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Abstract

Quantumdot cellular automata (QCA) is an emerging transikss fieldcoupled
nanocomputing (FCN) approach to uls@ale nanochip integration, enabling molecular
electronics. In QCA, electron tunnelling between quantum dots enables switching, while
electrostatic repulsion drives electrons to opposite positions within thedftucell,
thereby encoding binary configuration. Current QCA circuit designs are either irreversible
or logically reversible. This thesis introduces three innovative design metndmislding

QCA circuits, including logically and physically reversible, partially reversible, and
hybrid design methodShe core component of the logically and physically reversible
designmethod is an innovative reversible majority gafighis method was applied to
construct combinational circuits, sequential flipps, and more advanced computing
circuits an arithmetic logic unit and multiplexe&imulation results demonstrate that the
logically and physically reversible design method produces titmad QCA
combinationgl sequentigl and more sophistecatectircuits, with exceptional energy
efficiencyimprovementf up to97%. The innovative partially reversible majority gate,

is the key component of the partially reversible design metibg method was used to
build half-adder circuitSimulation result®f the propcsed partially reversible ha#fdder

show that thepartially reversible design approaehhancespeeddy up to67%, reduces
circuit costby up to 77%compared tdhe reversible design method, amgprovesenergy
efficiencyby up to86% compared t@onventionalrreversible circuitsThe hybrid design
method integrates reversible, irreversible, and partially reversible majority gates, offering
greater control over the level of circuit reversibilitshis approach was utilized to design
four distinct QCA haHadder circuits, each employing a specific combination of these
three types of majority gates. Simulation results indicate thateasing circuit
reversibility tends to increase cost while reducing energy dissipation. Conversely,
reducing circuit reversibility can lower costs but results in higher energy dissiptien.
present research endeavour has produced six publications in total: five gtioheg and

one conference paper.
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Chapter 1

1.Introduction

1.1.Introduction to Nanocomputing

Nanocomputing refers to the use of computing systems and processes that operate at
the nanoscaldl]. This entails the use of components and devices that are a few
nanometres size to build an integrated circuit (IC). Conventional ICs that use transistor
based complementary metatide semiconductor (CMOS) technology encode binary
information at two separate voltage levi@g A high voltagdevelrepresents logic 1, and
a low voltagelevel represents logic 0. CMOS circuits utilise complementary and
symmetrical pairs of{ftype and rtlype metaloxide-semiconductor fieleffect transistors
(MOSFETS) to ensure that only one transistor conducts at a time, hence reducing power
consumptiorf3].

In 1965, Gordon Moore predicted that the density of transistors on a single chip would
increase twofold every 18 monthd]. The doubled number of transistors results in
improved computing efficiency because it enables devices to operate at higher speeds, use
less area, and consume less energy. For more than fifty years, Moore's Law has been a
fundamental principle driving teaological advancemenn recent years, there has been
increasing doubt regarding the future sustainability of Moore's Law. The advancement of
CMOS technology and the continuous scaling down of transistor feature sizes at the
nanoscale have led to growiegncern about its associated negative aspects, including
high resistances, charge quaation, inadequate switalyg levels, subthreshold voltage,
gate leakage current, and heat dissipal®8]. Additionally, the escalatinghsatiable
demand for increasing the number of devices on the CMOS system on a chip (SoC),
already at a count of billions, exacerbates the issue of excessive power dis$§jation
the chip will melt

Field-coupkd nanocomputing (FCN) is one of the most promising computational
techniques for addressing the CMOS scalability challefit@. FCN is an innovative
approach that allows for the construction of digital hanocomputing circuits without

1



requiring conventional transistors atfe associatedharge transpowvith accompanying
Ohmic lossesInstead, FCN relies on the local field interactions among nanoscale

components arranged in specific pattddrig.
1.2.Introduction to Quantum -Dot Cellular Automata (QCA)

This study examines one of the most promising FCN paradigingh is QCA
technology QCA is an emergingana@ompuing paradigmthat relies on FCN and has
successfullyd p ut thephysiss ®ffuantum mechanicalinnelling and electrostatic
interactions to execute both combinational and sequetigaal logic circuits[12-14],
accordingto the cell layout Circuits utilising QCAcells demonstrate the capacity to
achieve higher speed and lower size compared with conventional microelectronic devices
[15]. Moreover, they possess the capacity to operate with significantly reduced power
consumption in comparison to current technolofi€s 17] For computation, QCA uses
nanoscale bistable devics8]. The QCA approactvas inspired by advancesquantum
dot technology, harnesse@ster- and intra-cell dot Coulombinteractions and expands
upon Landauer's insights intanits on digital device implementationsand energy
dissipationconsideréions[19].

Heat dissipation is one of the most critical issues in the construction of electronic
devices [20]. Conventional computation technologies mainly rely oreversible
operationg21]. For instance, the AND gate transforms two input bits into a single output
bit; thus, it loses one bit of information. Rolf Landauer asserted ithatersible
computational methods cause informatiossas a form of heat dissipation k¥TIn2 per
bit erased, wittks being the Boltzmann constant afdeingthe system temperatuj21l,

22]. The energy dissipation caused by information losses was considered negligible for
many yearg23]. The miniaturization of computational devices and the improvement in
materialquality and fabrication processes have led to the transformation of the energy
dissipation levels of modern circuits and systems to values close to the Landauer bound
[24]. Thus, newparadigmsof computation that can perform logic operations, without
losing information are required to continue reducing energy consumption below the

Landauer energy lim{ksTIn2).



Reversible computing ianemerging computationglaradigmwith the main aim to
overcome the heat dissipation problg2b]. In reversible operations, the computation
circuits utilise reversible logic gates where thambersof input and output pins are the
same. In 1973, Bennett proved that circuit energy dissipation is theoretically eliminated if
computational operations are performed without information |Ja5% Therefore, to
overcome the limitations of energy dissipation, computation operations must be carried
out reversibly[26]. Thus, computer technologies that employ underlying reversible
operations could eventually allow for ultraefficient computing. However, reversible
computing is an effective loywower techniqueonly if reversibility is sustained down to
the physical levgl7]. QCAis a transistoetess nanoscale methodology that can overcome
the limitations of current CMO®ased venjargescale integration (VLSI) technology
[11]. QCA is a suitable nanoelectronics approach for performing digital logic operations
that are both logically and physically reversible, allowing for the s&t#din of ultralow
energy dissipation computirjg8].

The design phase is critical to the advancement of emerging technologies, as it directly
influences their feasibility, performance, and scalabfi8]. Also, it directly impacts the
performance, efficiency, reliability, and manufacturability of the final prof8@t This
study introduces three innovative design methods for building QCA damaputing
systemsFirst, an innovative logically and physically reversible, tisyachronised design
technique for ultraenergyefficient QCA circuits is introducedsecongda novel partially
reversibledesign apmach isproposed to balance chip powsnsumption speed, and
area.Finally, a hybrid design method is presented to provide more control over circuit
characteristics in terms of power consumption, delay time, and area occupied.

These design methodologies can optimise the circuit's features by makingftseade
in terms of speed, area, and power consumption. Thus, the circuit's ultimate goal
determines the most effective design method to Tise.novel, logically and physically
reversible, timesynchronised design approach can lead to extremely low energy
dissipationThelogically and physicallyeversible design method's core component is an
innovative reversible majority gate. This method was used for designing and simulating
novel logically and physically reversible, tirsgnchronised combinational and sequential

QCA circuits that dissipate 48 energy than the Landauer limitkaflin2 per bit erased



[31, 32] (seeChaptes 3 and4). The logically and physically reversible design method
was then used for designing more sophisticated QCA computing circuits, including a 4:1
multiplexer, an 8:1 multiplexer, and anthmetic logic unit ALU) [33, 34](seeChapter

5). If more characteristics need to be considered beaittesving higrenergy efficiency,

then the partially reversible design technigua be used[35] (seeChapter6). The
partially reversible design approach improves the speed, decreases the circuit cost in
comparison with the reversible design method, and still optimises energy efficiency
compared to the irreversible QCA circuithe key ingredient of the partialhgversible

design method is the introduction of a partially reversible majority gate element building
block. Customised systems require circuits with specified specs in terms of power, speed,
and area. The hybrid design method allows the designer to haneeaontrol over the
circuit characteristics to meet different system nd8@$ (seeChapter7). The hybrid

design method employs a combination of reversible, irreversible, and partially reversible

majority gates.
1.3. QCA Background

In the 1980s, there were notable improvements in epitaxial growth techniques,
particularly in molecular beam epitaxy (MBE37]. This enabled the fabrication of
galium arsenide GaAs and aduminium gallium arsenide AlGaAs) semiconductor
heterostructures with extremely smooth interfaf3&. When the atoms in crystalline
semiconductors are carefully controlled, atshmmensional electron gas (2DEG) can form
in the lateral plane, perpendiculahere AlGaAs and GaAs meg@9]. This 2DEG is very
conductiveat low temperaturefgl0O]. By placing lithographically defined metal gates on
the semiconductor surface, the 2DE&n be further manipulatdaly defining a further
potential acting on thplane of confined electrojd1]. Applying a negative potential to
these gates deplstihe 2DEG beneath thep#2]. In 1988, two research groups measured
the conductance through a constriction connecting two 2DEG regions and found that it
was quantized43, 44] This phenomenon was convincingly explained by the quantum
mechanicabehaviourof the electrons passing through the constricigl). Solving the

Schrédinger equation in two dimensions, using the effective mass approxinaeten,



applying the Landauer approach for quantum transgsod waveguide like transmission
problem,explained much of this layer's behavig4s].

The ability tomanipulateelectrons' effective wavefunctions has shown considerable
potential for future device applicationfid6]. There were several proposals for device
designs that were based on waj#s, 48] These designs are frequently compared to
microwave devices and use quantum interference phenomena as theaperational
mechanismCompelling experimental demonstrations have verified the genuineness of
these quantum mechanical processes and their capacity for device perfofd§nce
Moreover, it became possible to generate quantum dots by restricting tdenemsional
electron gas (2DEG) in both horizontal dimensions, while the third dimension is already
restricted by the heterostructure potenf]. These quantum dots can be considered
synthetic atom§50, 51] and highQ resonators for ballistic electron transgé@, 53]

During that period, the phenomenon of Couldnidckaden tiny structures was only
beginning to emerge and show poteritldl]. Electrons, when they tunnel onto tiny metal
islands, can raise the island's potentiale\C, whereC represents the island's entire
capacitancg54]. In microscale structures, the magnitude of this charging energy can be
considerable in relation to thermahergy andnust be properlyconsidered55]. The
conventional theories of Coulomb blockade explain the islarasport behaviouin
terms ofmacroscopigslandcapacitancgs5]. While this method is appropriate for metal
structures thdtave asea of fre@lectrons, tiny semiconductors necessitateeaybodies
theory approachThis model computes the effective capacitance by considering the
influence of Coulomb effecsnd quantum mechanical principlegher than relying on a
classicalcapacitancé¢s6].

The QCAideawas derived from the classic cellular automata (CA) paradigth
CA systems are mathematical models that simulate the process of evolution, progressing
from one generation to the next based on predetermined prin&gle$he adjacent cells
of the preceding generation determine the condition of each cell. The inherently suitable
coupling between neighbouring nanodevides ultra-device scale integrationresults
from the expectation that a single minuscule device will influence its adjacent devices
while exerting negligible influence on devices further aj&8]. CA systems offer an

alternative approach to computing that diverges from the cesrateth model of



transistors. CA systems are versatile mathematical models that can function with any
given set of evolutionary rulg$8]. The investigation into device design encompassed
not only the computational behaviour that local CA rules could generate, but also the rules
representingctual physics of cellular interacti¢®0].

Through a series afeminalpublications, Lenet al. introduced the concept of QCA
technology in the early 1990& 1992, a research study observed a very nonlinear
thresholdbehaviourfor singleelectron transfer inwo-electron systems subject to bias
comprising of twdunnetcoupled quantum well§1]. A multi-electron Hamiltonian was
used,and the Schrédinger equation was directly edlemploying the finite element
method The nonlinearitywasa direct result of the process of quantizing charge. When
high barriers surround a region of space, the average value of the contained charge tends
to be a whole number multiple of the basic chaiides work was extendeldy using a
Hubbardmodelto describe th@CA cell, containing hopping between cell sitesd intra
and irter-cell electrostatic interactiorf62]. This model avoided the difficulties associated
with resolving exchange and correlation effects by using a ddeuwtdodinger equation
solving approach.The simulation resultshowed thatbistability was afundamental
characteristic of QCA. While the idea of exploring a msiltite QCA cell and muistate
logic may seem attractive, it is important to note that only a bistable system may fully
achieve saturation in both logic stages. An intermediate stat@erently susceptible to
transitioning between stages.

Lent et al. (1993) employed the cell charge configuratioof the QCA paradigmto
encode binary informatiofi19]. A series of QCA cells functioned as a binary wire, and
the convergence of two or three wires could establisiajarity logic gatewith majority
votingbehaviouf18]. A specialised cell arrangement at the junctigrfixing theinternal
biassing to either state 1 orfdr one of the input cellfunctions as adOR6or AND 6
gate[19]. Cellular interactiondetween cellplacedalong diagonal axes crealaygic
inverters [63]. Thus, any logical or arithmetical function using these fundamental
componentscan be construetl The specified cell layout andtilising the cell-cell
electrostatic interactiongetermine thelogic operations, and many researchers have
adopted QCA as a prospective computing paradjg 64, 65] QCA is aFCN
technology where information is encoded in the form of the polarisation of eaghigell



The coulombic electrostatic force subsequently propagates the information to
neighbouring cells. This leads to low energy dissipation because there is no current flow
but rather electrons tunnelling between sites in a QCAXTH|

Lentet al. (1994)demonstrated how small metal islands, when connected by tunnel
junctions,canfunction as dots and create QCA c¢@6]. An important benefit of metal
dot structures is their ability to direct electric field lines from one dot to affect adjacent
dots, whereas with semiconductor depletion dots, the field disperses in all directions.
Within amolecular electronicgiewpoint,molecular versions of QCAan be envisioned
in which a portion of the moleculeanlocalise charge and serve as the equivalent of a
guantum dof67]. A QCA demonstratioomagnetic model was constructed utilising three
inch magnets embedded in Lucite blocks capable of rotating osfrictvon jewelled
pivots[19]. Thesemagnetic cells were employed to illustrate QCA wires and gates.

Thus, we find that the QCA philosophy revolves around four fundamental principles.
First, the ability to position quantum dots to contain charge. Second, Landauer's
compelling argument that any functional device must demonstrate bistable saturation in
its information transfer function. Third, charge quantization is responsible for the inherent
nonlinearity of charge tunnelling between these dots. Fourth, there is the instantiation of
locally connected architecture resembling cellular automata through thlen@nc
interaction between charges, with an inverse square force decay.

Many researchers have addressed the QCA paradigm as a promising future computer
technology because of the specific circuit structure and electrostatic interactions among

neighbouring cells that allow logic functions to be exec{4&d70].
1.4.QCA Circuit Architecture

QCA cells are thé&ey elementsn QCA technology[19]. A typical QCA cell consists
of four quantum dots, arranged at the four corners of a sgdacé.cell has a pair of
electrons thatanundergo quantum tunnelling between the four quantum Bats.to
their electrostatic interactions, the two electrons tend to be located on opposite diagonals
in a square, representing two binary configuratiofisee dots within a QCA cell are

sequentially numbered in a clockwise manner, starting from the dot positioned at the top



right corner. Thus, the polarisatidh within a cell can be measured as the extent of

electrical charge dispersion among the four dots:

(1.1)

where” denotes the electronic charge in each dot of adotQCA cellat site'QBecause
coulombic repulsion is present, the two possible polarisation states of QCAataliate

at P=-1 and P =t+1, which correspond to the binary digits O and 1, respectively (see
Figurel.l).

b QCA cell
@'""QG— Quantum-dot Q“"@
: ' : !

i | * {— Tunneling Junction i f
O----@— Elcctron @----O
P=-1 P=+1
Binary 0 Binary 1

Figure 1.1 QCA cell polarization.

Electrostatic forces interact between adjacent cells, inducing a quadrupole moment in
neighbouring cells due to the nonuniform distribution of cell charge. These perturbative
fields create a dependence of eachssthte on the polarization of other cefigurel.2
illustrates the highly nonlineantercellularinteraction function. Thigelli cell response
function is essential toQCA operationas a universal computend provides a noise

margin and signal restoration aloleggthy arrays.

Cell Polarization

- v ® $ O
® C @ D @
Switching Cell Polarisation

Intercellular Interaction
Figure 1.2 Nonlinear intercellular interaction function [71].

Under optimal conditonsyher e t he system doesndt get

the systels60 di r ect i on inclinationrtcavards|theé lowest enargy stétiat

8



encompassescomputation. QCA computing is commonly known as grestate
computation. The electrostatic interaction between electrons in neighbouring cells tends
to align their polarisation. This feature enables the transmission of information across a
cellular wire. Typically, the process of designing QCA circuits entails the use of three
elementanpuilding blocks, whiclcompromisearrays of QCA cells:

- QCA binarywire.

- QCA inverter.

- QCA majority gatevoter (MV).

A useful QCA computer circuit consists of wiring up Q@#erters and majority

gates to provide the overall digital circuit's required logic truth table.
1.4.1. QCA Binary Wire

The intrinsic bistability of each QCA cell, combined with the Coulomb interaction
between cells, guarantees that a linear array of cells will align with the same polarization.
The linear array's alignment enables it to function as a binary wire, allowmté
transmission of information from the driven end to the free €hd.QCA wire worked
well across the whole parameter space of the model Hamiltonian as long as the energy of
the Coulomb interaction dominateover the kinetic energy{19]. The bistability of
individual cells inside the wire can provide resistance to changes in shape and other
oscillations in cell parametef$9]. In order to prevent signal degradation, a binary wire
is commonly partitioned into many clock zones, as signals have a tendency to deteriorate
due to thermasmearing effectsyhen there is a lengthy sequence of cells in the same
clocking zond72].

Figure 1.3 displays an example of a QCA wire layothe driver cellis on theleft-
handside,which can maintain a fixed polarisation of eith&r which equals binary 0, or
+1, which equals binary The dher cells in the array are free to react to this polarization.
The output cell is located on the rigieind side.

