phase QSERL D flip-flop shows a power reduction of around 82% as compared to that of
conventional static CMOS at frequency of around 100MHz. At higher frequency or if
switching activity of the circuit is high, power dissipation of the proposed circuit will be
équal to or higher than conventional method. This is because for higher frequencies, idle
period of the circuit will be shorter or negligible so it is worth to use gating method. These
results indicate that use of proposed circuit can be advantageous when applied to the

frequency range of around up to hundreds of mega Hertz.
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33 SR Flip-Flop
3.3.1 Introduction

An SR flip-flop is an arrangement of logic gates that maintains a stable output even after the
inputs are turned off. The simple filp-flop has a set input (S) and reset input (R). It is also
called as set reset flip-flop. The set input causes output Q set to logic ‘1’ whereas the reset
input causes output Q reset to logic ‘0°. Truth table of SR flip-flop is shown in Table 3.3. Its
circuit diagram is shown in Fig. 3.13. This is clocked SR flip-flop. Clock signal works as
enable signal to the circuit i.e. circuit will get on when clock signal is logic 1’ for high level

trigger.

Table 3.3: Truth table of SR flip-flop

S R Qni1
0 0 Qa

0 1 0

1 0 ) 1

1 | 71 ‘ Invalid
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Fig. 3.13: SR flip-flop using NAND gate
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Fig. 3.14: Clock gating circuit for SR flip-flop
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Clock gating circuit for SR flip-flop is shown in Fig. 3.14. As we can see from truth table,
SR flip-flop will change its state only when inputs S and R are different. When both inputs
are same clock signal will continuously higgcr the circuit. Due to large capacitance load on

clock, there will be-large d1ss1patron of: -energy. Soto, reduce capacuance load on clock 51g11al

£
: i-clock generator c1rcu1t 1s used to furn off when both mput srgrals are same R [

?It mcludes two EX-OR gates and one AND gate One EX OR oate is used to compare two
émput s1gnals S a.nd R: If both mput s1gnals are dlffercnt, srgnal 1s passed then mput S 1s

;_compared wrth output Q usmg second EX-OR gate. These two EX-O‘ gates are called as

:-comparator cncmt At the mput of AND gate output of EX OR gates and clock srgnal are

5 rr,

Clock gatmg circuit for SR ﬂlp-ﬂop can be srmphfied to 'cquatwn

ckg = (SRQ +SRQ delk - i

%As'prevmusly mennoned smgle phase qua :statlc energy recovery oglc and clock gatmg arg .
‘:'slmultaneously used to desrgn low. power SR ﬂlp—ﬂop c1rcu1t -One, PMOS h‘anmstor is used
; as gatlng for power clock to reduce dynam1c power d1s51pat10n in adJabatrc c1rcu1t At the

' :mput of ﬂ'l.lS PMOS IIansmtor ckg s1gna1 is apphed ThlS PMOS transrstor is used as sw1tch

between power clock’ supply and adrabatl l’glcal block. So that power clock supply wﬂl

supply energy o circuit- only when SR ﬂlp—

op is charrgmg 1ts output state S
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Fig.3.16: RCX extraction of layout of clock gating single phase QSERL SR flip-flop
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Fig.3.17: Output simulated waveform of SR flip-flop
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Table 3.4: Power consumption at .v'witching activity = 0.5 and C; = 3fF

Clock Frequency | Conventional Static | Clock Gating 1ph- |  Adiabatic Gain
(MHz) CMOS (uW) QSERL (uW)
50 415 10.3 4
100 46 12 3.83
200 55 14.5 3.8
300 68 19 3.6
400 86 24.5 35

Table 3.5: Power consumption at switching activity = 0.5 and f = 400MHz

Load Capacitance | Conventional Statie | Clock dating 1ph- Adiabatic Gain
(fF) CMOS (uW) QSERL (uW)
1 77.5 19.8 39
3 81.2 22.6 36
5 86 24.5 3.5
7 91.8 26.9 341
10 97 294 33
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3.3.2 Simulations and Results:

Fig. 3.15 and 3.16 shows the layout of clock gating single phase QSERL SR flip-flop and its
RCX extracted view respectively obtained from CADENCE virtuoso.  Simulated output
waveform of this circuit is shown in Fig. 3.17. From obtained output waveform it is observed
that clock gating circuit is turned off for idle states or as soon as logical circuit attains its

required output state for given inputs.

