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ABSTRACT

Low cost, low power consumption, high operating speed, and high integration density-based electronic goods
are economically requisite in business, engineering, science and technology in the present era. Single Electron
tunneling based threshold phenomenon is one approach by which all the logic gates, combinational and
sequential circuits can be implemented. Single Electron tunneling devices (SEDs) and Threshold Logic Gates
(TLGs) have the capabilities of controlling the transport of only an electron through a tunnel junction at a
time. A single electron bearing the charge is sufficient to store an information in a SED in the atmosphere of
OK. Power required in the single electron tunneling circuits is very low in comparison with the (CMOS)
circuits. The speed of the processing of TLG based devices will be very near to electronic speed. The single-
electron transistor (SET) and TLG both attract the scientists, technologists and researchers to design and
implement their large scale circuits for small cost of the ultra-low power and its small size. All the tunneling
events in the case of a TLG-based circuit happen when only a single electron tunnels from one conductor to
other through the tunnel junction under the proper applied bias voltage and multiple input voltages. For
implementing an up-down converter, TLG would be a best candidate to fulfill the necessities requiring for its
implementation. So far as the Ultra-low noise is concerned, TLG based circuit would be a best selection for
implementing the desired tunneling circuits. Different TLGs like 2- or 3- input AND and OR, RS Flip-flop
and T-Flip-flop, an UP-Down counter are implemented by using linear or non-linear threshold logic gates or
devices. And their corresponding truth table or simulated results are given in due places.

Key words: up-down Counter, Electron-tunneling, Coulomb-blockade, linear threshold gate

1. INTRODUCTION

It is transparent for the persons who are involved in doing research in semiconductor technology that the ever
decreasing feature size and the corresponding increase in density of transistors facilitated many improvements
in semiconductor based designs. We would be able to realize that such improvement will eventually come to
an end. For ensuring further feature size reduction, possible coming technologies with greater scaling potential
like electron tunneling technology are currently under the investigation of the researchers. Single electron
tunneling based circuits or threshold logic gate based circuits are concentrated to tunnel junctions, through
which individual electrons can be passed through in a controlled manner.

Single Electron tunneling based device is one such equipment by which all Boolean logic gates and more
complicated circuits can be implemented. Tunneling events happen for TLG-based circuits if only a single
electron passes the tunnel junction under the proper bias voltage and multiple input voltages connected to the
islands via small capacitors. For implementing an Up-down Counter, TLG would be a suitable candidate for
this case. Multiple input logic gates, memory cells are implemented, and based on them our desired counter
is constructed and is verified by simulation.
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2. Multiple input threshold logic gate

A multiple input threshold logic gate [1, 2, 3, 8, 9,10] is made up of a tunnel junction having its capacitance
C; and resistance R;, two multiple input-signals Vf's and V*s connected at points ‘p> and ‘q’. Each input

voltage V¥, for the top left side is connected to the point “q” through the capacitors C} s and each input voltage
V", for the bottom left side, is connected to the point “p” through the capacitors C*s. Bias voltage V;, is
directly connected to point the “b” through a capacitor Cj, also. Junction capacitor is connected to point “p”
which is grounded through a capacitor Co.This multiple input TLG can also be called a Junction-Capacitor
(C-J) circuit. Using the Junction-Capacitor circuit we will be able to implement the LTG which can be
presented by the signun function of h(x) expressed by equations (1) and (2).

Vb
PP P P

0, if h(x) <0 Vie V3 Vo vp l
80 = sgnthG0} = { ; i}[h((x))> ) ) RIS i
e a Bl

h(X) — ZZ=1(WI< X xk) e (2) q

where x; being the n Boolean inputs and wybeing their G %fvi Te
corresponding n integer weights.

The LTG compares the weighted sum of the inputs Y7, (wy X x; ) with C]nT Tn chcn
the threshold value 6. If the weighted value of the sum becomes greater

than or equal to the threshold or critical voltage value then the logic output v V3 v v
of the LTG will be high (logical “1”), otherwise it will be logical “0”. Fig. 1 Multiple input TLG

The tunnel junction capacitance C; and the output capacitance C, are considered to be the two basic circuit
elements in a LTG. The input signal vector elements (V7 , V£, V¥, ..., V,f) are weighted by their corresponding
vector capacitances (C{, €3, C%, ..., C{) and added to the junction voltage, V;. Whereas, the input signal vector
elements (V*, V34, V3, ..., V") are weighted by their corresponding vector capacitances (CT, C3', C3, ..., C[*)
are being subtracted from the voltage, V;.

The critical voltage V. is essential to enable tunneling action, and which acts as the intrinsic threshold of the
tunnel junction circuit. The bias voltage I/, connected to tunnel junction through the capacitance, C,, is used
in order to adjust the gate threshold to the desired value 8. When a tunneling happens though the tunnel
junction an electron goes through the junction from p to q as shown in Fig. 1.

The following notations are being used for the rest our discussion.

CE = Cp + Zizlcll: .................................................. (3)
CE =Cy + Z{lzl Cln ................................................ (4)
Cr = CZPC] 4 CZPCE + C]CE .................................... (5)

When we are thinking of that all voltage sources in Fig. 1 are connected to ground, then the circuit can be
considered to be made up of three capacitors namely, Cg, Cy and C;, connected in series. Here, Cr is thought
of the sum of all 2-term products of these three capacitances CE, Cy and C;.

It is the time to find the expression regarding the critical voltage V, of the tunnel junction. We assume the
capacitance of the tunnel junction to be C; and the remainder of the circuit having the equivalent capacitance

to be C,, as observed from the viewpoint of tunnel junction, we can measure the threshold or critical voltage
[7, 8] for the tunnel junction as

2[Cj + (G5 lIEH]
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e
(G * (C5)
RN
e(Cs +C3)
2[G (G +ED + (C) = (6]

When the voltage across the junction is V; , a tunnel event will happen through this tunnel junction if and only if the
condition given below is satisfied.

This indicates that if the junction voltage is less than the critical voltage i.e. [V;| <V, there will be no tunneling
events through the tunnel junction. As a consequence, the tunneling circuit stays in a stable state.