Coulombic Interaction

|
Binary 1 ’ ® Q 9 N C ¢ > Binary 1
® Oll®e Ol O||e O

Figure 1.3 QCA wire layout (The blue colour indicates the input cell, theyellow colour indicates the
output cell, and the green colour indicates the internal cel)s
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1.4.2. QCA Inverter

The inverter is another critical component in the construction of QCA digital circuits.
Two distinct configurations for QCA inverters are described in the literature: the-single
branch inverter shown iRigure1.4a, and the doubkdranch inverter depicted iigure
1.4b. Thesinglebranch layout is based arsinglediagonalCoulombicinteractionIn the
singlebranch inverter, the symmetric diagonal contact with neutral molecules enables the
inversion procesf’3]. On the other handhé doublebranchinteraction aims to enhance
the symmetry of the inverter layout, thereby promoting the stability of the inversion
operationto manufacturing flaw§73]. The doublebranch structure typically encourages
information inversion. However, the crosstalk effect hinders the ability to conduct
inversion using the doubleranch inverterThus, he choice between singbganch and
doublebranch inverters depends on numerous factors, such as size constraints, the desired
computational speed, sensitivity to noise, stability needs, the complexity of the overall

system, and the technology ugéd].

frput > - Toput > l ’ ot
> (“"I““

() (b)

Figure 1.4 (a) Singlebranch inverter and (b) double-branch inverter (The blue colour indicates the
input cell, the yellow colour indicates the output cell, and the green colour indicates the internal
cells)

1.4.3. QCA Majority Gate

The cell arrangement enables the QCA technology to form logic Jdtesnajority
gate is the fundamental logic gate used in QCA circtiits. conventional QCA majority
gate consists of three inputs and one outiputetermines the majority value among its
three inputs, i.e., it exhibits majority voting behaviour. It is mathematically represented in

Equationl.2

O o 66 606 66 (12

10



Figure 1.5 presents the conventional QCA majoritthe symbolof the conventional
threeinput QCA majority gate is presentedhkigurel.5a, wherea$igure1.5b displays
the QCA layout.

7. } o
B

(@)

I: ;l’ M(AB.C)

v
.
e
-> I S S <

—~
O
=

Figure 1.5 (a) The symbol of the conventional threeinput majority gate and (b) the physical QCA
layout of the conventional QCA threeinput majority gate (the blue colour denotes the input cells,
the yellow colour denotes theutput cell, and the green colour denotes

The majority gate is programmed to produce an '‘AND' gate or an 'OR' gate by setting
a binary value of '0' or '1' to one of its inputs. Thus, fixing input C in Equatiio the
value of '0', can pr odu cexpreasion givénNrCEQuatpa t e
1.3

O omht 08 (1.3)

Figurel.6 presents thproducedQCA 6 A N D 6. Tlgesyimleolof theproduced QCA
0 AN D 06 is gresénted ifrigurel.6a, whereasigurel.6b displays the QCA layout.

%
.

) \ Fixed Input L JNe]
T{fg/“ o > O RS R &>
” i

A

B

(a) (b)

Figure 1.6 (a) The symbolof the produced AND gate and (b) the physical layout of theproduced

AND gate (the blue colour denotes the input cells, the yellow colour denotes the output cell, the

green colour denotes the internal cellsandthe orange cell with twoelectronsin upper left and
bottom right denotesthe cell with a fixed valueof 6 (. 6
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On the other handixing input C in Equationl.2 to the value of '1', results in the
generation of an O &®réssigngivenin Bgudtidnd. t he Bool e a

O ol o6 6 (1.4)

Figurel.7apresentshe symboloft he pr oduced,wieRgu@XYR6 gat e
showsits QCA layout.

A
Fixed Input
1 — A+B
} |‘Hlﬂ”f\ ]I
B

(@)

pf [ ST

2= - R AN -

~—

Figure 1.7 (a) The symbolof the produced OR gateand (b) the physical layout of theproduced OR
gate (the blue colour denotes the input cells, the yellow colour denotes the output cell, the green
colour denotes the internal cells, and the orange cell with twelectronsin the upper left and bottom
right denotes the cell witha fixed value of 4.9.

The inclusion ofQCA wires, QCA majority gates, and QCA invertésscrucial in
QCA circuit design because their combination allows for the implementatiall of
possibleBoolean functionsi.e., they form a full set of universal loggates The ability
to construct complex logic functions using combinations of majority gatesrters and
wiresmakes QCA a promising technology for future computing architectures, particularly

in areas where minimising power consumption and maximising speed are critical.
1.5. QCA Clocking Algorithms

To ensure proper data transfer and operationLiBl logic circuits, clocking control
plays a vital role in coordinating data flow4]. Unlike circuits based on fieldffect
transistors (FETs), QCA circuits do not have a predetermined direction for the flow of
current or electrons; instead, information can propagate in multiple diredti®hs
Therefore, clocking is crucial for synchraimg and directing the flow of information in

a specific directionTo alter the tunnelling barrier strength between the QCA cells and
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achieve clocking control, QCA requires an external c[@6k Researchers have proposed
various timing and clocking methods to regulate information transmission via QCA
circuits.

In 1997, Lent and Tougaw devised adiabatic switching as a way to control the timing,
deal with metastability problems, and facilitate pipeline creation for QCA cirfdléis
This clocking method divides the QCA array itasters of cells known as clock zones,
providing the advantages of multiphase clocking pipelining. A clock zone structure
facilitates the execution of a computation by a set of QCA cells, allowing them to stabilise
their states and subsequently transmit the results to the next clock zone as\ltguitsy
the QCA wire length to grow can increase the risk that cells will not switch accurately due
to thermodynamic constraint$herefore, dividing the wire into zones is analogous to
breaking it into several smaller wirg&7].

The adiabatic switching clocking scheme is implemented through underlying circuitry
that generates an electric field to modulate the tunnelling barriers between quantum dots
in QCA cells. This clocking system uses buried conducting metal wires to progonaks s
that achieve four clock phases, with each phase shifte@-tggreesThe four90-degree
shiftedclock phases consistently adhere to a pattern of four ssatiésh, hold, release,
and relax. Figure 1.8 depicts these four phases of the adiabatic pipelining cycle in
simplified form.Each outlined box represents a multicellular clock phase. Each cell in a
clock phase uses the same gate to control-daebarriers. In each box, the cell on the
left depicts the state of the cells at the commencement of this clock phase, while the cell
on the right depicts the state of the cells at the end of this clock phase. The single cells

depicted can represent a subarray of QCA cells.

EEEE |
s B 5 B

Switch Hold Release Relaxed

Figure 1.8 Adiabatic pipelining phases.

The QCA chip is divided intdour clock zones, labelled Clock 0, Clock 1, Clock 2,
and Clock 3 which are colour coded the QCA-Designertool, as shown irFigure 1.9.
A unique clock signal controls each zone, directing the cells to perform specific
13



computations.Data can only flow between QCA cells managed by consecutively
numbered clocks, such as from Clock 0 to Clock 1, Clock 1 to Clock 2, Clock 2 to Clock
3, and Clock 3 back to Clock 0

Data Flow

o ©l[0 flo ole 0|0 O O _Ofio o2 ojjo ojlo olf¢ ofo ofo Ofe oo ofle 9o oo Qo oo O

Clock 0 Clock 1 Clock 2 Clock 3 Clock 0

Figure 1.9 QCA data flow.

The four clocking zones correspond to the four clock signals, forming a complete QCA
clock cycle.Figurel.10shows the clocking phasarrier height wheswitching between
the different clock zone#t the beginning of the first phase, referred to as the switch
phase, the cells are unpolarized and have low barriers. However, as this phase progresses
and computation is performed, the barriers increase, and the cells become polarised to
correspond witlthe computation function. This phase ends with substantial barriers that
prohibit tunnelling and fixed cell states. The second phase is termed the hold phase, where
the barriers remain at their current height. The third phase is the release phasehavhere t
barriers are lowered and the cells become depolarized. The relax phase is the fourth and
final phase of the clock. This phase maintains the unpolarized nature of the cells by
keeping cell barriers low. After the fourth phase, the clock system repslanzereverts
to the first phase, beginning a new cycle.

In the adiabatic switching method, the input states are switched gradually, while the
interdot barriers of the cells are changed, at the same time, across the whole array. This
keeps the system in an instantaneous ground Btatddition, the synchronisation of data
can prevent a signal from reaching and propagating through a logic gate before any further
inputs are receiveddaving these features guarantees that QCA circuits will function
properly. However, the implementation of this ahmensional adiasatic switching
scheme faceseveralobstacles. These obstacles include the difference in the lesigths
the wires, in the clock zone capacities, and in the number of cells between the different
clock zones, which may preclude the construction of feedback paths and produce an

unused aref/8].
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Figure 1.10 QCA clocking phases in different clock zones.

Vankamamidiet al. (2007) proposed a twalimensional QCA timing metho[¥9].

The twadimensional QCA clocking method can achieve higher performance and lower
power consumption thatme onedimensional QCA clocking method by exploiting the
spatial and temporal parallelism of QCA circuits. This clocking scheme takes zone size
into account and comprises a grid of square zones that are equal in size, thus preventing
thermodynamic effects oQCA circuits. The overhead of feedback channels, however,
remains a major challendgé8]. In advanced QCA circuits, long lines between timing
zones have a negative effect, leading to higher delays and sensitivity to thermal
fluctuations[78].

Camposet al. (2016) developed the unified, scalable, and efficient (USE) timing
method [78]. The adaptability of the USE timing method enables it to satisfy the
requirements of QCA circuits, which include the implementation of feedback channels
with small or large loops, the standardisation of cell libraries, and the facilitation of routing
simpicity. Figurel.11shows the USE clocking system, which consists of four time zones
numbered from 1 to 4. These four time zones constitute one complete clock cycle. Data
flows between the QCA cells meighbouringclock zones, shown here as squares. Each

square contains a cluster of filag-five QCA cells representing a distinct time zone.
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A clock zone
contains 5 X 5 QCA
cell places

Figure 1.11 The USE timing mechanism (the squares are used to represent time zones and the
arrows are used to represent data flow).

To balance the speed of data transmission and the arrival time of data, for each logic
gate in the circuit, clock synchronization is esserj8@l. The differentiation between
local and global synchronization must be carefully considered when evaluating QCA
circuits. Local synchronization necessitates that data transmission be restricted only
between cells in clock zones with consecutive numbeshablkynchronization ensures
that new data is transmitted to the inputs of the circuit during every clock cycle; thus, the
inputs of all gates are synchronized for at least one clock cycle prior to the arrival of new
data. Most researchers emphasize tbeall synchronization ia crucial requirement to
include when developing QCA circui{80-83]. However, the conclusion for global
synchronization research is contradictory. In spite of numerous assertions highlighting the
importance of global synchronizatiofBl, 82] some studies argue that global
synchronization is not a necessary requirement for QCA cif@8is

Clocking is vital for the design of QCA circuitsas it facilitate the physical
implementation of QCA circuits. Either the pipelistyle[79] or the dynamiestyle[78,
83] can be used to include the real clocking concept into the QCA clocking system. For
complex circuits based on fiveput majority gates, the real clocking strategy, with
efficient clustering and placement, has been recently devel@édGenerally, QCA
circuits utilizing majority gates with more than three inputs benefit significantly from the

real clocking techniqug4].
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1.6. QCA Wire Crossing Methods

One of the most frequently encountered issues in systexigit design practice is
wire crossingg85]. Dealing with wire junctions is one of the greatest challenges in the
development of QCA digital logic circuit86]. Wire crossing in QCA is critical for
designing complex circuits where multiple data pathi®rsect. Unlike traditional
electronic circuits, where wires can simply overlap, QCA requires careful management of
electron positions and interactions to avoid interference and ensure reliable data
transmission[71]. In QCA circuits, there are currently two wire crossing techniques
available:

- Coplana wire crossind87].

- Multilayerwire crossing72].
1.6.1. Coplanar Wire Crossing

Applying a 45degree rotation to a QCA cell can result in a rotated QCA cell that
possesses the same features as the standard Q@&VEellherotated celaligns its dots
both vertically and horizontallythus the cellcan be in one dfvo distinct forms that can
represent the binary logic values 0 an#&ifjurel.12 shows a schematic representation of
thesetwo rotated QCA forms.

o O ® @
@ O

P=-1 P=+1
Binary 0 Binary 1

Figure 1.12 A 45-degree rotated QCA cell.

QCA circuits that rely on a-phase clocking systepftenuse the coplanar crossover

technique for transmitting signals across wire junctions. The coplanar approach relies on

45-degree rotated QCA cells. Under certain circumstances, the coplanar crossover can

transfer signals across a single planar layer usiegfpsymmetries between rotated and

unrotated cells. Proper construction of these cells demonstrates that they will not interfere

17



when placed adjacent to each other, as shoviigare 1.13. The lengths of the rotated
wire and the unrotated wire are precisely equal, hence enabling identical coulombic
interactions among electrons within each cell. As a result, when the wires cross, the signals

on each wire remain unchangéd].
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Figure 1.13 Coplanar crossover method.

However fabricating cells with two different orientations presents challenges, and the
weak coupling in the cells increases the likelihood of interference or cro$8&lk
Because of their weak coupling, the cells are susceptible to many physical and
environmental factors, such as temperaf88j. Ottavi et al. (2006) introduced a new
architectural design to address the challenges associatedeektoupling, particularly
temperature issues, by developing a more thermally resilient archit¢8]reThey
devised three designs based on the cell orientation, majority gate voting, and cell
interaction.Although these suggested methods addressed certain design problems, they
incurred additional cos{87]. Rajeswariet al. (2010)attempted to reduce the additional
space required by complicated design processes and produced the first diadddg
wire crossings using only one kind of cgl7]. Despite achieving success in executing
their recommended methods, there were limited limits in terms of timing. They suggested
using a personalised clocking system with eight zones, resulting in a decrease in

processing performance.
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1.6.2. Multilayer Wire Crossing

The multilayer method is another solution for crossing wires. This approach employs

a tripartite structure to address the problem of wire junctions by separating crossed wires
vertically. A vertical connection and hierarchical cell stacking could trarismgignal to

the next layer and then direct it horizontally, thereby preventing crosstalk and interference
[90]. The two crossing wires use clockitgchniques, resulting in identical delay times

for both wire output$91]. Figure1.14 illustrates the multilayer crossover stylhe top

and bottom layers represent the intersecting wires, while the middle layer serves as an
intermediary layer to prevent any potential interference between the two interconnections.
The coulombic interaction between stacked cells forces the cells in between to tend to the

opposite polarisation of the layers above and below.

Top laver
L0

Middle laver for Nt A\
matched vertical : ® e o
interconnect A Zg\

0\ Bottom layer

Figure 1.14 multilayer crossover method.

Theadditional layers of QCA multilayer circuits function identically to the underlying
base layer. This approach is distinct from conventional CMOS integrated circuits, which
use multimetal layers to interconnect circuit components that are not runniriy éodpeit
incapable of performing logical processes. The QCA cells in the additional layers are
subject to the same Coulombic interactions as those in the base[92}eHence,
additional layers possess the capability to include computational circuit components rather
than only wires. Compared to the coplanar circuit, the multilayer crossover method has

the potential to significantly reduce the space demands of multi@@é circuits[90].
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Nevertheless, producing multiple layers with precise alignment and reliable
interconnections is technologically challenging and requires sophisticated equipdjent
The heightened intricacy and exacting specifications augment the expense of fabrication.
In addition, managing heat dissipation in multilayer systems can be challenging, as
multiple active layers have the potential to dissipate additional amounts ¢9hat

Although most QCA designs use the coplanar method, which is traditionally
considered advantageous in the QCA paradigm, research has shown that the coplanar
crossover experiences rapid performance deterioration due to significant crosstalk
between the twanterconnect§92]. The multilayer crossover method, on the other hand,
has a higher displacement tolerance than the coplanar crossover. Thus, it can provide more

robustQCA circuits with reliable data transmissi{#2].
1.7.Energy Dissipation Analysis of QCA Cells

A QCA cell starts each clock cycle in a depolarized @& Energy needs to be
supplied by the clock to reach a polarised J@24¢ Most of this energy goes back to the
clock and other cells when the cell depolarizes again at the end of the clock9dycle
However, some energy is dissipated into the environf®dt To study the energy loss
of QCA cells in detail, a microscopic quantum mechanical model of QCA cell behaviour
needs to bapplied[95-97].

Presently, there exist twiechnology computeaided desigTCAD) tools, namely
QCAPro[95] andQCADesigneiE [96], that enable the modelling of energy dissipation
in QCA circuits.TheQCAProsimulation tool, developed in 2009, cannot provide precise
estimatesdue to the assumption of a perfect clock slope. Consequently, it permits only
the determination of an upper limit for energy dissipation. On the other hand,
QCADesigneiE can compute the actual energy dissipatialnes. It calculates thenergy
transmission to and from the cloqke ), the neighbouring cells(% ), and the
environment (% ) by calculating the corresponding integral equations for these
guantities. Th&QCADesigneiE TCAD tool is an enhancement of the wihown QCA
TCAD packageQCADesignef71].

QCADesigneiE incorporates a coherence vector simulation engine (CVSE). The

CVSE utilises an advanced quantum mechanical density nistsied treatment, as
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described in the literatuf83, 95, 96] to simulate the behaviour of QCA cells, including
energy dissipation. It uses a computational method in which a transient analysis is
performed for the quantum mechanical density mdtaged microscopic description of
the intracell dynamigsvhile the cellcell electrostatic interactions are incorporated within
the Hartree approximatiofr1l]. During each iteration, the CVSE calculates updated
values for the coherence vector components, given thed@pendent tunnelling energy
determined by the clock. The coherence vector formalism uses the Pauli spin matrices to
form the basis for the colexce vector. By solving the matrix differential equations that
reflect the evolution of the quantum mechanical density matrix, the coherence vector is
determined. This is accomplished using an iterative fixedstep techniquéd6]. To
minimise simulation errors and obtain accurate outcomes, the timdstgp must be
sufficiently small.

Going into further detail, the microscopic quantum mechanical model represents the

state of a QCA cell using two thregmensional vectors: the coherence vector and the
energy vector. The coherence vedir 1 A R represents the current state of the

cell, where parametér corresponds to the negative of its polarisaf@#]. The energy
vector ® > G hrih , whered is the reduced Planck constant, describes the steady

state of the cell, which indicates how the cell will behave in the future based on its current
tunnelling behaviourr() and the Coulomb force exerted by neighbouring cells (given by
N when expressed as a potential energy).

