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ABSTRACT

Single Electron tunneling based threshold gate is one approach by that we can implement all logic gates, sequential and
combinational circuits. Threshold Logic Gates (TLGs) and Single Electron tunneling devices (SEDs) keep the
capabilities of controlling the transport of an electron through a tunnel junction at a particular time. A single electron
containing the charge is adequate to store an information in a SED. Power required in the single electron tunneling
circuits is low in comparison with the (CMQS) circuits. The processing delay is very low and speed of the processing of
TLG based devices will be close to electronic speed. The single-electron transistor (SET) and TLG are attracting
scientists, technologists and researchers to design and implement for the consuming of ultra-low power and their small
sizes. All tunneling events in a TLG-based circuit happen when only a single electron tunnels from one conductor to
other through the tunnel junction when the proper voltages are applied. For implementing logic gates, Full adder and a
binary-cum-BCD adder, TLG would be a best candidate to fulfill the necessities requiring their implementations. So far
as an Ultra-low noise is concerned, TLG based circuit can be considered as a best selection for implementing the desired
tunneling circuits. Different TLGs like 2-input AND, 3-input OR, Full adder, and a binary-cum-BCD adder have been
implemented by using linear threshold logic gates or devices. Threshold network, truth table and simulated results of
them are given in parallel in due places.

Key words: BCD adder, Electron-tunneling, Coulomb-blockade, linear threshold gate

1. INTRODUCTION

From the perspective of semiconductor technology that the ever decreasing feature size and the corresponding increasing
in density of transistors facilitates many improvements in semiconductor based designs. But one day such improvement
will come to an end in the long run. For ensuring further feature size reduction, possible emerging technologies with
greater scaling potential like single electron tunneling technology is currently under the investigation of the
researchers/scientists. Threshold logic gate based circuits are made with tunnel junctions, through which an electron can
be passed in a controlled manner.

Single Electron tunneling based device is such an equipment by which all logic gates and more complex circuits can be
implemented. Tunneling events happen when a single electron can pass through the tunnel junction under the action of
bias voltage and multiple input voltages connected to the islands via small true capacitances. For implementing a binary-
cum-BCD adder, TLG would be a suitable candidate.
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2. Multiple input threshold logic gate

A gate called “multiple input threshold logic gate” [1-7, 9, 10] is a gate that is made up of a tunnel junction
possessing a capacitance C; and a resistance R;, two multiple input-signals VPs and V*s connected at two
points ‘p’ and ‘q” shown in Fig.1. Each input voltage V7, for the top left side, is connected to the point “q”
through their corresponding capacitances C£'s and each input voltage V", in the bottom left side, is connected
to the point “p” through their corresponding capacitances C;*s. Supply voltage or Bias voltage V;, is connected
to the point “b” through a true capacitor C;, as well. Junction capacitor C; is connected to point “p” which has
been grounded through another capacitor Co. We will be able to implement the LTGs with the assistance of a
function presented by the signun function(x) of h(x) expressed by equations (1) and (2).

Vb
0, if h(x) <0 Vi Vi VP vF l
g0 = sn(h(o) = | | i][h((x))> ) 1) i
e i e ]
h(X) - ZZ=1(Wk X xk) ) e (2) q
where x; being the n-Boolean inputs and w, being their GEY te

corresponding n integer weights.

The LTG will compare the weighted sum of the inputs Y7_; (wy X x;, ) with c,’%
the threshold value 6, if the weighted sum-value is greater than or equal to

the threshold or critical voltage value 6 then the logic output of the LTG Vit V3V v
would be high (logical “1”), otherwise it will be low ( logical “0”). Fig. 1 Multiple input TLG

The tunnel junction capacitance C; and the capacitance C, connected in series are being considered as the two
basic circuit elements in a LTG. The input signal voltages V{,VF,vF, ..., VP  which are weighted by their
corresponding vector capacitances Cf, Cf, CY, ..., CF, are added to the junction voltage, V;. Whereas, the input
signal  voltages V{*, VL, V3, ..., V*  (which are weighted by their corresponding vector
capacitances Ci', 7', C3', ..., C["), are being subtracted from the voltage, V;.

