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The restrictions of complementary metal-oxide semiconductor (CMOS) tech-
nology proceeded to the breakthroughs of novel technologies. Among the ris-
ing technologies in the nanoscale field, quantum-dot cellular automata (QCA)
are a significant term. This imminent nanotechnology is composing its aspect
due to extreme competence and small area prerequisite and reduces the criti-
cal practical boundaries of CMOS. In this study, two-dimensional two-dot
one-electron QCA cells, a variation of two-dimensional four-dot two-electron
QCA cells, are applied to model a full adder. Later, the proposed adder is uti-
lized to develop a ripple carry adder. Latent energies have been processed to
verify and analyze the outlined layout. The concerns associated with power
and energy depletion have also been conferred, and it is realized that the vol-
ume of power and energy required to drive these designs is incredibly mini-
mal. Lastly, the outlined design has been assessed with the design with four-
dot two-electron QCA cells.

OOMesKeHHA TeXHOJIOTii BUTOTOBJIEHHSA KOMILJIEMEHTAPHUX METAJOOKCUIHUX
naniBnpoBigauKoBux (KMOII) inTerpaJbHuUX cxeM IepenyBajad IIPOPUBAM
HOBIiTHiX TexHOJOTi#. Cepen TeXHOJIOTil y HaHoMAacIITa0Hi# ramysi, o Habu-
paioTh Baru, KBaHTOBO-TOUKOBi KiaiTunHi aBroMmatu (KKA) € sHauymum ee-
MeHTOM. 1[5 HEBiZBOPOTHA HAHOTEXHOJIOTiA CTAHOBUTD CBill aCIEKT Uepes eKC-
TPeMaJbHY KOMIIETEHTHICTh 1 HEBEJIMKOTO 00CATYy IepeayMOBY Ta IOHUKYE
KputnuHi npaktuuHi mexxi KMOIIL. ¥V mboMy JocaigKeHHi AJaA MOoeTI0BaHHA
IIOBHOTO CyMaTopa 3aCTOCOBYIOTHCS MTBOBUMIPHI IBOTOUYKOBI OMHOEJNIEKTPOHHI
komipku KKA — Bapidmia ABOBUMIpHHX YOTHPOTOUKOBUX JIBOEJIEKTPOHHUX
KKA-komipok. IToTiMm mpomoHOBAaHUE CyMaTOpP BUKOPHUCTOBYETHCS IJISI CTBO-
PeHHA cyMaTopa HacKpis3HOro mepeHeceHHs. [IpuxoBani (moTeHIifini) eneprii
6yJI0 00pOOJIEHO s TIepeBipKYy I aHAIi3u HaMiueHol cxemu. Byjo Takox 06-
rOBOPEHO MPO0JeMuU, MMOB A3aHi 31 3MEHINEHHAM MHOTYXXHOCTH ¥ eHeprii, Ta
BCTAHOBJIEHO, IO 00CAT IOTY’KHOCTH I eHepril, HeoOXimHMil A KepyBaHHSA
UMY CXeMaMU, € HaJA3BUYallHO MiHiMaabHUM. HaperTi, onucaHy KOHCTPYK-
1[if0 OYJIO OIliHEeHO 3a JOIMOMOI0I0 KOHCTPYKIIII i3 YOTHPOTOUKOBUMU IBOEJIEKT-
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pouauMu kKomipkamu KKA.

