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An 8-Bit Full-Adder Implementation Using
Single Electron Tunneling (SET) Technology
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Abstract:  Single Electron Tunneling (SET) devices have come to be considered as promising
candidates for future ultra-low power and high-density integrated circuits. Their potential for ultra-low
power is related to that the operation is based on only few electrons. The term Single Electron
Tunneling {(SET) technology has been selected for devices sensitive to the manipulation of a single
electron even if the device itself requires in fact few electrons. Besides, SET provides simple and

clegant solution for implemcnting Threshold Logic Gates (TLGs).

This paper presents a SET TLG one-bit full-adder implemented in SET technology. The paper then
introduces the design and implementation of an 8-bit SET TLG full-adder and presents its SIMON 2

simulation results.
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1 Introduction

Semiconductor Industry  Association's
(SIA's) 2003 International Technology
Roadmap for Semiconductors (ITRS)
introduced new technologies that may
extend MOSFETs to the 22nm node (9nm
physical gate length) by 2016 [1]. The
10nm gate fength is labeled the CMOS
showstopper region, where fundamental
limitations are reached and new
phenomena have to be dealt with [2]. It is
generally accepted than sooner or later
other emerging nanotechnologies will
share CMOS in modern semiconductor
industry. These new devices take
advantage of the quantum mechanical
phenomena that emerge at nanometer
scale geometrics [2]. One of these
promising technologies is the Single
Electron Tunneling (SET) technology.

The SET technology is distinguished by a
very small device size and ultra-low
power dissipation. Thesc two propertics
promise to allow large density integration
without exceeding the power density
physical limits [2]. While promising for
helping to solve the power consumption
challenge, SET is expected to be sensitive
to variations and to background charge
[3]. Such problems might be tackled by
using fault-tolerant designs; while the low
gain of SET devices suggest that they
should be combined with CMOS [4].

An electron can tunnel through an
insulator if the distance between the
conductors is small enough. A metal-

insulator-metal structure is called a single-

electron tunneling junction. Due to this
layout a SET junction can be modeled as a
capacitor, when no tunnel events occur.
SET circuits are centered on the SET
tunnel junction, through which individual
electrons can be transported in a
controlled matter. Also, SET provides
simple and elegant solution for
implementing linear Threshold Logic
Gates (TLGs) [4]. Our research focuses on
the implementation of logic functions in
SET technology using TLGs. One of these

logic circuits is the full adder circuit. The
remainder of this ‘paper is organized as
follows: Section 2 briefly presents the
background material about the TLG and
the static buffer. Section 3 describes full
adder threshold implementation. Single-
electron threshold 1ogic full-adder is
described in Section 4. Section 5-presents
multi-bit threshold full-adder and the
SIMON 2 simulation results of an 8-bit
SET TLG full-adder. :

2 The Threshold Logic Gate and
The Static Buffer

The Threshold Logic Gate (TLG) is the
simplest artificial neuron which computes
the sign of the weighted sum of its inputs
and compares this sum with a threshold
value. If the sum is larger than the
threshold, the TLG outputs a one,
otherwise the output will be zero.
Mathematically, a TLG implements a
function,

A
f(x,,..., x6)= sign[z WX, —9], )

4=l

where 1w; is the weight associated with x;, 8
is the threshold, and A is the fan-in [6].

A majority gate (MAJ) is a special TLG
having unity weights (w; =w; = .. =wy=
1) and a threshold equals to half the
number of weights (8 = A/2, where
A=2k+1: k is any integer > [).

A
MAJ (xl,..., ’-',;)= sign[z w,x, -—A12}, )

=1

In practice, the integer threshold @ is
reduced by 0.5 to improve on the noise
margins. Also, TLG will be represented by
the series of its weights and practical
threshold (w).... wa; 8- 0.5), while a MAJ
gate is represented by (1, 1, ..., 1; A/2-0.5)
{4].

TLG can be used as a basis for
implementing Boolean logic gate [5]. The
individual gates operate correctly in
simulations but strong feedback effects
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occur in networks of these gates, due to
this behavior the buffer is required in order
to reduce the sensitivity of these gates to
the feedback effects which occur in a
network.

The static inverting buffer consists of two
SET transistors attached to a single load
capacitor as shown in figure 1. The circuit
operates as follows. If the input V; = 0
and the total charge on node n2 is 0, the
upper SET transistor removes 1 electron
from the output node n2 , resulting in the
output V, ="1" If the input V; =’1' and an
electron has been removed from the output
node n2, the lower SET transistor adds one
electron 1o node n2, resulting in the output
Vo="0".

