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Abstract:- For low cost, low power consumption, high operating
speed, and high integration density-based electronic goods are
economically indispensable in business, engineering, science
and technology in the present era. Single Electron tunneling is
one such approach by which all the logic gates can be
implemented. Single Electron tunneling devices (SEDs) and
Linear Threshold Gates (LTGs) have the capabilities of
controlling the transport of only an electron through a tunnel
junction. A single electron which has the charge sufficient to
store information in a SED in the atmosphere of OK. Power
being consumed in the single electron tunneling circuits is very
low comparing the (CMOS) circuits. The speed of the
processing of LTG based device will be very close to electronic
speed. The single-electron transistor (SET) and LTG 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 LTG-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 a state transition
diagram for a pipeline unit, LTG would be a best candidate to
fulfill the necessities requiring for its implementation. As far as
Ultra-low noise is concerned, LTG based circuit would be a
best selection for implementing the desired tunneling circuits.
Different LTGs, a D-Flip-flop, a 2:1 multiplexer are
implemented, and above all, a state transition circuit for a
pipeline is implemented also.

Key words: State transition, Electron-tunneling, Coulomb-
blockade, pipeline, linear threshold gate

1.INTRODUCTION

We are interested in constructing a state transition diagram
for a pipeline unit which can provide us with collision or
collision free transition for latency m ( m is an integer
number). Our intention for doing so is to utilize the electron
tunneling phenomena through the SET as there is very ultra-
low power being consumed for a single electron while
tunneling. For the purpose of the implementing of a state
transition diagram circuit, one can take advantages of SET
and other one can take that of LTG. In the present situation
we will accept the second case i.e. using LTG a state
transition diagram will be presented. The logic gates
required to construct “State transition diagram for a pipeline
unit” are being OR, AND, NAND. In addition to them (i)
combinational circuits like 2:1 multiplexers and (ii)
sequential circuits like D Flip-flops will be necessary. All of
them will be described step by step and their comparative
studies will be shown in due places.

2. TUNNEL JUNCTION AND SINGLE ELECTRON
TRANSISTOR

A tunnel junction is made up of two conducting materials
and a thin insulating barrier between them. The tunnel
junction must have a capacitance C and a resistance R;. The
conducting electrodes of the tunnel junction will be a
superconducting or semiconducting material. When we are
considering them as superconducting, electron(s) having one
elementary charge (1.60217662 x 10°2° Coulombs) carry the
current through the junction.

We have the knowledge that current can’t flow through the
insulating barrier as it creates a barrier against the movement
of an electron in the case of classical electrodynamics,
whereas for the case of quantum mechanics, there must be a
positive possibility that when an electron residing in one side
of the barrier of the insulator in order to reach the another
side of it, the electron to which the bias or input voltages are
supplied can go to the other electrode. If bias voltage greater
than the threshold voltage is applied properly, there will be
a current flow. Avoiding other effects, the current will be
following in proportion to the bias voltage applied as per the
first-order—approximation-tunneling process. In electrical
terms, a tunnel junction, of course, have a constant resistance
R value relying on its barrier thickness a shown in Fig 1(a).
When the two conducting materials are connected with an
insulating layer between them together, there will also have
a capacitance in the junction. In this context, the insulator
represents itself as dielectric and two conducting plates with
dielectric forms a capacitor C in the tunnel junction. For the
discrete nature of electric charge in the tunneling
phenomenon, current following through a tunnel junction is
discontinuous i.e., a series of events in which merely one
electron will be able to pass or tunnel through the tunnel
junction at a particular time. Owing to the single electron
tunneling through the junction, the tunnel capacitance is
charged with an elementary charge (1.60217662 x 10
19 Coulombs) developed a voltage according to the relation
%4 =§, where C=tunnel junction capacitance. When the

capacitance of the tunnel junction is ultra-small in order of
0(10718), the voltage building up in the tunnel junction will
be adequate to prevent another electron(s) to tunnel through.
We will be able to suppress electrical current when the bias
voltage being applied is lower than the voltage created in the
tunnel junction, as a result, the resistance of the device will
no longer remain constant. The increment of the differential
resistance of the tunnel junction around zero bias is said to
be the Coulomb blockade [1, 10, 13, 15].
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Fig.1 (a) Tunnel Junction

The principle of single-electron technology [1, 2, 3, 4, 8] is
developed on the basis of the single electron tunneling
events as well as Coulomb blockade. Single electron
tunneling circuits can be taken as a promising candidate for
future VLSI circuits for its ultra-low power consumption,
ultra-small size, reducing node capability, high integration
density and rich functionality.
Drain
R1, C4 1

=4
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Source
Fig.1 (b) Single Electron Transistor

A (SET) [2, 3, 5] made up of two tunnel junctions t, and t,
and having their capacitances €, and C,with their
resistances R; and R, respectively, two other capacitors C,
and Cy4, are shown in Fig. 1(b). They shares only a common
inland bearing a low capacitance. The electric potential of
the island can be tuned in (i.e., increased or decreased) by a
third electrode, called gate, and the gate is being coupled to
the island through a capacitor C,;. An extra capacitance Cg4
which is intentionally connected to the island for the purpose
of manipulating the gate voltage (input). The drain, source
and gate voltages may be marked by V,, V; and 1}
respectively. For proper operations of a SET, both of the
resistances Ry, and R, should be greater than R,= h/e 2~
25.8 KQ and charging energy Ec=e?/2C [where C = C; +
C,+C4 + C4q] should necessarily be greater than thermal

2
fluctuations KT, i.e, E; = :—C > kT, the product of the

Boltzmann constant, k(1.380649x1072 joule /K) , and the
temperature, T in Kelvin.