OrpaHuYeHUA TEXHOJOTMU M3TOTOBJIEHUS KOMILIEMEHTAPHBIX METAJIJIOOKCH/I-
HBIX ToaynpoBoaHUKOBBEIX (KMOII) mHTerpaJbHBIX CXEM IIPEAIIeCTBOBAJIU
IpOphIBAM HOBeHIIUX TexHoJioruii. Cpean mprobpeTaioninxX Bec TeXHOJOTUM B
HaHOMAacIITa0HO# 00JacTh, KBAaHTOBO-TOUEUHEIe KJeTouHble aBToMaThl (KKA)
ABJIAIOTCA 3HAUMMBIM 3JIEMEHTOM. OTa HEOTBPATUMAas HAHOTEXHOJIOTUSA COCTaB-
JIAET CBOI aCIEeKT M3-3a 9KCTPEMAIBLHOM KOMIIETEHTHOCTH 1 He0OIBIITIOTO 00 BbEMA
MPEeINOChIKY U MOHWKaeT KpuUTHUecKue nmpaktmueckue rpauunbl KMOII. B
9TOM HCCJENOBAHWU [AJIs MOJEJIMPOBAHUSA IIOJHOTO CyMMAaTOpa MPUMEHSIOTCS
IBYMEPHBIE JBYXTOUEUHLIE ONHO2JeKTPoHHbIe sueiiku KKA — Bapuanus aBy-
MEePHBIX YeTBhIPEXTOUEUHBIX ABYX2JeKTPoHHBIX KKA-Kierok. Ilos:ke mpemia-
TaeMbIif CyMMAaTODP UCIOJIB3yeTCA AJIA CO3LAaHUA CyMMAaTOPa CKBO3HOI'O IIEPEHO-
ca. IloTeHnuaibHble (CKPBLITHIE) SHEPTUU OLLIN 00paboOTaHBLI JJiA ITPOBEPKU U
aHaJIM3a HaMEUEeHHOM cxeMbl. BELIN TakiKe 00Cy:KIeHbI TPOOJIEMbI, CBA3aHHEIE
C YMEHbIIIEHeM MOIITHOCTY U SHEePIruH, U YCTAHOBJIEHO, YTO 00HEM MOIIIHOCTH U
9HEepPrumn, HeoOXOAUMBbIHA AJA YIPaBJIeHUA dTUMU CXeMaMU, UPe3BbIUAllHO M-
HuMasieH. HakoHelr, onucaHHAas KOHCTPYKIIUA ObLIa OIleHEeHAa C IIOMOIIIBI0 KOH-
CTPYKIIUY C UeTBIPEXTOUCUHLIMU JBYX9JeKTPOHHBIME Aueiikamu KKA.

Key words: quantum-dot cellular automata, full adder, ripple carry adder,
majority vote, Coulomb’s repulsion.
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1. INTRODUCTION

The usual CMOS archetype has been beneath encounter by the evolving
QCA nanoscale technology as respects to power and area obligations
are involved. CMOS archetype has attained its ascending limit because
of quantum-mechanical properties and additional off-state leakage
current is required for proper power utilization. Quantum-dot cellular
automata (QCA) is set forth by Lent and Tougaw [1], which appeal to
research group for particularly lesser dimensions, better processing
speed, extensive duration, and minimal power utilization. Besides, the
intrinsic hitches of CMOS model as drawback to the lessening returns
in switching operation, off-state leakage, and sustained scaling are
overwhelmed by QCA nanotechnology. QCA offers an explanation at
nanoscale and proposes a novel technique of computation, modification
and information transmission, among the leading six rising technolo-
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gies in imminent computers [2—-5]. No power lines require to be di-
rected on the inside, so the key benefit of QCA is if a feedback is passed
to a threshold of a QCA clock: it is estimated and result is attained at a
different clocking threshold. Besides, it is essential the minimum en-
ergy to increase to raise the electrons from their initiate state in QCA
system. The QCA scheme does away with off dimensional constraints
and reduced switching operation, which are the intrinsic shortcomings
of the CMOS schemes. In this study, 2-dimensional 2-dot 1-electron
QCA cells are used. 4-dot 2-electron cell has two electrons inside four
points, while 2-dot 1-electron cell has simply unique electron inside
two dots. The main advantage of 2-dot 1-electron QCA is that the fig-
ure of dots and of electrons each cell is half of that in case of 4-dot 2-
electron QCA. Furthermore, out of the six conceivable formations, just
two are acceptable [6]. In addition, as binary communication routes
from cell to cell through the inter-cellular interface following the rule
of Coulomb, the wiring difficulty is decreased. This study is organized
in 7 sections. Section 2 reviews the formations of 2-dimensional 2-dot
l-electron QCA. The full adder and ripple carry adder design is pro-
posed in Section 3. Sections 4 and 5 present the conceivable energy cal-
culations and derivation of inner energy of electron with depleted pow-
er study of 2-dot 1-electron QCA design, correspondingly. Subsequent-
ly, the total power and energy essential to organize the architecture is
discussed in Section 6. Lastly, Section 7 concludes this study.