The critical voltage V. is essential to enable tunneling action, and which functions as the intrinsic threshold of
the tunnel junction circuit. The supply or bias voltage V, connected to tunnel junction through the
capacitance, C,, is used to adjusting the gate threshold to the desired value 6. A tunneling event happens
though the tunnel junction, when an electron goes through the junction from p to q as directed by an arrow in
Fig. 1.

The following notations will be followed for the rest our discussions.

Cg = C, + Z§:1 C]l: .................................................. (3)
CE = Cy + 2?:1 Cln ................................................ (4)
Cr = CZP Cj + CZPC§ + CjCE ...................................... (5)

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

Now we must find out the expression regarding the critical voltage V. of the tunnel junction. We assume the
tunnel junction capacitance to be C; and the remaining part of the circuit has the equivalent capacitance as Ce.

As observed from the point of view of tunnel junction, we can measure the threshold or critical voltage [1,2,
8,9,10] for the tunnel junction as below.
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When the voltage of the junction is V; , a tunneling event happens through this tunnel junction if and only if
the condition below is satisfied.

From this equation it is decided that if the critical voltage is greater than the junction voltage i.e. V. > |V;],
then no tunneling events through the tunnel junction happens. As
a consequence, the tunneling circuit remains in its stable state.

Theoretically, the thresholds are integer numbers though it can be
taken as a real number. The threshold logic equations for 2-input | Vin
AND, 3-input OR gates are shown in sections from 4 and 5.

3. Buffer

The buffer or inverter [1, 2, 3, 4, 8, 9, 10] depicted in Fig. 2(a) is
made up of two single electron transistors (SETs) connected in
series. The two input voltages of same values are directly coupled
to the islands of the SET1 and SET2 [1, 2, 8, 9, 10] through two
true capacitors C; and C, of same values respectively. The islands

of each SETs have a size close to 10 nm diameter of gold and their Fig.2 (a) an Inverter
capacitances should be less than 10aF. The output terminal V, is

connected to the common channel between SET1 and SET2 and to Vin D{} Vo
the ground through a load capacitor C; to put down charging

effects. (b)

Fig.2 (b) Symbol of an Inverter

For the buffer, the parameter values chosen are: Vg1=0, Vy=0.1X %, C,=9C,t, = %OC, t; = %C, t, = %C, t, = %OC,
Ci = %C, Cy, = %C, Cg1 = %C and Cyp = %C, R1 =R2=50K. For the purpose of simulation, the value of C is taken as

laF.
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g:l:w =2 time e 0.0 e 1.0s
Vs=16mV/ Same Scaling I Close C Same Scaling | Close |
(d) (e)
Fig. 2(c) Simulation set of Buffer Fig.2 Simulation result of Buffer  (d) input (e) output

The operation of the buffer will be discussed as: - the output V;, value will be high in case the input voltage Vi is low
and the V;, value will be low in case the input voltage is high. To achieve this target, we must set the voltages V,; =
0 and V4, =16mV along with the gate voltages, at present, Vin both for SET1 and SET2. SET1 will be in conduction
mode if V;, issetto low and the SET2 is in Coulomb blockade [2, 3, 4, 13]. This results the output voltage Vo is connected
to V}, and therefore the output voltage becomes high. Coulomb blockade disturbs the steady flow of current, as the high
voltage (logic 1) is applied to the input terminal(s), it makes shift the induced charge on each of the islands of the two
SETs by a fraction of an electron charge and causes the SET1 to keep in Coulomb blockade and the SET2 in conducting
mode. So, the output V, shifts from high to low (logic 0).

In this work, we assume the Boolean logic inputs “0” =0 Volts and logic “17=0.1X % .

1.602x1071% _

For the cases of simulation and other purposes, will consider that C=1aF and Logic “1”= 0.1X ——-—5—=0.1 X

1.602 X 1072=16.02 X 1073 =16.02 = 16 mV.

4. 2-input AND gate

For making the threshold logic gate of an AND gate, we first draw the truth table Table-1 of AND gate and compare
the weights w, and wy of two variables A and B respectively to the threshold value 6 [1,2,3,9,11].