3. AN INVERTER & SYMBOL

For a stable operation and output, an inverter is unavoidable
for the logic gate family of TLG and this is why we have
described the architecture and the arrangement of its
different components. The inverter [1, 7] is made up of two
SETSs connected in series as depicted in Fig. 2(a). Two input
voltages (V;, and V) of the same values are directly
coupled to the islands of the SET1 and SET2 through two
physical capacitances C; and C, respectively. The island of
each of the SET1 and SET2 has a size smaller than 10 nm
of gold and their capacitances should be less than 10 F,

The output terminal V;, is directly connected to the common
channel of the two SETSs and to the ground via a capacitor
C,, to put down charging effects.

Vin—>0—Vo

(b)
Fig.2 (a) an Inverter, (b) Symbol

The operation of the inverter can be described like this: -
when the bias voltage V,, is properly applied, the output V,

of the inverter will be high (logical 1) when the input voltage
Vi 1s low and V, value will be low (logical 0) when the
input voltage is high. How does it happen? We set the
voltages for Vy; = 0 and V,, =16mV along with the
tuning gate voltages, at present, V;, both for SET1 and
SET2. Now if V, is logical 0, the SET1 is in conduction
mode and the SET2 is in Coulomb blockade. This results the
output being connected to bias voltage ¥, and causes the
output voltage to be high. Coulomb blockade works against
the steady flow of current because as soon as the high
voltage (logic 1) is applied to the input, it causes to shift the
induced charge on each of the islands of the two SETSs by a
fraction of the charge of an electron and keeps the SET1 in
Coulomb blockade and the SET2 in conducting mode.
Eventually, the output changes from high to low.

For the inverter, the parameters values chosen for the
simulation are: V,; =0, Vg2=0.1x% , €, =9C, t, = %C,
t;=3C, t;=5C t;==C, € =3CC=5CCp =
%C and Cg, = 14—7C, R1 =R2=100KQ. For simulation
purposes, the value of C is taken to be 1aF.

Cg=0.5aF
Ch=4.25aF
cj=1aF
Rj=100K
Vs=16mV

Fig. 2(c) Inverter
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Fig.2 (d) Simulation result of Inverter

In this work, the Boolean logic inputs corresponding to the
voltages are taken as: logic “0” =0 Volts and logic
“17=0.1% %

We assume, for simulation purposes, C=1aF then Logic

-19
e 0.1x 22210 20,1 x 1.602 x 1072 =16.02 X
1x10

1073 =16.02 = 16 mV.

4. Multiple input threshold logic gate

b
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Fig. 3 Multiple input TLG

A multiple input threshold logic gate [1, 5, 6, 7, 14] consists
of a tunnel junction having capacitance C; and resistance R;,
two multiple inputs connected at points ‘p’ and ‘q’. Each
input voltage V7, for the top left side is connected to point
“q” through the capacitor Cfand each input voltage V", for
the bottom left side is connected to point “p” through the
capacitor C*. Bias voltage V, is connected to point “b”

h(X)= Z;cl=1(Wk X xk) 2 e (2)

where x;, being the n Boolean inputs and wy, being their
corresponding n integer weights.

The LTG compares the weighted sum of the inputs
Yr=1(wy X x; ) with the threshold value 8. If the value of
the weighted sum is being greater than the threshold or
critical voltage value then the logic output of the LTG will
be high (logical “1”), otherwise it will be logical “0”.

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
v, vEvE, ..., VE) are weighted by their corresponding
vector capacitances (Cf,Cf,CF,...,cf) and added to the
junction voltage, V;. Whereas, the input signal vector
elements (V*,V3', V3, ...,V) are weighted by their
corresponding vector capacitances (C7*, C}, CY, ..., 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 V,, 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 g as shown in Fig. 3.

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

CZP = C, + ZE:l Cll: .................................................. (3)
Cg = Co + 2{1:1 Cln 444444444444444444444444444444444444444444444444 (4)
Cr = CEC} + CECE + C]CE .................................... (5)

When we are considering all voltage sources in Fig. 3 to be
connected to ground, the circuit can be considered as three
capacitors namely, CZP, C3 and C;, connected in series,. Here,
Cy is thought of the sum of all 2-term products of these three
capacitances.