Fig. 1. SIMON 2 schematic for the static
inverting buffer.

3 The Full-Adder Threshold Logic
Implementation

The Full Adder (FA) is a basic artthmetic
block which has three inputs: the addend A
(1-b precision), the augend B (l-b
precision), and the camy-in Cy; and two
outputs: the sum S and the carry-out C,.
An established method for computing S
and C, is

S=(4®B&C,) (3)
C, =(AAB)V(AAC)V(BAC) 4)

where we have used the following
notation: A for logic AND, v for logic OR,
and @ for logic XOR, while x * will
represent the complement of a signal x.

To implement adders using TLGs, the sum
and carry functions should be linearly
separable. The carry does satisfy this
condttion, and be written as

C, = sign{d+B+C,~1.5) (5)

which is a MAJ function. On the other
hand, the sum function as expressed in (3)
is not linearly separable. However, it can
be represented in a linearly separable from
by writing it in terms of both the carry-in
(C,)) and carry —out (C,).

S=(4 ABACIVIC, *A(4Av Bv ()] (6)
which can be written as:
S = sign(4+ B+C,-0.5) (7)

By simple and algebra. the negative weight
can be made positive (by inverting the
associated input and modifying the
threshold [6]), hence the function can be
written as

S = sign(- A* —B* -C, *+2C, * ~(-0.5)) (8)

A simple procedure to obtain the threshold
equations (7) and (8) is as follows:

« Equation (6) is written in a simplified

sum —of — product from :
§=(4nBAC)V(C, *Ad)V(C,* AB)
vic,* AC)

e If A, B, and C; are assigned a weight
of 1, C,* should be assigned a weight
of 2 to make all the product terms
equivalent, This weight can be
negative (using C,) or positive (using
C,*). Hence the threshold equation
becomes;

S = sign{A+B+C,~2C,*-01) or
S=(-A*-B*-C *+2C,*-62)

(See eq. (1) for the definition of a threshold

function).
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¢ To determinate the threshold & and &,
two weight maps in addition to the

Karnaugh map are created. This is

illustrated in Fig. 2.

o In the K-map (Fig. 2(a)), don’t care
(D) symbols are assigned to all the
impossible combinations of A, B, C,,
and C, .

o The weight map in Fig. 2(b) shows
the weighted sum of inputs using a
negative weight: 4 + B + C; -2C,.

o The weight map in Fig. 2(c) shows
the weighted sum of inputs using a
positive weight : -4* -B* -C;*

+20,*

¢ Comparing each of the two weight maps

with the K-map, it is clear that: '

o In Fig. 2(b) logic 0 corresponds to 0
and logic 1 corresponds to 1, hence
the threshold 6= 0.5.

o In Fig. 2(c) Jogic 0 corresponds to -1
while logiclconeéponds to 0, hence

the threshold &= -0.5.

4 1-bit Single Electron Threshold
Full-Adder

Single-electron threshold FA was proposed
by Lageweg e al, [6]. This FA consists of
two TLGs with a buffer for each one of
them (Fig.3 (a)). The sum function is
implemented by a (-1, -1, -1, 2, -0.5)
TLG, and the carry is implemented by a
MAJ. Figure 3 (b) shows the (-1, -1, ~1, 2,

-0.5) TLG. 1t consists of one single-electron

junction and five input and bias capacitors.
The input signals V,, V,, V3 are weighted
by their corresponding capacitors C and
subtracted from the voltage across the

junction.

The input signals V4 is weighted by 2C
and added to the voltage across the
junction (1.e. implementing a negative
weight). The bias voltage ¥, weighted by
the capacitor Cp is based to adjust the
threshold. This FA structure (including two
static buffers) uses 10 tunneling junctions
and 21 capacitors. The values used for
simulations are Cye = Cys = 11.25 aF for
both TLGs and C, = 4.23 aF for both
buffers. The other parameters are C, = 0.5
aF, Cj; = Cy = 0.1 aF, Cj, = Cj3 = 0.5 aF,
Co=9aF, Rj=100KQ,C =9 aF, Vs =16
mV and an operating temperature T = 0K.
SIMON ([7] schematic for threshold FA is
shown in Fig. 4. The input signals 4 B ,
and C; used in this simulation, is shown in
Fig. 5 (a), where the voltage levels (0 mV
and 16 mV). The § output is shown in Fig.

5 (b).

