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Abstract The demand for low power dissipation and and validated for singlelectron transistors based logic circuit
increasing speed elicits numerous research efforts in the field of simulation instatic and dynamic regimes as wellfar hybrid
nano CMOS technology. The Arithmetic Logic Unit is the core of ~ SET by combining SET with MOSFET haxden reported [6
any central processing unit. In this paper,we designed a it 15]. Sharifi.M.Jet al.[18] proposed speed enhancement and bit
Arithmetic and Logic Unit (ALU) using Single Electron  error rate reduction in SET based digital circuits by reducing
Transistor (SET). Singleelectron transistor (SET) is a new type  tynneling wait time.
of switching nanodevice that uses controlled singlelectron
tunneling to amplify the current. The singleelectron transistor An ALU is a combinational circuithatcan perform a set of

(SET) is highly scalable and poseses ultra-low power basic arithmetic and logical operations. Modern central
consumption when compared to conventional semiconductor processing unit (CPUs) and graphics processing units (GPUS)
devices. Reversible logic gates designed using SET are used for contain very dynamic and complex ALUs acting as the
performing 4-bit arithmetic operations. We modelled symmetric  fundamental building block. Several research works had been
single gate SET operating at room temperature usinVerilog A proposedon reversible gate based ALU design. Reversible
code. The design is carried out incadence simulation | ggic playsamajor role in fields such as Nanotechnology, low
environment. The 4bit SET based ALU design exhibits the power CMOS design, optical computing, low loss computing.
power of 0.52nW and delay of 350pS Limited research work was carried on SET based arithmetic
circuits. In this paper, weised reversible gates using SET
based on the MIB model for performing arithmetic operations.
The Feynman gate is the most basic reversible gate. It is the
.  INTRODUCTION only 2x2 reversible gate mainly used for faut purposes. The
Toffoli gate, Fredkin gate, New gatedh Peres gate are 3x3
Geversible gateshat can be used to realize various Boolean

size'wherequantum phenomena_ play significant role i.n functions. The TSG gate, MKG gate, HNG gate, PFAG gate
altering the whole device properties. Nesuale devices like are 4x4 reversible gatethat are designed to implement

Single Electron Transistor (SET), Resonance Tunneling DiOd?eversibIe adders. Slimani A :
. yyoub et HI6] designed ALU
(RTD), Quantum Cellular Automata (QCA) and Carbon Nanous'ng double Peres gate reversible logic to reduce quantum

Tube (CNT) can often perform the same tasks similar tocost, the number of garbage outputs and depth of the circuits.

microscale devices such as Field Effect Transistors, yet thgghagsani; A et a[17] developed new reversible ALU using
working principles are different. The singdéectron transistor elementary quantum gates which can be used in the

(SET) is one of théascinating nanodevices. SET can perform implementation of Quanturmomputers. Vandana Shukla et al.

as a switch and exploits the quantum mechanical phenomen ; .
of electron tunneling through the tunnel junctions and als%fg’zz] proposed a novel design approach dp-bit ALU

control the transport of single electrons [1,2]. The differentugiﬂgn'\;'gm%s?:l ':guf évk:g]hg?nregaeézge;f %B]ar&(gssig?]zﬁlted

models used for simulation of SEAr e as f ol |l o S rvtum cgllﬁlér gaa't&nsata multilayer ALU to foem
model [3] is more feasible at higher temperatures and over ithmetic and logical operation using QCA designer tool.

huge range of drain voltages. The MIB model [4] is more ; gt L
flexible t h an Uc hi dral &esver expahential terms ég{lt_hy ga?)li(a[Zﬂtges\/Ellg ge(;t?rl%agyE?Lgtlpher usingngle gate