Table-1
A | B | F(AB) ) Eqgn. No.
0o 0 0<6 1)
01 wg < 6 )
110 0 wy <6 (3)
1)1 1 [wg+w,>6 (4)

For positive logic, we assume weights of A and B are positive 1 each. Then from the above four inequalities in Table-1,
if we assume wg=1, w,=1 and =2, then the four inequalities or equations in 5" column in this table are satisfied. Hence
the Threshold logic equation for 2-AND gate is given in equation (9) and its corresponding threshold logic gate is drawn
in Fig. 3(a)

Fig. 3(a) Threshold logic AND gate
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For implementing purpose, the AND gate we will use has the parameters C{* = C}'=0.5aF, Cy; = Cp; =
4.25aF, C; = Cy, = 0.5aF, C, = 9aF,C, = 8aF, R=10° Q in Fig. 3(a) and accordingly
after simulation the result we get is given in Fig. 3(c)and the simulation set is shown in Fig. 3(b).

C1=C2=0.50F

C3=13.2aF
vl o= Cj=0.1aF
Ri-100K
Cy=0.50F
Ch=4.25aF

0 | Lkl fa : - [5/] (Tiso - |5 x| ismon: si EEE
A B Vo
- - |
| = ‘Same Scaling e Close ks | - _Same Scaling s ] Close I ” Same Scaling. | _ Close o
Fig. 3(b) AND Gate Fig.3(c) Simulation result of AND gate
5. 3-input OR/NOR Gate
Table-2
(3-input OR gate)
A |B|C|FABC) 0 Eqn.
=A+B+C no.
o[o]o 0 0<6 @)
o[of1 1 we = 0 (2
o[1]0 1 wg > 0 3
011 1 wg + we =6 (4)
1]/o0]o0 1 wy > 6 ®)
101 1 wy+we> 6 (6)
1]1]0 1 Wy +wg > 0 (7
1111 1 Wa +w, +we =8 (8)

Threshold logic equation of a 3-input OR gate is defined as
OR (ABC) = sign {ws. A + wg. B + w. C — ()} (10)

For 3-input OR gate, F(ABC)= A+B+C is a Boolean logic equation. 3-input OR is a positive input logic gate
and we are inspired to assign the coefficient values of w, = wg = w=1. For the sake of the conditional
equation 0< 6 in the equation of the Table-1, we can take any value for 8 in the range 0 < 6 < 1. Taking an
integer is better, hence 6=1. By putting the values of w, = wg = w¢=1 and 6=1 in the 8-inequalities in Table-
2, we found that all the equations are satisfied. Hence, one solution set becomes { wa, Wh, Wc; 0 } = {1,1,1; 1}
and accordingly the threshold logic equation (10) will be:

OR (ABC) =sign{1.A+1.B+ 1.C — (+1)}

=Sgn{A _|_ B _|_ C _ (1)} .............................. (11)
And the state space solution diagram for F(ABC)= A+B+C has been shown in Fig. 4(a). The solution points
indicating by blue small circles have the values equal to 1 for (A+B+C). It is clear from the figure that the 3-
input OR gate equation is linearly separable, so a linear threshold logic gate can be drawn without any
hesitation, and its corresponding TLG is depicted in Fig. 4(b) below.

C

A A+B+C
1 _
E 5 1 A+B+C
1
A c
(a) (b)
Fig. 4(a) State space diagram of (A+B+C) Fig. 4(b) 3-in OR/NOR gate
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It is to be informed that for the correct operation of a 3-input OR gate, we must include an inverter. To do so,
we connect a 3-in NOR gate and an inverter in series and we will find out a threshold logic equation for that
3-in NOR gate. Consider the Table-3.

Table-3

(3-input NOR gate)
A [B [C [FABC 0 Eqn.

=A+B+C no.

0 0 0 1 0=6 1)
0|01 0 we< 0 @)
0|10 0 wp < 0 ®3)
0 1 1 0 wg +we <60 4)
11010 0 wa< 0 (5)
1 0 1 0 Wa + we < 0 (6)
1 1 0 0 wp+wg < 6 @)
1 1] 1 0 wpa +wp+we <8 (8)

In the Table-3 there are 8 inequalities. 1% inequality tells us that 6 must be a non-positive number, we consider
6 = —0.5. As NOR gate is negative logic so their weights must be negative, one can take the values of
w, = wg = we = —1 and when he/she will put the values to the 8 inequalities in Table-3, he will observe that
all the equation are satisfied. Hence one solution set is{w, ,wg ,w¢; 6} = {—1,—1,—1; —0.5}. Depending
upon this solution set, a threshold logic equation is given in equation (12) and its threshold logic gate is depicted
in Fig. 5.