The kink energy between two cellandj measures the energy cost of those cells
having opposite polarisations. The polarisation of a cell is determined by the positions of
the two excess electrons in the four quantum dots that form tHé@elhe polarisation
of a cell can benfluenced by the polarisation of its neighbouring cells through Coulomb

interactions, as follows:

=x
o

(1.5)

To calculate the current energyof a QCA cell, the formul@ 4 ( 8w is used,

where4 is the trace operatof, is the Hamiltonian of the cell, andis the density matrix

of the cell. The Hamiltonian contains terms representing the Coulomb interaction between
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electrons in the current cell and its nearest neighbours and the tunnelling between the
guantum dots within the cell. The density maimxepresents the statistical state of the
cell, such as the probability of finding an electron in a certain quantum dot. By taking the
expectation value af with respect tow we can obtain the average energy of the cell at
any given time. By exploiting the linearity of tAeoperator and using K Nk,

we can calculate the energy dissipation of a QCA cell as a function of time:
R
%0 E:Po tPo (1.6)

where the functiof 0 denotes the current energy of the cell at thaad is essentially
given by the scalar product of the two energy vectors at that point in time.
To calculate the instantaneous power P of a QCA cell, the following expression can

be used:

A . A
0 =%0 -—

290 tPo 1.7
O RO T (3.7)

Consequently, the total energy dissipatdn of a QCA cell during a complete

clock cycle, with periodt is given as the integral 80 over one cycle:

o 0Qo > Aoip “pis 0o 18
0 C AO AO (18)

The integrand of Equatioh.7 is the scalar product of the derivative of the energy

vector® and the coherence vecBof the cell. This expression describes the amounts of
energy transmitted within the clo& and the neighbouring cel% during a clock

cycle[93, 95, 96] which can be calculated as follows:

-
0, 0, — — P -
b % o _®IP Qo (19)
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Moreover, it captures the energy transferred to the environ¥aentwithin a clock
cycle[93, 95, 96]% represent the energy dissipated by a QCA cell during a clock cycle
and can be calculated as follows:

A 2

0,
& 0 <z

P HPOADhE Qo (112

NO

wherez is a technologydependent relaxation time parameter anddenotes the thermal

ratio and can be calculated as follows:
h 298cQY (2.13)

As indicated in93, 98] the system relaxes towards the thermal ststatg, and to
ensure the precision of the calculations, enarggservation must hold numerically,

meaning that the total energy must be zero, i.e.,

% % % % T (1.14)

1.8. QCA Circuits Cost Calculation

The delay, number of logic gates, and number of crossovers are essential metrics to
measure the performance, complexity, power dissipation, and fabrication difficulties of
QCA circuits[71]. The delay is used to measure the speed of QCA circuits; the number
of employed majority gates is associated with irreversible power dissipation, whereas the
number of crossovers correlates with fabrication complexity. To compare and evaluate
QCA circuits a cost function may be derived as a figafenerit (FOM)[99, 100] Two

cost functions have begesentedreviouslyin the literature The firstone evaluates
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designs based on thregut majority gatef99], and the other on fivenput majority gates
[15]. The design methods proposed in this study employ 4ihpee majority gates.
Accordingly, the first cost functiof@9] has been utilised to evaluate tbest of the

designed circuits. This cost function is defined by Equation 1.15.
#1 00 0 0O 6 “Yh W p (1.15)

whereM is the number of thremput majority gated, is the number of inverter§ is the
number of crossoverg, is the delay time of the circuit in terms of numbers of clock
phases, ankl |, p are the exponential weightings for majority gate count, crossover count
and delay time, respectively. The number of inverters is always given a weight of 1, as
their presence has a limited impact on the complexity of QCA circuits.

According to the weightingg, |, andp values, the cost function prioritizes various
metrics. For example, if speed is a primary concern, more weight can be given to the delay
metric, i.e., a higher value pof If fabrication cost is more important, the valué should
be higher than that qf andk and so on. Therefore, the weight values can be adjusted
depending on the overall design optimization @&l]. However, in the most general
cases, a double weighting is given to the number of majority gates Mk &.€) and the
number of crossovefS(i.e., | = 2)[99]. Therefore, in the most general case, the following

cost function can be applied:

#1600 0 06 Y (1.16)

1.9. Experimental Implementations for QCA

Experimental implementations asssentialfor advancingQCA technology from
theoretical speculationsto practical applications. Experimental implementations can
validate theoretical concepts, drive advancements in fabrication techniques, demonstrate
practical applications, address technical challenges, guide future research, and pave the
way for industryadoption. These experiments are essential for realising the full potential
of QCAtechnologyin creating more efficient, powerful, and scalable computing systems.
The implementation of the QCA paradigm has h@eposed utilising many technologies,

such as solibtate metallic island dgtsmagnetic implementations, and molecular
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electronic methodgl01-106], with a particularly promisingapproachwith atomic silicon
guantum dts based ora silicon dangling bond on a hydrogemminated silicon surface
[107].

1.9.1. Solid Stae Dots

Orlov et al. (1997)demonstrated, for the first timan experimentaimplementation
of a QCA cell using metaklanddots[101, 108] This experimental work proposes a QCA
cell using aluminium islands with aluminium oxide tunnel junctions, fabricated on an
oxidised silicorwafer. Tunnel junctions and capacitors interconnected four metallic dots
to form theQCA device under examinatiomhe manufacturing process included standard
electronbeam lithography(EBL) and shadow evaporatiotepositiontechniques for
developing the islands and tunnel connectidiheexperimentatesultsdemonstrated the
transfer of a single electron from input dots to output dots, controlled by the switching of
a single electron. This showcased a nonlinear and bistable resdomsazer, the metal
island structures necessitated operatiancryogenic conditionsat extremely low
temperaturedess tharb0 mK [101], andencountered challenges in achieving accurate

electron placement and contf@D9].
1.9.2. Nanomagnetic Logic (NML)

Later, studies have presented experimental implementations of QCA siusinig
NML [104, 106] Vargaet al.(2013)demonstrated an experimenialplementatiorof a
nanomagnet fuladder circuit using slantegedge magnetd104]. The researchers
developed stanrdlone NML majority gates and wires and integrated these elements into
a NML full-adder circuit that operates properly for all input combinatidhs.fabrication
processes involved ferromagnetic materials and utilised EBL to pattern the nanomagnets,
followed by deposition and etchintp achieve the required shapes and configurations.
Furthermore, they employethe techniques magnetoptical Kerr effect (MOKE)
microscopyandmagnetic force microscopy (MFM) to observe andamge the magnetic
states of the nanomagnets. The results demonstrateattidr functionality, where the
magnetic states of the output magnets correctly represent the sum andutdaoyall

possible combinations of inputd, (B, andCin). Theyalsomeasured the time required for
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the nanomagnets to switch states, which indicates the operational speed ofdabddull
circuit. They also examined the energy required to trigger state transitions in the
nanomagnets, underscoring the {pawer characteristics of NML.

However, NML faces some challenges, such as the need for precise manipulation of
the shape, size, and positioning of hanomagrnetensure their reliable functionality.
Another challenge is ensuring that the magnetic states remain staigleeste mperatures
used during operation. Additionally, the process entails integrating the nanomagnetic full
adder circuit with other logic components in order to construct larger and more intricate
circuits. Thus, further investigation and advancement infiblid have the potential to
completely transform eneregfficient computing and enhance the functionalities of

nanoscale devicd406].
1.9.3. Molecular FCN

Another promising technology for implementing QCA circuits is the Molecular FCN,
which exploits molecules to create very small and dense logic dejiGesl110]
Theoretical studies have extensively investigated the current cettopg molecular FCN
to examine the potential for encoding information in molecfi&&]. At the same time,
the generic QCA paradigm is utilised to create arithmetic circuits that have the potential
to be built at the molecular levi@7, 112]

The literature has proposed several species of molecules, including rh&Lgil
oxidised[105], and zwitterioni¢114]. Theneutral moleculexhibits the lowest crosstalk
effect and streamlines the inversion process, which may be achieved with ébsamgle
interaction. Nevertheless, the neutral molecule lacks net positive charges on the logical
dots. As a result, changirtbe switching characteristics is necessary to reconfigure the
neutral molecule. Thexidised moleculdas an associated external electric field that has
the capacity to displace the entire positive charge, hence enhancing the clocking
functionality. Havever, the molecules that have undergone oxidagghibit the most
severe interference, making it challenging to create even basic circuits. Additionally, the
oxidised molecular cell exhibits a strong repulsive force, rendering the inversion process
impossible with a singleranch interaction. Thewitterionic moleculeexhibits an

intermediary behaviour that lies between that of neutral molecules and oxidised
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molecules. The presence of a positive net charge on the logic dots allows for the molecular
cell to be reset by adding a negative clock field, while the molecule's neutrality helps to
minimise crosstalk. It is crucial to observe that the location of thmtedon has a
significant impact on the behaviour of the device. When the counterion is in close
proximity to the logical dots, the zwitterionic molecule mimics the behaviour of a neutral
molecule. However, when the counterion is far away, it exhibit#asitres to oxidised
molecules.

Molecular FCNemploys molecules to fabricate QCA cellthe locations of electrons
within a molecule represent binary statdolecular FCNused chemical synthesis
processes to create these molecular struct{®®5, 110] Molecular FCN stores
information in the polarisation of molecules and sends it from molecule to molecule using
electrostatic interaction. There is no charge transport involved in the information transfer,
which greatly reduces the power dissipaf@8)]. Moreover, molecular FCN is anticipated
to offer QCA circuits with extremely high frequencies and high device dgta&#y 116]

The implementation amolecular QCA cel demonstratethe possibility of operating at
room temperaturg110]. Nevertheless, the stability and control of molecular QCA
devices, along with the meticulous arrangement of molecules, pose substantial challenges.

The molecular FCN fabrication process requires exceptionally high resolution,
necessitating tremendous technical improvement. Currently, researchers are using a
predominantly computeaimulationapproacho understand the technology's key features
Potentialmolecularstructuresare beinginvestigatel that @n be easier to construct by
lowering resolution demands, as suggested by the concept of big strudtiirgs
Researchers have conducted multiple studies on the examination of individual molecules
using experimental deposition and characterizdfi@8, 118] Regarding the arrangement
of molecular devices, achieving high accuracy and resolution is necessary, which poses
challenges in the existing implementation of these devices.

However, there are other methods that shmwstandingpotential for creating
patterned seldssembly monolayers with nanometric precision. These include
nanoshaving, hydrogen gbassivation lithography, and scanning tunnelling microscopy
[119, 120] A recent study introduced a computational method that addresses the problem

of nanopatterning by performing computations directly on a consisterasssgmbly
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monolayerf{121]. Several strategies show promise for creating extremely thin nanowires
[122-124], and they are also promising for the development of smiter clocking
systemg125-127].

To sum up,by leveraging the unique properties of quantum dots and electron
positioning, QCA cells offer a novel approach to computation that promises high density,
low power consumption, and potentially faster processing spekesgever, challenges
such as operating temperature, fabrication precision, and integration with existing
technology remain. Continued research and development are essential to overcome these
hurdles and realise the full potential of QCA in future computipglications.The
implementatiorof afunctional QCA cell is a significant milestone in the development of
QCA technology. Overcoming challenges related to operating temperatures, fabrication
precision, and reliable readout mechanisms will be crucial for advancing QCA technology
in practical applications in future computing systeni@ble 1.1 demonstrates a
comparison of QCA with other quantum computing technologies, highlighting the specific

advantages and limitations of each technology, as well as the reasons for selecting QCA.

Table 1.1 QCA versus other quantumcomputing technologies

Reasonfor QCA selectionin
Comparison to Weaknesses

Technolo Advantages Limitations
9y 9 of other Quantum
Technologies
- High-density integration - Fabricatiorchallenges QCA offers nanoscale computing
- Ultralow power consumption | Measuementghall_en_ges circuitswith high density frequency
: N - Integration withexisting - A=
QCA - High switching frequency and energy efficiency, making it

- Universality
- Scalability and robustness

technologieshallenges

and methods

- Lack of standard design tool

suitable for digital circuit design an
reversible computing.

Quantum Gate-
based Systems
(e.g.,
Superconducting
Qubits, Trapped lon;

- True quantum computation
leveraging superposition and
entanglement

- Rapidprogress with platforms
like IBM Quantum and Google
Sycamore

- High error rates and
decoherence

qubit limitations

- Requires cryogenic cooling

- Scalability challenges due to

IAlthough there is a need for fault
tolerant design witlQCA, by
typically doubling up the number of|
cells in a gate, this is much simpler
then the requireccomplexquantum
computing error correctioprotocols

Quantum Annealing
(e.g., DWave
Systems)

- Effective for solving
combinatorial optimisation
problems.

- Operates withelatively low
cooling complexity

- Commercially available with
thousands of qubits.

- suitable for logistics,

optimisation, and materials scien

applications.

- Not suitable for general

- Lower precision due to
stochastic nature

purpose quantum computing
- Requires cryogenic cooling

QCA supports general digital circui
designs beyond optimisation proble

Photonic Quantum
Computing

- Operates at room temperature
- Ultra-fast communication with
minimal loss

- Integrates well with existing

opticalnetworks

- Scalability challenges in

lentangled photon production
- Susceptible to photon loss

QCA offers scalability in digital
circuits with broader applicability
beyond optical communication
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Chapter 2
2.Reversible DesigriMethodology

2.1.Reversiblecomputing

Conventional digital circuits and computer systems typicaihtail the use of
irreversible logic gates like AND, OR, NAND, and NOR, which have two input signals
and one output sign§l28, 129] This leads to the loss of information and #ssociated
dissipation of heat energy into the surrounding environfi&a].

Information loss in computing circuits is a critigasuethat has a significant impact
on modern computational systems' energy efficiency, performance, and thermal
managemenil31]. Landauer's principle articulates a fundamengédtiorship between
this issue and the principles of thermodynamics and information tfibfyAccording
to Landauer's principle, erasing a bit of information in a computational process results in
a minimum energy dissipation kdTIn2, whereks is the Boltzmann constant aiids the
temperaturg21]. This principle highlights the intrinsic enerdissipationassociated with
information loss in irreversible computing processéiude Shannon's research on
information entropy and its relationship to thermodynamics provided fundamental
principles for understanding the energy expenditures associated with information
processing132]. Shannon's information theogyantifiestheamountof informationin a
communication signand its transmission efficien¢¥32].

The amount of energy dissipation due to information loss was long believed to be
negligible, although it is significantly higher than Landauer's lower bdadaf As
nanoelectronics circuits and systems decrease in size and become more efficient, their
energy dissipati on Iboend Ehersforeatp pontioue thétrendafn d a u e
reducing power consumpti on amodelcomputatiomac h L
method that allow for logic operations without information loss are ne¢aéd

Reversible computing is a computational paradigm that ensurésdisema t i od n 6
the number of input and output channelereby preserving information and reducing
energy los$133]. This property is essential for avoiding the increase in physical entropy
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and the associated energy dissipation that occurs when information is erased irreversibly.
Theoretically, reversible computations can avoid information loss and achieve zero energy
dissipation25]. As a resultto achieve computing operations with extremely low energy
dissipation, it is essential to incorporate reversible computational cirf@éts The
technologies thatarry outreversible operations could eventually allow for ultraefficient
computing.Reversible computing relies on reversible logic gates, which are the building
blocks of reversible circuifd 34]. Unlike conventionalogic gates, reversible gateave

a oneto-one correspondence between the number of input and output segrglsng no
information is lost.However, for the reversible computing paradigm to effectively
function as a lowpower strategy, it is essential to maintain reversibility from the logical
level downto the physical level27]. Consequentlyboth the logical operations and the
physical implementation of the circuit must possess reversibilityavioid energy

dissipation.
2.2.Reversible QCA circuits background

QCA is avery promisingnanotechnology for performingpmputingoperations that
are bothogically andphysicallyreversible, thus allowing for the resdtion of ultralow
energydissipation computing133]. Reversible QCAcomputingcircuits combine the
principles of reversible computation with QCA's distinctive characteristics to offer ultra
energyefficient computer systenj&35].

Although there have been numerous studies on reversible QCA desigthscted
recently[136-138], these studies have tended to address reversibility only at the logical
level and have not treated information loss at the physical [Brete studies used either
the weltknown logically reversible gates, such as the 3 x 3 Fredkin[{2® the3 x 3
Toffoli gate[140], the 2 x 2 Feynman gaf&30], or newly suggested logically reversible
gat es. However, the equal number of i nput
insufficient to make the circuit physically reversible and achieve emsgipationower
than the Landauer limit. This is because the internal majority gates used in building these
digital logic circuits are not reversible, i.e., the number of input and output pins for each

internal majorityvotergate is not equal.
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Torreset al.(2019) for the first time, devised logically and physically reversible QCA
circuits by designing reversible primitive logic gates and then created-adusf based
on those reversible primitive logic gafdgll]. The results confirmed that basic logically
and physically reversible QCA building blocks, including wires, skhgigc gates, and
reversible QCA halbdder circuits, can indeed operate in a logically and physically
reversible fashion, resulting in engrdissipation levels lower thakglTin2) per operation.

However, the design of this haflder shown inFigure 2.1, did not consider clock
synchronization of the internal logic signals. This affects circuit output reliability, leading
to inaccurate computations. The logically reversible QCA&adfer, proposed by Torres
et al. (2019) consists of three AND gates and one OR gate. The sum operation has two
input signals, A and B, that have diverging arrival times. The reversible OR gate inputs
arrive after 9 and 13 clock zones, respectively, which means that input 1 arrives before
input2 by four clock zones, representing a complete clock cidace, input 1 must not
change for an additional clock cycle to achieve time synchronization and consequently
achieve correct operation.

Reversible AND2 gate Reversible AND3 gate

Reversible AND1 gate

EE 00 EE
ioocnoo nono
> Acp

nonono
o ollo ojo ofo of

BB

o oflo o

Reversible OR gate

o o

BE

Inputs with diverging arrival gl sum g2
times (nonsynchronization)

Figure 2.1 Torres et al.[141] Reversible haltadder circuit.
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The present study offers a novel approach for developing QCA computing circuits that
are both logically and physically reversible, as well as-symechronsed. This approach
uses logically and physically reversible logic gates to construct logically and physically
reversible QCA computing circuits. To achieve time synchronisation, this innovative
method enables temporal synchronisation by possessing a dagoiit that is
intrinsically more symmetricalThis new logical and physically reversible approach,
incorporating a timesynchronised design and employing symmetric circuit layouts, can
provide QCA circuits with ultrdow energy dissipation and guarantgeecise
computational outcomedn Chapter3, Section3.1.3 Torres et al's logically and
physically reversible, nesynchronised halddder [141] was redesignedusing the

innovative, logically and physically reversible, tiragnchronised design methodology
2.3.Reversible,time-synchronised designmethod

This section provides a comprehensive descriptionthefproposedlogically and
physically reversible, timsynchronised design methodlhis design method is
implemented by forming each circuit from an arrangement of reversible QCA primitive
logic gates connected by QCA wires. Information arrives at every input of a logic gate at
each level in the design simultaneously, that is, with a simé@ky. Thus, synchrosed
"signals" are transferred to the subsequent logic gate level in the circuit, up toathe fi

outputs.
2.3.1. Logical and physicalreversibility characteristic

Designing logically and physically reversible QCA circuits is challenging, as it
requires sophisticated techniques to maintain reversibility consistently across both the
logical and physical levels of the desigine term "logically reversible" is used to describe
a netlist with an equal number of input and output pins. However, this doesn't always mean
that the internal logic gates are also reversible and have the same number of input and
output pins[141, 142] "Physically reversible" means that every internal logic gate
component in the circuit must have an equal number of input and output pins. As a result,

there is no loss of information, and no associated energy dissipates into the environment.
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Maintaining reversibility, down to the physical layout level, is the only way toseeali

ultralow-energy computing circuifd.43].
2.3.2. Time-synchronisation characteristic

In computing circuit designs, clock synchronisation is essential for all the logic gates
that compose the circuit, starting from the first logic gate to the final ofitpd} Clock
synchronisation is necessary to ensure the balance of the data propagation speed and
guarantee that the data arrival time is correct for the next stage in the [@i4&)itThe
absence of the clock synchronisation characteristic can lead to the generation of inaccurate
bits in the next stage, resulting in incorrect data transmigsfg). Thus, designing QCA
digital circuits that are logically and physically reversible can ensure that the energy
dissipated is less thaks{In2) per operation. However, time synchronisation is required
to ensure accurate data propagation at every stage of the circuit and guarantee the
reliability of the circuit's output results.