2. INTRODUCTION TO 2-DOT 1-ELECTRON QCA

Separate formations of cells result in several variants of QCA. A four-
dot 2-electron cell designed of two electrons and four nanoshape quan-
tum dots has a four-sided outline, while an oblong 2-dot 1-electron cell
covers one electron and two dots. In 2-dot 1-electron QCA, the distinct
electron is adept of signifying the binary communication through its
possession in the quantum dots. The oblong arrangement of 2-dot 1-
electron QCA permits it to support either horizontally or precipitately,
thus directing to separate binary communication representations for
separate placements as presented in Fig. 1. The view of the electron in-
side a cell signifies binary material that occurs from cell to cell utiliz-
ing the interface following the Coulomb’s theory. The fundamental el-

Polarity 1 Polarity 0
a b

Fig. 1. Structure of QCA cells.
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ements of 2-dot 1-electron QCA are the binary wire, the inverter apply-
ing a cell of separate alignments in between two cells of a binary wire,
the inverters by revolving at corners, crossing wires, and the majority
voter. These structures are presented in Fig. 2, and a convincing ex-
planation is organized in [7].

QCA clocking of 2-dot 1-electron is fairly changed from the CMOS
clocking in the perception that CMOS clocking orchestrates the pro-
cesses, while 2-dot 1-electron clocking not only regulates the way of
the signal movement but also provides energy to instable signals so as
to they can broadcast over the architecture [8]. So, the QCA clocking
supports to realize two essential needs. The clocking scheme of 2-dot 1-
electron customized of QCA follows equal technique of 4-dot 2-electron
QCA. QCA clocking system is quasi-adiabatic. All QCA design compris-
es four clock regions [9, 10]. Each clocking region of QCA covers four
segments, i.e. switch, hold, release, and relax [11, 12]. Primarily, once
the possible electron energy is depleted [13] and the electron is not
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Fig. 2. QCA structure blocks: binary wires of (a) 90° and (b) 45°; (c¢) invert-
ed/non-inverted turnings; (d) planar crossing of wire; (e) majority voter real-
ization.
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Fig. 3. Four phase clocking mechanism in QCA.
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adept of channelling between dots, it has a settled polarity.

With the initiating of the switch stage, the conceivable energy of
electrons begins to ascent, and, at the edge of this stage, the electron
achieves its topmost latent energy. Through the hold stage, the elec-
tron preserves its topmost latent energy and converts delocalized
dropping its polarity. In the release stage, the conceivable energy of
the electron leads to lower, and the cell steadily changes to a certain
polarity. In the final phase or relax phase, the electron has lowest en-
ergy and, moreover, weak to channel between the quantum dots.
Therefore, cell reaches a certain polarity. Every single clock zone is
/2 out of stage with the succeeding clock zone as shown in Fig. 3. The
clock regions in QCA architecture are epitomized by unique colours,
and colour codes used in this work is shown in Fig. 3.