NOR (ABC) = sgn{—1.A—1.B — 1.C — (—0.5)}
:sgn{—A —-B—-C-— (_0_5)} .................................... (12)
A 1 A+B+C

5 ' .. AsB+C
c -1

Fig. 5 A 3-input TLG NOR/OR

When we refer to a logic function such as 3-input OR, we will indicate the logic function performed by the
whole gate (i.e., threshold gate output + buffer). So, 3-input OR = (3-in NOR + buffer) is to be accepted and
is drawn in Fig.5(a) with its simulated waves in Fig. 5(b), (c), (d), and (). For the purpose of implementing 3-
input OR, the simulation the parameters to be taken are as: logic input “0”=0V, logic “1” = 16mV, CJ* =
C}=0.5aF,C, = 11.7aF,Cy = Cy; = Cp, = 4.25aF, (; = C; = 0.5aF, (=

9aF,C, = 8aF, R=105Q,V; =V, = 16mV.

Hod) - (o]
: S [—
b e 5:; =
I ﬂi - .‘lC)
o | " e & = 1o B
Qo « & b
3% I CMU }L
Qe ‘ | L
3-in OR | “__. e e - tany
(a) ‘ (d) (e)
Fig. 5(a) 3-in OR gate; (b), (c), (d) and (f) are simulation results

6. Regarding Full Adder

We consider two inputs of addition “a” and “b”, and carry is “co”. Boolean expression of sum of a Full adder
is S=aEBbEBco:Ebco+abco+ab60+abco which is not linearly separable, because the solution space can’t be
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separated by a plane into two parts of green-colored indicating 1-points and colorless circle points indicating
0-points as shown in Fig. 6(a) below.

Co
co

a

a
Fig. 6 (a) space plot diagram of S Fig. 6(b) space plot of ci=ab+bco+coa

Table-4

From the carry-out equation Ci=ab+bco+coa, if we draw the Inputs outp Threshold Eqn..
space solution diagram in Fig. 6(b), it will be clear to us that the ut Condition No.
1-points are linearly separable from 0-points. So, the C; can be alblc| a ]
turned into a linear threshold gate. Consider the equation (13)
below, 0 0l o0 0 0< 6 @)

0l 011 0 w3< 6 @
Ci=sgn {wr.a+ wWa.b+ W3.Cy-0} ..o (13)

0Ol 110 0 w2< 6 ®
As C; is a positive logic, we must take the weights as low positive TS g @
integer values i.e., wi=w»>=ws=1. From the first inequality of the 0111 1 o=
Table-4, the value of 8 must be positive. Since we have taken [ 1 [ o | o0 | 0 wl< 6 ®)
wi=wo=ws3=1 and wi=wo=w3< 8 (from the inequalities (2), (3)
and (5) in Table-4), we take the minimum integer value of @equal | 1 [0 | 1 | 1 | whtws=e6 | ()
to 2. After analyzing logically, we can take the parameter values |1 5[ 7 s o O
as: wi=wp=ws=1 and 0 = 2. Now, if we put these values in the
conditional equations in the 5" column in Table-4, all the | 1 | 1 | 1 1 | witw2+wdz= | (8)
inequalities are satisfied. So, one solution set of the parameters 0

will be as { wl,w2,w3; 6} ={1,1,1;2}. So the threshold equation
of Carry Cyis shown in equation (14)

Ci=sgn{a+b+Co—2}..cccceiiiiiiiiiiinn... (14)

Fig. 7 TLG diagram of C,

Now for making the threshold logic gate of Full adder we will take the sum equation S=abco+ abco+ abco+
abco, and carry equation ci=ab+bco+cea and construct the truth table of sum S, assuming the four variables a,
b, co and c1. The truth table is given in Table-5.