Theoretically, the thresholds are being integer numbers. And the threshold logic equations for 2-input or 3-input logic
AND, OR, NAND and NOR gates are shown in the following sections.

3. Buffer

The buffer or inverter [2, 3, 4, 7, 8] depicted in Fig. Vb
2(a) is made up of two single electron transistors

(SETSs) connected in series. The two inputs having the %E' & 1]

same values are directly coupled to the islands of the ZI= .

SET1 and SET2 through two capacitors C; and C, e
respectively. The islands of each SET have a size B4
smaller than 10 nm diameter of gold and their Ak —_|_—' |'(95 Vg2

SET

(}]
Vin i o Var

t
capacitances should be less than 10 F. The output s Vin [0 Vo

terminal V, is connected to the common channel Fio. BETERayertes Fia.2 (b) Svymbol of an Inverter
between SET1 and SET2 and to the ground via a 92(a) 9.2 (b) Sy

capacitor C;, to put down charging effects.

For the inverter, the parameters values chosen are: V,;;=0, V;,=0.1x % ,CL=9C, t, = %C, t; = %C, t, = %C, t, =

iC, C, = %C, C, = %C, Cg1 = %C and Cg, = %C, R1 =R2=50KQ. For simulation purpose, the value of C is taken

10
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Fig. 2(c) Simulation set of Buffer Fig.2 Simulation result of Buffer (d) input (e) output

The operation of the buffer will be described as: - the output V,, value will be high when the input voltage Vi is low
and the V, value will be low when the input voltage is high. To achieve this target, we set the voltages for Vy, =
0 and V4, =16mV along with the tuning gate voltages, at present, Vin both for SET1 and SET2. SET1 is in conduction
mode if 1, is set to low and the SET2 is in Coulomb blockade [2, 3, 4, 11, 15, 17]. This results the output voltage Vo
is connected to 1/, and therefore the output voltage becomes high. Coulomb blockade troubles the steady flow of current
since as soon as the high voltage (logic 1) is applied to the input terminal, it makes shift the induced charge on each of
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the islands of the two SETs by a fraction of an electron charge and enforces the SET1 in Coulomb blockade and the
SET2 in conducting mode. So, the output shifts from high to low.

In this work we assume the Boolean logic inputs logic “0” =0 Volts and logic “17=0.1X q?e .
1.602x10719

For simulation and other purposes, will consider that C=1aF and Logic “1”=0.1x W:O'l X
1.602 x 1072=16.02 x 1073 =16.02 = 16 mV.

4. LOGIC GATES AND LINEAR SEPARATION

Let us see the input space for two inputs x1 and x2,and how the X290 <geparating line o

basic gates are implemented by linear separation. Fig. 3 shows
the functions of gates AND, OR and XOR with 4 vertices
(combinations 00, 01, 11, 10) as points and red circle-points
have the function value 1, and the rest of the points indicates
0(zero) value for the function. These red- points or vertices are 00 10 ™ 00 10 ™
called 1-vertex and colorless points are called 0 -vertices of the (@) AND
function of the gates. In Fig. 3 (a) and 3(b) and 3(c), we can
draw many straight lines (in other words different weights and

Xz X2

thresholds) to separate 1-vertices from O-vertices and thus 01 11

the functions of AND, OR and NOR can be implemented by a separating

single neuron. This is not true for XOR in Fig. 3(d), since no line k

canseparate the 1-vertices of XOR function fromits O-vertices. So, 00 10 x
XORis not a linearly separable function. In two dimensions, a line (c) NOR (d) xoR
separates points in a plane, whereas a plane is a separator of points | i 3 Boolean spaces of two variables x1 and x2
in three dimensional space. In general, n-1 dimensional plane for (2) AND, (b) OR , (c) NOR and (d) XOR

(also called hyper plane) is a separator points in n-dimensions.
Small circles are considered vertices (combinations 00, 01, 10, 11) of XiXa.

Neuron implementing a switching function when 1-vertex and 0-vertices can be separated by some
straight lines (in red color straight lines). No line can separate the 1-vertices and O-vertices in Fig.3 (d),
so XOR cannot be implemented by a neuron.

Definition 1: A switching function is considered to be linearly separable if and only if.all of its l-vertices (like
red colored) can be separated from all of its O-vertices with the help of a hyper plane. A neuron having n-
inputs works upon ann-dimensional space and asingle neuron which is capable of implementing any switching
function is thought to be linearly separable.

Example 1:

A single neuron can implement a switching function f(x,, x, x3) =x;+x, x5 +x1 X5, Since its 1-vertices cannot
be separated from 0-vertices by a plane as shown in Fig. 4 and its truth table is shown in Table-1.

X3

Table-1
X1 X2 X3 f(x1,%2,%3)

0 0 0 0

X 0 0 1 0

0 1 0 0

X1 0 1 1 1

1 0 0 1

Fig. 4 Space of non-linear threshold logic function 1 0 1 1

1 1 0 1

Example 2: 1 1 1 1
A single neuron can implement a switching function flxq, x5, x3)

=x; + X,+X,x3, since its 1-vertices can be separated from all O-vertices by a plane as shown in Fig. 5 and
its truth table is shown in Table-2.

Table-2
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X3 Truth table of f(xq,x,, x3) =x1 + x,+X5 x5,

f(x1, %2, x3)
0
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Fig. 5 Space of linear threshold logic function

Example 3:
A single neuron can implement a switching function f(x;,x,, x3) =x1x3 + x,X3, since its l-vertices can be
separated from all O-vertices as shown in Fig. 6 and its truth table is shown in Table-3.