. . X = . , combining SET with
exist, so si mu | at i on tiiman i SEES SrtdSnalvzed @r?e Oﬂﬁ:\é%%ﬁ] teﬁ%%%@%a,[S]
ext e ndsdl on 'Ot fUch I't dads mo dl eAI cﬁv@rrandadélaX/T’Fﬁ}@s drch ﬁape i rg°’ani£ed1as\ﬂ5l Ws® h
source and drain resistance, capacitance are unéqual. A NN iqn || describes the working principle and characteristics of

computation model has been proposed to perform th@et “section Il describes the working model of SET based 4
arithmetic functions by controlling the movement of electronsbit ALU. The outcome of the proposed model has been

within the cirait. Using this model, they designeeit Digital ; : : .
to Analog Converter, adder, and multiplier circuits. Theg;:tt)%natsd inSection V. Finally the paper concludes in

guantitative and qualitative comparison in terms of delay,
sensitivity to process variations by varying the SET II. SET FRAMEWORK
parametersgemperature, bias curreand drain voltage of SET

based circuits had been analyzed using SPICE, SIMO
simulator. A novel quasi analytical model has been develope

Keyword$® Single electron transistor; reversible logic gates;
low power; speed

Miniaturization has brought electronic devices close to th

N The SET consists of a metallic island, placed between the
gource and drain tunnel junctions and has a gate electrode
Similar to regular FET. The tunnel junctions are thin (<10 nm)
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oxide layer between the lamd and the gate electrodes.
Quantum dots have been used as islands for the SET. Both
tunneljunctionsin the SET hae intrinsic tunnel resistance (R

and Ry) and capacitance (Cand Gy) parallel to eactother.

The SET schematic is shovin Fig.1.

Ca

Source tunnel barrier Drain tunnel barrier

The SET island is very small irthe nanometric scale Tatan

accommodating a vast number of electrons. We can add or X —
subtract electrons from the island, either by charging it
positively or negatively based on the electron tunneling. The
number of excess electrons the island is denoted as n. The

value of n can also be negative, which means that electrons Re, Cos Ru,Cu
have been removed from the island, leaving a positive charge. —_—

The electrostatic energy of the system is affected by the

presence of excess electrons, which ddpeon the charge of Ce

the island. |

Fig. 1. SET Schematic
% -— -— Q)
_ _ The switching time is essential to operate SE& awitch.
WhereQsiang Is the charge on the island,the number of  The switching timeg, is based on the total device capacitance
excess electrons, isthe charge of an electron a@dthe total  # and theunnelingresistance
capacitance which is equal to
4 2 # 4

# # # # # (3] _ . . . .
5 The switching time is short due to the Heisenlgmciple
where# # are gate capacitance af#idh# are the thatdepends on the charging energy of the de@ige
intrinsic source and drain tunnel junction capacitance. 0z 0 ®)

The higherorder tunneling processes (like etunneling
0 o B can be stopped by high&nnelingresistance soalled von
% (3) L ;

Klitzing resistance.

Wherel is the gate charge. This energy determines if | — ¢ om ©)
electrontunnelingthrough a junction is restricted or allowed. B
The aldition of an excess electron on the isla}ndéa_e:es the B ST Tunneling/echanism
energy of the systemthen electrontunneling will be
energetically prohibited, sono tunneling occurs through the
junction known as the Coulomb blockade. The dsaiarce no elgzctron tunne] throug_h them. Before any electron
potentialVys determines the energy of the electrons before théunnehng the potential of the island is expressed as
junction. Only if this energy is greater than the Coulomb
blockade, the electrons will overcome the cikiade and
tunnelingwill occur. Mainly, the Coulomb blockade is based

The electrostatic energy of the system becomes

The tunnel junction in SET acts as opaque capacitors when

6 —6 —6 @)

on the number of excess electramsthe island (njind the gate The electrortunnelingcan take place only {6 | >—
charge(Cy). through the source tunnel barrier or|& 6 | >—
A. Parameterghat Improve thePerformance of SET through the drain tunnel barrier. To understand the mechanism