From the inequality (1) in Table-5, we have the value of 0 to be positive. Since sum S is a positive logic, so
the weights of variables values would be positive. Therefore, we can take them as lowest positive integersi.e.,
wl=w2=w3=1. Under these assumptions and comparing the equation in inequalities (2), (3) and (5) from the
Table-5, we should take the value of 6 as minimum positive integer 1, i.e., 0=1. After that, if we put the value
of ws= —2, the all the inequalities are satisfied. So, one solution set is {w1, Wz, wz, ws; 8} = {1,1,1,-2; 1}.
therefore the threshold equation of Sum (S) is given in equation (15).
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S=sgn{atb+co-2C1-1}................ (15)

According to the solution set, the threshold logic gate is depicted in Fig.8.

Table-5
Inputs | out | Sum [ Threshold Condition
put i?c?
alb|co| c1 S 0
0 0 0 0 0< 9 @
0/|0j1] 0 1 w3 6 @
0|1/ 0] O 1 w2> 6 @)
0111 1 0 w2+w3+w4 < 6 @)
110/ 0] O 1 wl> 6 6
1101 1 0 wl+w3+w4 < 6 ®)
111,01 1 0 wl+w2+w4 < 6 @)
1111 1 1 wl+w2+w34+w4 > 6 ©)
Cy =sgn {wl.a+ w2.b+w3.Co-0}................... (16)

a
1

b — 1%@ Q)

Co

Full adder
Fig. 8 Full Adder Circuit

For preventing back propagation effect and correct
operation, one buffer circuit must be appended in series
with every Threshold Logic Gate. To do so, first the
carry of the Full adder is taken into our justification.
Complement of threshold logic of carry C; is thought
of in equation (16).

Inputs | output E?ne(?ﬂf’;ﬂ
alblco C1
0/0]0 1 0>06
0|01 1 w3> 6
01110 1 w2> 6
0[1|1 0 W2+wW3< 6
1100 1 wi> 6
1/01 0 wi+w3< 6
1110 0 wl+w2<
11 0 WI+w2+w3< 6

Table-6

From the Table-6, it would be clear that if we take the value of 6 equal to —1.5 and wl= —1, w2= —1 and
w3= —1 then all the conditions in last column of the Table-6 are satisfied. Hence the equation turns to the
following equation (17).

As per the equation (17), somebody can draw the threshold logic gate with a buffer to get C; shown in Fig.9.
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Fig. 9 Carry of a full Adder using buffer
Now we shall find out the complement of sum S = sgn {a + b +Co—2c1—1}.

Consider S=sgn {wl.a+w2.b+w3.co+w4.c1-(0)}

Tabi—?

Truth table of sum of a full adder

Inputs sum | Threshold Condition
alblco| c1 S 0
0|00 0 1 0=46
0|01 0 0 w3< 6
0(1]0 0 0 w2< 6
01111 1 1 w2+w3+w4 > 6
1/0(0 0 0 wi< 6
1101 1 1 wil+tw3+w4 > 6
11110 1 1 wil+w2+w4 = 6
11111 1 0 wl+w2+w3+w4 < 06

S =sgn{wl.a + w2.b + w3.cotwa. c1— ()} e (18)

After solving the conditional equations in 6™ column of Table-7, we get a solution set as
fwl,w2,w3,w4; 6} = {—1,—1,—1,+2; —0.5} for the equation (18). Hence, the complement of Sum
equation will be

gzsgn {_a — b —CO+2C1 _ (_05)} ...................................... (19)

Fig. 10 Full Adder using TLG and Buffer

The full adder based on threshold gate and buffer depicted in Fig. 10 is more stable and correct in comparison
with Fig. 8. Because as soon as we would like to draw a circuit on the basis of TLG we must append a buffer
in series to that TLG for having correct answer.

When we want to simulate the full adder we choose the parameters [3, 9, 10, 11] as below.
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The threshold logic gate input logic “0”=0V, logic “1” = 16mV, C=1aF, Cf = C} = C} = C}=0.5aF, C}, =
18.5aF, C; = 0.25aF, ¢, = 9aF,Cy = 9.5aF, Rj:105 Q,.V, =12.8mV.

The simulation set of a Full adder and the simulation results of the Full adder (using SIMON) is depicted in
Fig. 11(a) and 11(b),(c), (d), (e) and (f) respectively.