5 Design and Simulation of an 8-
Bit Threshold Full-Adder

In this section, the design and simulation
of the 1-bit Single-electron threshold FA
(presented in section IV) are extended to
multi-bit full-adder. On the design side,
considering future large scale logic circuit,

it is important to design them in a way that
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Figure 2. Mapping of a Baolean function to a threshold function (a) K-map of the Boolean function § =
(AAB AACYVCHFAa) v (T Ab)vIC*AC)(b) Weight map showing the sum of weights £ +
B + € -2C,. (¢) Weight map showing the sum of weights -4* - 8* -, * +2C,*,
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Fig. 3. (a) Threshold logic Full Adder. (b) Threshold logic gate (TLG).
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Fig. 4. SIMON schematic for Threshold logic FA.
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Fig. 5. SIMON 2 Simulation results for the

SET threshold full-adder.

takes full advantape of SET. TLGs are
good candidates for reducing the number
of SET elements of the circuit, hence they
are considered for this adder design. On
the simulation side, this section presents
the simulation results. for 8-bit threshold
adder. Multi-bit adder can be constructed
by combining full adders in a cascade
configuration {by chaining the carry out of
one full adder into the carry in of the full
adder for the next bit) as shown in Fig. 6.
Each full-adder block in Fig. 6, is the
Threshold logic FA shown in Fig. 4.

The circuit parameters used in this
simulation are the same parameters used in
section IV, except the value of the positive

weight capacitor for sum gate (C™), any
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Fig. 6. The Multi-bit full adder.

value in the range 2C< C™< 3C can be
used in the design, hence C™ = 1.2 aF was
used in this design, where C = 0.5 aF. The
SIMON 2 simulation results for the 8-bit
full-adder are displayed in Fig. 7. All the
simulation results are shown in Table I,
which provides the carry out results of

each stage.

5 Conclusions

In this paper, the background material
about the TLG and the static buffer (added
to overcome feedback effects which appear
in SET networks) was presented. A 1-bit
TLG FA ..was presented using SET
technology. This FA consists of two TLGs
with a static buffer added after each TLG.
Finally, the design and SIMON 2
simulation results of an 8-bit SET TLG FA

were introduced.

References

[1] T. Skotnicki, et al., "The End of CMOS
Scaling: Toward the Introduction of New
Materials and Structural Changes to
Improve MOSFET Performance, " IEEE
Circuits and Devices Magazine, Vol. 21,
No. 1, 2005, pp. 16-26.



Mansoura Engineering Journal, (MEJ), Vol. 32, No. 2, June 2007. F. 83

et
LS ¥ O A

i 0

LI K S TR}
Time

_—

oo

Fig. 7. "SIMON 2 Simulation results for

the 8-bit SET threshold full-adder.

[

[2) S. Mahapatra and A. M. lonescuy,
"Hybrid CMOS Single-Electron-Transistor
Device and Circuit Design," Artech House
Inc., 2006.

[3] K. K. Likharev, “Electronics below 10
nm,” in Nano and Giga Challenges in
Microelectronics, [Online]  Available:
http://pavel.physics.sunysb.edu/~likharev/p
ersonal/NanoGiga.pdf

[4] M. Sulieman and V. Beiu, “On Single-
Electron Technology Full Adders, IEEE
Trans, Nanotechnology, vol. 4, no. 6,
November 2005.

{5] C. Lageweg and S. Cotofana and S.
Vassiliadis. A Linear Threshold  Gate
Implementation in  Single  Electron
Technology. In IEEE Computer Society
Workshop on VLSI, pp. 93-98, April
2001.

[6] C. Lageweg, S. D. Cotofana, and S.
Vassiliadis, “A full adder implementation
using SET based linear threshold gates,” in
Proc. Int. Conf Electronics, Circuits, and
Systems, pp. 665-668, September 2002.

[7] C. Wasshuber, H. Kosina, and S.
Selberherr, “SIMON: A simulator for
single-electron  tunnel  devices  and
circuits,” 1EEE Trans. Computer Aided
Design, vol. 16, no. 9, pp. 937-944,
September 1997.

TABLE |
Teuth Table of Simulation Results for the 8- bit Threshold Full-Adder
Col Al B[Se!]S |8:]8;!s, LS-‘ sel sl lalclelclc!lelc
ojojolojololojo]O0lO0o]OjoO|O]O|O[O [0 |O0]OD
ool v |yttt i{1r{ololojoloelOolO|O
oyt ol vty vttty ojojojojo|o|0]|o0
ot jtJo 11y prprprl
(1 [ofloltlololof{olololololololojolofo]o
rfoltjolofjojojojololoflr |t 1)1 |11 ]1]1
1lrjolololololololoflol|l |1 {1 |1 |1 L|1]1
U 1 T T T T (T Y T O T O R A