The singleelectron transistor performance is not merelylet us kees constant at— also, vary6 from zero to any

detemined by source voltag&/(), drainvoltage ¥/q) andgate  higher positive valuave @an observe the following mechanism
voltage ¥y but also by other parameters such as externalepresented in Fi@.

charges and temperature. Increasing the charging enrerdy The perpendicular lines indicate the drain (D), island (I)
in the SET will provide the possibility of SET to operate atand source (S) terminals and the parallel lines represent the
high tempeatures, which is obtained by reducing the devicecorresponding voltages. The sour&&)(is grounded and the
capacitance to a very small value (in the ordex@f F) since  drain is connectk to ® (Vp). The black dots denote the
the electrostatic energy is inversely proportional t¢Qt potential ofthe island before electrotunnelingtakes place.
). The presence of charges that are not on the SET islnd The white dots denote the potential of the island after electron
tunneling The solid arrows denote the electtonnelingand
nearby referredoas ext ernal char ges @ottédSarrows Eenofé athe eaigds MPislandodiential. The

parameter that can cause a severe problem like an uncontrolladmbers (1,2,3,) denote the total current conduction
drift of threshold voltage of the transistors. sequences.
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When 6 — the potential drop across both ll. PROPOSEDWORK

source and drain tunnel junctionléssthan® — , so The important component of the central processing unit of
. . . acomputer is an ALUwhich performs arithmetic and logical
the device enters the Coulomb blockade, which isyheration. We proposedbtt SET based ALU which consists
highlighted in fg. 2(a). of SET based adder blockubtractorblock, logical block,
If Vgs is increased further (h|gher thadh then shifter block and a quadruple mUltlpleXMLQX) We deS|gned
6 — which allows one electron to tunnel in & duadruple 4:MUX to select specifioperation in ALU by

’ ) ) ) using control signalsSO S1 We used reversible gates to
from source terminal to island. As a result island performthearithmetic operation to reduce power consumption.
potential is reducetty the amount of- consequently The proposed model ofliit ALU is shown in Fig.3. Tablel

drain tunnel junction potential becomes higher than shows the operation table &bit ALU.

which allows one electron to tunnel out from the island  We have designetthe 4bit SET based ALU which has the

to thedrain terminal that is highlighted Fig. 2(b). following features:

If Vgis increased further (higher thah 2 once again ' Operates at a low voltage of 0.4V.
the SET enters coulomb blockade. Initially when 1 Consumes lovpower.

6 — oneelectron tunnels in from a source to

. . . ) Operates at high speed.
the island which reduces the island potentia-byAs a

result the potential drop across both source and drain
junction becomes lower tha— and that is highlighted A. SETbased ANDGate
in Fg. 2(c). The AND gate design using single gate SET is pteden

o . i Fig. 4. The design consists of sBETswhere fourSETsfor
If Vgsis increased further (higher thah 3 as shown in - NAND gate design and tWBETsfor Inverter. Similar to static
Fig. 2(d) the SET comes out of Coulomb blockade ascmMOS structure, the pulip network angull-down network
6 —. Wherb —, oneelectron tunnels are duato each other for SET based logic gate design also. For

in from a source to the island that reducesighend ~ €ach SETthe input is applied tgatelandgate2is grounded.
The two gate capacitanc€g; andCy, drain tunnel junction

Performs both arithmetic and logical operations.

potential by—. Since6 . is still higher tha.n— one capacitance g and source tunnel junction capacitance\We

more electron can tunnel in from source to island hencenodelled symmetric SET by operating at room temperature by

the island potential reduces by the amount-offhe  jncreasing the charging enery  — which is achieved by

tunnelingmechanism in step b will be resum@t>6--  |oyering the gate capacitance and tunnel junction capacitance

>3->4-->5-->...) anda continuous current path oM |egs than 1aF So by increasing the temperature, the

source to drain is restablished. capacitance size reducesrtitey feature size of island scaled

D D1 s down, which narrows dowthe coulomb blockade region. The
[§ D1 DI single gate controls the Coulomb blockade region, which

regulates electrotunnelingfrom source to drain terminal. The
simulation parameters af®,=0.23aF, =0, CG4= C=0.06aF,
Rs= Re= 1 Mq

In a similar fashion, all logic gates have been designed
using SET to design the arithmetic, logical and shifter blocks
of ALU.