C1=C2=C3=0.5aF
- Cp1=18.5aF
Carry C1 Ci=0.25aF
CL=9aF
2 C0=9.5aF
I}_ =25 Cn=4.25aF
c N » Cg=4.25aF
! ' ’ . Ci1=1aF
b Vs=16mV

-{H:F e logic "0"=0V
“ logic "1™ =16mV
[ Rj=100K
Carry Co 'ﬂ |}_
==
Full adder with buffer
Fig. 11(a) Full adder with buffer(s)
- Salld] 'S 859 - o)
* Al B= | [ . ;
[
a : Sum :
S
-t e Swne Scaling oy Close o _— i —
(b) (c) 0
- HEE & E foh
ud
i 002 ‘
\
o C
(d) (e)

Fig. 11(b) Simulation result of variable a, (c) of b,
(d) of co, (€) of 1 and (f) of sum S of Full adder

7. Description of BCD addition

Now the arithmetic addition of two decimal digits in BCD is considered, together with a possible carry from
a previous stage. For a four bit BCD adder, the input digit does not exceed 9, so the output sum cannot be
higher than (9 +9 + 1) = 19, the 1in the sumis being an input carry (Co). Assuming, two BCD digits
to a 4-bit binary adder are set in. The adder forms the sum in binary and it creates a result that may range
from 0 to 19. These binary numbers are written in the Table-8 and are labeled by the symbols K, Zs, Zs,
Z,, and Z1. Where K becomes the carry,and the subscripts written under each letter Z are representing the
weights 8, 4, 2, and 1 which can be assigned to the four bits in the BCD code. The left-hand side column
in Table-8 lists the binary sums as they appear in the outputs of a 4-bit binary adder (upper part of Fig.12).
The output-sum of two 4-bit numbers are represented in BCD and they appear in the form listed in the middle
column of the table. While investigating the contents of the table, it is transparent that when the binary
sum is equal to or less than 1001 (9), the corresponding BCD number is identical to the binary, and there
will be no conversion is necessary. But as the binary sum exceeds 1001, we get a non-valid BCD
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representation. If we add binary 6 (0110) to the binary sum then the addition converts it to the correct
BCD representation and produces an output carry as required also.

The logic circuit to be implemented detects the necessary correction are derived from the table entries. It
is clear that a correction must requires when the binary sum will have an output carry K =1.The other
six combinations starting from 1010 to 1111 that require a correction have a 1 in position Zs. To
differentiate them from binary numbers 1000 and 1001, which also possess a 1in position Zgs, we specify
again that either Zs or Z> must have a 1. Therefore the condition for a correction and an output carry can be
represented by the Boolean function as

Table.8 C=K+ ZgZn + ZgZp e (12)
— ZEBf“Z"IY Sum = BCD SUM Damﬂ If C = 1, we must add 0110 to the binary
¢ A A | C % S 5 5 " | sum and provide an output carry (=1) for the
o 0 0 o0 o0 |0 o o o0 o0 0 \ L
0o 0 0 o0 I 0o o0 o o I ] next stage. The BCD_ a_ldder is a circuit
0o 0 0 I 0 0o o0 0 I 0 2 which adds two BCD digits and generates a
0o 0 0 I 1 o 0 o I I 3 sum digit that must be in BCD. The BCD
OO O S A adder must have the correction logic in its
0 o0 1 I 0 0o o0 I I 0 6 internal construction. For adding 0110 to the
o o0 I 1 I o o 1 1 1 7 binary sum for the purpose of creating the
g ; g g j‘: g j g g f‘, g BCD numbers, we use another 4-bit binary
2 I o 1 @ |ZI o0 o @ o 1o adder, as shovyn.m Fig. 12 (!ower part). The
o 1 0 1 I I 0 o0 o0 1| 1I two decimal digits, and one input carry (Co),
o 1 1 0 0 i 0 0 I 0 I2 are first added in the top 4-bit binary adder
o 1 1 0 I I 0 o 1 1| 13 : :
o 1 1 1 ) T o 1 o ol 1z fo_r the purpose of producing the_ blna_lry sum.
' I o0 1 o 1| 15 Till the output carry (shown in Fig.8 the
I 0 0 o0 0 I o0 1 1 0| 16 output carry terminal) becomes zero, nothing
S R R will be added to the binary sum. But when it
I 0 o 1 o0 |1 1 o o o I8 : : .
I o o 1 1 11 1 o o 1l 10 is equal to one, a binary number 0110 is
added to the binary sum in the bottom 4-bit binary adder. The output [ - [5]x|

carry producing from the bottom binary 4-bit adder is avoided, as it | wi a3 a2 al a0
provides information which has already been available at the output-

carry terminal.