In QCA circuits, the primary synchronised information applied to the input pins does
not necessarily produce a similar arrival time for the inputs of all logic gates that comprise
the circuit[146]. Moreover, input signal paths leading to a particular logic gate can come
from different clock zonefr5]. To assure time synchronisation and preserve the circuit
functionality,it shouldbeenforcal that each logic gate inputs data during the same clock
cycle, i.e., within four clock zones, before inputting new data. The key to achieving time
synchronisation is to use an inherently more symmetric geometry in the design, which
allows for symmetric datpropagation. Symmetric geometry design can be achieved by
utilising additional clock zones that can guarantee information arrival within the same
clock cycle.

In addition, the proposed design strategy, which is both logically and physically
reversible as well as tirgynchronised, has been integrated with the USE clocking
scheme detailed previously Bectionl.5 and illustrated irFigure1.11. Current design
workflows have seamlessly incorporated this integration, which is critical for automating
the design proces¥he USE clockingcheme can facilitate the incorporation of feedback

loops and simplify QCAbased circuit routing78]. Additionally, it significantly improves
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the creation of standard cell libraries and design tools for this technology while also

preventing thermodynamic issues.
2.3.3. ReversibleQCA fundamental logic gates

The process of designing QCA circuits typically entails the use of QCA majotéy
gates and QCA invertef67]. In QCA circuit design, the inclusion of these two types of
logic gates is critical because their combination allows for the implementat@ootfan
functions. The ability to construct complex logic functions using combinations of majority
voter gates and inverters makes QCA a promising technology for future computing
architectures, particularly in areas where minimising power consumption and maximising
speed are criticdlL47].

The QCA inverter is inherently reversible because it possesses -tb-one
relationship between the input and output signals, as sipoewnouslyin Figure 1.4.
Conversely the conventional majority voter gate is inherently irreversible due to its
configuration of three input pins angiagle output pin, as depictedrlierin Figurel.5.

The conventionainajority voter gate is considered the main source of energy dissipation
in QCA circuits[148]. Theabsence of two output pins leads to a lafssformation.

Thereforgtheinitial focus wason developing a majorityotergate with three inputs
and three outputs, as demonstrate#&igure2.2. This fully reversiblethreeinputthree
outputmajority voter gate has been developed using QCA cells to achieve both logical
and physical reversibilityThe threeinputthreeoutput majority gate replicates the data
for two inputs, labelled A and B, into two outputs, labelled A Copy and B Copy, resulting
in an overall situation with equal numbers of binary inputs and outpigare 2.2a
illustratesthe sybmobf this majority gate while Figure2.2b showsts QCA layout The
reversible threénputthreeoutputmajority voter gate can be mathematically expressed
through Equation 1.2, which is also useith the standard irreversible thregutone
outputmajority votergate.

Subsequentlythe reversibléhreeinputthreeoutputmajority voter gatevas usedo
generate fully reversibl&ND' and 'OR' gates, which recycle two input bits. The recycling
of two input bits can makthe QCA 'AND' and 'OR' gates reversibJ@49]. The input

label C determines the functionality of theversiblethreeinputthreeoutput majority
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votergate.The reversible three nput maj ority gate i s progr a

gate or an O6ORO®6 gate by setting a binary

A
A clock zone

A
containing five-by-five =0
QCA cell spaces . - o o P A Copy

A A Copy
B B Copy
o e
W
A
B

(@) (b)

Figure 2.2 (a) The symbolof the three-input-three-output majority gate and (b) a USE clock zone

containing the physical layout of the QCA threeinput-three-output majority gate (the blue colour

denotes the input cells, the yellow colour denotes the output cells, and the green colour denotes the
internal cells).

Assigning inputCto 6 06 can pr o dthree;putthreecritpuedr AsN bdl e

gate, as shown iRigure2.3. Figure 2.3a illustrateshe synbol of this logic gate while
Figure 2.3b showsits physical QCA layout. Equation 1.3 presents the mathematical
representation of the reversittkeeeinputthreeoutputéA N Ddate, which is the same as

the conventional irreversibtareeinputoneoutputé A N Dabe.
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Figure 2.3 (a) The symbolof the reversible AND gateand (b) a USE clock zone containing the
physical layout of the reversible QCA AND gatdthe blue colour denotes the input cells, the yellow
colour denotes the output cell, the green colour denotes the internal cells, and the orange cell with

two electrons in upper |l eft and bott)m right

On the other hand, assi gni n threeinpytaree C
outputd6 OR6 g at e, Figars2.4.$iguoe’.4u illustnateghe symbol of this logic
gate while Figure 2.4b showsits physical QCA layout. Equation 1.4 presents the
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mathematical representation of tteversiblethreeinputthreeoutputé O Ryéte, which

is the same as the conventional irreversibteeinputoneoutputé O Rjéte.

A

v
T

A Copy
P -

e

A

B

(a) (b)

Figure 2.4 (a) The symbolof the reversible OR gateand (b) a USE clock zone containing the
physical layout of the reversible QCA OR gatdthe blue colour denotes the input cells, the yellow
colour denotes the output cell, the green colour denotes the internal cells, and the orange cell with
two electrons in the upper |l eft and bogttom right

The logically and physicallyeversible threénputthreeoutput6 ANDO® and 6 OR
gates are the main building éblocksd in

reversible, timesynchronised QCA digitalomputingcircuits.
2.3.4. Designing reversibleg time-synchronised QCA circuits

This study uses a twstage design methodology to develop logically and physically
reversible, timesynchronised QCA computing circuits. As showrrigure2.5, the first
stage is to build the circuit reversibly at the logical level (synthesis), and the second stage
is to create the circuit reversibly at the physical level (layosit)gQCA-interconnected
devices.

The logical level consists of structural and behavioural descriptions. The first step is
the structural description, which entails defining and generating the circuit$egate
netlist. The following step provides a behavioural description of the Givduich outlines
the input and output relations. After that, simulations are employed to validate the circuit
synthesis. At this stage, thegisim 2.7.Isoftware is used to develop circuit synthesis and
conduct behavioural simulations. If the simulagwoduces unexpected results, the output
is considered a 0 thadirtuid nettise mustibé modified, and the s c a
circuit's input/output relations examined again. When the simulation produces accurate

resul t s, it vali dates the correctness of t
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result, enabling a move to the second stage, which is designing thebcphugticalQCA

layout.

Generating

gate-level -
netlist

w
g
1}
£
Describing c%
Stage 1 cireuit input/ =
Synthesis output 2
- ]
¥
Q
2
¥
Fail ~

Pass

Placemclent and -
routing
Stage 2 Physical layout
Lavout verification

Post-Layout
Simulation

OCADesigner & QCADesigner-E CAD tools

Logically and Physically Reversible
QCA Circuit Design

Figure 2.5 The hierarchical structure of designing logically and physically reversible QCA circuits
(Logisimis used for the synthesis stage whil@CADesignerand QCADesigneli E are employed for
the layout stags.

The physical level represents the circuit's transition from synthesis to a QCA layout.
The QCA layout includes a geometric representation of the circuit elements and their
connections in the form of QCA cells and layers that define the circuit's phyeicalise.

This process typically begins with identifying the locations of the 'pins,’ followed by gate
placement and routindg.ayout design tools help create the physical layout of the QCA
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circuit. This study employed the widely used QCA technolbgyed computeaided
design (TCAD) tooQCADesigner 2.0.871] for this purposeQCADesigner implements

the coherence vector simulation engine (CVSE), which incorporates quieveim
microscopic physical modelling of the performance of QCA ¢288€]. Table2.1 details

the technological specifications used for the physical implementation of the logically and

physically reversible, timgynchronised design method.

Table 2.1 The adopted technological parameters.

Parameter Description Value
QD size Quantumdot size 5nm
Cell area Dimensions of each cell 18 x 18 nn
Cell distance Distance between two cells 2 nm
Layer separation Distance between QCA layers in multilayer cross 11.5 nm
Clock high Max. saturation energy of clock signal 9.8E22J
Clock low Min. saturation energy of clock signal 3.8623J
_ o Relative permittivity of QCA materials (GaAs &
Relative permittivity AlGaAs) 12.9
Radius of effect Maximum interaction distance between cells 80 nm

Subsequently, layout verification procedura@scluding layout versus schematic
(LVS) and design rule checking (DRC), are implementa4s is a crucial verification
step in thdC design process. It ensures that the physical layout airti@t matches the
original design intent captured in the schematic. LVS verification helps to identify
discrepancies between the designed circuitry and its physical implementation, ensuring
that the ICchip will function as intended once fabricateDRC is anothercritical
verification step in théC design processsenerally DRC verificationensures that the
physical layout of theircuit adheres to the specified manufacturing process rhtes.
QCA circuits, DRC is used to ensure that the layout complies with all the necessary
geometri¢ connectivity rules,and technology requirementue to the lack of tools
integrated with QCA technology to automate DRC and LVS verification processes, this
study performs manual verification for QCA layouts. Although manual verification is
feasible for basic and small circuit designs, it becomes isicrglg complex and
challenging withadvanced/LSI designs.

Finally, postlayout simulation is performed to validate both the circuit performance

and reliability, as well as evaluate the energy dissipation valwesimulate the circuit
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performancethe QCADesigner 2.0.8analsobeusedf he out put i s regar
if the simulation produces unexpected outcomes. In this case, we must go over gate
placement, the pins' locations, routing, and layout verification. When the layout simulation
produces a correct output, or 'Pass' resitlssgnifies successful completion of the circuit

design, paving the way for the energy dissipation simulation.
2.3.5. Energy dissipationsimulation

This study used the TCAD to@CADesigneiE 2.2 [96] to simulate the energy
dissipation of the designed logically and physicalgversible, time-synchronised
computing circuits. The QCADesign&ris an enhancement tool of the wiallown QCA
TCAD package, QCADesigner. The QCADesigigpackage adds an energy dissipation
extension treatment to the CVSE model of the QCADesigner design packdge tieats
QCA cells using quantum mechanics, which is a rigorous microscopic approach. In the
present research, the timestepdilusedwas 0. 1 U & @ehofses Wwher ece
time for the dissipation. A small enough timestep is essential to reduce simulation errors
and obtain accurate results ($ectionl.7). When using this time step, we can achieve
less than 5% simulation ersofor numerical energy conservation violatrvhich is
considered acceptab|86]. Table 2.2 outlines all thesimulation parameters that were

utilised in this study.

Table 2.2 The employed simulation parameters.

Parameter Description Value

U Relaxation time 1E-15 s

T Period of the clock signal 1E9s

Tin Period of the input signals 1E9s

Tstep Time interval of each iteration step 1E-16 s

Tsim Total simulation time 8E-9s
Jshape Shape of clock signal slopes Gaussian

Jslope Rise and fall time of the clock signal slopes 1E-10s

236. Wi re juissueg i onso

Handling wire junctions is one of the most significant challenges in developing digital
logic circuits. The proposed logically and physically reversible,-sgrehronised design

method addresses this issue by using the multilayer technique for QCA aagnprduit
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design. This approach employs three distinct layers to resolve the wire crossing issue, as
illustrated inFigure1.14 (seeSedion 1.6.2. Compared to other wirerossing techniques
for QCA circuits, the multilayer method's primary advantage lies in its ability to produce

more reliable circuit§92].
2.3.7. Simulation testbench

In the IC design process, using a testbench is a common approach to clsargcteri
desigrs because it provides a controlled environment to simulate the gates' performance
and energy dissipation under various conditiditsl]. Typically, designersievelopthe
QCA testbench to facilitate a comprehensive simulation of QCA gates,siogusn
aspects such as energy dissipation and functiorfaib®]. The testbench includes input
signals that stimulate the QCA gates. To thoroughly test the gates' performance, these
signals cover a wide range of operating conditions and input combinations.

To conduct a realistic energy analysis, the logically and physicallygymehronised
design method employed a testbench similar to one previously detailed in the literature
[96]. This testbench places buffer cells between the stimulated inputs and the actual inputs
of the design under test (DUT), as illustrate&igure2.6. These buffer cells help simulate
the signal propagation and delay effects that would occur in a real QCA circuit. The DUT
consists of the QCA gates being charasteti The testbench is configured to measure the
performance of these gates under various input conditions, providing data on energy
dissipation, switching behaviour, and other key parameters. The testhemaluns a
series of simulations, applying various input signals to the DUT. These simulations are
designed to test the gates under different operating conditions. The analysis identifies
potential improvements to the gate design. These improvements ainatwerthe energy
efficiency, reliability, andoverall performance of the QCA gates. Note that the overall
energy analysis excludes the buffer cells used to emulate intesawitbrmeighbouring
QCA structures. This exclusion ensures that the charsatieri focuses solely on the
DUT and provides accurate data on the gates' intrinsic performance.

The QCA logic gate charactsation testbench is a critical tool for evaluating and

improving the performance of QCA circuits. By simulating realistic operating conditions,
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the testbench helps to identify and address potential issues in QCA gate design, leading to
more efficient and reliable QCA circuits.

DUT ( can consist of
multiple clock zones

Clock o 0

| Zone 2 oo

[0 o]

© o
O 0|0 0|0 O

Input P 5 0|0 0"0 @ P Output

o O

Ignored during
the simulation

Input

Figure 2.6 Simulation tesbench[96].
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Chapter 3

3.Reversible QCA CombinationalDigital Circuits

3.1. Designing reversible and timesynchronised QCA combinational circuits

This sectionemploysthe innovative design methodolo@om Chapter2 to creae
eight novel, reversible, timgynchronised QCA combinational digital circuifBhese
circuits were designed to achieve ultralow energy dissipation, thereby pushing the
boundaries of efficiency and performance in QCA technology. The designed circuits
include exclusive OR (XOR), exclusive NOR (XNOR), hkadfder, haHsubtractor,
multiplexer, demultiplexer, comparator, and decoder. The simulation is performed to
validate the effectiveness te logically and physically reversible, tirgynchronised
design method in creating ultralesnergydissipation QCA combinational circuits. The
goal is to achieve energy dissipation values below the Landauer limit of 0.06 meV at 1 K

while ensuring reliable computational outcomes.
3.1.1. Reversible QCA XOR design

The first QCAbased design developed using the reversible,-synehronised
methodology is a reversible, tirsgnchronised XOR gate. Digital circuits frequently use
the XOR gate for tasks like parity checking and generation, arithmetic operations, and
digital signal processinffl53]. The proposed reversible, tisgnchronized QCA XOR
gates consist of two reversible OR gates and one reversible AND gate, each with three
binary inputs and three binary outputs (Begure3.1). Figure3.1a provides an overview
of the design synthesis, detailing the logical structure and flow of the ciFaute3.1b
displays the corresponding QCA cell layout, which shows how the circuit works
physically within the QCA framework. The layout is critical for visualizing how the

design's theoretical components translate into practical and spatial configuiz@ions
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Figure 3.1 (a) Logical synthesis and (bphysical QCA layout of the reversible timesynchronised
QCA XOR (A¢p and Bep indicate copies of the inputs, while gand g are scecalled garbage outputs)

The crucial aspect of time synchronisation lies in the design geometry, which enables
symmetric data propagation. The inherently symmetric configuration of the logically and
physically reversible, timsynchronized XOR circuit is detailed here. The fiestarsible
OR gate (OR1) initially receives the two binary inpisand B. The lower AND gate
receives the output from OR1, which it then routes to the output pin "Out" through eight
clock zones. The second reversible OR gate (OR2) simultaneously rereiggsd
copies of the input data, with a time delay of four clock zones. The output from OR2 is
then transferred to the lower AND gate and subsequently to the output pin labelled
"Output” through an additional four clock zones. Thus, the outputs of &athsible OR
gates are simultaneously transferred to the lower AND gate and then to the output pin
labelled "Output” through eight clock zones. The arrival time for the bit information

copies of OR2 labelled "#®' and "Bxp"' outputs at the end of the cirteorresponds to six
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clock zonesThe other QCA combinational circuits also employed the symmetric design
strategy to accomplish tir@ynchronisation along with logical and physical reversibility.
Thus, the proposed designs ensure that there is a balance between the dggigmopa
speed, at all the circuit stages, to achieve time synchronisation.

The XOR gate is a digital logic gate that only outputs true or 1 when the number of
true inputs is odd. Specifically, for two inpufsand B, the XOR gate will output true (1)
if either A or B is true, but not both. If both inputs are false (0) or both are true (1), the
output will be false (0). Equation 3.1 provides the standard Boolean expression for the
output of the proposed XORd& gate Table 3.1 presents the output responses for
different input combinations of th¢OR.

boonoo 6 8ol 6 (3.1)

Table 3.1 Truth table for XOR gate shown in Figure 3.1.

A B Output
0 0 0
0 1 1
1 0 1
1 1 0

3.1.2. Reversible QCA XNOR design

The second combinational circuit introduced is the reversible,-dimehronised
XNOR gate. The XNOR gate is useful dmgital circuits for equality comparison, error
detection, and correction systems, where the output indicates whether two binary values
are identical[153]. The proposed reversible, tirsgnchronised QCA XNOR gate
containstwo reversible AND gates aradsinglereversible OR gate. This circuit's design
ensures logical and physical reversibility, as well as time syndatam. Figure 3.2a
shows the design synthesis, dfglure3.2b illustrates the corresponding QCA cell layout.
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- { \\ .>(j
o— AND

p 0— AND p
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~
1— OR »— Output
. g2
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Figure 3.2 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised
QCA XNOR circuit (Acpand Bep indicate copies of the inputs, while gand g are scecalled garbage
outputs).

