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ABSTRACT

This paper describes a SPICE model development method-
ology for Quantum-Dot Cellular Automata (QCA) cells and
presents a SPICE model for QCA cells. The model is val-
idated by simulating the basic logic gates such as inverter
and majority voter. A full-adder is designed with QCA cells
using the SPICE model as a test vehicle and the function is
verified successfully. The proposed model makes it possible
to design and simulate QCA combinational circuits and hy-
brid circuits of QCA and other NANO devices using SPICE.
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1. INTRODUCTION

Since CMOS technology is approaching its physical limi-
tation below 65nm, it is extremely difficult to maintain the
current trend of feature size scaling down. Novel materials
and technologies have been extensively researched or devel-
oped at nano-scale to replace conventional VLSI technology.
Among them, QCA plays an important role. The feature
size of the basic QCA cell can achieve few nanometers by
molecular implementation at room temperature[2]. In an
abstract way, a basic QCA cell can be considered consist-
ing of four quantum dots located at the four corners of a
square array and coupled by tunnel barriers. Electrons can
travel between the adjacent corners by tunnelling through
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the barriers in a cell, but can’t leave it. If there are two
extra electrons bounded in a cell, they must be forced to
locate on the opposite corners of the cell due to Coulomb
repulsion in ground states. Consequently, these two ground
states can be used to represent logic ”0” and ”1” as shown
in Fig 1(a).

Based on basic QCA cells, [3] [5] [7] have demonstrated and
designed QCA majority voter, inverter, and more compli-
cated circuits such as 12-bit microprocessor. CAD tools for
QCA circuits design are essential for real application and
further research. QCADesigner is a QCA layout and simu-
lation tool developed by ATIPS laboratory [1]. This software
can be used to draw QCA layout with basic cells and do logic
simulation, however, it uses a bottom-up design methodol-
ogy which is not efficient for large circuits design. Further-
more, it is not compatible with the traditional CMOS design
software, therefore it is unsuitable for QCA and CMOS or
other NANO technology co-design. In this paper, a method
to develop SPICE model of QCA cells is presented. This
model facilitates circuit designers to achieve very accurate
simulations on QCA circuits.

2. SPICE MODEL OF QCA CELL

Our SPICE model is based on the experimental verifica-
tion on the behavior of QCA cells[4][5]. As shown in Fig
1(b), a possible realization of basic QCA cell consists of two
series-connected metal dots separated by tunnelling barri-
ers and capacitively coupled to the second pair of identical
double dots based on existing technology[4]. Since the left
half part and the right half part of a QCA cell are exactly
symmetrical, the model for the half-QCA cell is built first,
and then two of them can be combined together to develop
the whole QCA cell model. The schematic diagram of the
simplified half-QCA cell is shown in Fig 1(c). The two
black dots represent two quantum dots and T1 is a tunnel
junction. Electrons are able to tunnel between the islands
through the tunnel junction T1 but can’t leave these two
islands.

The electrostatic energy to move an electron from one is-
land ¢ to another island j is given by [8]:

AE = —e(vj —v;) + (C;; ' = 205" + C;;He* /2, (1)

where C}; is the total capacitance of island j, Cj; is the to-
tal capacitance of island ¢, C;; is the negative capacitance
between the island ¢ and j, v; and v; are the voltages on
island i and j before the electron has tunnelled from node 4
to node j. If one island contains k extra electrons, the state
transition process is a birth-and-death Markov chain. The
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Figure 1: (a)Two ground-state polarizations of basic
four-dot QCA cell (b)Two-junction realization of the
quantum cellular automata (c)A schematic diagram
of the half-QCA cell
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probability that one island holds k electrons, pg, is given
by pr = pkfl/\ﬁgﬂ where A\, and p are transistion rates
from one state to another state. In a simple case, there is
only one extra electron in one pair of quantum dots. There-
fore, only two states of the transition exist, one state is the
extra electron trapped in island i and the other state is is-
land j holding the extra electron. Therefore, the following
expression is obtained:

(2)

where I'j_,; is the tunnel rate for an electron tunnelling from
island j to island ¢. Pj—q,;j—p represents the probability that
node i holds a electrons while node j has b electrons(a, b
can be either 0 or 1). The tunnel rate is formulated based
on the orthodox theory and given by [8]:

AE
Ry (eAE/kBT — 1)