Table-3
Truth table of f(xq, x5, x3) =x1x3 + x,%3

X1 X2 X3 f(x1, %5, x3)
0 0 0 0
0 0 1 0
0 1 0 1
il 0 1 1 1
1 0 0 0
Xz ,J 1 0 1 0
1 1 0 1
Fig. 6 Space of a linear threshold logic function 1 1 1 1

5. Threshold logic equation for OR gate

For making the threshold logic gate of OR gate, we draw the truth table Table-4 of OR gate and compare the weights
of variables w4 and wg of two variables A and B respectively with the threshold value 6.
Table-4

A | B [F(AB) 0

0] o0 0 0<6
01 1 wp > 6
10 1 w, >0
11 1 wp +w, > 6

For positive logic we assume weights of A and B are 1 each. Then from the three equations

WB > 9 ................................................. (9)
wy > 9 ................................................. (10) and
WB + WA > 9 ..................................... (11)

As 0<6 , 8 must be positive, If we assume wg=1, w,=1 and §=0.5, then the three equations in (9), (10) and (11) Table-
4 are satisfied. Hence the Threshold logic equation for OR gate is

OR(A,B) = sgn{A+ B — 0.5}~ (12)

For implementing the AND gate we will use the parameters Ci* = C}'=0.5aF,C3 = 11.7aF, Cy; = Cp; =
4.25aF, Cy = Cy = 0.5aF, ¢, =9aF,(, = 8aF, Rj=105 Q,V; = 16mV and accordingly after
running the simulator the output we get is given in Fig. 5(b).
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Fig. 5(a) OR gate Fig. 5(b) simulation result of OR gate

6. 2-input AND gate

For making the threshold logic gate of AND gate, we draw the truth table Table-5 of AND gate and compare the
weights of variables w, and wg of two variables A and B respectively with the threshold value 6 [7,8].
Table-5

A | B | F(AB) 0

0 0 0<6
01 0 wp <6
110 0 wy <6
111 1 wg+wy =6

For positive logic we assume weights of A and B are 1 each. Then from the above four inequalities if we assume wg=1,
w,=1 and =2, then the three inequalities or equations in 4" column in Table-5 are satisfied. Hence the Threshold logic
equation for AND gate is

AND(A,B) = sgnfA + B — 2} (13)

For implementing the AND gate we will use the parameters C1* = C2'=0.5aF, Cy; = Cp, = 4.25aF, Cj =
Cs2 = 0.5aF, C, = 9aF,(, = 8aF, R]-=105 Qin Fig. 6(a) and accordingly after simulation the result
we get is given in Fig. 6(b).
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Fig.6 (a) AND Gate Fig.6 (b) Simulation result of AND gate

7. Threshold logic equation for 3-input AND gate

Table-6
B | C | F(ABC)=ABC 9

000 0 0< 0
0] 0|1 0 0 > we
0 10 0 0> w,
0|11 0 0> wg +w,
1100 0 0> w,
1] 01 0 6 > w, +wg
11110 0 0>w,+wg
1 1 1 1 wy+wg +we >0

As AND gate is a positive logic we shall assume that all the values of w,, wg, w. and @ are positive. If we
takew, = 1, wg = 1,w.=1and 8 = 2.5 (or any value in the range 2 <6< 3), then all the inequality equations
in the 5" column are satisfied. So the Threshold logic equation for 3-input AND gate is
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AND(4,B,C) = sgn{A+B + C — 2.5}........ (14)

? €1=C2=C3=0.5aF o3 =
wi*) Ce=10.0aF |
2, § Cj=0.1aF o
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Fig. 6(c) Simulation set of 3-input AND gate (b) Simulation result of 3-input AND gate

Simulation set of 3-input AND gate is depicted in Fig. 6(c). As said earlier, the threshold gates those are
derived from the generic threshold gate given in Fig.1 require an output buffer for the correct operation in a
network structure. It is known the applied buffer inverts its own input signal, we modify the threshold equation
of AND (A, B, C) such that it determines AND(A,E.C), So when we combine the result of ANDIAB.C) and its buffer,
a buffered gate obtained calculates AND (A, B,C). Truth table of 3-input NAND gate and the threshold
relationships with the weights is given in Table-7

NAND=AND(ABC)= sgn{—A — B — C + 2.5}

=sgn{—A — B — € — (—2.5)} oo (15)

Table-7
Truth table of Threshold NAND gate

A B C [Wa+wp+ | g=-25 F(AB.C)

WC} = m

0 0 0 0 0 Szt 1

0 0 1 -1 —1>-25 1

0 1 0 -1 —1>-25 1

0 1 1 -2 —2>-25 1

1 0 0 -1 —1>-25 1

1 0 1 -2 —2>-25 1

1 1 0 -2 —2>-25 1

1 1 1 -3 —3<-25 0

From the Table-7, it is clear that equation (15) acts as the equation of a 3-input NAND gate. As a result, when we
combine this NAND gate and the buffer serially, a 3-input AND gate providing correct output is obtained.

8. Threshold logic equation for OR and NOR Gate

We are interested in building a 2- input NOR gate to be derived from the generic threshold gate given in Fig.1. To
implement the 2- input NOR gate, we need a threshold logic 2-input OR gate which will be connected with a buffer in
series. Comparing the generic threshold gate based general equation given in equation (2) we consider a gate of
two variables A and B of function F(A,B) as.

F(A,B) = sgn{w,.A + wg.B — 0} (12)

For a positive logic we shall assume that all the values of w,, wz and 8 are positive. If we take
wy =1,wp = 1and 6 = 0.5 (orany value in the range 0 < 8 < 1), then the above equation becomes
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F(A,B) = sgn{A + B — 0.5} (12)
And if we construct the truth table of it we get the Table-8.
Table-8

A B {Wgq +Wp} | 6=05 F(A,B)

0 0 0<05 0

0 | 1 1 1>05 1

1,0 1 1>05 1

1 ] 1 2 2205 1

The Table -8 satisfies the condition of an OR gate, so equation (12) is written as

OR(A,B) = sgn{A+ B — 0.5}~ (13)

As already discussed that buffer inverts its own input signal, we modify the threshold equation of
OR(A4, B) such that it determines NOR(A,B). So when we combine the result of OR(A,B) with a buffer, a new
threshold logic buffered gate we get calculates the value of NOR (A, B) and the equation of the NOR logic
gate will be

NOR(4, B) = OR(AB)
=sgn{—A — B — (—0.5)} (14)
Here the value of the threshold voltage —0.5 may be any value in the range of =1 > 6 > 0.