The XNOR gate is a digital logic gate that only outputs true or 1 when the number of
true inputs is even. Essentially, it is the XOR gate's complement. For two inputs, A and
B, the XNOR gate will output true (1) if both inputs are the same, either betlilywr
both false (0). If the inputs differ, the output will be false Ey)uation 3.2 provides the
standard Boolean expression for the output of the proposed XNOR logic circuit, while

Table3.2 shows the output responses for various input combinations.

boonood o (3.2)

Table 3.2 Truth table for XNOR gate shown in Figure 3.2.

Output

R, OoOo>

B
0
1
0
1

R OO
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3.1.3. Reversible QCA haltadder design

In arithmetic operations, the halflder serves as a fundamental digital circuit,
specifically for adding twainglebit binary number$153]. It produces two outputs: the
sum and the carry. The sum represents the least significant bit of the result, while the carry
represents the overflow bit, which may need to be added to the next significant bitin multi
bit addition. Figure 3.3 shows a reversible timg&ynchronised QCA hathdder circuit
consisting of three AND gates and one OR daigure3.3a shows the design synthesis,
and Figure 3.3b illustrates the corresponding QCA cell layout. This design applies the
proposed reversible tirmgynchronised design paradigm to the previously established
reversible norsynchronised halddder design by Torrext al.[141]. In this new design,
the OR gate was repositioned, and an additional clock zone was introduced to ensure that
all signal paths have equal lengths. This adjustment means that, unlike the original Torres
et al.design[141], the sum operation in this new version benefits from inputs that arrive
at the same time. After 12 clock zones, the inputs to the reversible OR gate reach it
simultaneously. This synchronisation ensures thatptioposedreversible haHadder
circuit achieves precise time synchronisation, which is crucial for maintaining accurate
computation throughout the circuit.

The truth table for this circuit is presentedliable 3.3, while its Boolean expressions

are described in Equation 3.3 as follows:

Yo a 08 OB

. . - (3.3)
Ol i W0

Table 3.3 Truth table for half -adder circuit shown in Figure 3.3.

A B Sum Carry
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1
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Figure 3.3 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised

QCA half-adder circuit (Acp and B indicate copies of the inputs, while gand ¢ are scecalled
garbage outputs)

Chapter6, Section6.2 presents a comprehensive comparative analgsiis novel
logically and physically reversible, tirsynchronised halddder design. This analysis is
conducted in comparison with Torres al's logically and physically reversibleon
synchronised haléddder[141], the partially reversible haldder proposed i@hapters,
Section 6.1, and the most efficient irreversible and logically reversible circuits

documented in the literature.
3.1.4. Reversible QCA halfsubtractor design

The halfsubtractor is a digital circuit that subtracts two sifgtebinary numbers
[153]. It generates two outputs: the difference and the borrow. The difference output

shows the outcome of the subtraction, and the borrow output indicates whether a ‘borrow’
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from the next higher bit is required. Binary subtraction operations ussutatactors as

building blocks for full subtractors, which can handle borrow inputs and subtract multi

bit binary numberd-igure3.4 illustrates the proposed reversible, tisyagchronised QCA

half-subtractor. Two reversible AND gates and one reversible OR gate make up the

circuit. Figure3.4a provides a comprehensive explanation of the design synthesis, whereas

Figure3.4b represents the corresponding QCA cell architecture.
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Figure 3.4 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised
QCA half-subtractor circuit (A ¢p and Bgp indicate copies of the inputs, while gand g are socalled

garbage outputs)

Equation 3.4 defines thBoolean equations for thiedf-subtractoroutputs, while

Table3.4 shows théndf-subtractoloutput responses for the various combination inputs.
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. . (3.4)
611 &€ 0B

Table 3.4 Truth table for half -subtractor circuit shown in Figure 3.4.

A B Diff Borrow
0 0 0 0
0 1 1 1
1 0 1 0
1 1 0 0

3.1.5. Reversible QCA 2:1 multiplexer design

The 2:1 multiplexer circuit is a digital switch, enabling the selection and transmission
of one of two input signals to the outdd63]. A control signal, also referred to as the
selector or select input, determines this selection. The 2:1 multiplexer effectively routes
one of the two data inputs to the output, depending on the value of the select input. Digital
systems like processorgramunication systems, and data routing devices frequently use
the 2:1 multiplexer, which is crucial for designing more complex multiplexer circuits
[154]. Figure 3.5 demonstrates theroposedreversible, timesynchronsed QCA 2:1
multiplexer. Figure 3.5a givesthe design synthesisf the logic circuit whereagFigure
3.5b represents the corresponding QCA cell architecture. This circuit comprises two
reversible AND gates and one reversible OR gate. It functions by selecting one of two

input signals, A or B, based on a selector input, S, and outputs the selected sigu&l.as M

A— Acp
0 AND
Sep
gl
14 OR E Mux
o
S
0— AND
B Bep
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49



> Acp Input cell .

Output cell
Clock zone 0 .
Clock zone 1 .

o 0
- 2
Clock zone 2

Clock zone 3 o

o
S O e e S O O o0

Fixed value !

(b)

Figure 3.5 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised
QCA 2:1 multiplexer circuit (Acp, Bcp and Sp indicate copies of the inputs, while gand g are sc
called garbage outputs)

Equation 3.5 provides the Boolean expression of greposed reversible, time
synchronised QCA 2:1 multiplexand outlines the logical relationship between the inputs
and the outpufTable 3.5 contains the truth table for the multiplexer, illustrating how
different input combinations affect the circuit's output, ensuring that the design operates

correctly under various conditions.

bow 68Y 68Y (3.5)

Table 3.5 Truth table for 2:1 multiplexer circuit shown in Figure 3.5.

<
X

P OPRPORFREFLOO|IC
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3.1.6. Reversible QCA 1:2 demultiplexer design

The 1:2 demultiplexer is a digital circuit that takesiregle input signal and directs it
to one of two possible output lines based on a select §ip@E|l It effectively channels
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the input data to one of the outputs, depending on the value of the selected input. Digital
systems commonly use demultiplexers to route data from a single source to multiple
destinations based on control sign8lemultiplexersare essential in applications such as
data distribution, communication systems, and circuit design, where selective data routing
is required[154]. Figure 3.6 illustrates the proposed reversible tisynchronised QCA
2:1demultiplexerFigure3.6a gives the design synthesis of the logic cireuitile Figure

3.6b represents the corresponding QCA cell architecture. The desigains only two

AND gates.
D‘O Sep
0— AND >—Yo 0— AND Y1

DATA DATAcp

(a)
YO
4 Input cell .
% Output cell
()
D3 gg Clock zone 0 .
P S
Clock zone 1 .
> Y1
Clock zone 2 |° ©
- o> DATA
Clock zone 3
Fixed value m

Figure 3.6 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised
QCA 1:2 demultiplexer circuit (Scpand DATA; indicate copies of the inputs)

Equation 3.Glefines the Boolean functions for the outputs of the proposed reversible,
time-synchronised QCA 2:1 demultiplexavherein S and DATA are the two inputs and
YO0 and Y1 are the two outputs of the circUiible 3.6 provides the truth table for this

circuit.

wt  "™BO0 YO

(3.6)
¢ "BOB "Yd

51



Table 3.6 Truth table for 1:2 demultiplexer circuit shown in Figure 3.6.

S DATA YO Y1l
0 0 0 0
0 1 0 1
1 0 0 0
1 1 1 0

3.1.7. Reversible QCA kbit comparator design

Thecomparator circuit is an electronic device that compares two input binary numbers
and outputs a signal indicating the comparison's r¢s68]. In digital electronics, a
comparator typically compares two binary numbers and determines if one number is
greater than, less than, or equal to the other. This functionality is crucial in many
applications, including digital signal processing, sortilgpathms, and control systems
[154]. A digital comparator circuit can be built using basic logic gates like AND, OR,
XOR, and NOT gates. The number of lmtsnpared determines the circuit's complexity.
The proposed reversible tinsynchronsed QCA bit comparator combines three AND
gates, as shown fgure3.7. Figure3.7a gives the design synthesis of the logic circuit,
while Figure 3.7b represents the corresponding QCA tafbut This 1-bit comparator
has two singléit inputs, A and B, and three outputs indicating whether A is greater than,

less than, or equal to B.

A<B
>o g
0— AND A=B
>0 @
A— [>o0— >0 —— Acp
0—{ AND g 0— AND A=B
B [>O Bep

(@)
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Figure 3.7 (a) Logical synthesis and (bphysical QCA layout of the reversible timesynchronised
QCA comparator circuit (Acpand Bgp indicate copies of the inputs, while gand g are scecalled
garbage outputs)

Equation 3.7 presents the logic expressions foldlgisally and physically reversible,
time-synchronised QCA-bit comparator circuit, outlining the conditions for determining
if one input is greater than, less than, or equal to the ofabte3.7 systematically lists
the various possible input combinations and their respective output responses. This table
provides a clear representation of how the circuit processes different inputs to produce
accurate comparison results, highlighting the compesdtamnctionality in differentiating

between the input values.

0 © 0B
0 6 08 (3.7)
0 0 o 808

Table 3.7 Truth table for comparator circuit shown in Figure 3.7.

A B A<B A>B A=B
0 0 0 0 1
0 1 1 0 0
1 0 0 1 0
1 1 0 0 1
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3.1.8. Reversible QCA 2:4 decoder design

Thedecoder circuit is a digital circuit that converts ahitbinary input signal into a
corresponding unique output sigfib3]. Typically, it activates one of many output lines
based on the binary input. Decoders are fundamental components in digital systems, such
as microprocessors, memory address decoding, and data [a%4hgA decoder takes a
binary input and sets only one of the output lines to active, typically binary 1, while the
rest remain inactive, binary 0. This functionality guarantees the activation of only one
specific output line for each unique binary inphigure 3.8 illustrates the proposed
reversibletime-synchronised QCA:2 decoder. This decoder consists of four AND gates,
each responsible for activating one of the four output bits corresponding ttitha@ut
values within the integer rang€igure 3.8a gives the logic synthesis of & circuit

whereagigure3.8b depicts the corresponding QCA caithitecture.
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Figure 3.8 (a) Logical synthesis and (b) physical QCA layout of theaversible timesynchronised
QCA 2:4 decoder(Acpand B indicate copies of the inputs)

Equation 3.8 outlines the logic expressionstha proposedbgically and physically
reversible time-synchronised QCA&:4 decoder circuit, where A and B represent the two

binary inputsas well a0, D1, D2, and D3 represent the four output lines. Each output
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corresponds to a unique combination of the input values, as determined by the logic AND
gates within the circuifTable 3.8 displays the truth table for this decoder circuit, which
details the output states for every possible combination of the input signals, illustrating

the circuit's selection of the appropriate output line based on the inputs.

on ok
’ ol
;p 5 (3.8)
O 0O

Table 3.8 Truth table for 2:4 decoder circuit shown inFigure 3.8.

A B DO D1 D2 D3
0 0 1 0 0 0
0 1 0 1 0 0
1 0 0 0 1 0
1 1 0 0 0 1

3.2.Reliability simulation

The input and output responses for the eight proposed revetsitdesynchronised
QCA combinational circug detailed inSection3.1, were simulated usinQCADesigner
2.03. For each circuit, the simulatiaralculates theesultsand therdisplays waveforms
representing the computational outputs and delay tiffes delaytime of theproposed,
logically and physically reversibléime-synchronised)QCA combinationalcircuits was
calculated by counting the clock zones along the critical patthin the circuit. The
critical path is defined as the longest route from an input pin to an outpéagmh.clock
zone corresponds to a delay of anearter of a cloclcycle, indicating that four clock
zones make up one complete clock cy8leo,t he si mul ati on resul ts
respective costs in terms of the area occupied, the number of QCA cells utilised, and the
number of USE clocking tiles employed, with each tile congjstina grid of 5< 5QCA
cells. Table3.9 presents these simulation results, based on the technology and simulation

parameters specifieghrlier in Table2.1 andTable2.2, respectively.
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3.2.1. Reversible QCA XOR simulation

Figure3.9 displays the simulation results for the efficiently designed reversilve-
synchronsed XOR gate presentediigure3.1. Thewaveformoutput results correspond
to the truth table values listed Trable3.1. Moreover, the XOR output value arrived after
eight clock zonesatotaldelaytime of two clock cycles. Furthermore, the ciragtupied
an area 00.15um?, used101 QCA cells, andsed13 USE clocking tiles.
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Figure 3.9 Simulation waveforms of the proposed reversible timeynchronised XOR design.

3.2.2. Reversible QCA XNOR simulation

Figure 3.10 presents the simulated waveforms for the proposed reversinle
synchronised XNOR gate, as presentedrigure 3.2. The polarisation output correctly
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corresponds to the truth table values givemable3.2, thus confirming the soundness of
the proposed reversible tinsgnchronised XNOR design. The circuit design has a circuit
latency of eight clock zones (two clock cycles), which is consistent with the simulation
results inFigure3.10. The design had an area®@fl5 unt¥ andused 101 QCA celland

13 USE clocking tiles.
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Figure 3.10 Simulation waveforms of the proposed reversible time synchronisedNOR design.

3.2.3. Reversible QCA halfadder simulation

The simulation results for the proposed reversitilee-synchronised halédder
circuit, depicted irFigure 3.3, are shown irFigure3.11. The numerical outcomes verify
that the design is consistent with its truth table, as detail@@bite 3.3. The reversible

time-synchronised halédder circuit produces the carry output after three clock zones
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(0.75 clock cycles) and the sum output after 12 clock zones (three clock cycles), resulting

in a total circuit latency of three clock cycles. The design occupies an area of 0.21 pum?,

employs 101 QCA cells, and utilises 19 USE clocking tiles.
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Figure 3.11 Simulation waveforms of the proposed reversible time synchronisduhlf-adder design.

3.2.4. Reversible QCA halfsubtractor simulation

Figure 3.12 presents the simulation results for the proposed reversiiohe-

synchronised haléubtractor, as described Figure 3.4. The numerical input/output

results validate that the circuit's operation aligns with the truth table providedle3.4.

The delay for the borrow output is three clock zones (0.75 clock cycles), while the delay

for the difference value is eight clock zones (two clock cycles). Additionally, the design

occupies an area of 0.15 umz, utilises 106 QCA cells, and employs 14lttking tiles.
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Figure 3.12 Simulation waveforms of the proposed reversible time synchronised hadfubtractor
design.

3.2.5. Reversible QCA 2:1 multiplexer simulation

Figure 3.13 displays the simulationvaveformsfor the proposedreversible, time
synchronised 2:1 multiplexer circuit, as shown in Figure Bi& numerical input/output
response corresponds to the truth table valu@slote3.5, thus confirming the reliability
of the design. The circuit latency is seven clock zones (1.75 clock cyaligsingwith
the 2:1 multiplexer QCA layout desigfustratedin Figure3.5a. Additionally, the design

requires an area of 0.14 umz, utilises 96 QCA cells, and employs 12 USE clocking tiles.
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Figure 3.13 Simulation waveforms of the proposed reversible time synchronisezt1 multiplexer

design.

3.2.6. Reversible QCA 1:2 demultiplexer simulation

Figure 3.14 shows the simulatiorwaveformsfor the proposedreversible time-

synchronised 1:2 demultiplexer, whose design is giveligare 3.6. The input/output
simulation results validate the desired circuit computation, and the response agrees with
Table 3.6. The output YO experiences a delay of three clock zones (0.75 clock cycles),
whereas Y1 experiences a latency of five clock zones (1.25 clock cystiEsjionally,

the design requires an area of 0.09 umz?, utilises 51 QCA cells, and enfpldS&

clocking tiles.
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Figure 3.14 Simulation waveforms of the proposed reversible time synchronised 1:2 demultiplexer
design.

3.2.7. Reversible QCA tbit comparator simulation

Figure 3.15 shows the simulatiorwaveformsof the proposed reversihlgime-
synchronised comparatoasgiven in Figure 3.7. The input/output results confirm the
circuit functiorality. Moreover, thesimulationresultsalign with the truth tablevalues
illustratedin Table3.7. This circuit takes two binary inputs, A and B. If the output A is
less than B, the circuit takes three clock zones (0.75 clock cycles). In cases where A is
greater than B, the circuit takes six clock zones (1.5 clock cycles). FinakdyA equals
B, the circuit is delayed by eight clock zones (2 clock cycles). Furthermore, the design

requires an area of 0.15 um2, utilises 107 QCA cells, and employs 14 USE clocking tiles.
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Figure 3.15 Simulation waveforms of the proposed reversible time synchronised comparator design.

3.2.8. Reversible QCA 2:4 decoder simulation

Figure 3.16 demonstrate the simulationresultsfor the poposedreversible time-
synchronsed QCA 2:4 decodecircuit showenin Figure3.8. The input/outpuivaveforms
obtained show that the circuit works exgpectedand that the simulation results exhibit
the correct logicabehaviouras shown ifable2.1. This circuit takes two input numbers,

A and B, in binary form, and gives output D3 after three clock zones (0.75 clock cycles),
D2 after seven clock zones (1.75 clock cycles), D1 after 11 clock zones (2.75 clock
cycles), and DO after 13 clock zones (3cRick cycles)Furthermore, the design requires

an area of 0.18 um2, utilises 126 QCA cells, and employs 19 USE clocking tiles.
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Figure 3.16 Simulation waveforms of the proposed reversible time synchronise2t4 decoderdesign.

3.2.9. Summary of the reliability simulation of the circuits

The demonstrated input/output response waveforms for the eight proposed logically
and physically reversible tirrgynchronsed QCA circuitsdemonstratehat the time
synchronization feature plays a crucial role in guaranteeing the precision and correctness
of the circuit's output values. By aligning operations within predefined clocking zones,
this synchrorgation ensures that signal transitions occur at the intended moments,
mitigating timingrelated errors andpreventing information loss This precise
coomination across different stages of the circuit not only enhances operational accuracy
but also optimiseperformanceby ensuring that all components function cohereinlya
synchronised manner. As a result, the proposed designs maintain reliable output behaviour

across a variety of input combinations, underscoring the robustness and stability of the

63



circuits. Furthermore, the tirmgynchronisation capability supports scalability, making
these circuits suitable for integration into more complex @8ed architectureghere

precise timing is essential

3.3. Area cost and delay timeevaluation

Table 3.9 provides a detailed breakdown of the area cost and delay time for the
proposed reversibletime-synchronised QCA circuitsliscussedin Section3.1 The
simulation results reveal that the largest circuit, the reversiblesymehronised QCA
half-adder, requirean area 0f0.21 um2 On the other handhe smallest circuit, the
demultiplexer, has an area cost of Q€I9um2 Additionally, theresultsshowedthat the
demultiplexer, the circuit with the least delay, is delaying only five clock zones, equivalent
to 1.25 clock cycles. On the other hand, the decoder, the most delayed circuit, is delayed

by 13 clock zones, equivalent to 3.25 clock cycles.