Comparison of power dissipation versus frequency for SR flip-flop is shown in Fig. 3.18.
This comparison is between conventional static CMOS, two phase quasi-static energy
recovery and clock gating single phase QSERL methods used for SR flip-flop. As switching I
activity of the circuit is increased, circuit will not remain idle for long time and clock gating
circuit will also consume more power. Hence with increase in switching activity, there will
be sharp increase in curve of conventional as well as clock gating adiabatic circuit which is
observed in Fig. 3.19. Power consumption of power clock supply of the circuit increases
with increase in load capacitance and its graph for different switching activity is also shown
in Fig. 3.20-3.23.

Table 3.4 and 3.5 shows the power consumption of power clock supply of circuit at load
capacitance Cy, = 5fF and input clock frequency of 400MHz respectively at 50 % switching
activity. In this table adiabatic gain has also been calculated which is equal to ratio of
conventional static CMOS power consumption to clock gating single phase QSERL power
consumption. From the obtained results of adiabatic gain, it can be concluded that there will

be decrease in adiabatic gain with an increase in operating frequency of the circuit.

From the plotted graph it is observed that power dissipation of conventional static CMOS and
2-phase QSERL SR flip-flop is increasing drastically with frequency. Also the gap between
these two plots is decreasing with frequency which concludes that 2-phase QSERL will not
work for higher frequency due to higher power dissipation of adiabatic circuit. Plot of clock
gating single phase QSERL SR flip-flop is linearly increasing with frequency. Clock gating
single phase QSERL SR flip-flop shows a power reduction of around 80% as compared to
that of conventional static CMOS at frequency of around 100MHz. These results indicate
that use of proposed circuit can be advantageous when applied to the frequency range of

around up to hundreds of Mega Hertz.
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34 JK Flip-Flop
3.4.1 Introduction

The JK flip-flop is the most versatile of the basic flip-flops. It has input following
characteristic similar to clocked D flip-flop but has two inputs, traditionally labelled as J and
K. Clocked JK flip-flop latch is shown in Fig.3.15. It is implemented just using NAND
gates. IfJ and K are different then output Q takes the value of J at the next clock edge. If J
and K are both low then no change occurs in the output state. If J and K are both high at the
clock edge, then output will continuously toggle from one state to other. This condition is
called as race around condition, Truth table of JK flip-flop is shown in Table 3.2. To remove
this race condition, master slave JK flip-flop is used.: In this circuit two latches of JK flip-
flop are connected in series i.e. one followed by other. First latch is master and second is
slave, NOT gate is used between the clock lines of master and slave latches. This master

slave JK flip-flop is edge triggered flip-flop.

Table 3.6: Truth table for JK flip-flop

I K Qa1 K ff) 1 Qun (Master slave JK ff)
0 0 Q Q

0 1 0 0

1 0 1 1

1 1 Toggle Qn




Clock gating circuit for JK flip-flop is shown in Fig. 3.16. As we can see from truth table, JK
flip-flop will change its state only when inputs'J and K are different or both inptits are logic
high. When both inputs are low élock signal will continuously trigger the _ciréuit. Due to
large, capacitance load on clock, there will be large dissipation of energy. So to reduce
capacitance load on clock signal, clock generator circuit is used to turn off when both input
signals are low or output is idle for long time. Clock gatihg will remove undesired power

dissipation in clock generator circuit.

Clock gating for JK flip-flop consists of comparator and gating circuit. Comparator compares
two inputs and output J, K and Q using EX-OR gate. It also includes OR gate which
compares two inputs. Gating circuit consists of AND gate at the input of which clock signal

and output of comparator is applied.
Clock gating circuit for JK flip-flop can be simplified to equation
ckg = (JKQ +JKQ + JK )clk (3.2)