Table-9
A B Wy +wpg} 6 =-05 F(4,B)
0 0 0 0>-0.5 1
0 1 -1 -1<-05 0
1 0 -1 -1<-05 0
1 1 -2 -2<-05 0

From the Table -9 it is observed that F(A,B) satisfies all the conditions of an NOR gate, so the equation we derive is
correct.
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IO T TLG based NOR gete Fig, 7(b) Simulation result of NOR gate

For implementing the buffered Boolean logic NOR gate we will use the parameters logic input “0”=0V, logic “1” =
16mV, C1* = C3=0.5aF,C3; = 11.7aF, C, = Cy; = Cpy = 4.25aF, (3 = Cp = 0.5aF, (, =
9aF,C, = 9aF, Rj=105 OV, =V, =16mV and accordingly after simulation the result we get is given in
Fig. 7(b).

9. RS Flip-flop

RS Flip-flop based on Boolean logic if drawn in Fig.8. The output of new Q'is Q"'=S+RQ'. The Truth table of this
flip-flop is given in Table-10.

— | NOR NOR

; :

Fig. 8 RS Flip-flop based on Boolean gates

fla|
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Table-10
Truth Table of R-S Flip-flop
R S Q Q Description
0 0 last Q last @ Keeps current o/p values of
Qand @
0 o/pQissettoland T to 0
Qisresetto0and @ to1
? Forbidden or Unspecified

input combination

RS Flip-flop is a sequential circuit, its one output is feedback to an input of previous one. This flip-flop consisting of
two NOR gates, two input terminals A and B, and two outputs Q and Q is depicted in Fig. 8. The input-output
relationship shown in the Table-10 is as follows. When R = 0 and S = 0, the output of the Flip-flop remains the same.

IfR=1and S = 0, the output Q is resetto Q = 0 and Q- 1. If R=0 and S=1, the output Q is reset to Q=1 and Q
=0. But when the inputs are both 1, the output is unstable, this is why we are to avoid this input condition.

A Boolean gate-based implementation of the RS Flip-flop usually has two cross-coupled gates which constitute a
feedback loop. When R and S are set both to zeros, the two NOR gates behave as chained inverters and they form bi-
stable elements (where R=0 and S=1, and R=1 and S=0 are indicating two stable states). Now if R=0 and S=1, the
output of the first NOR gate is forced to 1 and as a chained inverter so Q=1 and Q= 0. In the same way when R=1 and
S=0, the output of the second NOR gate is forced to 1 and so Q=0 and Q =1. When both the input levels are high i.e.,
R=1 and S=1, both the NOR gates are force to deliver the low outputs i.e., Q=0 Q =0. At this moment if we set both
the inputs as 0s simultaneously, the output of the Flip-flop be either switches to Q=1 and Q =0 or Q=0 and Q =1, it is
observed they even oscillates between these two solutions and it is not desired. So these input are always avoided.

To implement the RS Flip-flop we require two buffered Boolean NOR gates which are elaborately discussed in section
8 and its correctness is verified with the help of SIMON as well. For testing the circuit we initiate with the inputs R=0
and S=0 while Q=0 and Q =1. Now, as we set S=1 the output of first NOR becomes high i.e., Q=1 and Q =0. These
two values are memorized when S returns to 0. Next when the input value R=1, the outputs are Q=0 and Q =1. These
two values are memorized when the value of R is returned to 0. At the last step when we set both the inputs high
simultaneously, then both the outputs are forced to 0Os. If we set, now, R=0 and S=0, the simulator determines the
possible tunnels events and after resolving them the simulator displayed the output results as Q =1 and Q =0. So, at
last, we conclude that the RS Flip-flop gives the correct behavior shown in the Table-10 above.

10. Threshold gate based Memory cell

We have examined Boolean gate-based implementations of the RS flip-flop. The verification completed by means of
simulation and the results got from simulation signifies that they operate as per their specified logic function for these
implementations, every Boolean logic gates we utilized (except for the inverter) is derived from a generic threshold gate
design in Fig.1. We can prove that any Boolean logic function can also be realized by a network of threshold logic gates
[7,11, 13, 18]. If anybody wants to compare the threshold gate-based realization with the Boolean gate-based realization
of the same logic function, the threshold gate-based design will have, at most, the same number of logic gates and the
same network depth. We shall describe threshold logic gate-based implementations of the memory cell like RS Flip-
flop, T Flip-flop, and edge-triggered T Flip-flop. Every one of the utilized threshold gates is derived from the generic
threshold gate design shown in Fig. 1.

Characteristic equation of RS Flip:

For writing the characteristic equation of the RS Flip-flop we first write the truth table of it, then with the
help of the K-Map the characteristic equation of Q"**and 2** are written in the equations (14) and (15)
respectively. The truth table is given in Table-11.

Q#1=RQ+RS (14)
Qu1=5Q+ RS
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Table-11
Truth table for RS Flip-flop

Previous New

Qt @: Qt+1 ﬁt+1

R S

o 0 1 o0 |1 o0 <

0 1 1 0 1 0 Qt o0 01 11 10
1 0 1 0 )lo 1

1 1 1 0 | invalid 00 ﬂ x | 0
o 0o 0o t]|o 1

0 1 0 1|1 o 1 &Jl x |0
1 0 0 1 )|lo 1 —

1 1 0 1 | invalid Qt+1= RQt +RS

It is observed that Boolean gate based RS Flip-flop has the unstable behavior when both of the inputs R and S are high
i.e., R=S=1. This instability will happen for the cause of the cross-connection of the Two NOR gates by Boolean gate
implementation. If we are able to implement an RS Flip-flop without cross-coupling gates, the instability problem
created in present implementation can be resolved. In this situation, when we are intended in designing the RS Flip-
flop, it costs more number of gates. On the other hand, for the sake of a threshold gate design, the gates required will
be less.

A threshold gate based design of an RS Flip-flop can be implemented with the help of a single threshold gate only. By
a small modification [7, 8] of the equations (14) and (15) we can get the Threshold gate equations (16) and (17)
respectively, where there would not be any occurring events of uncertainty.

Qt+1= RQt +RS + SQF ..o (16)
Qt‘ 1= RQ'H’ RS +§Qt ........................... (17)

For the verification of equations (16) and (17), a table is provided without giving the input condition R=1 and S=1 in
Table-12.