Table 3.9 Area costand delay timefor the proposed reversible and synchronous QCA designs.

. Area cost
Proposed reversible and Area space Delay

synchronous QCA circuit QCA cells USE tiles (umf) [clock zones]

XOR 101 13 0.15 8

XNOR 101 13 0.15 8

Half-adder 139 19 0.21 12

Half-subtractor 106 14 0.15 8

2:1 multiplexer 96 12 0.14 7

1:2 demultiplexer 51 7 0.09 5

Comparator 107 14 0.15 9

2:4 decoder 126 19 0.18 13

1 Each tile contains 5 x 5 QCA cells measuring 18 x 18 nm; the spacing between the cells equals 2 nm.

The demonstrated results show that implementing the logically and physically
reversible, timesynchronized design method yieldighly efficient QCA combinatorial

circuits.
3.4.Energy dissipationsimulation

Table 3.10 outlinesthe energy dissipation values for the eight proposed reversible

time-synchronised QCA combinational logic circuii$ie energy dissipation values for
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each binary input signal combination are expressed in millielectronvolts (riié&e).
QCADesigneiE 2.2[96] TCAD tool was used t@valuatethe energy dissipatiofor the
circuitsemployingthe technology and simulation parametetailedearlier inTable2.1

andTable2.2, respectively.

Table 3.10 Energy dissipation values for the proposed reversible and synchronous QCA designs.

Proposed reversible and Energy Dissipation fTrrnig\p/EJt signal combinations

synchronous QCA circuit =566 T001 7 010 [ 011 | 100 | 101 | 110 | 111
XOR 0.014/0.014 0.013/0.013
XNOR 0.014/0.013 0.014 0.014
Half-adder 0.027/0.018 0.027/0.027
Half-subtractor 0.014/0.021/0.014/0.014

2:1 multiplexer 0.014/0.014 0.014/ 0.014 0.014 0.014 0.014/ 0.014

1:2 demultiplexer 0.006/ 0.006 0.006| 0.006
Comparator 0.014/0.024/0.015/0.015
2:4 decoder 0.015/0.024/0.024/0.024

The simulation results indicate that, across all input signal combinations, energy
dissipation consistently remains below the Landauer energy limit of 0.06 meV at a
temperature of 1 K. This low dissipation level highlights the efficiency of the logical and
physical reversibility feature in enabling QCA combinational circuits to achievezsear

energy consumption
3.5.Conclusion

This chapter has presented logically and physically reversible;stymehronised
designs for eight combinational digital circuits using QCA technology. The USE clocking
scheme was implemented, with simulations performed usinQ@#&Designer 2.0.and
QCADesigneiE 2.2 TCAD tools. QCADesignewas used tsimulate the polarisation
input/output waveform responses, while QCADesigaavas employed te@xtend the
analysis by incorporating energy dissipation for the same QCA designs. Both tools utilise
a microsopic quantum mechanical model of the QCA cell, with QCADesigner
featuringan additionalrelaxation to equilibriuntheoretical density matrix treatmem

the mathematical modeb account for energy dissipation
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The proposedogically and physicallyeversible QCA combinational digital circuit
designs, which exhibit intrinsic tirsgynchronsation, include XOR and XNOR gates, as
well as a haHadder, a halbubtractor, a 2:1 multiplexer, a 1:2 demultiplexer,-hitl
comparator, and a 2:4 decod&hese designs exploit the inherent advantages of QCA
technology to ensure coordinated operations across all circuit stages, enhancing both
performance and reliability.

The simulation results confirm the feasibility of desigrsoghisticatedCA circuits
that are both logically and physically reversible, while maintaining precise time
synchronisation. The proposed circuits demonstrate ultralow energy dissipation, with
levels consistently below the Landauer limit of 0.06 matVa temperature of 1 K. This
minimal energy dissipation highlights the efficiency of the logically and physically
reversiblefeaturein minimising power consumption, making these circuits ideal for
applications where energy efficiency is critical. Moreover, the combination of logical and
physical reversibility with synchronised operation ensures the reliability of the circuit
outputs. This reliability supports scalability, enabling seamless integratio more

complex QCAbased systems.
3.6. Contribution

This chapter highlights innovative advancements in the design and simulation-of time
synchronised, reversible combinational logic cirguvtsth exceptionally low energy
dissipation. The findings presented in this chapter have the potential to make a significant
contribution to ongoing research in povefficient QCAbased combinational digital
circuits, paving the way for future developmenislow-energy nanoscale computing
systems.

A peerr evi ewed article titled ADesi gn and
Synchronised Quantwiot Cellular Automata Combinational Logic Circuits with
Ultral ow Energy Dissipationo was publ i shed
this chapter[32]. It appeared in the September 2022 edition of Titernational
Transaction Journal of Engineering, Management, & Applied Sciences & Technologies

(see Figure 3.17).
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Chapter 4
4.ReversibleQCA SequentialFlip-Flop Circuits

Flip-flop circuits are crucial components in digital electronics, functioning as
fundamental memory elements and essential parts of sequigitiallcircuits[154]. The
flip-flop output is dependent on instantaneous input and feedb&dk The feedback
characteristic allows flgfop circuits to store binary dafa54]. The progression of flip
flop designsis from the fundamental SR (S&eset) flipflop to the more sophisticated
forms such as D (Data), T (Toggle), and Jdack Kilby) flip-flops [155, 156]
Applications for thesélip -flop circuits include data storagggmputing,synchronisation,
and data transfd¢f.54]. Conventional flipflop circuitsoftenuse CMOS technologhs0].

The industry favours CMOS technology due to its low power consumption and high
reliability [3]. However, as technology scales down, CMSed systems encounter
constraints, particularly in terms of power dissipation and switching $p&&tl

This chapter uses the innovativlegically and physically reversible time
synchroniseddesign approach fror@hapter2 to develop novel ultr@nergyefficient
QCA sequential fligflop circuits. These circuits include the most common types of flip
flops, including the SR, D, T, and JK flgflops. In addition, novel ultraostefficient
irreversible QCA designs for the same lipp circuits havealso been developed to
enable a meaningful comparisdihe same design rules are applied to both the reversible
and irreversible circuits, ensuring the reliability and consistency of the comparison.
tile-based design concepf{$58] principles guide the implementation of the designs.
Several studies have used this concept to support automated QCA design intgdiation
160]. The USE clocking scheme, in conjunction with the-litssed design concept, is
employed to manage the timing of the circuitbe wire crossing issue, which causes
crosstalk interference between intersecting wires, is addressed by implemieting
multilayercrossing approadi72]. The crossing points necessitate the use of three distinct

layers.
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Although reversible sequential QCA flifop circuits consume less energy than the
Landauer limit, irreversible QCA flyblop circuits sometimes require less area and.time
This chapter comprehensively explores the traifi® between reversible and irreversible

sequential QCA fligfops in terms of energy loss, area used, delay time, and overall cost.
4.1. Designingsequential QCA flip -flop circuits
4.1.1. Designing QCASR flip -flop circuits

The SR flipflop circuit is a singlebit data storage device that can store one binary
digit (either O or 1) and operates in acthigh mode. It detects that the output is SET
whenS=1 andR=0, or RESET wherR=1 andS= 0. Equation 4.1 presents an identical
Boolean expression for both the reversible and irreversible configurations of the QCA SR

flip-flop circuit.

v 0 ™Ay BY ™ Y& (4.1)

4.1.1.1. Irr eversible QCASR flip-flop design

The proposed irreversible QCA SR flilop uses a singla@reversiblemajority gate
and two invertersFigure4.1a shows the design's synthesis, wikilgure4.1b shows the
circuit layout together with the colourcodedUSE clocking schemerhis irreversible
QCA SR flipflop features two inputsS, which triggers the SET function, afRl which
triggers the RESET functiohe outputlabelled0 stores the current bit, whilé@ (0
complement) displays the binary inversedofThe circuit operates with a delay of three
clock zones, equivalent to 0.75 clock cycldsingthestandardecological parameters
presented iMable2.1, the design is remarkabreaefficient, requiring only an area of
0.06 umz, utilisng 33 QCA cells, and emplagig 5 USE tiles.
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Figure 4.1 (a) Logical synthesisdesignand (b) physical QCA layout of the poposedirr eversible
QCA SR flip-flop.

Table4.1 presents the truth table ftreirreversible QCA SR fligflop which has the
standard Input/Output form for a SR filpp. This table maps the various input
conditions SET and RESET, to their corresponding outputd and 0, illustrating the
irreversible QCASRflip-flop's behavioumunder various scenarios.

Table 4.1 Truth table for irreversible SR flip -flop circuit shown in Figure 4.1.

S Input R IF - Output ||F - Description
0 0 0 0 Hold state
0 1 0 1 Reset

1 0 1 0 Set

1 1 0 0 Hold state

4.1.1.2. Reversible QCA SR flipflop design

The innovative reversible QCA SR flifop circuit designutilises only a single
reversiblemajority gateand two inverterso store a bit of dat&igure4.2a presents the
design synthesis, whileigure4.2b illustrates the circul@CA layout, implemented using
the USE clocking scheme. In the design diagrams of the reversibleSR@# -flop, the
output labels marked "cp" represent copies of the input @atareversible QCA SR flip
flop shares similar delay characteristics with its irreversible counterpart, presented in
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Section 4.1.1.1 operating with a delay of three clock zones (0.75 clock cycles).
Additionally, the design occupies the same 6 area and employs five USE clocking
tiles. However, it requires a slightly higher number of QCA cells, utilising 37 in total.
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Figure 4.2 (a) Logical synthesigdesignand (b) physical QCA layout of the proposed reversible QCA
SR flip-flop (Scp and R, indicate copies of the inputs)

Table4.2 presents the truth table for tmmovativereversible QCA SR fliglop. This
table maps the various input conditip8&TandRESET, to their corresponding outputs
0 andD, illustrating thereversible QCASRflip-flop's behaviour under various scenarios.

Table 4.2 Truth table for reversible SR flip-flop circuit shown in Figure 4.2 with copies of thetwo
inputs passed to thewo additional outputs.

Input Output .
S R If ) II= p _”%_ =|%'f— Description
0 0 0 0 0 0 Hold state
0 1 0 1 0 1 Reset
1 0 1 0 1 0 Set
1 1 0 0 1 1 Hold state




4.1.2. Designing QCAD flip -flop circuits

The QCA D flipflop, whereD represents the data input, is controlled by a clock signal
CLK. By combiningthe two input signalsSandR, of the SR flipflop and incorporating
an inverter, we can set and reset the-filgp using only one input, aS and R are
complementary. This complementary configuration avoids the forbidden state of the SR
flip-flop, whenSandRboth equal to 1 at the same tirkguation 4.2rovides the Boolean
expression fothe QCA D flip-flop, whereD represents the input datal K is the clock
signal, andQ is the output that stores the data.

0 0 O 0
0 0 O Ol
(4.2)

c
c
c
a(
4

0 O OOl O Ot o8OV 608

C

4.1.2.1. Irreversible QCA D flip -flop design

Theproposedrreversible QCA D flipfop circuit is designedsingthreeirreversible
majority gatesandthreeinvertersto stote asinglebinary digit. Accordingly, the output is
SET whenCLK =1 andD =1, RESET wherCLK = 1 andD = 0, andHOLD data (no
change) whenCLK = 0. Figure 4.3a demonstrates the synthesis of the proposed
irreversible QCA Dilip-fop design, andrigure4.3b shows the circuiQCA layout. The
circuit delay is seven clock zones (1.75 clock cycle). Furthermore, this irreversible QCA
D flip-fop circuit requiresan area of @7 um?, utilises91 QCA cells, and employ$3
USE clocking tiles
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Figure 4.3 (a) Logical synthesis design and (b) physical QCA layout of the proposed irreversible
QCA D flip -flop.

Table 4.3 presents the truth table for thevelirreversible QCA D flipflop, giving
detaik for the circuit's logical behaviour under various combinations of clock and data
inputs. The table clearly illustrates the response of the oQtpuhich sets when both the
clock CLK and dat& inputs are high, resets when the clockigh, and the data input is
low and maintains its previous statden the clock input is low. This truth table is crucial
for understanding the operational dynamics and verifying the correct functionality of the

irreversibleQCA D flip-flop, within a digital circuit

Table 4.3 Truth table for irreversible D flip -flop circuit shown in Figure 4.3.

Input Output .
CLK D L o [ Description
0 0 . -
0 1 v v Hold
1 0 0 1 Reset
1 1 1 0 Set

4.1.2.2. Reversible QCAD flip -flop design

The innovative reversible QCA D fliflop circuit uses threeeversiblemajority gates
and three inverters to store datgure4.4a presents the design synthesis, whilgure
4.4b illustrates the circul@CA layout, implemented using the USE clocking scheme. In
the design diagrams of the reversible QCA D-flgp, the output labels marked "cp"
represent copies of the input data, while "g" denotes tloalfed garbage outputs. The
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reversible QCA D flipflop operates with a delay of eight clock zones (2 clock cycles).
Additionally, the design occupies an area of 0.19 umz area, requires 136 QCA cells, and

employs 14 USE clocking tiles.
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Figure 4.4 (a) Logical synthesis design and (b) physical QCA layout of the proposed reversible QCA
D flip -flop (Ayand "A'E §yindicate copies of the inputs, while gand @ are socalled garbage
outputs)

Table4.4 presents the truth table for the novel reversible QCA Dfiitip, providing
a comprehensive overview of the circuit's logical behaviour under various input

conditions.

Table 4.4 Truth table for reversible D flip -flop circuit shown in Figure 4.4.

Input Output Description
ck| D | [ L rd e | e eeerp™

0 0 - - 0 0

0 1 V] 0 0 1 Hold

1 0 0 1 1 0 Reset

1 1 1 0 1 1 Set
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4.1.3. Designing QCA JK flip-flop circuits

The JK flipflop behaves similarly to the SR fhijop, whereJ is correspondso theS
input andK corresponds tthe R input. A control clock signal supplements the JK-flip
flop, producing a toggle output value whébK = 1,J =1, andK = 1. Accordingly, the
output is SET whe€LK=1,J=1, andK =0, RESET wherCLK=1,J=0, andK =1,
and hold data (no change) whéhK = 0, or whenJ = 0 andK = 0, even ifCLK = 1.
Equation 4.3 provides the Boolean expression for the QCA JHldlpdesigns, wheré
andK represent the input da®@LK represents the clock data, &Qdepresents the stored
bit.

0 0 ohrtd 0 6
0 O Ohdd 0 0
0 0 0 HtD )

0 0 0 i) 43

4.1.3.1. Irreversible QCA JK flip -flop design

The proposed irreversible QCK flip-fop circuit is designed usinfive irreversible
majority gates antvo inverters to store a singlet of data Figure4.5a demonstrates the
synthesis design of the developed irreversible QCA JKflfp circuit, andFigure4.5b
shows the circuit layout. The circuit delay is five clock zones (1.25 clock cycle).
Furthermore, this irreversible QCAK flip-fop circuit requires an area of Q.Jum?2,
utilises74 QCA cells, and employ8 USE clocking tiles.
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Figure 4.5 (a) Logical synthesis design and (b) physical QCA layout of the proposed irreversible

Table4.5 presents the truth table for thevelirreversible QCA JK flipflop, offering
a detailed analysis of the circuit's logical behaviaaross different combinations of clock
CLK and data inputd andK. This table is critical for understanding how the JK-flgp
operates in various scenarios, including setting, resetting, toggling, and holding the output
Q. The truth table specifically outlines how the output responds wherd hotfK inputs
are active, when they are individually high or low, and how the clock signal influences
these transitions. By illustrating these irjowtput relationships, thieuth table serves as

an essentialeference for verifying the functionality ameliability of theproposedQCA

JK flip-flop circuit.

(b)

»Q

QCA JK flip -flop.
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Table 4.5 Truth table for irreversible JK flip -flop circuit shown in Figure 4.5.

Input Output .
CLK J K ||=< |IF « Description
0 X X ~ .
1 0 0 v v Hold
1 0 1 0 1 Reset
1 1 0 1 0 Set
1 1 1 Y Y Toggle
4.1.3.2. Reversible QCAJK flip -flop design

The innovative reversible J#ip -flop circuit utilises fivereversiblemajority gates and
two inverters to store data efficientlifigure 4.6a presents the design synthesis, while
Figure4.6b illustrates the circuit layout, implemented using the USE clocking scheme. In
the design diagrams of the reversible Q@A flip-flop, the output labels marked "cp"
represent copies of the input data, while "g" denotes tloaled garbage output$he
circuit delay is seven clock zones (1.75 clock cy@elditionally, the design occupies an
area of ®3 umz, requiresl49QCA cells, and employ$3 USE clocking tiles.

Table 4.6 presents the truth table for the reversible QCA JK-ffop, providing a
comprehensive analysis of the circuit's logical behaviour, under various combinations of
clock CLK and data inputd andK. This table elucidates how the reversible QCA Jk flip
flop operates, highlighting its ability to handle different input scenarios, including setting,
resetting, toggling, and maintaining the outQut

Table 4.6 Truth table for reversible JK flip -flop circuit shown in Figure 4.6.

Input Output -
CLK JIK| [ . Lo pd ] B[ Ly R o Description
oL e A K Hold
1 |0/]1] O 1 1 0 1 0 1 Reset
1 /100 1 0 1 1 0 1 0 Set
1 110 0 1 1 1 |0 0 Toggle

77




L Q
Q
00— M3 e
g1 Zx
Kep — 93
1— Ms - Q
CLKp, o Ga
gz
o— M
r 4 Qcp
()
g1 (_ltp

L e clo o e

B

o oD<Je clo d
X

5]
o
o0
Q0
a0
o

O O [0 O
0 o[g ofa afo ofo of vv,,
BRI . f ) .QPAMMQ
o o ool e
Lo oooogg°° 2c/io o Clock zone 2 |2
);4 o o[» e Lo
[0 O

"A“ o0
L.‘ Clock zone 3
Fixed value m

Kep  CLKep

(b)

Figure 4.6 (a) Logical synthesis design and (b) physical QCA layout of the proposed reversible QCA
JK flip -flop (&4 € -1y € 'E~4 "By and "By indicate copies of the inputs, while g gz, g3, and ¢ are se
called garbage outputs)

4.1.4. Designing QCA T flip-flop circuits

The QCA T flipflop circuits are based on the JK flilop architecture, but with a
simpler layout. The T fligflop combines the JK flilop's two inputs by connecting
single input, labelled, to both inputs. The inpul, acts as a toggle control, allowing the
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flip-flop to function as a toggle switch. The T flipp switches between states when both

the clock signaCLK and the toggle inpul are in a high state, i.e., CLK1 andT = 1.
Otherwise, the output remains the same. Equation 4.4 shows the Boolean expression for
the QCA T flipflop designs. In this equatioii,represents the inpu§LK represents the

clock signal, and@ represents the stored output bit.