3. PROPOSED MODELS IN QCA

X andY, two bits, are added with the third bit of carry-in signal, C,,, by
a full adder. Figure 4, a presents rational figure and 2-dot 1-electron
QCA operation of full adder. The resultant functions of the design are
specified by the Egs. (1) and (2), respectively. In this study, a 4-bit rip-
ple carry adder is proposed and based on full adder presented in Fig. 4.
The implemented ripple carry adder is shown in Fig. 5. X, Y; and C,,
are counted to acquire the sum S; and the carry C,. S; and C,; signify the
resultant 4-bit binary sum and carry, correspondingly. The ultimate
carry output is denoted by C,_;.

Sum (S) = XYPC,,, (1)

57 58 59 60 61 62
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54
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Fig. 4. Proposed full adder: (a) QCA logical presentation; (b) QCA outline.
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Fig. 5. Proposed ripple carry adder.

Carry (C,))=X.Y + X.C,, + Y.C,,.

4. ANALYSIS OF OUTPUT ENERGY STATUS

l--

-t

(2)

To rationalize the outputs of 2-dot 1-electron QCA designs, some re-
course to orthodox mathematical functions are applied. To confirm a
circuit, Coulomb’s rule is utilized to analyze the potential energy [8].
Let g, and ¢, be two dot charges divided by a distance d. The latent en-
ergy between them is

In Equation (3),

E, = kq,q,/d.

k is Boltzmann constant. Thus,

(3)
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kq,q, =9-10° - (1.6)° - 10 . (4)

Next, latent energy of an electron, in view of the effects of all the
adjoining electrons, is

E:=YE. (5)

Meanwhile, an electron can shift in between the dots, and it manages
to shift to a status where the conceivable energy is minimal. This pos-
session is applied to form the result. In this work, the conceivable en-
ergies for all potential points of an electron inside cells are calculated
and then have one minimum potential energy chosen. The potential en-
ergies of proposed full adder are presented in Table 1, and afterward,
the outcome attains in Table 1 to achieve Table 2 presenting the possi-
ble energies for the cells in layout exposed in Fig. 5.

The input signal has to enter the gate concurrently with identical po-
tency; majority voter output is attained at the uniform or succeeding
clock phase; these circumstances confirm that a model is perpetual. Fig-

TABLE 1. Output status of 2-dot 1-electron full adder design.

Cell Electr:on O verall Remarks
situation|conceivable energy
1,18,30 — — Input cell X, Y and C,, correspondingly

2-11 — — Cell 1 polarity is attended

12 — — Cell 11 is attained inverse polarity
13-17 — — Cell 1 attains inverse polarity
20-26 — — Cell 19 attains polarity
28-33 — — Cell 27 attains polarity
35—-38 — — Cell 34 is attained inverse polarity

39 — — Cell 20 is attained inverse polarity
40-42 — — Cell 39 is attained inverse polarity

43 x 3.330-102°J Electron will latch at site y

y 0.539-102°J because of deficient energy

44-46 — — Cell 43 attains polarity
47-49 — — Cell 17 is attained inverse polarity

50 x -6.912.10%J Electron will latch at site x

y -0.297-107%J because of deficient energy

52-54 — — Cell 50 attains polarity
55-61 — — Cell 53 is attained inverse polarity
62—-66 — — Cell 11 is attained inverse polarity

67 x 5.912.107%°J Electron will latch at site y

y 0.541-1072°J because of deficient energy
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TABLE 2. Output state of 2-dot 1-electron ripple carry adder design.

Cell Remarks
1 Input cell Cin
2,4,6,9 Input cells X, X, X;, X,, correspondingly
3,5,7,10 InputcellsY, Y,, Y;, Y,, correspondingly
11-25 Achieves the polarity of the sum of X, Yand C,,
26-28 Achieves the polarity of the carry of X, Y and C,,
29-40 Achieves the polarity of the sum of X, Y,and C,
41-42 Achieves the polarity of the carry of X, Y,and C,
43-48 Achieves the polarity of the sum of X, Y; and C,
49-50 Achieves the polarity of the carry of X, Y; and C;
51-52 Achieves the polarity of the sum of X,, Y, and C,
53 Achieves the polarity of the carry of X,, Y,and C,

ures 4 and 5 fulfil the terms to confirm that the proposed outlines are
perpetual. Let a 2-dot 1-electron cell be of dimension m nm and width n
nm. Figure 5 illustrates that it involves 300 cells. The operational ex-
tent enclosed is 300 nm?. Thus, the figure of QCA cells required is 300,
area covered is 16.272 nm?, and the number of majority vote is 12.