Table-12
Previous New

Qt at Qt+1 Qul

OO OO |
HOrRORORO|W
OO O O - = it
e - O O00 0
OO OF O K =
R OROROO

Now for implementation of RS Flip-flop, we verify that the functions (16) and (17) are satisfying the specified function
of RS Flip-flop. If we put R=0 and S= 0, we get Q"'=Q" (Hold). If we put R=0 and S= 1, we get Q"= 1 (Set). If we put
R=1 and S= 0, we get Q""!= 0 (Reset). If we put R=1 and S= 1, we get Q"*!=Q" (Hold). And for all cases, the output Q***
will be the complement of output Q1. So we decide that equation (16) and (17) satisfy the characteristics of an RS Flip-
flop without any forbidden input combination R=0, S=0 or R=1, S=1 and both of these combination corresponding to
Hold function.

For implementing the Boolean gate based logic circuit of the equation (16) we require three 2-input AND gates and one
3-input OR gate and that will result in a logic circuit of a depth of two. On the other hand when we want to implement
it with the help of threshold logic gate based circuit we need only a 3-input threshold gate which implements the
same Boolean equation (16). The threshold logic equation of equation (16) is given in equation (18).

Qt+1 =sgn{R+S+Qt-2} ... (18)

For any logic variable R we have always R + R =1 or R=-R+1 or R = -R+1 so the above equation becomes

Qt"'l ={-R+S+Qt'1} ..................... (19)
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For the verification of the correctness of equation (18) or (19), one can check the value of Q! by putting the value of
the variables R, S and Q' in equation (19) and he gets the following data in the Table-13. From the table it is transparent
that for R=5=0, and R=S=1 the value of Q"! holds its previous values (Q'). When R=0 and S=1, the value of Q"*! is
1(Set) irrespective of its previous value. Similarly, when R=1 and S=0, the value of Q%! is O(Reset) irrespective of the
value of Q'. The corresponding threshold logic gate of the equation (19) has been depicted in Fig.9. In this, there are 3-
input terminals one for R, one for S and the last one for a feedback signal from the output Q and the inputs having their
weight values are -1, +1, and +1 respectively. In addition, the threshold value of the threshold gate is 1 shown in the
circle.

+1 Q

e (ORI

ST Q

Fig.9 TLG based RS Flip-flop for eqgn. (19)

Table-13

Verification of the correctness of equation (19)
R S Q! Q! function
0 0 0 0 Previous
0 0 1 1 value
0 1 0 1 Set
0 1 1 1
1 0 0 0 Reset
1 0 1 0
1 1 0 0 Previous
1 1 1 1 value

The RS Flip-flop we have proposed has been theoretically proven and it has also been verified by using the simulator
and the simulation results are shown in the Fig 10. We can obtain the Simulation results by using the circuit parameters

given below for the threshold logic gate logic input “0”=0V, logic “1” = 16mV, C¥ (w; = 1) = CF (w, =
1)=0.5aF,C]'(ws = —1) =0.4aF, C; = 12.7aF, C, =9aF,(, = 8.6aF, Ri= 10° QV, =
Vp, = 16mV. For the buffer, the parameters takenare, C;; = C4, = 0.5aF,C; = (, =0.5aF, (;, = (3 =
0.1aF, Cp = Cp; = 4.25aFv, (, = 9aF, Rj=50KQ, Ci=0.1aF.

° MR = NEES
wit ci=c2=cd= 0.5aF il } P ons b
v Cym12.7aF
o ° Cu=9aF R
[ = | ‘ Comd GaF ES
o o T | Buffer1 | Buffer2 | R=10°Ohm
0 == al ] C01aF
° i NG f "o Ve=Vu=16mV ant - - . i -
alme T A SO Cy70.5aF - »
‘ maf = i| o {--‘ﬁ QJ—ILQ —| ',’,°' 1 !b? Comd 25aF '”'"-‘(", — = - =
[=¢ 0! . ‘ ._:,4,\\.‘ = '.:..., = Co= B68F [ -~ N = Ty
v v @ —1 e & | i
. nl e n [ -
\ i | co : ] o & Tv"jxu" s‘ | : L ° Cd:i;—"w’ o P
apAb-eass b —dlg o b —dirg ¢
b_‘! (" o A.‘Wl i‘h \,' ~ i\n o W
1z ; 0 ? p 9 P " 5 P - (7 v
5 i — = - = L T (a) -
Fig. 10. Threshold Logic based RS Flip-flop Fig. 10(a) R-input (b)S-input (c) Previous Q! (c) Q**=New Qt
11. T Flip-flop
RS Flip-flop

L [

3-input

NOR NOR

AND
L \
C B
| 3irput >
|—)—

-

Fig. 11 Flip-flop based on Boolean gates
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T Flip-flop is a sequential circuit, i.e., its one output is feedback to the input. This can be used as a memory cell or
memory unit or memory element for retrieving or storing the information. T Flip-flop consists of two 3-input AND
gates, Two NOR gates, two input terminals T and CIk, and two output terminals Q and Q. The behavior of triggered T
Flip-flop shown in Table-14 is as follows. For every positive clock pulse, a transition happens. If T and current Q are
low, then the output Q i.e., Q" is low, If T and current Q are different values i,e., one is high and another is low, then
Q™! is high. And when both T and current Q are high, then the output Q i.e., Q"** is low. Unlike RS Flip-flop, a T Flip-
flop is having no Forbidden or Unspecified input combination(s).

Table-14

Truth Table of T Flip-flop

Ck [T[Q] Q7 [ gt Function
SLJ0J0] 0 | 1 | MhonTanaaes e
4L (110 1 0 dli];f;rr:r?tdtr%r\ll %lszl‘;fl
ALlo1| 1 0 dli];feTr:r?tdtthrY ?Dhétejlz;r‘—el
T[T 0 [T e g

A possible T Flip-flop implementation on the basis of Boolean logic gates is drawn in Fig.11. The operation of the
circuit is as follows. The two cross-coupled NOR gates forms an RS Flip-flop. If T=0, then irrespective of Q(current),
both R and S will be 0 and value of Q™! will be last Q. Now if T=1 then the value of R and S will be depended upon
the present value of Q and Q. If Q=0 and Q=1, the value of Q! will be complement of last Q i.e., Q"*! =1, and if Q=1
and Q =0, the value of Q"** will be complement of last Q i.e., Q%! =0.