Pi—1 ;—0l'ij = Pi—o j=11'j—,

I'(AE) = (3)
where Rt is the tunnel resistance, kg is Boltzmann’s con-
stant, T is temperature, and AF is the energy difference cal-
culated from Equation 1. There can be one to three voltage
sources connected to each island depending on the place-
ment of other QCA cells around this QCA cell, and Cim(m
from 1 to 3) is the corresponding input capacitance for each
input with voltage source Vi, of island . For the particular
model shown in Fig 1, the following equations are obtained
using the simple electrostatics:

Em‘/imcim + ‘/j:OCTl — €

Ve = o @)

Vieo = Zm VimCim + Vi=1Cr1 )
Cs

Vi1 = Em Vim Cjm gSVi:OCN —e€ (6)

Vi—o = vajmcjrg’: Vi=1Cr1 ' )

Solving the above four equations, the following equations
are obtained:

(E‘/zmczm - 6)05 + (E‘/jmcjm)CTl

Vis = T2, ®
Vo = (SVim Cim — 2?_1 g%(lzv;mcjm)cs o
Vio = (zvimcim)csc g (_zggcjm —e)Cry (10)
Vi = (EvmCM,L)CTClg_(iZ”LCﬁH —a)Cs
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where V;—; is the voltage of node ¢ with the extra electron
and Vi—o is the voltage of node i with no extra electron.
Cs is the total capacitance of node ¢ and j. It is assumed
that the total capacitances of island ¢ and j are the same.
Cr1 is the capacitance of tunnel junction T'1. According to
Equation 1, the change in energy when an electron tunnels
from node 7 to j is given by

AE;; = —e(Vj—o—Vie1)+(C5 4205 +C5 e /2. (12)

Similarly, the change in energy when an electron tunnels
from node j to i is

AEji = —e(Vieo—Vj=1)+(C5 ' +2C3, +C5')e’ /2. (13)

Now, the tunnel rate I';_,; and I';_.; can be calculated. Be-
cause Pij—1 j—0 + Pi=0,j=1 = 1, the value of Pi—; j—o and
P;—o,j—1 are obtained as following:

F .
Py o _ —J=r 14
1=1,5=0 Fjﬂi T+ Fiﬂj ( )
I‘. .
Pieo e $7 15
=0t Pjoi +Tisy (15)
and the average voltages of island ¢ and j are given by
Vi Pi—1,j=0Vi=1 + Pi=o0,j=1Vi=o (16)
V; = Pi—o,j=1Vj=1 + Pi=1,j=0Vj=o0. (17)

Therefore, two voltage sources Vs1 = Vg2 = (V; — Vj)/2 are
used with the internal resistance Rri to replace the tunnel

junction in SPICE macro model as shown in Fig 2(a). In
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Figure 2: (a)The SPICE model of QCA cell (b)The
voltage sources corresponding to the polarizations
of input QCA cells

the figure, C;, is the capacitance between the QCA cells
and C; is the capacitance between two pairs of QCA dots.
The node connecting two voltage sources Vg1 and Vsa is
grounded. Therefore, the voltage of node i equals to Vsi
and the voltage of node j equals to —Vs2. As shown in
Fig 2(b), the polarizations of QCA cells correspond to the
different voltages of node i and j. When the polarization
state is 70”7, V; is positive and Vj is negative; while the state
is 717, V; is negative and Vj is positive. The signs of voltage
Vi and V; are always opposite to each other. The voltages
of node i and node j change from negative to positive or
positive to negative depending on the polarization of QCA
cells as shown in Fig 2(b).

3. BASIC QCA GATES

Basic QCA gates or components such as QCA wire, ma-
jority voter and inverter can be built based on the SPICE
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Figure 3: QCA wire:(a)QCA wire composed of a
chain of QCA cell (b)The SPICE model of a QCA

wire

posed of a chain of QCA cells as shown in Fig 3(a). The
polarization of the output QCA cell changes from ”1” to
70" following the polarization transition of the input QCA
cell. That is, the signal can transmit through a QCA wire.
Majority voter is a basic logic gate in QCA circuits as shown
in Fig 4(a). The polarization states of the cells on the top
(cell B), left (cell A) and bottom (cell C) are fixed while the
center cell (cell D) is free to react to the fixed charges[7]. In
the actual circuits implementation, the polarization states of
cell D’s three neighbors would not be fixed; they would be
driven by other QCA cells. The output waveform is shown in
Fig 4(c) with the logic sequence of 00101110. The polariza-
tion of the center QCA cell depends on the value of voltage
V(D1) and V(D2) (V(D1) = =V (D2)). If V(D1) > 0, the
polarization state of this QCA cell is ”0”, otherwise the state
of this QCA cell is ”1”. The function of the majority vot-
ing logic can be expressed in terms of fundamental Boolean
operators as:

M(A,B,C) = AB + BC + AC. (18)

When any one of the three inputs is fixed to one, it performs
OR operation; while any one of the three inputs is fixed
to zero, it performs AND operation. Using the standard
QCA inverter as shown in Fig 5(a), OR gate and AND
gate, any combinational circuits can be built. There is an
alternative structure of QCA inverter as shown in Fig 5(b).
This inverter structure uses less cells comparing with the
inverter structure shown in Fig 5(a). However this structure
will complicate the layout of QCA circuits.

4. QCA CIRCUITSDESIGN

Using the basic QCA cells verified in last section, any com-
binational QCA circuits can be designed. However, even for
a small circuit like full adder, we have to set four-clock zones
to make it work correctly. There are four clock phases of the
QCA cells [3]: switch phase, hold phase, release phase, relax
phase. During the switch phase, the inter-dot potential bar-
riers are raised from low to high and the QCA cells become
polarized according to the state of their driver. During the
hold phase, the barriers are held high enough to suppress any
electron tunneling, and the states of QCA cells are fixed. In
the release phase, barriers switch from high to low and cells
relax to an unpolarized state. During the relax phase, cell
barriers remain low and QCA cells keep in the unpolarized
state[6]. Therefore, the circuit can be divided into several
clocking zones and all of the cells within a clocking zone are
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Figure 4: The majority voting gate: (a) The ma-
jority voting logic cell, (b) Corresponding SPICE
model and the figure below (a) and (b) shows SPICE
simulation results (the X-axis is time and the Y-axis
is voltage of the output cell v(out))

in the same phase at the same time. ”Signal” can be passed
from one clock zone to an adjacent clock zone with a phase
shift of 45 degrees. Consequently, the clock frequency deter-
mines the delay of the whole circuit and pipelining can be
easily implemented. A QCA full-adder is designed to test
and verify our SPICE model. Using the majority function,
the QCA addition algorithm is obtained as following [9]:

Cout MV(CL,b, Cin)
Cout = MV(CL, b7 C’in)
S = Mv(my CinyMV(a’7 bvm))y

where MV (a,b,c) stands for majority voting of signal a, b,
c. Based on this algorithm, one-bit QCA full-adder can be
implemented using three majority gates and two inverters
as illustrated in Fig 6. The alternative inverter structure
as shown in Fig 5(a) is used to design the full-adder.

Fig 7 shows the QCA adder layout Both QCADesigner
and HSPICE are used to verify the function. Fig 8 illus-
trates the simulated waveforms. The results from QCADe-
signer and HSPICE are similar, however the waveforms from
QCADesigner shows the polarization of the output QCA
cells while the outputs of HSPICE show the actual voltages
of the output QCA cells. In HSPICE simulation results,
V' > 0 means that the polarization of the output cell is ”0”
while V' < 0 means the state of the QCA cell is ”1”. There-
fore, as shown in Fig 8, the results of sum are in the logic
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implementation made by QCA cells (b) An alterna-
tive structure of QCA inverter

A B Cin

Figure 6: One-bit QCA full-adder

sequence of 01101001 and the results of Coy+ are in the logic
sequence of 00010111.

5. CONCLUSIONS

In this paper, SPICE model for QCA cell is proposed,
which is the first effort to develop macro SPICE modelling
of QCA cells. This model is based on experimental demon-
strations of QCA cells and the knowledge of single electron
tunnelling. The functions of full-adder and majority voter
are verified in SPICE using the proposed model. This model
makes it possible to build combinational QCA circuits using
HSPICE and to verify their functions, which enables de-
signers to develop top-down design process of QCA digital
circuits similar to the traditional CMOS design flow.
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Figure 7: Layout of the one-bit QCA adder

Simulation Results

Wave “*simulate the full-adder based on qca cells using proposed gca.
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Figure 8: The Simulation Results: the top wave-
forms are from QCADesigner, the bottom figures
are from HSPICE