B. SETbased Reversible Adder/Subtractor

In conventional gates, the inputs cannot be origintited

the outputs, so there will be loss of one or more bit information

which is dissipated as heat. Using reversible logic, the inputs

can be retrieved from the outputs and weesa by which

I energy loss can be vanquished. Reversible logic gates
commencedas a promising calibrating model for low power
applications, quantum computing, quantum cellular automata,
DNA computing and nanotechnology. To maintain the

v 0 0 U reversibility of the digital circuits, the reversible logic gate uses

extra outputs known as gagmoutputs.

Kt N

W 6&\ 0

|

Fig. 2. ElectronTunnelingMechanism in a SEBystem (ad).
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Fig. 3. SET based Bit ALU Block Diagram

TABLE. I. OPERATIONTABLE OF4-BIT ALU

SO S1 Operation

4-bit addition

4-bit subtraction

Logical operation

|k, |O|O
P |O|F, | O

Shift operation

Vial

T
(1 Q 1 Q

AL
—T
1

o =

Fig. 4. SET based -Bit AND Gate

In this paper, full adder arslibtractoraredesigned using
reversible WG gate implemented using a singlkectron
transistor. Th&dX4 WG gate design includes three inputsBa,
C and D is the control input, ¥, W and X act as outputs. By
setting D=0thecircuit performs addition operation aifd=1
it performs subtraction operation. W acts as sum and s@act

Vol. 11, No.2, 220

carry in case ofVG gate as a full adder. W acts as difference
and X acts as borrow in caseWG gate as a fulsubtractor
The block diagram of reversible gate as full adder and
subtrator are shown in Figh, 6 and 7respectively.

The circuit is simulated by using Cadence Virtuoso tool.
Fig. 8 and Fig9 showthe simulation result of SET bas&ds
reversible full adder and full subtractor respectively. Eg.
shows that when the inpig A=B=C=1, the circuit produces
the Sum=1 Carry=1. From Fi§, it is analysed that when the
input is A= 0 B= 1 C=1the circuit prodaes the Difference= 0
Borrow=1.

C. 4-bit SET basefReversible Adder/Subtractor

We designed -bit reversible adder and sulittar using
SET in which the SET basdeXOR gate plays a significant
role in determining which operation to be performed. E@.
shows the block diagram of SET based reversikbi 4dder
and subtractor. When the control signal applied toBKOR
gate isset to one, it performs subtraction operation else
addition operation. The circuit is simulated using 608 SETSs to
verify the functionality. The simulation results in Fifl
reveals that when the inputs A3=1 A2=0 Al=1 A0=0 and
B3=0 B2=1 B1=0 BO=1 and wheoontrol is O the circuit
performs addition operation exhibiting output as C4=1 S3=0
S2=0 S1=0 S0=0 else when control is 1 it performs subtraction
operation displaying output as 10101.

b U=A

B — p— V=A xor B xor D

WG Gate v
b W=A x0r B xor C

pe  X=(A x0r D xo0r B) (A xor D xor C) xor (A xor D)

Fig. 5. WG ReversibleGate

A e U= A

B m— p—— V=Axor B

WG Gate

as Full Adder l—— W=A xor B xor C

C
b X= (A xor B) and (A xor C) xor A
0 —
Fig. 6. WG ReversibleGateas FullAdder.
A l— U=A
B —— V=A'xor B

Wi >at
SGate b W=A xorBxor C

as Full Subtractor
—— X= (A" xor B) and (A" xor C) xor A’