Similar to clock gating method used for D flip-flop, NC?MOS gating can be used in gating
for JK flip-flop [8] i.e. PMOS tree in gating circuit is replace by single PMOS which is
controlled by clock signal. As previously mentioned single phase quasi-static energy
recovery logic and clock gating are simultaneously used to design low power JK flip-flop
circuit. Similar to SR flip-flop one l;’MOS transistor is used as gating for power clock to
reduce dynamic power dissipation in adiabatic circuit. At the input of this PMOS transistor
ckyg signal is applied. This PMOS transistor is used as switch between power clock supply
and adiabatic logical block. So that power clock supply will supply energy to circuit only
when JK flip-flop is changing its output state.
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Fig. 3.24: Clocked JK flip-flop
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Fig. 3.25: Clock gating for JK flip-flop
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Fig. 3.26: Layout of clock gating single phase QSERL JK flip-flop
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Fig. 3.27: RCX extraction of clock gating single phase QSERL JK flip-flop layout
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Table 3.7: Power consumption at switching activity = 0.5 and Cp = 5fF

Clock Frequency Conventional Static Clock Gating 1ph- Adiabatic Gain
(MHz) CMOS (W) QSERL (pW)

50 37 9.7 32

100 41 11 3.7
200 48 14 34
300 59 18 33
400 71 24 3

Table 3.8: Power ¢ tion at switching activity = 0.5 and f = 400MFHz

/%

Load Capacitance | Conventional Static | Clock Gating 1ph- Adiabatic Gain
(fF) CMOS (W) QSERL (nW)
1 59 16 3.7
3 64 19 34
5 71 24 3
7 81 27 3
10 96 34 2.8
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3.4.2 Simulations and Results:

Layout of clock gating single phase QSERL JK flip-flop and its RCX extracted view shown

in Fig. 3.26 and 3.27 respectively obtained from CADENCE virtuoso. Simulated output

waveform of this circuit is shown in Fig. 3.28. From obtained output waveform it is observed

that clock gating circuit is turned off for idle states or as soon as logical circuit attains its

required output state for given inputs to save loss of energy. Fig. 3.29 shows the comparison

of power dissipation versus frequency for JK flip-flop. This comparison is between

conventional static CMOS, two phase quasi-static energy recovery and clock gating single

phase QSERL methods used for JK flip-flop. As switching activity of the circuit is increased,

circuit will not remain idle for long time and clock gating circuit will also consume more

power. Hence with increase in switching activity, there will be sharp increase in curve of-
conventional as well as clock gating adiabatic circuit which is observed in Fig. 3.30. If we
increase the load capacitance of the circuit then power consumption of power clock supply of
circuit will also increases and its graph for different switching activity is also shown in Fig.

3.31-3.34.

Table 3.7 and 3.8 shows the power consumption of power clock supply of circuit at the load
capacitance of Cr, = 5fF and input clock frequency of 400MHz respectively at 50 % switching
activity. In this table adiabatic gain has also been calculated which is equal to ratio of
conventional static CMOS power consumption to clock gating single. phase QSERL power
consumption. It is also concluded that an adiabatic gain decreases with increase in operating

frequency of the circuit.

From the plotted graph it is observed that power dissipation of conventional static CMOS and
2-phase QSERL SR flip-flop is increasing drastically with frequency. Also the gap between
these two plots is decreasing with frequency which concludes that 2-phase QSERL will not
work for higher frequency due to higher power dissipation of adiabatic circuit. Plot of clock
gating single phase QSERL JK flip-flop is linearly increasing with frequency. Clock gating
single phase QSERL JK {lip-flop shows a power reduction of around 80% as compared to
that of conventional static CMOS at frequency of around 100MHz. These results indicate
that use of proposed circuit can be advantageous when applied to the frequency range of

around up to hundreds of Mega Hertz.
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CHAPTER 4

SHIFT REGISTER

4,1 Introduction

Shift register is a cascade of flip-flops which shares the same clock and shifts data by one bit
after sensing a clock signal. Shift registers can have both parallel and serial inputs and
outputs. These are often configured as serial-in parallel-out (SIPO) or as parallel-in serial-out
(PISO). There are also types that have both serial and parallel iﬂput and types with serial and
parallel output. There are also bi-directional shift registers which allow shifting in both
directions: L—R or R—L. The serial input and last output of a shift register can also be

connected together to create a circular shift register.