In the present work, a decimal parallel adder which adds 4 decimal |[os2
digits needs 4 BCD adder stages. The output carry from one stage
(starting from right hand side) will be connected to the input carry
of the next higher order stage. Truth table of derivation of BCD Adder | .,
is presented in Table-8. In accordance with the discussion and the Truth %%
table presented in Table-8, we will be able to construct a binary-cum-
BCD adder [16]. The block diagram for this binary-cum BCD adder is
shown in Fig. 12 and its corresponding threshold logic diagram is |
depicted in Fig. 13. The simulation result is provided in Fig. 13(a) also.
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Fig. 12 Block Diagram of a BCD Adder
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Fig. 13(a) one simulation result of BCD adder
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Fig. 13. 4-bit binary-cum-BCD Adder
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8. Discussion

For this work, we will require 2-input AND, 3-input OR and full adder on the basis of LTG gates. We are
interested in processing speed which is slow or fast. For calculating the executing /processing delay of any
logic gates or circuits, we must involve the critical voltage “V." given in equations (6) and (7), and the tunnel
junction capacitance "C;". However, considering the atmosphere temperature at T = OK, the
switching/processing delay of a logic gate can be calculated by means of the approach [8, 29].

Delay = —(e|In(Perror )IR:) / ( |V]| —V) (13)
where V; is the junction voltage and V; is the critical threshold voltage and R: being the junction internal
resistance.

The switching will happen as soon as the critical voltage V, has the value lower than the junction voltage V;,
i.e., V; < |V; |. This happens when V;, is logic 1, resulting V; =11.8mV for the case of a 2-input AND gate in
Fig-3(b), the critical voltage of the tunnel junction voltage V. is 11.58mV [2, 9, 10]. It is considered that the
probability of error change P,,, =10712 and tunnel resistsnce R, = 10°Q. After calculation we obtain a gate
delay equal to 0.062|In(P,,o- )|ns = 1.71ns. In this way, we can calculate the circuit delays listed in Table-9.
Just when an electron passes through the tunnel junction, the amount of total energy in the circuit alters after
the tunneling events. The difference between the energy levels before and after the tunneling event is found as
[9]

AE = Ebefore tunnel — Eafter tunnel

— —e(VC al |V]|) .......................... (14)

and it is the switching energy being consumed at the time of a tunnel event occurring in the tunneling circuit.
We have drawn curves as regards the switching delay as a function of the switching error probability in Fig. 14(a) and
the switching delay as a function of the unit capacitance C depicted in Fig. 14(b).
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0e+00 2e-12 4e-12 6e-12 8e-12 1e-11 0e+00 2e-17 4e-17 Ge-17 8e-17 1e-16

error Probability junction capacitance

Fig. 14(a) Delay vs. Error Probability Fig. 14(b) Delay Vs. capacitance

We have computed the element numbers for each type of gates or circuits, their switching delays, and switching
energy consumptions for their corresponding LTGs (using the same methodology as adopted for the Boolean
gates). All the parameters found out are shown in tabular form in Table-9. Next, we have listed the delays for
some gates, Full adder and BCD adder in Table-10.