In no case, the values of R and S will be high (=1) simultaneously.

12. Implementation of T Flip-flop using Threshold Logic Gate
The logic function of T Flip-flop on the basis of Boolean gate can be expressed as
Q=T+ TQE - (20)
and  QM=TQUL4TQE (21)

It is observed that Q"*'=NOT (Q"!). We are familiar with the expression Y=A.B +A.B and it is similar to the equation
(20). Space plot diagram of Y in 2D space is shown in Fig. 12. From this Fig.12, we observe that no linear separating
line that is separating the red and white circles can be drawn. So the Boolean logic function is not linearly separable.
Therefore we would not be able to draw a threshold logic gate that represents the equation Y=A.B +A.B or Q"*!=T.Q¢
+T.QL

B
01 11

A
00 10

Fig.12 Space plot of Y=A.B +A.B

Now for representing the Boolean function Q"*!=T.Q'+T Q' by a threshold logic gate, first we express P= (T.Q") with
the help of threshold gate-based equation. As it is an AND function, so using equation (13) we can write for P as.

P =sgn {T+ Qt—2)rre (22)
As we know Q'+ Q'=1 or Q'= — Q" + 1, the equation (23) can be written as equation (23).
P=5gn{T_ Qt_(l)} ........................ (23)

The threshold Logic gate of equation (23) is drawn in Fig. 13(a). For stability of this gate we can connect two NOT
gates in series to the output point of P which is shown in Fig. 13(b). The truth table of equation (23) is given in Table-
15.
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Table-15
Truth table of equation (23)

t _
T Q P T P T jﬂ ( b po—Lo— Tt
Qt +1 qt -

Fig. 13(a) threshold Logic gate of equation (23) Fig. 13(b) Modification of TLG of equation (23)

Ll el le]
R OO
o= | O|O

We again modify the threshold equation of P as we know that the buffer inverts its input signal, so that it calculates
P=sgn {—T+Q'—(0) } and its corresponding truth table is given in Table-16. The threshold logic gate of equation P
and its complement are drawn in Fig.14 (a) and 14(b) respectively.

Table-16
Truth table of P
T Qt P
0o [ o 1 T 5 Iy N
s o] e e
1 1 1 Fig. 14(a) Threshold logic gate of P Fig. 14(b) Complement of Fig.14(a)

Now this is the time we are to express the Boolean expression Q"'= T.Q'+T.Q". We assume P=T.Q"'
SoQ*=T.Q'+T.Q'=P + T.Q".

For finding out the threshold gate logic of equation (24), we draw the truth Table-17 with the assistance of Table-15
and from which we solve the minimum value solution to get the weight values.

Table-17
0<99 ........................... (2256) P T Qt Qt+1 0
>

Wi = 0., (26) o 0 o 0 0<0

Wid Wy 20, (27) S0

W esen. (28) U 3 =

1 1 0 1 w,+w, >0

From the equation (25), we have 8 is greater than 0, so it may be 0 1 1 10 W, + W;< 6
lor2or3.

From equation (26) it is transparent that W3 must be equal to or greater than 6. For minimum value condition we
can take as.

In equation (28) if we put W, = —1 and W5= 1 then the equation is satisfied, so we take W, = —1
Next in equation (27) if we put W, = —1, W, = 2 and 6 =1 then it is satisfied. So a solution setis { W, , W, , W5 ; 6}
={2,-1,1; 1}
Hence the Threshold equation for the T Flip-flop is
Q" =sgn {2P = T+ Q"—(1) }oerrrrevrrreen. (30)

And its corresponding Threshold logic gate based T Flip-flop is depicted in Fig. 15. The simulation set ant its
simulated results are shown in Fig. 16 and Fig. 16(a) respectively.

ﬁt

_Qt

Fig. 15 Threshold logic gate based T Flip-flop

For the simulation purpose of the T Flip-flop we have used the following parameters. For Threshold logic
gatel (TLG1):C, = 8.1aF, R;=10°Q, V, =V, = 16mV,CY (w, = 1)=0.5aF,C}*(ws — 1) =0.4aF,
For the Threshold Logic gate 2 (TLG2) :CFP(w; =2) = 1aF,Cy(w, = 1)=0.5aF,C}(w; =
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—1) =0.4aF, C3 = 13.4aF, C, = 9aF,C, = 8.6aF, Rj=10° Q,V, =V, = 16mV. For the buffer,

the parameters taken are, Cy; = Cy;; = 0.5aF,C; =C, = 0.5aF,C; =(; =0.1aF, Cy =Cp =
4.25aFv, C, =9aF, Rj=50KQ, C;=0.1aF.
» - — SJ.." - : — — [P 1|
= — ~
wil s e1x 0.50F, Coo0AaF o
D 3 3 Con 13daF -
‘ i iy s v 9aF
+ [ A . | B 1aF 1 | I
| 5 ol = Re130tm i
Y r Y o i Co01af - ‘ -
¢ w5 't a 2AIE Y L ——— s —— o
i ity dbd b R e e
tres _‘._‘-.. » Edne el =
vaillg o 0— P o ks - — o T o e
::-f : [ %-m« CsEw ¢ '_:_;_\ CGcaw & ,:_;‘ =" ™
24 - d|h-o 40 9 i 4 dh-o dho ¢ Ldh-= o © ]
Gy = 4 [BH e Wa US4 o f - SRS g o
—mnn - o Y w jan w
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[ 0 ¢ o N o e ) ==
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Fig. 16 T-Flip-flop Threshold logic gate Fig.16 (a) Q'-input (b) T-input (c) Q**=New Q"

Till now we have been able to implement a T-Flip-flop without trigger signal. When anyone is interested in making a
register or counter he is to add a clock input signal for synchronization purpose, he must include clock signal as a new
input signal. To do this, we may connect a AND gate at the input side of Fig. 15 and the combination circuit is shown
in Fig.16. The truth table of edge-triggered T Flip-flop is shown in Table-10.