5. DERIVATION OF INNER ENERGY OF ELECTRON WITH
DEPLETED POWER STUDY

From physical properties, a 2-dot 1-electron cell with 1 electron is half
of a 4-dot 2-electron equivalent, in which each cell embraces double
electrons. As per the de Broglie’s premise [13], an electron can be
measured as a flow of electromagnetic waves instead as a super placed
state of waves with separate wave dimensions. Scientifically, the Fou-
rier depiction of super placed wave is

w(f) = % [ ot dr, ©6)

where y(f) is the packet of particles shifting along f direction, ¢(&) is
the amplitude of the packet, k£ =2n/A is the proliferation ‘rate’ of an
electron, A is the wavelength.

The packet y(f) moves to achieve the minimal value at x/2. From
Equation (6), it is seen that the charge of y(f) is proportionate to ¢(%)
multiplied by various assessments of /. Hence, y(f) emulates the per-
formance of a cosine wave allowing its negative point at x/2. Moreo-
ver, this specific performance can be realized in case of @(k). This prop-
erty is called as Born’s probabilistic interpretation [14]. In quantum
mechanics, the most regular practice is to estimate the process energy
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as the amount of the dynamic energy and the system latent energy.
Therefore, the overall process energy is signified here using P as

P=K+T, (7

where K denotes the kinetic energy, T denotes the latent energy of
the 2-dot QCA structure. _

The impetus operator P in the point representation r is present in
Eq. (8), as obtained in [15]:

<r\13\ \v> =itV (r|y), (8)

where(...)is the Dirac’s representation for defining quantum positions
in quantum mechanics, / represents the condensed Planck’s constant,
V is the slope operator, and i is \/—_1 . Therefore, P in position depic-
tion can be specified by

P =-ihV, 9)

where the Cartesian constituent of V in one-dimensional plot is 6/0x.
The kinetic energy is K =—(2m,)” 'P? | where m, clarifies the figure of
an electron. Thus, the Hamiltonian operator can be presented as

g-_"%
2

2

+C(r) = —%vz +C(r); (10)

e

é(r) is the Coulomb latent energy between two electrons in any two 2-
dot cells m and n, each of which comprises charge e. Hence, C(r) can be
acquired as

d

C(r) = (11)

b
4ne g, 1

where ¢, is the open space permittivity, and ¢, is the permittivity of
the 2-dot 1-electron cell. Thus, the conceivable energy of an electron
owing to the impact of all its neighbours is

Cr) = X eqlr;) = (12)

1 &4 1 &g e
E,=—C(r)=— L7, 13
PTN (r) N;nﬂ 4me €, l(;)q; I}—r}| (13)




298 Md. ABDULLAH-AL-SHAFI

The complete energy of the system is

2 N V2 iNfl 1 22: 22: e'e’
E, =——)» —Ly() + — (14)
¢ 23 m,; w1 4Ame g, (G T r, — 7'J|

The energy of the system obtained from Eq. (14) makes the electrons of
the cells to shift throughout the channels of the particular cells.