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 perspective of tunnel junction, we can
measure the critical voltage[1,6,7] for the tunnel junction as

through a capacitor C, as well. Point “p” is grounded v, = - c-ec AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA (6)
through a capacitor C,, . This multiple input TLG can also be ©; +e")
termed as a Junction-Capacitor (C-J) circuit. Using the v = ST T (CElICEN
Junction-Capacitor circuit we will be able to implement the €+ Ze” vl
LTG being presented by the sgn function of h(x) expressed = = —
by equations (1) and (2). 2C; + (Cy) * (Gy)

0, if h(x) <O ' (C§+C§)

’ L x ,,,,,,,,,,,,
809 = senth(o) = { ;1) S @
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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.

If the junction voltage is less than the critical voltage i.e.
[V;| <V, , no tunneling events through the tunnel junction
happen. As a result, the tunneling circuit stays in a
stable state.

Theoretically, the thresholds are being integer numbers. And
the threshold logic equations for two input logic AND, OR,
NAND and NOR gates can be expressed [6] as follows.

AND(P,Q) = Sgn{P +Q— 2} ............ (9)
OR(P,Q) = Sgn{P +Q - 1} ............... (10)
NAND(P, Q) = Sgn{—P — Q + 2} ...... (11)
NOR(P,Q) =Sgn{—P—Q +1} ......... (12)

If the threshold "0" equals to "i "(i being an integer value),
this implies that the gates perform their functions correctly
for any value in the range [i —1 < 6 < i ]. For the purpose
of maximizing robustness for variations in parameter values,
the threshold value 6 =i can be replaced by the
average 6 = i — 0.5. As aresult, we will be able to express
the threshold logic equations for the two-input AND, OR,
NAND and NOR gates as below:

AND(P: Q) = Sgn{P + Q — 15} ......... (13)
OR(P,Q) = sgn{P +Q — 0.5} (14)
NAND(P,Q) = sgn{—P — Q + 1.5} - (15)
NOR(P,Q) = sgn{—P — Q + 0.5} (16)

The threshold gate-based implementations of the Boolean
Logic gates have the same basic circuit topology will be
drawn in the subsequent sections. The threshold gates
consist of a bias capacitance C,,, a tunnel junction
capacitance C; , and an output capacitance C, and they are
connected in series. The AND and OR gates contain two
input capacitors CY and C5 . For both the AND and OR
gates, the two input capacitances are CY = C5 = 0.5C for
positively weighted inputs. On the contrary, for the NAND
and NOR gates, two capacitors bearing the values C}' =
C% = 0.5C for negatively weighted inputs.

Each threshold gates is augmented with an inverter/buffer
for stable output. The logic function done by the buffered
threshold gate is being the complement of “which is done by
the threshold gate itself”. For instance, a buffered NAND
gate implements the AND function. For the rest of our
discussion, when we are referring to a logic function such as
AND, we enforce that the logic function totally performed
by the entire gate (i.e., threshold gate plus an output buffer).

The parameters used for the constructing elements and
simulations of different gates like AND, OR, NAND and
NOR gates and other combinational or sequential circuits
are given in Table-1 [6,7].

Table-1
TLG 2-inout | 2-inout 2-inout 2-inout 3-inout
AND OR NAND NOR OR

Cp 10.6C 11.7C 13.2C 11.7C 11.8C

Co 8C 8C 9C 9C 7.8C

ct - - 0.5C 0.5C 0.4C

ch - - 0.5C 0.5C -

ct 0.5C 0.5C - - 0.5C

c? 0.5C 0.5C - - -

G 0.1C 0.1C 0.1C 0.1C 0.1C
Cq1 0.5C 0.5C 0.5C 0.5C 0.5C
= ng
C, 0.1C 0.1C 0.1C 0.1C 0.1C
=C,

C, 0.5C 0.5C 0.5C 0.5C 0.5C
=C,

(o 4.25C 4.25C 4.25C 4.25C 4.25C
=C,

(o) 9C 9C 9C 9C 9C
logic0=0V, logicl= 16mV, R;= 10°%Q, C;=0.1aF, other
capacitance values are in terms of C, where C = 1aF

5. OR GATE

To implement a state transition pipeline circuit some logic
gates are essential, one of them is an OR gate.

For implementing the OR gate we shall use the
parametersC* = C}=0.5aF,C; = 11.7aF, Cy =
Cp2 = 4.25aF, C;y = C; = 0.5aF, C, =
9aF,C, = 8aF, R=10°Q, V, = 16mV in Fig.4(a)
and accordingly after running the simulator the output

we get is given in Fig. 4(b).
C1=C2=0.5aF
C3=11.7aF
v Cj=0.1aF
Ri=100K
Cch Cyg=0.5aF

Cb=4.25aF
ﬂi Vs=16mV
Vo
ch
% W

Fig. 4(a) OR gate

[ ! A=)
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e
Same Scana | cose |

Fig. 4(b) simulation result of OR gate

6. AND GATE
Another logic gate named “AND gate” is invariantly
required to implement the state transition pipeline circuit
unit. For the purpose of implementing the AND gate we
need to use the parameters C* = C}=0.5aF, C,; =
Cp, = 4.25aF, Cyy = Cp = 0.5aF, C, =
9aF,C; = 10.6aF, C, = 8aF, R;=10° Qin Fig.
5(a) and accordingly after running the simulator the
output we get is given in Fig. 5(b).