0 0 "Yadd 0 0

0 0 0 AdD
0 0 0 hio
6 b b PR (44

0 0 0 0 "Wt O G Py O "Yrdo O Grdo

8 0 & ) 608

4.1.4.1. Irreversible QCA T flip -flop design

The proposed irreversible QCA T flffop circuit is designed using four irreversible
majority gates and two inverters to store a single binary digit. This configuration ensures
efficient and reliable operation within a compact design. The synthesis protcése
irreversible QCA USE T fliglop is illustrated inFigure4.7a, providing a clear overview
of the design logicFigure4.7b further details the circu@CA layout, showing how the
QCA design is implemented using the USE clocking scheme, which is essential for
coordinating the signal flow and ensuring accurate timing within the circuit. The circuit
operates with a delay of six clock zones, equivalent to dck dycles, indicating a rapid
response time suitable for higipeed digital applications. In terms of physical
requirements, this irreversible QCA T flifop is designed to be highlsreaefficient,
occupying an area of just 0.13 umz2. It makes use of 73 QCA cells, which are the
fundamental building blocks of the circuit, and relies on 10 USE clocking tiles to manage
the timing of operations effectively. Overall, this design representdaadeabetween
performance and resource utilisation, making it decéive solution for applications

where minimising delay and conserviageaare critical considerations.
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Figure 4.7 (a) Logical synthesis design and (b) physical QCA layout of the proposed irreversible
QCAT flip -flop.

Table4.7 presents the truth table for the conventional irreversible QCA Tldp
offering a comprehensive analysis of the circuit's logical behaviour under different
combinations of clockCLK and datal inputs. This table provides a clear depiction of how
the T flip-flop functions as a toggle switch, highlighting the conditions under which the
output stateQ changes. Specifically, the truth table details scenarios where the clock
signal is high, demonstrating how the output toggles whei thyut is also highi.e., T
=1, and how it remains unchanged whenThaput is low i.e., T = 0. Conversely, when
the clock signal is low, the table shows that the output remains stable, regéafrthesk o
input. Understanding how to employ tQE€A T flip-flop in digital circuits to efficiently
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manage binary state changes, particularly in applications requiring a reliable toggling

mechanism, requires a detailed breakdown.

Table 4.7 Truth table for irreversible T flip -flop circuit shown in Figure 4.7.

CLKInput T IF . Description
0 0 ~
0 1 v Hold
1 0
1 1 1 Toggle
4.1.4.2. Reversible QCAT flip -flop design

The innovative reversible QCA flip-flop circuit alsousesfour reversible majority

gates and two invertet® store dataFigure 4.8a presents the design synthesis, while

Figure4.8b illustrates the circuit layout, implemented using the USE clocking scheme. In

the design diagrams of the reversible QTAlip-flop, the output labels marked "cp"
represent copies of the input data, while "g" denotes tlealéed garbage outputs. The
reversible QCAT flip-flop operates with a delay eix clock zonesX.5clock cycles)like

the proposed irreversible onéglditionally, the design occupies an area @bum? area,
requiresl07 QCA cells, and employs0 USE clocking tiles.
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Figure 4.8 (a) Logical synthesis design and (b) physical QCA layout of the proposed reversible QCA
T flip -flop (N € 'E& "By and “Eyindicate copies of the inputs, while g1, g2, g3, and g4 are so
called garbage outputs)

Table 4.8 presents the truth table for thenovative reversible QCA T flipflop,
offering a detailed overview of the circuit's logical behaviour under various input
conditions. This table illustrates how the revers@@A T flip-flop responds to different
combinations of the clocKLK and toggle inpuT, highlighting its ability to toggle the

output state or maintain the current state based on these inputs.

Table 4.8 Truth table for reversible T flip -flop circuit shown in Figure 4.8.

Input Output o
CLK T ||F « IF « |==| 4rL_ JHF_ IF%%_ IF ) Description

0 0] 0 0 |

0 1|0 0 0 10 0 Hold

10 1 0

11 1 0 1 1 1 0 Toggle

4.2. Reliability simulation

This section presents the simulated input/output response values for the eight proposed
reversible and irreversible desigf the four flipflop types under consideratioas

detailed inSection4.1 The performance of these circuits was validated uireg
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QCADesigner 2.3 TCAD tool, utilising thetechnological andgimulation parameters
presentecktarlierin Table2.1 andTable 2.2, respecirely. For eachlip-flop circuit, the
simulation calculates the results and then displays waveforms representing the

computational outputs and delay times.
4.2.1. Simulating QCA SR flop-flop circuits
4.2.1.1. lrreversible QCA SR flop-flop simulation

Figure 4.9 shows the simulatiomaveformsfor the proposed irreversible QCA SR
flip-flop, as shown ifrigure4.1. The simulatiorwaveformsin the case ot 12 9 is
represented ifrigure 4.9a, while Figure 4.9b shows thewaveformsof Q¢ t1y = 1. The
results obtained from the simulations provide strong confirmation thapritgosed
irreversible QCA SR fliglop computations align accurately with the expected outcomes
given in Table 4.1. This agreement between the simulated data and the theoretical
expectations demonstrates that the desigmedersible QCA SR fliglop is functioning
as intended, effectively implementing the desired computatigasd action The
consistency of these results not only validates the underlying design principles but also

attests to the robustness and reliability of the methodology employed.
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Figure 4.9 Simulation waveforms of the proposedrreversible QCA SR flip-flop (a) for Q¢+ 1=, (b)
forQ(eral

4.2.1.2. Reversible QCA SR flopflop simulation

Figure 4.10a and Figure 4.10b show the input/outpuivaveformsfor the proposed
reversible QCA SR fliglop circuit for the case®(t 12 9 andQ( t 132 {, respectively
The design of the proposed reversible QCA SRffop is illustrated inFigure4.2. The
simulation results confirm that thg@roposed reversible QCA SR fiffpp computations
are fully consistent with the truth table values presenteGalbvle 4.2. This alignment
between the simulated outcomes and the expected truth table data highegletsign's
accuracy and reliability, confirming that the circuits perfornmganded according to the

specified logic.
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Figure 4.10 Simulation waveforms of the proposed reversible QCA SR fliglop (a) for Q( « i3 9, (b)
for Q( t 1713.
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4.2.2. Simulating QCA D flop-flop circuits
4.2.2.1. lrreversible QCA D flop-flop simulation

Figure 4.11 displays the simulationnputoutput waveforms for the proposed
irreversible QCA D flipflop. Specifically,Figure4.11a andFigure4.11b illustrate the
waveformsfor the circuit inthe scenarios wher®( « 1= 0 andQ( t 1= i1, respectively.

The design ofthe proposed irreversible QCA D flijop circuit is depicted irFigure4.3.

The simulation results are in full alignment with the expected behaviour detailed|m

4.3, thereby confirming the accuracy and reliability of fneposed irreversible QCA D
flip-flop's computational modelThe alignment between the simulated and expected
outcomes highlights the robustness of the design and confirms the effectiveness of the

underlying computational framework.
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Figure 4.11 Simulation waveforms of the proposed irreversible QCA D flipflop (a) for Q¢ « 1= 9, (b)
forQ(tal

4.2.2.2. Reversible QCAD flop-flop simulation

Figure 4.12 presents the simulatiomput/output waveforms for the proposed
reversible QCA D flipflop, as illustrated irFigure 4.4. Specifically,Figure4.12a and
Figure4.12b show the input/output values for the circuit under conditions WQere =2 )

0 andQ( t 1= )1, respectivelyThe simulation results fully correspond to the expected
behaviour detailed ifable 4.4, thereby confirming the accuracy and reliability of the
proposed reversible QCA D fhflop's computational modelThis precise alignment
between the simulated outcomes and anticipated behavior validates the integrity of the
design, affirming that the circuit functions as intendHae consistency of these results
demonstrates the robustness ofitlvativereversible design method, ensuring that the

proposedeversible QCA D flipflop reliably meets the required performance standards.
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Figure 4.12 Simulation waveforms of the proposed reversible QCA D fliflop (a) for Q¢+ 1=, (b)
for Q( t 7T J.
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4.2.3. Simulating QCA JK flop-flop circuits
4.2.3.1. lrreversible QCA JK flop-flop simulation

Figure4.13 presents the simulation waveforms for the proposed irreversible QCA JK
flip-flop. Figure4.13a andFigure4.13b specifically illustrate the input/output values for
the circuit whenQ( t+ 1 )0 andQ( t 1 )1, respectively.The design of the proposed
irreversible QCA JK flipflop is illustrated inFigure4.5. The simulation results are in
complete alignment with the expected behaviour detaileBalie 4.5, confirming the
accuracy and reliability of the proposed irreversible QCA JK-fftip's design This
strong correlation between the anticipated and observed outcomes not only validates the
effectiveness of the design but also highlights the robustness of the undsylyihgsis
model This consistency serves as a testament to the precision and soundness of the
reversibledesign process, ensuring that the circuit performs as intended under the

specified conditions and design rules.
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Figure 4.13 Simulation waveforms of the proposed irreversible QCAIK flip-flop (a) for Q( « 19,
(b)for Q=

4.2.3.2. Reversible QCAJK flop-flop simulation

Figure4.14 showcases the simulation waveforms for the proposed reversible QCA JK
flip-flop, as illustrated ifrigure4.6. Figure4.14a andFigure4.14b detail the input/output
values for the circuit under conditions wh&e: 12 0 andQ( t 12 {1, respectivelyThe
simulation results align with the expected behaviour presentdabte 4.6, providing
strong evidence that th@esignof the proposed reversible QCA JK flilop is both
accurate and reliable. This consistency not only validates the correctness of the design but
also reinforces its credibility, confirming that the circuit operates as anticipated and

adheres to the expect operational parameters.
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Figure 4.14 Simulation waveforms of the proposed reversible QCA JK fligflop (a) for Q¢ i, (b)
forQcti=l
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4.2.4. Simulating QCA T flop-flop circuits
4.2.4.1. lrreversible QCA T flop -flop simulation

Figure4.15 presents the simulation waveforms for the proposed irreversible QCA T
flip-flop, as depicted inFigure 4.7. Figure 4.15a and Figure 4.150b illustrate the
input/output values for the circuit whe@( « 1 )0 andQ( t 1 )1, respectively. The
simulation results align with the expected behaviour outlinddbie4.7, confirming the
accuracy and reliability of theroposedrreversible QCA T flipflop design
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Figure 4.15 Simulation waveforms of the proposed irreversible QCA T flipflop (a) for Q( « 139, (b)
forQ(tal

4.2.4.2. Reversible QCA T flop-flop simulation

Figure 4.16 displays the simulation waveforms for the proposed reversible QCA T
flip-flop, as shown irFigure4.8. Figure4.16a andFigure4.16b depict the input/output
values for the circuit under conditions wh&e: 1= © andQ ¢ 132 i1, respectively. The
simulation results are consistent with the expected behaviour detallable.8, thereby

validating the accuracy and reliability of theoposedeversible QCA T flipflop design
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Figure 4.16 Simulation waveforms of the proposed reversible QCA flip -flop (a) for Q¢+ 1= 9, (b)
forQcti=l

94



4.2.5. Summary of the reliability for the simulation of the flip -flops

The simulaibn waveforms provided compelling validation of the QCA iipp
designs under investigatigior boththereversible and irreversibaasesEach waveform
precisely reflectshe expected behaviour g&/enin the corresponding truth tables and
Boolean equations for the circuitfemonstrating a high degree of accuracy in the circuit
functionality. Thisconsistencypetween the simulated outputs and theoretical predictions
not onlystresseshe robustness and reliability of the proposed QCAffip designsbut
also highlights their suitability for practical applications in nanoscale computing.
Furthermore, the consistesimulationresultof the proposed reversib@CA flip-flops
reinforces the effectiveness of the underlylogically and physically reversibléesign

methodology, proving its capability to develop reliable sequential QCA circuits.
4.3.Energy dissipationanalysis

Energy efficiency is a criticalonsideration in the design of digital circyi$1]. This
sectioninvestigateghe energy dissipation of each proposed QCAfibp circuit, both
reversible and irreversible, as presented@attion4.1, through simulations conducted
using theQCADesigneiE 2.2 TCAD tool. The simulations utilise the technological and
simulation parameters provided Table2.1 andTable 2.2, respectively. The reversible
QCA flip-flops introduced in this chapter are designed to ensure that each internal
majority gate functions reversibly and maintains an equal number of input and output
signals, thereby achieving exceptional energy efficiency

The proposed reversib@CA flip-flop circuits dissipate significantly less energy than
theirproposedrreversible counterparts, reaching values below the Landauer energy limit.
Table4.9 showsthe energy dissipation valuesalf proposed reversible and irreversible
QCA flip-flop circuits. For the proposed irreversible QCA SR fflpp, the average
dissipated energy across different input signal binary combinations is 0.365 meV. In the
reversible implementation athe QCA SRflip-flop circuit, the value drops by an
impressive 97.8% to 0.008 meV. Similarly, the irreversible QCA Dffiip dissipates an
average of 1.007 meV, which decreases by 95.5% to 0.045 meV mvigssible
counterpart. The irreversible QCA JK fffpp dissipates an average energy of 1.609
meV, with a reduction of 98.4% to 0.026 meV in the reversible version. Finally, the
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irreversible QCA T flipflop exhibits an average dissipated energy of 1.129 meV, which
significantly drops by 96.9% to 0.035 meV in the reversible implementation.

To the best of our knowledge, no prior researchexasninedQCA flip-flop circuits
that are both logically and physically reversible. Therefore, to assess the energy
consumption efficiency of the proposed logically and physically reversibleldiyp
circuits, a comparative analysis was conducted against the most recent logically reversible
flip-flops documented in the literatur€his evaluation aimed to assess how the new
designs comparedh terms of energy efficiengyo the stateof-the-art reversibleQCA
flip-flops currently available The logicdly reversibée QCA flip-flops are typically
composed ofogically reversible gates like the x 3Fredkingatesand2 x 2 Feynman
gates However, the internal majority gates, which form theseffop circuits, remain
irreversible Table4.9 shows thathelogically and physicallyeversible QCA flipflops
proposé in this chapteconsume significantly less energy at the itlhnelling energy
level compared to fliglops previously documented in the literatbdeb, 162, 163]

achieving nearly 98% energy reductianith valuesnear tozero.

Table 4.9 Average and total energy dissipation comparison.

. Total Energy Average Energy

QCA Flip-Flop Dissipation [meV] Dissipation [meV]
SR flip-flop [163] 40.850 13.940
D flip-flop [16] 97.100 1500
D flip-flop [164] 10.770 4.920
JK flip-flop [163] 78.650 17.910
T Flip-Flop Design 1162] 16.600 1.510
T Flip-Flop Design 4162] 12.600 1.140
T Flip-Flop Design 3162] 16.000 1.450
Irreversible majority gate 1.460 0.182
Proposed irreversible SR Hilop 3.011 0 .63
Proposed irreversible D Fliplop 4.030 1.007
Proposed irreversible JK Fliglop 12.900 1.609
Proposed irreversible T Fliblop 4,521 1.129
Reversible majority gate 0.016 0.002
Proposed reversible SR Filop 0.032 0.008
Proposed reversible D Fliplop 0.180 0.045
Proposed reversible JK Figlop 0.217 0.0%6
Proposed reversible Hlip-Flop 0.142 0.035
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4.4.0Occupiedarea and delay timecalculation

The development of QCA sequential ffipp digital circuits that are both logically
and physically reversibleepresents a significant advance in reducing energy dissipation
below the Landauer limit. This achievement is particuladgessaryn the ongoing
pursuit of more energgfficient digital circuits. However, it is essential to recognise that
this reduction in energy dissipation does not come without -wéde The design and
implementation of suclogically and physicallyreversibleQCA flip-flop circuits often
necessitate compromises, particularly in terms of increased area and/or latency. In the
designof SR, D, JK, and T flidglop circuits, a careful balance must be struck between the
benefits of reduced energy dissipation and the potential drawbacks associated with
increased areaccupiedand slower operational speeds. This delicate balancing act
underscores the complexity and challenges inherent in the desitpgiodlly and
physicallyreversibleQCA digital circuits.

The evaluation of the proposed QCA ffipp design metrics was meticulously
conducted through an -tepth analysis of their physical layout structures. By closely
examining these layouts, we were able to accurately derive the area and timing parameters,
providing a detailed and precise characterisation of each circuit's perforraise.
approach ensures that the evaluation of each circuit is grounded in its actual physical
implementation, thereby reflecting realistic performance metrics that are cfiical
assessing the overall efficiency and viability of the designs within practical applications.
The rigorous extraction of these metrics from the physical layouts also enables a more
reliable comparison between different circuit designs, facilitatingdnaification of the
most optimal configurations in terms of resource utilisation and operational speed.

The assessment of circuit delay was conductechbgfully counting the clock zones
along the critical path, which is defined as the longest path from an input pin to an output
pin within the circuit. This critical path is essential for determining the overall speed of
the circuit, as it dictates the maximum tinegjuired for a signal to propagate through the
circuit. In this framework, each clock zone contributes a delay equivalent tguanter
of a clock period, indicating that four clock zones colied§i amount to one complete
clock cycle. This method provides a precise measure of the circuit's timing characteristics,

which is crucial for evaluating its performance.
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Furthermore, the physical layout structure of the circuits offered a comprehensive
view of various critical parameteiigcluding the number of majority gates and inverters,
the number of QCA cells, the quantity of USE clocking tiles, the overall occupied area,
and the delay time for each circuEach USE clocking tile in the proposed {fipp
designs is composed ofbax 5grid of QCA cells, a configuration that is instrumental in
defining the spatial efficiency and operational dynamics of the circb#sd& detailed
insights into the physical characteristics of the circuits are systematically presented in
Table 4.10, providing a clear and thorough overview of the design metrics. This
information is essential for understanding the traffe and optimisations involved in the
design processf reversible and irreversibfép -flop circuits Thisinformationallows for
a more informed evaluation of the circuit's overall effectiveness and potential applications

in advanced digital systems.

Table 4.10Flip-flops area and delay time calculation.