Fig. 7. WG ReversibléGate as FulBubtractor
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Fig. 8. OutputWaveform of SET based WG Reversilate as FulAdder. Fig. 11. OutputWaveform of 4bit SET based Reversib&ate FullAdder/
Full Subtractor
0.0 50.0n 100.0n 150.0n 200.0n
0.208 |- ' ' ' ] D. 4:1 SET baseMultiplexer
%0.156 . The 4:1 MUX is designed using SET based AND and OR
§ 0104 |- . gates to select the specific operation of the ALU based on the
0052 | . ' - . control signals SG1. The control signal§0 and S1, are used
go-m - ] to specify vaious actions, as given in Talle Fig. 12 reveals
0159 |- 7 the circuit is simulated using 54 SETs to verify the
@ 0108 | ; ] functionality. The block diagram of SET based 4:1 muttigr
0.053 1 I ! - . . .
o is presented in Fid.3.
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Fig. 10. 4-bit SET based Reversiblgate FullAdder/ FullSubtracta.

Fig. 12. OutputWaveformof 4:1 SET basedVultiplexer.
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Fig. 13. 4:1 SET basedvultiplexer.

TABLE. II. OPERATIONTABLE OF4:1 MULTIPLEXER ﬂ If A3 BS = 1 0
< ~ o 7 IFA3B3=XX and A2B2=10
0 0 A0 1 IfA3 B3=XX, A2 B2= XX and A1 B1=10
0 ! Al 1 1fA3 B3= XX, A2 B2= XX, Al B1=XX and A0 B0 =1
1 0 A2 0
1 1 A3

In the same way A<B condition can be possible in the
E. 4-bit SETbased Left/Right Shift Register following cases:

The shift registers are used toansfer or storage of binary 1 FA3 B3=01
data which are generally used in computers or calculators to
store binary data. A shifter is used to shift the data to the leftor 1 IfA3B3=XX and A2 B2=01
right side by a fixed number of positions. The vacant position — - -
is filled with zero. We desigmiea 4-bit logical shifter using T IFA3B3=XX, A2B2=XXand A1 B1=01
SET based multiplexer. The selection signals, SO and S1, are | If A3 B3= XX, A2 B2= XX, Al B1=XX and A0 B0 =0

used to specify the various actions, as given in€fdh The 1

block diagram of SET based Left/Righifb register is shown : .

in Fig. 14. We simulated the circuitising 204 SETs witta Where X can be either 0 or 1 treatedlas rcdrd.

supply voltage of 400mV to vdyi the functionality. Fig.15 The A=B condition is applicable when all the independent

shows that when the input A3=1 A2=1 A1=0 AO=1 and whenhjts match exactly with resemblant bits ather number. We

the contol signal S0S1=10, the input data is shifted right side simulated the circuit using 2@ETsto verify thefunctionality
providing the output as Out3 Out2 Outl OutO = 011GeW as shown in Figl8.

S0S1=11, it performs left shift operation providing the output

as 1010. TABLE. lll.  LEFT/RIGHT SHIFT OPERATION TABLE
F. 4-bit SETbased Magnitude Comparator S0 s1 Operation Oout3 out2 outl outo

A comparator compares two binary numbers difitdsize | 0 Nochange | A3 A2 Al A0
and generates three outpugsch as equal, greater and smalle ) 1 Noch e ~ L 0
We have designed magnitude comparator using SET base o change
logic gates like INVERTEREXNOR gate, AND gate and OR | 1 0 Right shift 0 A3 A2 Al
gate as shown in Fig6. 1 1 Left shift A2 Al A0 0