C1=C2=0.5aF
C3=10.6aF
Cj=0.1aF
Rj=100K
Cg=0.5aF
Ch=4.25aF
Vs=16mV

==

Vo

Fig. 5(a) AND Gate

0.0 07 -

oo Yoo7 =
[

Fig. 5(b) input-output of AND gate

7. NAND GATE

One universal logic gate categorically named as NAND gate
must be required to implement desired state transition
pipeline circuit in this paper. To implement the NAND gate,
we will use the parameters CF = cL=0.5aF, €, =
Cp, = 4.25aF, Cy = Cj = 0.5aF, C, = (3=
13.2aF,C, = 9aF,C, = 8aF, R;=10° Q in Fig. 6(a)
and accordingly after running the simulator the output
we get is given in Fig. 6(b).

|- sions: simutaion Rasaitn CIE[x]

Fig.6 (@) NAND Gate (b) Input A

B

. - [o]x]

) Results

" SIMON: Simulation Results. H|i=]]
uz
0.02

u3
0.02

0.0 108 0.0 108
time )

Same Scaling | Close | e g | T |

Fig.6 (c) input B (d)Simulation result of NAND

8. DESIGN OF D-FLIP-FLOP USING LOGIC GATE
The flip-flop is a sequential circuit used for storing
information with the help of two stable states either “0” state
or “1” state. To construct a shift register, one type of Flip-
flop--a D Flip flop, will be needed. A classical D Flip-flop is
made up of four NAND gates and one inverter shown in Fig.
7(a). There are two inputs- D input and Clock signal input,
and two outputs- Q and Q. The input output relationship of
the D Flip-flop is shown in the Table-2.

D

Q

Y

—

Fig. 7(a) Diagram of D-flip flop

Ol

D
>

Table-2
Truth table
Clock D Q
0 Oorl | NoChange
AL 0 0
4L 1 1

The pattern of the D Flip-flop drawn in Fig. 7(a), will be
necessary in the case of implementing a D Flip-flop with the
help of LTG based NAND and a buffer/ inverter shown in
Fig. 2(a) or 2(c).

The same parameters indicated for the case of a NAND and
an inverter will also be used in the LTG-based D Flip-flop.
The output is provided with the positive edged trigger of the
clock pulses. The implemented D Flip-flop required for our
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desired state transition pipeline circuit unit is depicted in Fig.
8(a).

The Fig. 8(a) given below is a D Flip-flop implemented by
LTG logic gates and its input and output signals shown in
the Fig. 8(b) through 8(e) are the D-Flip-flop input signal,
Clock signal, output of the Q and output of Q respectively.

faree ey
C3-1a2F

Fig. 8 (a) D Flip-flop using one buffer and four

NAND gate based on LTG
[T STMON: Stmulaiion Result O e ] il =

ud u3
0.02 0.02

0.0 105
00 105 time

thine
Same Scaling Close | e Souing, |

(c) (e)
Fig. 8(b) D input (c) clock signal
(d) output of Q and (e) output of Q

9. 2x1 MULTIPLEXER

A multiplexer is a selection or control circuit that selects one
input from many inputs with the assistance of control line(s).
The simplest multiplexer is a 2:1 Multiplexer which is drawn
on the basis of LTG-based AND and OR gates. The input
output simulation relationships of a 2:1 Multiplexer are
being depicted in Fig. 9(b) through 9(e). This multiplexer
needs to be made for our state transition circuit.

Fig. 9(a) A 2:1 Multiplexer

O S Iation fesu = OO Sion: SmutationResstis |- [D)x|
w w“
0.02 0.02
B
0.0 10s
e 00 PE 108
Same Scaling Close Same Scaling Close I
(b) (c)
> SIMON: Simulation Results O XIS -1 alluze aolislumic :HOMIC | |
u3. o
002 0.0
0. 200 00 =
0.0 e 10s omitt
Same Scaling | Close 5201 | onilso2 oms2
(d) (e)

Fig. 9(b) input A (c) input B (d) control (e) output

10. ADYNAMIC PIPELINE AND ITS RESERVATION
TABLE
The feedback and feedforward connections shown in the
Fig. 10(a) make the scheduling of successive events into the
pipeline a nontrivial task. By this connection we can take
output not only from the last stage but can take from other
stages also. From the different dataflow patterns, we can use
the same pipeline for evaluating different functions like X

and Y.
L L
,| 81 | 82 | 83
Input l_) ]
Qutput ¥ Qutput X

Fig. 10(a) A dynamic pipeline
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The pipeline is really very interesting as nonlinear patterns
are being followed there. A static pipeline is specified by a
single reservation table whereas a dynamic pipeline can be
specified by more than one reservation table [17]. Two
reservation tables for the dynamic pipeline are drawn in Fig.
10(b) and 10(c) corresponding to a function X and a function
Y.

