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ABSTRACT
As single electron tunneling technology based threshold logic gate uses less no of tunnel junctions so it reduces the
size of Boolean logic gate compare to single electron tunneling based logic gate and single electron transistor based
logic gate. The design and simulation of a 4:1 multiplexer based on buffered threshold logic gate is presented in this
paper. The logic operation is verified using Monte Carlo based simulation tool SIMON. The reliability of the
designed circuit is analyzed using MATLAB and SIMON. A comparison of the reliability for normal and uniform
distribution of background charges has been shown in the present work. The stability of the circuit is analyzed using
free energy history diagram and stability plot. Also the stability analysis for different operating temperature has
been shown in this paper.
Keywords: Single electron tunneling (SET), Threshold logic gate (TLG), Reliability Analysis, 4:1 Mux, Free
Energy History Diagram, Stability Plot.

one island to another through tunnel junctions, such
that Boolean input signals consist of the presence or
absence of the arriving charge. So, Threshold logic
gate(TLG) can be an alternative to Boolean logic
gates in terms of logic functions. C. Lageweg et al
implemented threshold logic gate for the first time
employing SET technology. A number of
investigations have been reported regarding the
threshold logic based designs and implementation of
useful Boolean logic functions [7-9].Even though the
design and simulation of single electron 4:1
multiplexer have been reported in literature [13],there
is no report of threshold logic based design of 4:1
multiplexer. Hence we have reported here the design
and reliability analysis of a 4:1 multiplexer using
single electron tunneling technology based TLG as
Single electron tunneling based threshold logic gate
uses less number of tunnel junctions compares to
SET based system, which reduces the size of the
logic gates.
Low dimensional semiconducting device (like SET
based threshold logic) based circuits are statistically
less reliable due to its sensitiveness towards a variety
of random noises [10]. So, an important issue with
the threshold logic based gate is the reliability which
depends on circuit structure, parameter values,
temperature and random background charges. From

I. INTRODUCTION
Due to size limitations even with scaling down
MOSFET technology cannot continue forever. It can
hardly go beyond a few nanometers even if adequate
lithographical technology is available. There have
been reports, that the CMOS technology will
presumably be continued up to the year 2014 by the
well known scaling of structure geometry[1]. As a
consequence the search for new principles of
operation of the small size devices is becoming more
and more important. Given the anticipated end of the
CMOS era, several alternative technologies have
been under investigation for the last two decades.
These candidate technologies include, amongst
others, Single Electron Device (SED), Carbon
Nanotubes, Rapid Single Flux Quantum (RSFQ),
Resonant Tunneling Diodes (RTD), and Magnetic
Spin devices. The single electron tunneling (SET)
technology is one of the most promising candidates
to meet the required increase in density, performance
and decrease in power dissipation [2-5]. The key
property of single electron tunneling technology is
the ability to control the transport of individual
electrons. This property can be used to encode
Boolean values directly as single electron charges.
One approach for that as first suggested in [2] is
based on the transport of single electron charge from
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designer point of view the most important one is the
random background charges as it can not be
controlled by the designer and completely depends on
the fabrication process. There have been reports [1011] regarding the reliability analysis of threshold
logic gate but there is no report on reliability analysis
of threshold logic gate based logic circuits. In this
paper we have focused on the reliability analysis of a
4:1 multiplexer. We have further analyzed the
stability of the designed circuit.
The main contribution of this paper can be
summarized as follows:
 The design and simulation of a 4:1
multiplexer using single electron tunneling
technology based threshold logic gates.
 Reliability analysis of the proposed circuit
with
different
background
charge
distribution.
 Stability analysis of the designed circuit with
different operating temperature.

the circuit then the circuit is in a stable state. As the
charge transport mechanism is stochastic in nature [2]
so a limited number of tunnel events can be
considered to occur during a stable state of the
circuit. The switching delay of a single electron
transport can be calculated as [2]

td 

ln( Peror ) qe Rt
V j  Vc

Where Rt is the tunnel resistance and it is assumed to
be 105Ω. Perror is the probability that the tunnel even
has not occurred after td seconds. The energy
consumed by a single tunnel event can be calculated
by determining the difference in the total amount of
energy present in the circuit before and after the
tunnel event which can be calculated by [2]

E  Einitial  E final  qe ( V j  Vc )

(4)

III. THRESHOLD LOGIC GATE

II. BACKGROUND

Threshold logic gate operates on a principle of
comparison between the weighted sum of inputs and
a threshold value. If the weighted sum of inputs is
greater than or equal to the threshold, the output is
logic ‘1’.otherwise the output is a logic ‘0’. The
function which satisfies the above conditions is given
by [12]
if F (X)  0
F(X)  sgn Y(X)  
(5)
if F (X)  0