In 2-dot QCA architecture, both inner and outer flows of power are
faced by each 2-dot QCA cell. Let E; and E, be instant signal energy and
typical power energy because of input signal x,(¢) where power estima-
tions are systematized over the intermission |¢t| < T, where T is half of
the time interval. Then, the instant signal energy E, can be signified as

+T 2
E, =lim LT |, @) dt . (15)
The typical power energy E, can be estimated as
E, =lim 1L xl.(t)|2dt . (16)
T QT I-1

The combined power and energy because of all the input signals re-
lated to the input cells can be stated as

E = ZEP , 17)
i=1

E,=-SE, (18)
i=1

where E,,; and E,,, are the power and signal energy, correspondingly,
provided from the conditions to the 2-dot 1-electron QCA architecture,
n is the number of input lines into the circuit. These energy and power
have to proliferate throughout the architecture, and this is achieved
through the link effect of 2-dot 1-electron QCA.

6. ENERGY AND POWER DEPLETION IN THE OUTLINED LAYOUT

For energy and power calculation, several factors are taken from [16]:
E,, the minimal energy to be provided to the design holding N cells;
E,;, the energy to be provided by the clock to the layout; E,,,, energy
depletion from the layout with N cells; v,, frequency of depleted ener-
gy; Ty, time to deplete into the situation to come to the lenient status;
vy, incident energy frequency; t,, essential time to extend the quantum
level n from quantum level n, (here, n =2 and n,=2); t is the time
needed by the cells in one clock region to switch from one to the suc-
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ceeding polarization; ¢,, proliferation time throughout the architec-
ture; v, — v;, the variance frequency. The parameters of ripple carry
adder are presented in Table 3. Here, the number is presented by n, re-
duced Planck’s constant is 7, electron mass is m,, N cells are applied to
form the design, which goes across £ number of clock periods.

Table 4 presents a comparative analysis on ripple carry adder. The
outlined design with 2-dot 1-electron has been assessed with the pre-
sent design using 4-dot 2-electron cells considering total number of
cells, covered area, energy depleted, and majority gates. From the
analysis, it is comprehended that the number of QCA cells need for the
2-dot 1-electron layout are far less than that in case of 4-dot 2-electron
counterparts [17, 18], and, consequently, the gates applied are less.
Furthermore, the energy essential to handle the designs is far less in
case of 2-dot 1-electron designs as the figure of electrons occupied are
the same as the figure of cells while in case of 4-dot 2-electron designs
as the figure of electrons occupied are simply the twice of figure of

TABLE 3. Various features and values of 2-dot 1-electron QCA ripple carry
adder.

Features Values
2 242
n‘n"h°N
E, =——— 1.868.10°17J
m,a
222
n°h
E,, = o (n* -1)N 1.840-10°17J
wh
Vi=—3 (n* —n,’)N 5.112-10' Hz
Th
Vo= — 3 (> -1)N 1.768-10% Hz
mh 2
ViTVa = (n,” -1)N 4.935-10' Hz
1 m a®
,=—=—"2-"_N 1.956.10 7
v, wh((n®-n,)
1 m,a” 5.656-10716
Tga =—=— . . B
27y, mh(n?-1) S
T=T, 4T, 5.851:10 "% s

t,=t+(k-1)1,N 2.012.10 25
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TABLE 4. Assessment of existing 4-dot 2-electron QCA ripple carry adder
with the proposed 2-dot 1-electron QCA.

Parameters Design in Ref. [17] | Design in Ref. [18] | Proposed

Cell number 339 651 300
Majority voter 16 16 12
used
Comparatively Comparatively Comparatively
Required energy higher because of higher because of lower because of
678 electrons 1302 electrons 300 electrons

cells occupied. The entailed energy is precisely proportional to the fig-
ure of cells involved [16].

7. CONCLUSION

In this study, a layout of a ripple carry adder with 2-dot 1-electron
QCA is proposed based on 2-dot 1-electron full adder. Since no simula-
tor is presented for 2-dot 1-electron QCA, validation is completed with
potential energy estimations. It is reasonable that the logically adder
and ripple carry adder with 2-dot 1-electron QCA are far more cost ef-
ficient with regard to extent and power dissipation than the uniform
using 4-dot 2-electron QCA. Besides, the overall energy and power re-
quired by the design are also calculated.
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