The switching delays for different logic gates and circuits are different. For instance, for 2-input OR, the
switching delay is 0.062|In( P.;--,-)| s, for a 3-input AND gate it is 0.104|In(P,,,.r) | ns, for full adder it is
0.134|In( P,jror)| Ns[1,2,3,8] ,and for BCD adder it is 0.476|In( P,,--o)| NS. Given that the value of P, =
10712, so the time after which the 1% output of the bit binary-cum BCD adder will fan out is 0.476|In( Bsyror)|
ns =13.14 ns. i.e., after every 13.14 ns, the next output bit will be taken from the adder circuit. Hence, the
clock time/duration of the clock signal should be more than or equal to 13.14 ns provided synchronization is
essential. In this situation, the speed of the binary-cum BCD adder will be 1/13.14 ns = 76.1MHz.
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Table-9
Gate/Device elements Delay Switching

Energy
inverter 09 elements 0.022|In(P,;roy) | NS 10.4 meV
2-input NOR 14 elements 0.072]In( Poyror )l NS 10.7 meV
2-input OR 14 elements 0.062]In( P,,.,,)| NS 10.8 meV
2-input NAND 14 elements 0.080[In(Pyror) INS 10.7 meV
2-input AND 14 elements 0.062|In(P.or) INS 10.8 meV
3-input AND 28 elements 0.104{In(Pyror) | NS 21.6 meV
3-input NAND 28 elements 0.072|In(P1or) | NS 21.4 meV
2-input XOR 20 elements 0.102[In( P,y0r)| NS 21.2 meV
3-input OR 28 elements 0.104In(Pyror) | NS 21.6 meV
4-input OR 42 elements 0.104]In(P.ror) | NS 32.4 meV
4-input AND 42 elements 0.104{In(Pyror) | NS 32.4 meV
RS Flip-flop 24 elements 0.082|In(P.;ror) | NS 21.2 meV
T Flip-flop 23 elements 0.082|In(P.;ror) | NS 21.1 meV
Carry C1 14 elements 0.062[In( P,yror)| NS 10.8 meV
Full adder 29 elements 0.134|In( Pyyror)| NS 54.0 meV
Binary-cum 296 elements 0.476|In( Pyyror)| NS 151.2 meV
BCD adder

We have a feeling of interest in comparing the circuit delays of CMOS, SET-based and LTG-based. The switching delay
for a CMOS logic gate like AND, NAND, NOR, XOR is 12ns [14, 15], whereas the time required for tunneling through
a single electron transistor (SET) [1- 4] will be approximately 4ns [2, 3, 4, 5, 14,15].

Table-10
Switching delays of SET and LTG
Gate/Device SET-based LTG-based o o _?Eg SET and LTG Delays
0 o
delay delay
inverter 8 0.60ns &
2-input NOR 4 1.67ns -
2-input OR 4 1.71ns i 2
2-input NAND 4 2.21ns e
2-input AND 4 1.71ns = o
3-input AND 8 2.87ns = 7
3-input NAND 8 1.98ns
2-input XOR 4 2.81ns
3-input OR 8 2.87ns ]
4-input OR 12 2.87ns
4-input AND 12 2.87ns o
RS Flip-flop 8 2.26ns . -
T Flip-flo 8 2.26ns 88898 98852880558
p-1iop ; § =X T XRLLITT ASBS
Carry C1 4 1.71ns EEa-S 88 T H88s 5 8apn
CEFERRIESSES5 U388
Full adder 8 3.70 ns LVNELS §LM VTS S
[a¥] (1%
Binary—ggm BCD 28 13.14ns Fig.15 Delay comparison of SET and LTG
adder

Assuming, the error probability is 10712 then the delay for the 3-input OR gate will be 2.87ns and similarly the delays
for the other gates can be calculated and they are all listed in Table-10. It is observed to us that the LTG based circuit is
faster than the SET based circuit when P,,,.,,=10712,

9. Conclusion

In this present work, we discussed in regard to how an electron tunnels through and an inverter. A generic Linear
Threshold logic Gate implementation has been elaborately discussed in respect of its construction and from which we
have been able to derive logic gates like 2-input AND, 3-input OR, Full Adder etc. All the gates along with Full Adder
have been implemented and are verified by simulation using SIMON. The number of elements (like capacitors, tunnel
junction) requiring for logic gates, and other circuits, their switching /processing delays, power consumed by them are
listed in tabular form and their respective curves are also given in the adjacent figures. By means of threshold logic
equations some TLG gates have been depicted in appropriate places. For the case of single electron tunneling technology,
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we have seen that the threshold logic gates based circuits are at least 2-times faster than SET based logic gates. The
binary-cum BCD Adder circuit we have implemented is verified by simulation and the result which we got from is
correct. Naturally, the temperature should be kept at OK in real operation during the execution time.
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