The basic element of single electron tunneling
technology is the tunnel junction. A tunnel junction
can be considered as two conductors separated by a
thin layer of insulating material as shown in Fig.1.
The tunnel junction is characterized by a capacitance
Cj and a resistance Rj each of which depends on the
physical size of the tunnel junction and the thickness
of the insulator. As the thickness of the dielectric is
very thin the tunnel junction can be considered as a
leaky capacitor [12]. The transport of charges
through a tunnel junction is referred to as tunneling
[2]. The charge transport mechanism is discrete in
nature[2]. The voltage that is needed across the
tunnel junction for a tunnel event to occur is known
as critical voltage. The value of the critical voltage is
given by [2]:
e
Vc 
(1)
2(Ce  C j )

FX  

n

w x  T
i i

(6)

i 1

where xi are the n boolean inputs and wi are the
corresponding n integer weights. The threshold gate
implemented in [4] allows only for positive weights.
However the threshold logic gate proposed in [6]

Where e=1.602*10-19C, Cj is the tunnel junction
capacitance and Ce is the equivalent capacitance for
remainder of the circuit as seen from the tunnel
junction perspective. A tunnel event will occur across
the tunnel junction if and only if the voltage across
the junction Vj is greater than or equal to Vc i.e

V j  Vc

(3)

(2)

Otherwise the tunnel event will not occur and this
phenomenon is known as coulomb blockade. If no
tunnel event occurs in any of the tunnel junction in

Fig.1: Threshold logic gate structure
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Fig. 2: The proposed circuit

allows for both positive and negative weights as
shown in figure 1. The input voltages Vp(weighted by
their input capacitors Cp) are added to the node x and
inputs Vn(weighted by their input capacitors Cn) are
subtracted from voltage across the junction. The bias
voltage Vb is used to adjust the critical voltage Vc. the
function F(X) for the circuit shown in Fig.1 is given
by[6]
r

S

C n  C0  Cln

l 1

In this brief we will assume the Boolean input/output
signals correspond to the following voltages: logic 0=
0 V. and
logic1=0.1*qe/CV, where C=1aF which
results in logic1=16 mV.

S

F  X   C n CKPVKP  C P ClnVl n  T
 k 1
 l 1

IV. THE PROPOSED CIRCUIT

(7)

In the proposed design of the multiplexer we have not
used the conventional architecture of a multiplexer
where two NOR gates, four three inputs AND gates
and a four inputs OR gate are required. The proposed
circuit is shown in Fig. 2, which consists of 101
nodes, 59 tunnel junctions and 104 capacitors. It has
been reported that strong feedback effects occur in
circuits consists of these gates so adding an active
buffer at the output of the gate reduces the feedback
effect considerably. Though the switching speed of
the TLG is of the same order as electron tunneling

where

1
T  (C P  C n )  C n CbVb


2 

(8)

r

C p  Cb  CkP

k 1

(10)

(9)
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speed through a tunnel barrier, as output is taken
from the island the practical implementation needs
CMOS like SET inverters. That’s why we have used
buffered logic gates for the design. But to get the
result correctly we need to place two cascaded buffer
at the output of each gate, which makes the circuit
bigger in size and takes lots of area. To solve this
problem the circuit has been designed in a top-down
manner and finally only one buffer has been added to
each gate, so practically the circuit will not follow the
conventional design flow, but it will operate like a
multiplexer functionally. it is observed that the size
of the designed circuit increases due to use of
buffered logic gates but on the other hand it increases
stability of the circuit We investigated that a three
input or four input threshold logic gate does not work
very well when incorporated in the circuit so we have
used two input threshold logic gates in all cases. Only
two different voltage sources have been used in the
circuit whereas six different voltage sources have

Voltage
sources
Proposed
Circuit
[13]

Table 1
Different voltage sources
V1(V)
V2(V)
V3(V)
0.0160

0.0171

0.115

0.113

0.110

V4(V)

V5(V)

0.1

0.083

been used in [13] as given in Table 1. S0 and S1 are
two control signals and the four inputs are named as
I0, I1, I2, and I3 as shown in Fig 2. For the
buffer/inverter the parameters are taken from [2]. The
proposed circuit has similar input and output digital
levels i.e. high=16 mV and low=0 mV. The input
voltages are applied to nodes N1, N2, N3, and N4
through the capacitors C1, C2, C3 and C4
respectively, which are identical, and their
capacitance is 0.5 C. The output is taken from node
N6. An electron tunneling from node N6 to Vdd1
corresponds to logic ‘1’ as it leaves a positive charge
in the output node. The absence of the positive
charge in the island corresponds to logic ‘0’.
V. SIMULATION RESULTS AND DISCUSSION
The designed circuit has been tested using SIMON
[12], a nanoelectronics structure simulation software.
The control signals are piece wise linear and provides
all four combinations of input. The input signals are
either a logic ‘0’ or a logic ‘1’. So depending upon
the control signal’s combination we will get the
respective output. All the possible four outputs
named as O1, O2, O3 and O4 have been shown in
Fig. 3.The final output, MUX_O has been shown in
Fig. 4 All the inputs corresponding to the control
signal combination are given in Table 2. The control