The condition of A>Bn a4-bit comparator can be possible
in the following cases as shown in Fg.
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i A Comparing Inputs Cascading |Qutputs
Inputs
L r A3B3 | A2B2 | ALBl | AOBO | A[A|A|AlAA
B | = £ | == <] ==
] ] B|B|/B|B|B|B
A3=B3 X X X X|X[1|ojol1
Nnnn nonnn
nuew XHERE | | Y g A | ABBI| X | X | X[X[1]0]0]1
% it ¥ ] o 7 o A3=B3 | A2=B1 | AI*BI| X |X|X|1]0|0]|1
1 M =1 W =i B ’ A3=B3 | A2=Bl | AI=Bl | AD=B0 | X | X| 1|00 1
A3=B3i | AIJ=BI | A1=B1 | AD=BO | 0 | 0| 1|0|0]|1
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i o i ] A3=B3 | A2=B2 | AI=Bl | A0=BO [ 1 |0 [ X| 1|00
9 - A3=B3| AI=Bl | Al=Bl | A<BO | X | X| X| 1|0 D
N A3=B3 | A2=Bl | Al<El X X|X[X|1]|0f0
bl A3=B3 | A2<B2 X X X|X[X[1]0]0
Fig. 14. 4-bit SET based Left/Right ShiRegister AlBI| X X X [X[X|X]1]0]0
Fig. 17. 4-bit Magnitude ComparatdDperationTable
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Fig. 15. Output Waveform of4-bit SET based Left/Right ShiRegister g-gg 050 ¢ -5 . E
s I AL
0.00

A0 |
BY' — 0.0 100.0n 200.0n

Al Time(nS)
Fig. 18. OutputWaveform of4-bit SET based Magnitude Comparator

IV. RESULTS ANDDISCUSSION

In this section, the functional simulation of SET based
ALU is presented initially and laterthe performance
evaluation in terms of power and delay. We simulated the
proposed ALU with 1554 SETs using MIB model. The control
signals 60, S1) are used to select one among various
operations to deterime the final output. Figl9 shows that
when the inputs A3=1A2=0 Al=1 A0=0 and B3=0 B2=1

i
w

I U%

;1 B1=0 BO=1 and the control signal S0S1=00, the circuit
o E ™ performs addition operation providing outpbarry=0ut[3]=
i = Out[2]= Out[1]= Out[0]=10000. When control signal
B , Ak S0S1=01, it acts as subtractor and provides output 10101.
A3 ! Whenthe control signal S0S1=10, it is logical AND operation
B ;|_/_\ with output 0000. When control signal S0S1=11, the data is
_ _ , shifted leftand the result is 0100. The performance evaluation
Fig. 16. 4-bit SET based Magnitude Comparator of the proposed BT based ALU is shown in Tabk. The
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symmetric SET basedldit ALU operates at room temperature

with a supply voltage of 400m¥éxhibits power 0D.52nW and  [1]

propagation delay of 350pS.
[2]
[3]
[4]
[5]
[6]
[71
8]
[9]
[10]
[11]
[12]

Fig. 19. OutputWaveform of4-bit SET based\LU .
[13]
TABLE. IV. PERFORMANCEANALYSIS

Si.No Parameters Evaluated [14]

1. Number of SETs

a. 4-Bit Adder 304 [15]

b. 4-Bit Subtractor 304

C. 4-Bit Left/Right Shifter 204

d. 4-Bit Logical Operator 24 [16]

e. 4-Bit ALU 1554 [17]

2. Delay 350pS

3. Power 0.52nW [18]

4. VDD 400mV

V. CONCLUSION [19]

The nanodevices have unique properties such as small size
and have the ability to operate at low voltage can be used f%o]
designing ultrdow-power digital circuits. Based on this
property, we implemented logic circsiitusing the SET and
developed it ALU. The proposed ALU can handle
arithmetic and logical operations using two inputs of fotir  [21]
size and two control inputs to select a particular operation. The
results show that the proposed ALU exhitite power of
052nW and a delay of 350pSThe proposed ALU can be 22]
designed using double gate SET (DGSET) in which two gateg
control single electron tunneling which offers low power
consumptionThe proposed SET based ALUs adsobe used
in the implementation of quamh computers making
significant improvements in the design of electronic circuits.

(23]
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