— time

1 2 3 4 5 6

1| X X

Stages 82 X

53 X X X

Fig. 10(b) Reservation table for function X

— time

1| Y hd A4
Stages g2 Y Y
s3 Y Y Y

Fig. 10(c) Reservation table for function X

Two state diagrams we have obtained from the two
Reservation tables are given in Fig. 10(d) and 10(e). A state
diagram is obtained for the reservation table in Fig. 10(c) by
using a 7-bit shift resister and another state diagram can be
obtained for the reservation table given in Fig. 10(b) by
using a 4-bit shift resister. The process of making state
transition diagram is given in sections 13 and 14.

©

1011010
8+ % \R 8+

1111111 1011011

Fig. 10(d) State diagram for function Y

5+ 5+

1011

Fig. 10(e) State diagram for function X
11. TERMINOLOGIES OF LATENCY ANALYSIS

(i) Collision: Number of time units or clock cycles
necessary between two initiations for a pipeline is
considered as the Latency between the initiations. The
value of the Latency is a non-negative integer number. A
Latency of p indicates that two initiations are separated by p
clock cycles associated with the same reservation table. Any
attempts by two or more initiations to use the same stage
(like S;) of the pipeline at the same time will make a
Collision.

(ii) Forbidden latencies: A collision implies that
resource conflicts happening between two initiations in
the same pipeline. Alert is necessary so that all collisions can
be avoided in scheduling a sequence of pipeline initiations.
Some of the latencies causes collisions but some doesn’t.
Latencies which are responsible for causing collisions are
called Forbidden latencies. Noted that to detect a
forbidden latency, we need to investigate the distance
between any two checkmarks in a row of the reservation
table. For example, in the first row (stage 1) of the
reservation table in Fig.10(c), the distances between column
1 and 6, between column 6 and 8 are 5 and 2 respectively,
so the latencies 5 and 2 are forbidden.

12. COLLISION-FREE SCHEDULING STEPS

A transparent method for identifying collision free latencies
finds out the possible issue sequences and this will be
presented in this section. These sequences are termed as
state transitions. This transparent method is discussed in
the following four steps:

(i) Stepl: We compile a list of issue latencies responsible

8 7 6 5 4 3 2 1
Collision vector=(1,0,1,1,0,0,0,1)

for causing collisions in each row of the reservation
table. To do this, an example with a reservation table
is given in Fig.11.

We must investigate the column distances between any two
cross marks (x) in the same row.

In stage-1(first row) of the reservation table having column
distance between two cross marks (x) equalsto (9 — 1) =
8.
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So, there is a collision with an issue latency = 8. The
latencies causing the collisions are presented below.
Stage-1: 8
Stage-2:1 5 6
Stage-3: 0
Stage-4; 1
Stage-5: 1
time —
1 2 3 4 5 6 7 8 9

XX X

«— Stage
4 T T R L R
>

XX

Fig.11 A reservation table having 5 stages & 9
Phases

(i) Step 2: From the reservation table, forbidden list are
collected by taking the set of all non-zero row
forbidden latencies.

So the forbidden listis = (1, 5, 6, 8)

This list informs us that new issues can be constructed
without collisions for the latencies of 2,3.5,7,9%. It
is noted that ‘+” indicates any latency greater than that
number considered. 9* means the integer number 9
and the integer numbers greater than 9.

(iif) Step-3: For the case of initial state, a collision vector
is made up of the forbidden list. The vector is read
from the right to left by using ‘1’ for collision and ‘0’
for collision-free. Noted that the last non-forbidden
latency of 9 is avoided in the collision vector.

In the collision vector, the rightmost element is ‘1’ as
1 indicates a collision, 2, 3 and 4 are not in the
forbidden state , so we put the 0, 0 and O for the
positions of 2", 3 and 4™ in the collision vector. In
the same manner, in positions 5™, 6™ and 8™ we put 1,
1 and 1. For the 7™ position we set 0.

(iv) Step-4: State transition diagram to be drawn

The collision vector we have gotisV=(1011000
1). The transitions from the vector are 2, 3, 4, 7 and 9%.
To get the next state collision vector, the present state
collision vector is shifted rightward for each transition.
Then the shifted collision vector is ORed with the
initial collision vector, as a result we get a new
collision state vector.

13. Permissible and forbidden latencies

From the collision vector discussed above we can make a
state Diagram that specifies the permissible state transitions
among successive initiations. The collision vector Cy =
(C,,Cp_q,...,Cy, Cy) corresponds to the initial vector of the
pipeline at time 1 and this is why it is said to be an

initial collision. We assume that p is permissible latency
intherange {1,2,3,....., m — 1}i.e, 1< p < (m—1).