Fig. 3: Two control signals (S0 and S1) and four possible outputs
(O1, O2, O3 and O4 corresponding to [S0, S1]=[0, 0], [0, 1], [1, 0]
and [1, 1] respectively).
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Table 2
Input’s Values
INPUT(V)
Logic
Value

S0

S1

0
0

0
1

0.0
0.016

‘0’
‘1’

I0
I1

1

0

0.0

‘1’

I2

1

1

0.016

‘0’

I3

output node. So it is concluded that only one electron
is allowed to leave the output node for getting a logic
‘1’ value.

Designation

VI. RELIABILITY ANALYSIS
At the time of fabrication random charges are
produced as background charges on nodes of single
electron devices. These background charges create
extra voltage which eventually changes the total
voltage across the junction [11], due to which the
circuit may not work properly and the circuit
becomes unreliable. As the charges produced are
random in nature so practically it can take any kind
of distribution. Here we have used the mostly used
distributions namely uniform distribution and normal
distribution to characterize the random charges.

signals S0 and S1 have been shown in Fig. 3. It can
be observed from Fig. 3 that the value for both the
signals O1 and O4 is 0.001V, which is being
considered as logic ‘0’. A point to be noted here is
we have used pulse wave form for control signals
instead of using a DC signal of value 0.0V or 0.016V.
If we would have used a DC signal as a control signal
each time to check for all the possible combinations

i) Assuming all the nodes in the designed circuit
have background charges with uniform probability
distribution given by
z
1
 z   ,    
q
p     2
q  
 0, otherwise

(11)

e

e

where z is the random variable and qe is the
charge of an electron. So the range of the
variable z is  qe . Here represents the extent
of the variation so it is called variation factor.
The random data with uniform distribution has
been generated using MATLAB’s random
number generation toolbox. The distribution of
random data corresponding to =0.04 has been
shown in Fig. 6.

Fig. 4: Final Output of the Multiplexer

then we would have needed eight different signals
with four for each of the control signal. But with the
approach we have used we need only one variety for
each of the control signal which obviously increases
the readability of the circuit.

ii) It is assumed that the random background charges
can take normal distribution with standard deviation
:
2

p( z1)  1 / ( 2 )e



Z1

2

2

)

(12)

Where z1=z/qe, and z is the random variable
which represents the random background charge
value. In case of normal distribution 98% of the
area is within two standard deviation and 99.7%
of the area is within three standard deviation [21]
so the value of the standard deviation is taken
as ( / qe )   , where the range of the variable

Fig.5: Time variation of the charge at the output node N5 of the
designed circuit

is  qe .

The time variation of the charge at the output node N5
is shown in Fig. 5. It can be observed comparing Fig.
4 and Fig. 5 that the output is a logic ‘1’ when there is
a positive charge (1.6*10-19) at the output node N5
and the output is a logic ‘0’ if there is no charge at the

The

normally

distributed

data

corresponding to  = 0.03 has been shown in Fig.
7. The reliability test for the designed circuit has
been done as follows.
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the value of  =0.01 both distribution gives almost
same result. In case of uniform distribution a large
fall is noticed after  =0.02 which decreases the
circuit reliability from 76% to 25%, and after
 =0.035 the circuit becomes almost unreliable. But
in case of normal distribution as it can be observed
the circuit remains reliable for all the values of 
with the lowest value of 40 %. The details data
regarding circuit reliability with variation factor for
both type of distribution are given in Table 3.

Fig. 6: Uniform distribution of random data

Fig. 8: Reliability of the circuit with normal and uniform
distribution of background charges
Table 3
Details of circuit reliability with variation factor

Variation
Factor( )

Fig. 7: Normal distribution of random data

1) Following uniform distribution random data
are
generated
using
MATLAB
with   0.01 .
2) The random data are distributed among all
the 104 nodes and then the circuit is
simulated with SIMON to check the
operation.
3) Step 1-2 is repeated T=100 times with new
random data.
4) If the no of correct outputs is S then the
reliability r of the designed circuit is
calculated as
r = S/T
(13)
5) Step 1-4 is repeated with  =0.02, 0.03 and
0.04.
6) Step 1-5 is repeated for normal distribution.