AR Table-10
7—1 Truth table of edge triggered T Flip-flop
ol ) Clk T Q Q!
= Q' Dl JL 0 0 0
-1 +2
o Q‘}*‘”“f’(l < 4L 0 1 1
edge-trigger T Flip-flop Dlﬂ_ 1 0 1
1
Il 1 1 0
Fig. 17 edge triggered T Flip-flop S

For simulation set of this edge triggered T Flip-flop, parameters like capacitances, input voltages, bias voltage etc. are
to be specified. The parameters we used are given as: For AND gate we will use the parameters C;* = C}=0.5aF,
Cp1 = Cpp = 4.25aF, C; = C; = 0.5aF, C, = 9aF,C, = 8aF, R;= 10> Q. For Threshold logic gatel
(TLG1):C, = 8.1aF, R;=10°Q, V; =V, =16mV,CY (w; = 1)=0.5aF, C}*(wsz = —1) =0.4aF, For
the Threshold Logic gate 2 (TLG2) :CP(wy =2) = 1aF,CP(w, = 1)=0.5aF,C}}(w; =
—1) =0.4aF, C; =13.4aF, (C, = 9aF,(, = 8.6aF, Rj=10° Q,V; =V, = 16mV. For the buffer,
the parameters taken are, Cy;; = C;; = 0.5aF,C; =C, =0.5aF,C; =C(; =0.1aF, Cy =Cp =
4.25aFv, (, =9aF, Rj=50K(, C;j=0.1aF. Taking these parameters we have set the simulation circuit in Fig.
17(a) and input-output simulation result is shown in Fig. 17(b), (c), (d) and (e).

AND edge wiggered T Flip fop
T 1] (= =
2
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Fig. 17(a) edge-triggered T Flip-flop
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Fig. 17(b) Clock, (c) T-input (d), Q! previous (e) Q**'= New Q!
13. Description of an Up-Down counter made up of Threshold logic gate.

For the count-down counter when we set down-input High (i.e.,=1) in Fig. 18(a), the “T flip-flop 0” in the
lowest-order placed in the top is complemented with every clock input pulse. A T Flip-flop in any other
places will be complemented with a positive clock pulse provided that all the lower-order bits are equal to 0.
For instance, if the present state of a 4-bit count-down binary counter is AsA2A1Aq = 1000, then the next
count will be 0111. Ag is always complemented with clock. Az will be complemented because the present
state of A1= 0. Az will be complemented as the present state of A2 A1 = 00. As will be complemented since
the present state of AzA2 Az = 000.

Ck edge-triggered T Flip-flop 0 0 1 01t 0 t 0O

wdnd
u.(’—‘"‘. 3 r
R = U SO G A VR PN
.\ \/ A X

Up—| A A
Down —_‘f 2_4 o
—". AND

-1 Aol
AN A

R Y aks 0 0 110 : 9'
g i gf edge-triggered T Flip-flop 1 '

- Ay Ay

. -

240 1 11100 0, =11 1.1 000 0 1
Az A

“‘l.v —.u.v ‘.‘:" ﬂ'.:
=#s0 0 0 0 0 1 1 1 wel ¥ 9 % % %2 1.0

A Ay

eee

Count down

()

count up

(b)

(a)
Fig.18 (a) Threshold Logic gate based 4-bit Up-Down Counter (b) simulation of count up and (c) count down

A binary counter that is eligible for counting either up or down is drawn in Fig.18 based on threshold logic
gate. The T flip-flops employed in this circuit can be considered to be a JK Flip-flops where both J and K
terminals are tied together. When the up-input is | in Fig. 18(a), the circuit counts up, because the T inputs
get their signals from the previous normal outputs of the T flip-flops. When the down-input control is 1 and
the up input is 0, the circuit starts counting down, since the complemented outputs of the previous T flip-
flops are applied to the T inputs. When both the up-input and down-input are being 0, the circuit does not
change any state yet keeps in the same count. If the up and down inputs are both high (=1), the circuit counts

IJCRT2106158 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | b276


http://www.ijcrt.org/

www.ijcrt.org © 2021 IJCRT | Volume 9, Issue 6 June 2021 | ISSN: 2320-2882

up. This ensures us that only one operation is performed at any given time. The related up- and down- counter
data are provided in Table-10.

14. Discussion

What we have discussed different gates, combinational and sequential circuits based on the LTG gates.
Whether they are slow or fast, we are to observe it. For determining the processing delay of any logic gates,
we must involve critical voltage V. given in equations (6) and (7), as well as the tunnel junction capacitance
C; . However, assuming the atmosphere temperature at T = OK, the switching/processing delay of a logic gate
can be calculated using the approaches [7, 8].

Delay = _(elln(Perror )lRt) / ( |Vj| - Vc) """"" (31)
where V; is the junction voltage and V; is the critical r threshold voltage and R: is the junction resistance.

The slowest switching will happen whenever the critical voltage V. has

o S - Table-10
the value which is lesser than the tunnel junction voltage V;, i.e., V. <
. . . Truth table of Up-down Counter
[V; |, but very near to it. This must happen, for example when V;,; is -
logic 1, resulting V; =11.8mV for the case of a 2-input NOR gate in Fig- inftia Pown | Up
o ) . ) state count count
7(_a), the critical volta}g_e of the tunnel junction voltage V. Is 11.58mV. Present | Mext | Next
Given that the probability of error change P,,,, =10712, resistsnce R, = ctate | state | state
10°Q. After calculation we get a gate delay equal to Pafotety | Aofefula | AstuRuly
0.07281|In(P,,0r- ) Ins = 1.675 ns. In the same manner, we can calculate gooo | 1111 | 0001
the circuit delays written in Table-11. Whenever a charge passes through oool | 0OO00 | 0010

0010 0001 | 0011
0011 0010 | 0100
0100 0011 | 0101
0101 0100 | 0110

the tunnel junction, the amount of total energy in the circuit changes
before and after the tunneling events. The difference between the energy
levels before and after the tunneling event is found out by the relation