Q

D-ff

dexr I
&

Fig. 4.1: 4-bit Shift Register

In this work, 4-bit serial-in serial-out shift register has been designed using clock gating and
single phase QSERL adiabatic technique to show the power saving of D flip-flop. It consists

of four D flip-flops connected in series as shown in Fig. 4.1. Its simulated output waveform
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is shown in Fig. 4.2 which is obtained through CAEDENCE simulator. As we can see input
data is shifted by 1 clock cycle after each flip-flop with the output data of previous flip-flop.

o5 l{s

o5

D
A

D input

08

‘clk
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o o a0 2] B0 g () 190 120 140 160 180 200

Fig. 4.2: Simulated waveform of 4-bit shift register
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Table 4.1: Power consumption at switching activity = 0.5 and C = 5fF

Clock Frequency. Conventional Static | Clock Gating 1ph- Adiabatic Gain
(MHz) CMOS (W) QSERL (0W)
50 87 13.5 5.6
100 94 19.7 4.8
200 106 25 4.2
300 126 34 3.7
400 143 45 3.2

Table 4.2: Power consumption at switching activity = 0.5 and f = 100MHz

Load Capacitance | Conventional Static | Clock Gating 1ph- Adiabatic Gain
(F) _ CMOS (uW) QSERL (nW)
1 76 15 5
3 83 17 4.9
5 / 94 19.7 7 4.8
7 107 22.4 4.8
10 126 27 4.7
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4.2 Simulations Results and Discussions

We have designed SIPO 4-bit shift register as shown in Fig. 4.1 based on the clock gating and
single phase QSERL technique to show an efficiency of the proposed technique. Its
simulated waveform is shown in Fig. 4.2. Comparison of power consumption of 4-bit shift
register using clock gating and single phase QSERL with conventional static CMOS method
at different frequency is shown in Fig. 4.3. It is observed that power saving of the proposed
shift register is about 70% for clock supply and it is about-82% for power supply at frequency
of 100MHz. :

As operating frequency of circuit increases, switching activity of the circuit also increased
and circuit will not remain idle for long time and clock gating circuit will also consume more
power. Hence with increase in switching activity, there will be sharp increase in curve of

conventional as well as clock gating adiabatic circuit which is observed in Fig. 4.3.

Table 4.1 and 4.2 shows the power consumption of conventional static CMOS and clock
gating single phase QSERL circuit at the load capacitance of Cr. = 5fF and input clock
frequency of 100MHz respectively at 50 % switching activity. Adiabatic gain has also been
calculated shown in above table which is equal to ratio of conventional static CMOS power
consumption to clock gating single phase QSERL power consumption. As frequency and

capacitance load of the circuit is increases, adiabatic gain goes on decreasing.
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CHAPTER 5

CONCLUSIONS AND FUTURE SCOPE

5.1 Conclusions

The sequential circuits such as D flip-flop, SR flip-flop, JK flip-flop and shift register are
designed using clock gating and single phase quasi-static energy recovery logic to achieve
ultra low power circuits. The clock gating logic succeeds in disabling flip-flop during idle
periods and does not exhibit timing problems. Dynamic power consumption during idle
periods has been reduced to a large extent. Reliable flip-flops and _sequential circuits can be

realized with clock gating and single phase QSERL method.

Undesired dynamic power dissipation of an adiabatic circuit has been reduced. Proposed
clock gating single phase QSERL technique increases operating range of circuit. This
technique shows a power reduction of approximately 80% as compared to that of
conventional static CMOS at freqﬁency of around 100MHz. These results indicate that use of
proposed circuit can be advantageous when applied to the frequency range of around up to

hundreds of Mega Hertz.

We have presented low power clock gating quasi-static energy recovery logic with true
single-phase power clock. The clock gating and quasi-static nature of this logic leads to less
switching activity and low power consumption. Also the single-phase power clock makes it

easier to design the clock network for synchronous systems.
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5.2 Future Scope

This work can be continued by implementation different counters, complex sequential and -
combinational circuits. Also the effect of tiniing issues, ciock skews, glitches etc can be
studied with more complex circuits. These obtained results can also be compared with .
HSPICE simulation results. Another potential application of this work is to improve delay
- with power consumption of the circuit by minimizing delay of gating circuit or using some

other logic.
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ANNEXURE
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