0.01
0.02
0.03
0.04

Circuit reliability (%)
Normal
Uniform
Distribution
Distribution
98
97
92
76
78
25
40
4

VII. STABILITY ANALYSIS
The free energy history diagram of the circuit for the
transition of the output from ‘0’ to ‘1’ is shown in
Fig. 9(a). Transportation of electron in the output
buffer from node N6 to Vdd1 for this transition is
shown in Fig. 9(b). In the first time step no charge is
present in the node. In second time step electron
tunnels from node N6 to node N7 via J3. Finally the
electron is transported from node N7 to Vdd1
through J4 causing the system to reach a local
minimum as shown in Fig. 9(a). So absence of
electron in the node corresponds to a logic ‘1’ value.
The time steps in the Fig 9(a) define the time
required for an electron to travel from one node to
another. The free energy of the system is calculated
as [2].

The plot corresponding to uniform and normal
distribution of random background charges with
different  value has been shown in Fig. 8. It can be
analyzed comparing two plots that random
background charges with normal distribution gives
better reliability compare to uniform distribution. For
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3

E f   Et1

(14)

i 1

Where

is the free energy for each time step. The

free energy corresponding to these is calculated as
0.044eV.

Fig. 10: Stability plot of the circuit with: A= [0, 0], B= [0, 1], C=
[1, 0], D= [1,1] and T= 0 K.

place and the situation is known as coulomb
blockade. If the available thermal energy is greater
than the charging energy then electron tunneling
occurs which results in instability of the circuit. So
taking the thermal energy into consideration the
condition for the stability is [17]

Ec  e2 / 2C  kBT
(a)
(b)
Fig. 9: (a) Free energy history diagram, (b) Electron tunneling
phenomena in the output buffer

To observe the stability dependence on the
temperature, the stability of the circuit is again
plotted with a increase in temperature as shown in
Fig. 11. It can be observed that in Fig. 10 all the four
points are colored white, which proves the designed
circuit is stable for all the combinations of control
input for the used range. But if we increase the
temperature circuit becomes unstable. It is observed
in Fig. 11 that local maxima of the circuit free energy
corresponding to A, B, C, and D are increasing with
increase in temperature which implies that with
increase in temperature tunneling event increases
which in turn increases the free energy of the system.
The free energy corresponding to the most black
colored points of Fig. 10 (T=0K) is 1.84e-10 which
for Fig. 11(T=2K) is 2.76e-08.

The stable operation of the circuit is tested using
SIMON. The stability plot of the designed circuit is
shown in Fig. 10. Each point in the stability plot
corresponds to a combination of two control signals.
SIMON works on the principle of calculating free
energy for each point on the stability plot. The local
minima of the circuit free energy corresponds to a
stable condition and these points are colored in white
which also proves that these combinations of control
signal vector prohibits electron tunneling, keeping the
electrons in the islands. The points correspond to
local maxima of the circuit free energy are colored
black and considered as unstable points. The rest of
the points are colored grey which stands for the
justification of the small current that runs through the
junctions. The points correspond to the input control
signal vectors [0, 0], [0, 1], [1, 0], [1, 1] are presented
as A, B, C and D respectively as shown in Fig. 10. It
can be observed from the figure that all the four
points are in stable regions.
One of the major concerns regarding the stability of
the designed circuit is temperature. The charging
energy that is the energy required for an electron to
tunnel is given as [17]

Ec  e2 / 2C

(16)

.

(15)

Now if the available voltage sources couldn’t provide
this much energy then no electron tunneling takes

Fig. 11: Stability plot of the circuit with: A= [0, 0], B= [0, 1], C=
[1, 0], D= [1, 1] and T=2 K
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So it can be concluded that the free energy of the
overall circuit is increasing with increase in
temperature which implies that the no of tunneling
event is increasing with increase in temperature
causing the circuit to become unstable.

[5]
[6]

[7]

VIII. CONCLUSION
[8]

In this brief the design and simulation of a single
electron 4:1 multiplexer is presented. A top down or
behavioral approach has been used for designing the
circuit. Buffered threshold logic gates have been used
in the circuit as a defense for the feedback effect and
to increase the stability. For the variation factor of
0.02 the circuit is highly reliable for both uniform
and normal distribution of background charges. For
values greater than 0.02 the circuit becomes less
reliable for uniform distribution, but for normal
distribution the circuit remains almost reliable.
Circuit’s stability is verified through stability plot and
free energy history diagram using SIMON. It has
been shown that the circuit’s stability also depends
on temperature and the stability plots related to this
issue have been shown in this paper.

[9]
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