. Delay
QCA Flip-flop Majority Inverters QCA Are? QSE [clock
gates cells | [um<] | tiles

cycles]

Irreversible SR FligFlop 1 2 33 |0.0606, 5 0.75
Reversible SR Flig-lop 1 2 37 [/0.0609 5 0.75
Irreversible DFlip-Flop 3 3 91 |0.1686 13 1.75

Reversible D FlipFlop 3 3 136 10.1888 13 2

Irreversible JK FlipFlop 5 2 74 10.1089 9 1.25
Reversible JK Flig=lop 5 2 149 10.2328 13 1.75
Irreversible T FlipFlop 4 2 73 10.1288 10 15
Reversible T FlipFlop 4 2 107 1 0.1589 10 1.5

The proposed reversible SR flilop design, which implements the logically and
physically reversible design strategy, does not introduce any additional area or delay
penalties compared to its irreversible counterfgoth theirreversible and reversible SR
flip-flops occupy an area of 0.060 pum? and exhibit a delay time of 3 clock zones,
equivalent to 0.75 clock cycles. This indicates that the transition to reversible design in
SR flip-flops can be achieved without compromisisgatial efficiency or temporal
performance.

However, this is not the case for other {lipp designs. When implementing D, JK,

and T flipflops in a reversible manner, there are notable increases in both area and delay
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time, compared to their irreversible designs. For instance, the irreversible -Doflip
occupies an area of 0.1686 pm?2 with a delay time of 7 clock zones (1.75 clock cycles). In
the reversible design, the area increases by 10.7% to 0.1888 um?, and therdeieses

by 14.3% to 8 clock zones, corresponding to 2 clock cycles.

Similarly, the irreversible JK fliglop requires an area of 0.1089 umz2 and has a delay
time of 5 clock zones (1.25 clock cycles). In contrast, the reversible JKofliglesign
incurs a 112.9% increase in area, occupying 0.2328 umz, and a 40% increatayin
time, reaching 7 clock zones (1.75 clock cycles).

In the case of T fliflops, the irreversible design occupies 0.1288 um?, and the
reversible design sees an 18.9% increase in area to 0.1589 pmz2. However, unlike the other
flip-flop types, the delay time remains constant at 6 clock zones (1.5 clock ¢gclasth
irreversible and reversible T fhffops.

These findings highlight the tragadfs involved in implementing sequential QCA flip
flop circuits using either reversible or irreversible methddsile reversible SR fliglops
can be achieved without penalties in area or delay, D, JK, and-floflip experience
significant increases in both metrics, underscoring the complexity of balancing energy
efficiency with spatial and temporal constraintsemersible computing.

Furthermore, it is important to highlight that the number of majority gates and
inverters required for the implementation of each-filgp type remains consistent,
regardless of whether an irreversible or reversible design methodology is employed, as
illustrated inTable4.10. This consistencgtresseshe efficiency and robustness of the
logically and physically reversible design approachin developingsequential digital
circuits across differentflip-flop types. Specifically, the QCA fligflop circuits
demonstrate the following requirements for majority gates and invertegsSR flipflops
require a single majority gate and two inverters, reflecting the simplicity of their design.
In contrast, the T fliflops are slightly more complex, necessitating three majority gates
and three inverters to achieve their functionalitye TIK flip-flops demand a more
substantial configuration, with five majority gates and two inverters required for their
implementation. Lastlythe D flipflops require four majority gates and two inverters,
balancingcomplexityand performancelhe uniformity in the number of majority gates

and inverters required for both irreversible and reversible designs indicates that the
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fundamental logical structure of the fiffpps remains consistent, regardless of the design
approachSuch consistency is advantageous, as it simplifies the design process and allows
for a more straightforward comparison of performance metrics, such as area efficiency
and delay, between different #ifpp configurations. The detailed breakdown of these
requirements further reinforces the practicality and scalability of the proposed designs in

various digital applications.
4.5. Cost calculation

This section presents the total cost of eachfftip design fronmSection4.1 The cost
functionin Equationl.16 has been used, as detadgedierin Sectionl.8, which serves
as a standardised metric for evaluating the efficiency and effectiveness of QCA circuits.
This cost function offers a quantitative measure that captures various design parameters,
enabling a fair and objective comparison acdiisrent QCA circuit designdvioreover,
this section presents a comprehensive comparative analysis of the proposed reversible and
irreversible QCA flipflop designs against the most recent QCA -figp circuits
documented in the literatuf#36, 162, 163, 165, 166]

Table 4.11 presents a comprehensive comparison of the proposed irreversible and
reversible QCA flipflop circuits, as well as the most recentilipp designs documented
in the literature. This table provides a detailed breakdown of several key metrics, including
the number of majority gates and inverters used, the number of crossovers, the cell count,
the delay time, and the overall cdst each propose@CA flip-flop. This thorough
comparison not only highlights the advancements made by our designs but also positions
them as highly competitive alternatives in the field of Qased digital circuits.

The analysis reveals that the proposed irreversibldléigs deliver significant cost
improvements over the best existing designs. Specifically, the proposed irreversible QCA
flip-flop designs demonstrate remarkable cost reductions: 79.55% for th@-880li9%
for the D flipflop, 16.67% for the JK fliglop, and 20.59% for the T flflop, when
compared to the comparable most esfficient designs currently available in the
literature [44, 4648]. These substantial reductions emphasise the efficiehdhe
proposed irreversible designs, highlighting their potential to achieve superior performance

while minimising resource utilisation.
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Table 4.11 Flip-flops cost calculation.

. Delay Cost
QCA Flip-flop Mayority Inverters | [clock | Crossings function
gates cycles] (FOM)

SR flip-flop [165] 4 2 1.5 0 108
SR flip-flop [163] 3 2 1 0 44
D flip-flop [165] 4 4 1.25 0 100
D Flip-Flop[136] 5 4 1 1 120
JK flip-flop [165] 6 2 1.5 0 228
JK flip-flop [166] 4 2 1.5 3 162
T flip-flop [165] 6 2 1.5 0 228
T Flip-Flop Design 1162] 3 1 2.25 0 153
T Flip-Flop Design 7162] 3 2 2.25 0 162
T Flip-Flop Design 3162] 3 1 2 0 136
Proposed irreversible SR FHigop 1 2 0.75 0 9
Proposed irreversible D Fliplop 3 3 1.75 1 91
Proposed irreversible JK Fliglop 5 2 1.25 0 135
Proposed irreversible T Fliblop 4 2 1.5 0 108
Proposed reversible SR Figop 1 2 0.75 0 9
Proposed reversible D Fliplop 3 3 2 3 168
Proposed reversible JK Hiplop 5 2 1.75 3 252
Proposed reversible T Fliplop 4 2 1.5 2 132

The advancements achieved by the proposed irreversibiéofliplesigns reflect the
advanced methodologies employed in their development, which prioritise not only
functionality and reliability but alsthe optimisation of critical factors such as area, delay,
and power consumption. This rigorous design approach has resultedfiogfliprcuits
that are not only highly competitive but also establish new benchmarks in the field,
offering a compelling adtrnative to existing irreversible solutions in Q®Ased digital

circuit design.
4.6.Conclusion

This chapter provides simulatidrased confirmation that developing sequential QCA
flip-flop circuits in a logically and physically reversible mannean result in circuits that
dissipate less energy than the Landauer limiks®m2. Innovative designs for sequential
QCA flip-flops, incorporating both logical and physical reversibility, have been
successfully created for the most commontiigp types, including SR, D, JK, and T flip

flops. To facilitate a comprehensive companisthese circuits werdsm implemented in
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an irreversible manner, allowing for an evaluation of energy dissipation, occupied area,
delay time, and overall cost between reversible and irreversible designs.

All circuits were constructed utilising majority gates, a fundamental building block in
QCA technology, ensuring design consistency and effectiveieseersible flipflop
circuits used a reversible majority gate as their main building block, whereas irreversible
flip-flops were designed using irreversible majority gafdse USE clocking scheme,
incorporating feedback paths, was employed to achieve precise timing control. To
evaluate the performance of these designsQiidDesigner 2.0.andQCADesigneiE
2.2 TCAD tools were used, providing accurate calculations of both polarisation
input/output waveform responses and the energy dissipated by the tsdqQeA flip -
flop circuits. These calculations are based on a microscopic quantum mechanical model
of the QCA cell, ensuring that the simulation results closely refleca¢healphysical
behaviour of the circust

The simulation results confirmed the feasibility of designing sequential QCA circuits
that are both logically and physically reversible. Implementing logical and physical
reversibility in QCA flipflop circuits led to a reduction in energy dissipation grd5%
compared to their irreversible counterparts. The simulations demonstrated ultralow energy
dissipation levels, with energies falling below the Landauer limit of 0.06 meV at a
temperature of 1 KHowever, designing sequential QCA ffilops that ardoth logically
and physically reversible may raise the area cost and/or delay time to levels higher than
those of irreversible ones.

This chapter also systematically investigated the todflleetween energy dissipation,
area cost, and delay time for both reversible and irreversible QCA cirthastesults
showed that irreversible QCA fliflop designs had area costs and delay times that were
lower than or equal to those of the reversible desigrtbe SR flipflop design, there are
no area costs odelay time penalties among the irreversible and reversible circuits.
However, the area costs and delay tinmeseasevhen developing theeversibleD, JK,
and T flipflops. The area costs of reversible D, JK, and Fffop circuits are increased
by 10.7%, 112,9%, and 18.9%, respectively, compared with irreversible circuits.
Additionally, the delay times of the reversible D and JK-flgps areraised by 14.3%

and 40% more than irreversible circuits.
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Additionally, the energydissipation of the proposedlogically and physically
reversible flipflops is much lower than that of the fifpps introduced in the literature.
Compared to earlier designs, the energy consumption of each type -@bgdlipas
decreased by approximately 98%. In addition, the dasiegproposed irreversible SR, D,

JK, and T fip-flops is reduced by 91.67%, 9%, 40.79%, and 20.5%, respectively, as
compared to the previously proposed-flipps.

These resultprovide support for the serious consideration of QCA as an alternative
to overcome the integration limitations of conventional irreversible CNd@guiential
logic computation technologies. Future work is necessary to explore the logically and
physically reversible design technique applied to more sophisticated QCA computing

systems consisting of combined combinational and sequential logic circuits.
4.7.Contribution

The research findings presented in this chapter led to the publication of a research
article tit-{EmdyEffickm Reversiblg IDésigres of Sequential Logic
QuantumbDot Cellular Automata Flig=| op Ci rcui tso i n (fThee Mar c
Journal of Supercomputiq@1l] (refer toFigure4.17). This article was later reissued as a
chapter inThe Prime Archives in Electronicen December 2028167] (refer toFigure
4.18). Thispublicationmakes a significant contribution to the ongoing research on energy
efficient QCAbased sequential digital circuits by presenting novel advancements in the
design and simulation of reversible sequential-fllgp circuits with ultralow energy

dissipation.
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Abstract

Quantum-dot cellular automata (QCA) is a technological approach to implement
digital circuits with exceptionally high integration density, high switching frequency,
and low energy dissipation. QCA circuits are a potential solution to the energy dissi-
pation issues created by shrinking microprocessors with ultra-high integration den-
sities. Current QCA circuit designs are irreversible, yet reversible circuits are known
to increase energy efficiency. Thus, the development of reversible QCA circuits will
further reduce energy dissipation. This paper presents novel reversible and irreversi-
ble sequential QCA setireset (SR), data (D). Jack Kilby (JK). and toggle (T) flip-lop
designs based on the majority gate that utilizes the universal, standard, and efficient
(USE) clocking scheme, which allows the implementation of feedback paths and
easy routing for sequential QCA-based circuits. The simulation results confirm that
the proposed reversible QCA USE sequential flip-flop circuits exhibit energy dissi-
pation less than the Landaver energy limit. Irreversible QCA USE flip-flop designs,
although having higher energy dissipation, sometimes have floorplan areas and
delay times less than those of reversible designs; therefore, they are also explored.
The trade-offs between the energy dissipation versus the area cost and delay time for
the reversible and irreversible QCA circuits are examined comprehensively.
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Chapter 5
5.AdvancedReversible QCA Computing Circuits

This chapter providesew logically and physically reversible 8:1 multiplexer and
ALU designs.The innovativereversible design methodology outlined @hapter2 is
applied, utilising the geometric parameters of the underlying technology as detailed in
Table 2.1. These designs serve as critical case studies, demonstrating the practical
application and effectiveness of the reversible design methodology in advancing QCA
basedcomputingcircuits. The findingsaccentuatéhe substantial potential of logically
and physically reversible design methodologies to drive innovation in digfiegrated
circuit engineering, offering a promising pathway toward the development of more

sustainable, efficient, and higierformance computing systems.
5.1.Reversible QCA 8:1 multiplexer

In VLSI systems, multiplexsrare importantcomponentsused for building several
digital circuits [30]. A multiplexerchooses which of several input data lines to send to a
single output based on a set of control signals. Multiplexers are indispensable in digital
electronics, extensively employing this functionality to optimise data selection and routing
processes. Theiability to efficiently manage multiple data streams within complex
circuits underscores their significance in the design and operation of modern digital
systems, contributing to enhanced performance and resource utilisation in a widaf range
computingapplications.

TheQCA 8:1 multiplexer circuit has garnered significant attention withirréisearch
community due to its crucial role in the construction of digital circuits for advanced
computing system§l68, 169] This circuit functions by selecting one of eight input
signals and forwarding it to a single output line, based on the values of three control, or
select, signalsNumerusstudies have proposed various configurations for a reversible
QCA 8:1 multiplexer circuit, primarilffocusingon reducing energy dissipatigh70].

However, these studies have typically focused only on reversibility at the logical synthesis
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level, often overlooking the importance of achieving reversibility at the layout level, i.e.,
the physical readation of the circuit.

This section develops a new QCA 8:1 multiplexer circuit using the innovative
logically and physically reversible design approach. This novel design effectively
addresses and overcomes the limitations and challenges associatpdewitins QCA
8:1 multiplexer designs, offering enhanced performance and efficiency through logical

and physical reversibility principles.
5.1.1. Designing reversible QCA 8:1 multiplexer

The hierarchical design process for developing a logically and physically reversible
8:1 multiplexer in QCA can be structured into distinct instance blocks. The process begins
with the logically and physicallyreversible design of a QCA 2:1 multiplexaevhich
utilisesthreefully reversible majority gateand a singldoranch inverter. The next stage
involves thelogically and physicallyreversible design of a QCA 4:1 multiplexer, which
integrates thredogically and physicallyreversible QCA 2:1 multiplexers. Finally, the
process culminates in thiegically and physicallyreversible design of a QCA 8:1
multiplexer, comprising twéogically and physicallyeversible QCA 4:1 multiplexers and

an additional singléogically and physicallyeversible QCA 2:1 multiplexer.
5.1.1.1. Reversible QCA 2:1 multiplexer design

The first step in the design process for a logically and physically reversible QCA 8:1
multiplexer circuit is tadevelopa logically and physically reversible QCA 2:1 multiplexer
circuit, which serves as the design's central orgha.logically and physically reversible
2:1 multiplexer is composed of three fully reversible majority gates (two configured to
operate as AND gates and one configured to operate as an OR gate), as well as a single
branch inverterFigure 5.1a depicts thdogic synthesisof this logically and physically
reversible 2:Imultiplexer circuif while Figure5.1b displays the QCA cell layout design.

The reversible QCA 2:1 multiplexéas adday of four clock zones, which is equivalent
to one complete clock cycle. This design requires the use of 56 QCA cells, occupying a
total area of 0.09 pfn
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Figure 5.1 (a) Logical synthesis design and (b) physical QCA layout of the proposed reversible QCA
2:1 multiplexer (Ao Ay Ny and nyyindicate copies of the inputs, while g1, andZjare socalled
garbage outputs).

Equation 5.1 provides a Boolean expression that represents the output of the proposed
logically and physically reversibz1 multiplexer circuitas a function of its input3able
5.1 presents the corresponding truth table, detailing the circuit's logical behaviour for all
possible input combinations. This table serves as a verification tool, confirming that the

circuit operates as intended and adheres to the defined Boolean logic.
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Dow 68Y 068Y (5.1)

Table 5.1 Truth table for proposed 2:1 multiplexer circuit shown in Figure 5.1.

S Mux
0 A
1 B

5.1.1.2. Reversible QCA 4:1 multiplexer design

The logically and physically reversible QCA 4:1 multiplexer circuit is constructed by
integrating three logically anghysically reversible QCA 2:1 multiplexer circyitas
depicted inFigure 5.2. Consequently, the logically and physically reversible QCA 4:1
multiplexer compriserinefully reversible majority gate&ix fully reversible AND gates
andthree fully reversible OR gateas well aghree singlébranch invertersFigure5.2a
presents the schematic diagram of this QCA 4:1 multiplexer circuit, \Wiglere 5.2b
illustrates the corresponding QCA cell layout design. The circuit utilises a total of 213
QCA cells and occupies an area of 0.46 pshgthe geometric technological parameters
outlined inTable2.1. The circuit exhibits a delay of 12 clock zones, equivalent to three

clock cycles, demonstrating its efficient operation within the QCA framework.
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Figure 5.2 (a) Logical synthesis design and (b) physical QCA layout of the proposed reversible QCA
4:1 multiplexer (Ao A Ay A N v N s N 1y @and 1 -ypindicate copies of the inputs, while ds
so-called garbage output).

Equation 5.2 provides the output of the proposed 4:1 multiplexer circuit in terms of
the Boolean inputs, whil€able5.2 presents the corresponding truth table for the circuit.

Do6w "P8 Y Vi B8 Y "Yi0 (5.2)

Table 5.2 Truth table for proposed 4:1 multiplexer circuit shown in Figure 5.2.
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5.1.1.3. Reversible QCA 8:1 multiplexer design

The construction of bgically and physicallyeversible QCA 8:1 multiplexer circuit
can be achieved by employing thagjically and physicallyeversible 4:Imultiplexesin
conjunction with a single 2:fbgically and physicallyeversible multiplexer, resulting in
a total of severogically and physicallyreversible 2:Imultiplexers Consequently, the
logically and physically reversible QCA 8:1 multiplexer compriésfully reversible
majority gateg14fully reversible AND gateandseverfully reversible OR gatgss well
assevensinglebranch invertersThis hierarchical design can be systematically divided
into three distinct levels, as depictedFigure5.3. At the first level, a configuration of
four 2:1 multiplexers generates four output signals, determined by the value of SO.
Progressing to the second level, two 2:1 multiplexers produce two intermediate outputs,
contingent upon the value of S1. Ultimateat the third level, a single 2:1 multiplexer
yields the final output, governed by the value of Bgure5.3a displays the schematic
diagram of thdogically and physicallyeversible QCA 8:1 multiplexer, wherekgure
5.3b displays the QCA cell layout architecture. This circuit incorporates a total of 646
QCA cells, encompassing a total area of 1.36.|ifhe observed delay duration is 22

clock zones, which is equivalent to 5.5 clock cycles.
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(b)

Figure 5.3 (a) Logical synthesi§ des~ign and (b) physical QCA layout of the proposed reversible QCA
8:1 multiplexer (A, Ay Arry Ay Ay Em € E-mn N o N N N o N wn@nd N sindicate
copies ofthe inputs, while g is secalled garbage output)
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