The next state we are considering for the pipeline attime t +
p is obtained with the help of an m-bit shift register given in
the Fig. 13(b). The initial collision vector is now stored into
the resistor. The resistor is then shifted towards right. Every
one-bit shift towards right corresponds to an increase of the
latency by 1. When a “0” exits from the right end after p
shifts, it indicates that p is a permissible latency. In the
same manner, for a “1” being shifted out from the right end
tells us a collision, and thus the corresponding latency will
be forbidden. For an example, we consider an initial
collision vector (1 011 0 1 0) and after right shifting the
permissible and forbidden latencies are depicted in Fig. 12
below.

1011010 1 Shift 1011010 5 Shift
01011010 e 00000101 coliision
OR Wf Permissible OR1011010

1011010 6 Shift
0000001 0_ Permissible

OR 1011011

1011010 2 Shift
0010110
OR1011110

=Y

Collision

1011010 3 Shift
00010110 Pemmissible

1011010 7 Shift
OR 1011011

00000001 coliision
OR 1011010

1011010 4 gpit
000010111 -
————— Collision

OoR1011111

Fig. 12 Permissible or Collision after right shifting
14. State Diagrams

The Fig. 13(a) and 13(b) are the same logic circuits. First
one is made up of CMOS gates and the second one is of
LTGs. Initially there is no state stored in the shift register.
So the initial value of (d,,,d,_1,...,d,,d;) is taken to be
(0, 0, ..., 0, 0).When the initial collision vector
(Cp,Cp_q,...,Cy,Cy) is passed through the OR gates with
0,0, ..., 0, 0), we get the same output of OR gates as the
collision vector is. And this vector Cy is loaded in the shift

register if we set Shift/ Load -0 and apply a positive edged
trigger clock pulse. The register is then shifted towards right
1 bit. We know a 1-bit shift represents an increase in the
latency by 1. Similarly a two-bit shift corresponds to an
increase in the latency by 2 and so forth. In this shifting
process when a 0(zero) imerges from the right end i.e. at the
output terminal d, after p-shifts, it indicates that pis a
permissible latency. In the same way, while a 1(one)
imerging from the right end i.e. at the output terminal d,
after p-shifts, it means a collision and the corresponding
latency p is treated as forbidden.

In the Fig. 13(b), if Shift/Load=1 and positive triggered
clock pulses are applied, the logical Os enter from the left
end of the register and is loaded into the register. what will
be the next state after p number of Os shifting towards right?
This is obtained by bitwise ORing the initial collision vector
(C,,Cph_q1, ..., Cy, Cy) with the shifted register contents. For
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instance, the initial collision vector we assumed to be = (1 0
110 10) and which will really be the shift register’s
contents. After 1 right shift the contents of the shift register
willbe =(0101101). These two vectors are bit-wise ORed
and we have the next state (111111 1). After 2 shift, 4
shift, 5 shift, 7 shift there will be collision states.

€, ) = mnitial collision
| ...... vector
==
0

Shift / Load

Clock
I ]

L 1] [ [ollj
Shift \ ~/
Register | | 7T

...... —»."0" save
"1" collision
( d, dpy oo d, dl)

Fig. 13 (a) A new collision-state-creating unit

( Cn Cn-1 .............. CZ C1 ) =Initi$|ea(t>}|:ision
| —
A B A B A B A B
OR OR | e OR OR
0 Fig 5(a) Fig 5(a) Fig_5(a) Fig. 5(a)
shitioad | | | | | |
(Selection) [sel A B Sel A B Sel A B Sel A B
2:1 MUX 2:1 MUX 2:1 MUX 2:1 MUX
Fig. 9(a) Fig 9a) | | 77 Fig. 9(a) Fig. 9(a)
Clock [ [ | |
D D D D
‘_FID.T[&) ‘_FID.T[&) ‘_Flu T(a)| ‘_FID.T[&)
Q a Q Q Q
[ [0 save
1 Collision
(dn dn.1 dy di)

Fig. 13 (b) A new collision-state-creating unit
based on LTG

With the help of diagram, drawn in the Fig. 13(b) as well as
Fig. 13(a) we will be able to explain the creation of initial
and new state diagram. Taking n=8 in the general initial
collision vector V = (C,,,Cy—4, ---,C, Cy), we have from
reservation table in Fig. 11

V= (Cg,Cy,C4,Cs,Cy,Cs,Cy,Cr)
=(10110001).
Initially all the register values are 0s, i.e.
D=(dg,d; dg,ds,dy,ds,dy,dy)
=(00000000)

These two vectors are bitwise ORed by the topmost level OR
gate circuits in Fig.13(b) and we get the same values as
vector V=(10110001). The three input terminals in the

left hand side for Fig. 13(b) are O-input, Shift/Load anq

Clock signal. If we set “0” in the terminal Shift/ Load then
all the second level circuits which are 2:1 Multiplexers select
the outputs of all the OR gates, not select the ‘O-input’. The
outputs of all the 2:1 Multiplexers are being present at input
terminals of all the D Flip-flops. At this time we apply first
positive clock and all the data present at the input side of D
Flip-flops will enter into the Flip-flops and their output will
be D =(dg,d;, dg,ds, dy ,ds,d,,d)=(10110001).