AE = Ebefore tunnel — Eafter tunnel 0110 0101 | o111

= 1 D g (32) 0111 | 0110 | 1000

and it is the amount of switching energy consumed when a tunnel event 1000 | 0111 | 1001
occurs in the tunneling circuit. 1001 | 1000 | 1010
We have drawn curves as to the switching delay as a function of the 1010 | 1001 | 1011
switching error probability in Fig. 19(a) and the switching delay as a 1011 | 1010 | 1100
function of the unit capacitance C shown in Fig. 19(b). 1100 | 1011 | 1101

1101 1100 | 1110
1110 1101 | 1111
1111 1110 | OCGOD

de.12 de.12 .12 tadt Dee O 2017 417 7

erree Frobocety jrcnon capactance

Fig. 19(a) Delay vs. Error Probability Fig. 19(b) Delay Vs. capacitance

We have found out the element numbers for each and every case of gates or circuits, their switching delays, and
switching energy consumptions for the corresponding individual LTGs (using the same methodology as adopted for the
Boolean gates).All the calculated or found out parameters are shown in tabular form in Table-11.

The switching energy vs. elements diagram regarding our present LTG based circuits is shown in Fig. 20.
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Fig. 20. Switching energy vs. elements

Next, we have calculated those parameters for T Flip flop and Up-down counter circuits and that are presented in Table-
11.

The time delays or processing delays for different gates and circuits are different. For RS Flip-flop switching delay is
0.082|In(P,;1or) | NS, for T Flip-flop it is 0.082|IN(P,,1or) | NS, for edge triggered T Flip-flop delay is 0.144|In(P,yror) |
ns and for 4-bit Up-down counter the delay is 0.224|In(P,,,,)|ns. Given that the value of P,,..,, equals to 102, so the
time after which the 1% output of each Flip-flop of the 4-bit up-down counter will be fanned out is
0.224|In(P,,107-)INS=6.19ns. i.e., after every 6.19 ns, the next output bit will be taken from the counter. Therefore clock
time/duration of the clock signal must be greater than or equal to 6.19 ns.

Table-11
Gate/Device elements Delay Switching
Energy
inverter 09 elements 0.022|In(P,ror) | NS | 10.4 meV
2-input NOR 14 elements 0.072|In( Poyror)| Ns | 10.7 meV
2-input OR 14 elements 0.062[In( P,y-ror) NS | 10.8 meV

2-input NAND | 14 elements 0.080[IN(P,yror-) INs | 10.7 meV
2-input AND 14 elements 0.062|In(P.yor) Ins | 10.8 meV
3-input AND 28 elements 0.104[In(P,yyror) | NS | 21.6 meV
3-input NAND | 28 elements 0.072|In(P.yror) | NS | 21.4 meV
2-input XOR 20 elements 0.102]In( Poyror)| ns | 21.2 meV

D latch 65 elements 0.342|In( Poyror)| NS | 53.2 meV
3-input OR 28 elements 0.104[In(P,yyror) | NS | 21.6 MeV
4-input OR 42 elements 0.104[In(P,or) | NS | 32.4 meV

4-input AND 42 elements 0.104[In(P,yr0r) | NS | 32.4 meV
RS Flip-flop 24 elements 0.082|In(P,or) | NS | 21.2 meV

T Flip-flop 23 elements 0.082|In(P,or-) | NS | 21.1 meV
Edge triggered | 37 elements 0.144(In(Poyror) | NS | 31.9 meV
T Flip-flop

4-bit Up-down | 302 elements | 0.224(In(Pyror) | NS | 246.4 meV
Counter

We are interested in comparing the circuit delays of CMOS, SET-based and LTG-based. The processing
delay or switching delay for a CMOS logic gate like AND, NAND, NOR, XOR is 12ns [18, 19], on the
other hand the time required for tunneling through a single electron transistor (SET) is approximately 4ns
[4,5, 16, 17].
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Table-12
Switching delays of SET and LTG
. R = SET and LTG DELAY
Gate/Device | SET-based | LTG-based ® SET
delay delay o e
inverter 8 0.60ns -
2-input NOR 4 1.67ns = |
2-input OR 4 1.71ns »
2-input NAND 4 2.21ns 8
2-input AND 4 1.71ns s°
3-input AND 8 2.87ns 8
3-input NAND 8 1.98ns £
2-input XOR 4 2.81ns £ i
D latch 32 9.44ns ®
3-input OR 8 2.87ns I] l I:I I] l
4-input OR 12 2.87ns R
4-inputAND 12 2.87ns N gogg¢ = B 2 3252
RS Flip-flop 8 2.26ns pES : 3 i 133 - - H
T Flip-flop 8 2,26ns REEEE A AE SR N
Edge triggered 12 3.98ns B T ’ 3 ¢
T Flip-flop Fig.21 Delay comparison of SET and LTG
4-bit Up-down 20 6.19ns
Counter

The XOR gate using conventional logic circuits needs 16 transistors, whereas the same function can be
implemented with the help of just one SET [3, 5, 6, 11] i.e. number of nodes can be reduced to 1 instead of
16 and for TLG-based time delay is 2.81 ns.

Assuming that the error probability is 10712 then the delay for the 2-input OR gate will be 1.71ns and similarly
the delays for the other gates can be calculated and are all shown in Table-12. It is transparent that the LTG
based circuit is faster than the SET based circuit when P,,..,,=10712, The comparison of delays for SET and
LTG gate based circuits is drawn by a bar diagram in Fig.21.

15. Conclusion

How an electron tunnels through a single electron transistor and an inverter is discussed first. A generic Linear
Threshold logic Gate implementation is discussed about its construction and from which we have been able
to derive a family of logic gates like AND, NAND, OR. All the gates along with a 4-bit up-down counter, RS
Flip-flop, T Flip-flop and edge-trigger T Flip-flop have been implemented and are verified by means of
simulation using SIMON. The number of elements requiring for logic gates, their delays, power consumed by
them are given in tabular form and their related curves or bar diagram are also given in the connected figures.
By dint of threshold logic equation all the LTG gates have been depicted. In single electron tunneling
technology, it is observed that the threshold logic gates are faster than SET based logic gates. The atmosphere
temperature should be kept at OK in real operation.
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