Next step if we set ‘1 in the terminal Shift/ Load  then the
‘0’ is selected by the leftmost 2:1 Multiplexer and other
Multiplexers, from 2" left to rightmost one, will select the
values from (dg ,d, dg,ds,d, ,d5,d,)=(1011000).

Now if a clock pulse is applied, the output of the register will
be (01011000), i.e. one right shift happens. This shifted
vector is automatically ORed with the initial collision
vector. Depending upon the value of the transition, we apply
the clock pulses and get the required state transition from the
output of the OR gates.

We can take two right shift as there is one out-transition =2.

So after setting Shift/Load -1 two clock pulses are
applied to get the new transition state V, from the OR gates.

10110001
BitwiseoR 00101100
10111101

V,=(10111101)

We can repeat the process for the transitions 3, 4, 7, and
9% as well. For the case of out-transition 3, we apply
another clock pulse and take the output from OR gates and
get Vs,

10110001
BitwizeOR 00010110
10110111

V;=(10110111)
In the same way for the next transition 4, 7 and 9%, we apply
the clock 4-, 7-, 9- and more pulses and obtain the next state
transitions V, , V,, V,, respectively from OR gates.
V,=(10111011)
V,=(10110001)
Vo, =(10110001)
As we have obtained all the next transition states, we are
ready to draw an initial state transition diagram (STD)
[Fig.13 (c)] based on these next transition states i.e, V5, V,,
V, and Vs, .
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10110111| [10111101| [10111011

10110001 10110001 10111011
00010110 00101100 00001011
101101411 140111101 10111011

Fig. 13(c) An initial state diagram

With the help of the Fig. 13(b) and the next state transitions
V,, Vs, Vy, V;, Vg, , we can find all the new transition states
and can draw the “complete transition state diagram” as
shown in Fig. 13(d).

E
4

Fig. 13(d) complete transition state diagram

15. DISCUSSION

We are interested in determining the processing delay of any
logic gates, combinational and sequential circuits based on
the LTG gates. To find out the delay of a logic gate we must
involve critical voltage V. given in equations (6) and (7), as
well as the tunnel junction capacitance C; . However, we
assume at T = OK, the switching/processing delay of a logic
gate can be calculated using the approach [7, 8].

dEIay:_(elln (Perror )lRt) / ( |V]| =) (17)
where V; is the junction voltage and V; is the critical
(threshold) voltage

The slowest switching happens whenever the critical voltage
V. has the value lesser than the tunnel junction voltage V;,
i.e., V. <|V; |, but very close to it. This must happen, for
example when only V;,,; is logic 1, resulting V; =11.8mV for
the case of a 2-input NOR gate, the critical voltage of the
tunnel junction voltage V. is 11.58mV. It is considered that
the probability of error change P, =10712, R, = 105Q.
We obtain a gate delay equal to 0.07281|In (P, )|NS =
1.675 ns. In the same manner, we are capable of calculating
the circuit delays written in Table-2. When a charge tunnels
through the tunnel junction, the amount of total energy in the
circuit changes before and after the tunneling. So the

difference between the energies before and after the
tunneling event is calculated by the relation

AE = Ebefore tunnel — Eafter tunnel
= —e (Ve — V) (18)
and it is the amount of switching energy consumed when a
tunnel event occurs in the tunneling circuit.

We have drawn curves regarding 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
which is shown in Fig. 14(b).

2.15e-08 2.25e-09
I

delay time(sec)

2.05e-09

T T T T T T
Oe+00 2e-12 4e-12 Ge-12 8e-12 1e-11

1.95e-09

error Probability

Fig. 14(a) Delay vs. Error Probability

delay time(sec)
3e-09 de-08  5e-09

2e-09

1e-09

Qe+00
!

T T T T T T
Oe+00 2e-17 4e-17 Ge-17 8e-17 1e-16

junction capacitance
Fig. 14 (b) Delay Vs. capacitance

We have found out the area/element numbers for every case
of gates, its switching delay, and switching energy
consumption for the corresponding individual linear
threshold gate (using the same methodology as adopted for
the Boolean gates). The switching power vs. area/ element
diagram regarding our present LTG based circuits is shown
in Fig. 15.

Next, we have calculated those parameters for state
transition circuits and that are presented in Table-2.
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In the Fig.13(b), time delays for the phase-1 is
0.340|In(P,;ro7)Ins, for phase-2 is 0.5|In(P,;0r)| Ns, for
phase-3 is 0.66|In(P,,-,,-)| ns, for phase-4 is .82|In(Pyror)|
ns, ... and for phase-n is (0.340+0.160%x (n —
D)IN(R,0-)INS. With the assistance of the data taken from
table-2, the processing/ switching delay of a State transition
diagram of a pipeline unit having phases n is (0.340+0.160x
(n — D)IN(P.ror-)INs. We have discussed about collision
vector above having number of vector elements equal to 8.
Given that the value of P,,..,, equals to 10719, so the time
after which the 8™ bit of the register content will emerge
from the pipeline unit is
(0.340+0.160% (8 — 1))[IN(P.;r0r-)| NS=26.13ns.

We are to determine the clock pulse duration and it is
determined by the maximum delay of an OR gate or a 2:1
Multiplexer or a D Flip-flop. From the Table-2 we are able
to get their delays and the maximum delay of them is ( T,,,45)
is given by

Tmax = Max{ 0.102[In( Feyroy)|, 0.124{In(Feyro7)l,
0.160]In( Ferror )}

Z8.88TNG v (19)
Table-2
Gate Area Delay Switching
(elements) Energy
meV

inverter 09 0.022|In(Peyrgr) | 10.4
2-input 14 0.072/10( Payror)| 10.7
NOR
2-input OR 14 0.062/10( Payroy)| 10.8
2-input 14 0.080/l0(Pyror) | 10.7
NAND
2-input 14 0.062/I0(Porror) | 10.8
AND
2-input 20 0.102[10( Papror)| 212
XOR
2:1 Mux 42 0.124(10(Pyrror) | 324
D Flip-flop 76 0.160/0( Paprop)| 63.8
One column
of state 132 0.340(10(Pyypor) | 107.0
Transition
For n-phase | 132xn | (0.340+0.160(n — 1)) | 107Xn
pipeline Xn(Porror)|

5 single phasen of pipeline e

a -

=2
< o
3 8-
E
=
g
8_ 2 4 P85 Fiipfiop
o
£
=
=}
=
2 o
) I -

by 2N
o |
™~ P yor
MV OR, NOR, AND, NAND
p-1
T T T T T T
20 40 60 80 100 120

area/ elements
Fig. 15. Switching power vs. area/ element

Therefore the clock cycle time should be at least 8.887ns.
So the last 8™ bit output will emerge after 26.13ns. If we
consider the Fib. 13(b) as a pipeline system,

then after every clock pulse of time 8.887ns one output will
emerge from terminal d; in Fig. 13(b). If the value of nis a
big number then output rate or frequency of the pipeline will
be

f~ 1

~ 26.13ns

= 38.27MHzZ e (20)

16. SWITCHING DELAYS OF LTG AND SET

The time delay/processing delay for a CMOS logic gate like
NAND, NOR, XOR is 12ns [20], whereas the time required
for tunneling through a single electron transistor (SET) is
approximately 4ns [4, 5, 16, 18]. The XOR gate using
conventional logic circuits requires 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 in lieu of 16. Given that error probability is 10715 then the
delay for the inverter will be 2.3025ns and similarly the
other delays for the other gates can be calculated and are
shown in Table-3. It is clear that the LTG based circuit is
faster than the SET based circuit when P,,,.,,,.=10715. The
comparison of delays for SET and LTG gate based circuits
is drawn by a bar diagram in Fig.16.

Table-3

Circuit name | SET Circuit | TLG based TLG based
delay(ns) circuit delays (ns) delays when
Borror= 107t
Inverter 4x2=8 0.022|In( oo ) | 23ns
NAND gate | 4x4=16 0.080[In( Py prgy) | 276 ns
OR gate 4w 1=4 0.062|In{ P.pyor )l 214 ns
XOR gate Ax1=4 0.102/1n{ By, por )| 35ns
D-Fhip-flop 16> 2=32 0.342|In( P.rror ) 11.81 ns
2:1 MUX 12 0.124In(E. .00 ) | 4.28ns
single state 132 0.340|In(Peprgrr) | 11.74ns
transition
pipeline
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Delay Comparison Between TLG and SET
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W
8
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o
m
=S
5 ¥
=
(V7]
- ]
o™~
NE-- | L = |

Inv NAND OR XOR D-FF 2:1MUX State

TLG gate baesd circuit
Fig.16 Delay comparison of SET and LTG

17. CONCLUSION

How an electron tunnels through a single electron transistor
and an inverter is discussed at first. A generic Linear
Threshold logic Gate implementation is elaborately
discussed and from which we have been able to derive a
family of logic gates like AND, NAND, OR. All the gates
along with a 2:1 Multiplexer and a D Flip-flop have been
implemented and are verified by means of simulation using
SIMON. The number of elements for logic gates, their
delays, power consumed by them are given in a tabular form
and their related curves or bar diagram are also given in the
annexed figures. By dint of all these LTG gates being
required as well as an inverter, a pipeline circuit called “new
collision-state-creating unit based on LTG” having n-stages,
has been presented. With the help of this pipeline circuit we
have been able to draw the state transition diagrams. In
single electron tunneling technology, it is observed that the
logic gates are at least 3 times faster than CMOS based logic
gates. The atmosphere temperature is kept very close to 0K
in real operation.
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