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Design metal-dot based QCA circuits using SPICE model
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Abstract

This paper proposes a SPICE model development methodology for quantum-dot cellular automata (QCA) cells and presents a SPICE model for

QCA cells. The model is validated by simulating the basic logic gates such as inverter and majority voter. The proposed model makes it possible to

design and simulate QCA combinational circuits and hybrid circuits of QCA and other NANO devices using SPICE. In the second half part of the

paper, SET and QCA co-design methodology is proposed and SET is used as a readout interface of the QCA cell array. The SET and QCA hybrid

circuit is a promising nano-scale solution.

q 2006 Elsevier Ltd. All rights reserved.

Keywords: QCA modeling; QCA circuits simulation in HSPICE

1991 MSC: 00-Axx

PACS: 07.05.Tp; 85.35.Gv; 84.30.Kr; 73.23.Hk
T

P
87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107
NCORREC

1. Introduction

With continuously scaling of CMOS technology below

100 nm, problems such as ultrathin gate leakage and doping

fluctuations arise and result in increasing of failure density and

power density level. These issues will finally block the future

down-scaling of CMOS process. Novel materials and technol-

ogies have been extensively researched or developed at nano-

scale to replace conventional lithography basedVLSI technology

in recent years. These emerging technologies include SET (single

electron device), RTD (resonant tunneling devices), nano-tube,

nano-wire and QCA (quantum-dot cellular automata). Among

them, QCA plays an important role not only because it provides a

solution to build circuits at nano-scale, but also offers a new

methodology of computation and information transformation.

The feature size of the basic QCA cell can be as small as few

nanometers by molecular implementation at a room temperature

[1]. In an abstract way, a basic QCA cell can be considered

consisting of four quantum dots located at the four corners of a

square array and coupled by tunnel barriers. Electrons can travel
U
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ED between the adjacent corners by tunneling through the barriers in

a cell, and high inter-cell barriers suppress the electrons to tunnel

out of a cell. 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 the logic ‘0’ and ‘1’ as

shown in Fig. 1. Based on basic QCA cells, [2–5] have

demonstrated and designed QCA wires, QCA majority voter,

inverter, and more complicated circuits such as full-adder,

H-memory structure, and 12-bit microprocessor. In recent years,

digital circuits design usually needs millions of logic gates.

Therefore, for the actual application and further research, CAD

tools for QCA circuits design are essential. QCADesigner is a

QCA layout and simulation tool developed by ATIPS laboratory

[6]. This simulator uses the nonlinear approximation for

determining the polarization of cells [7]. This software can be

used to drawQCA layoutwith basic cells and do logic simulation,

however it uses a bottom-up design methodology which is not

efficient for large circuits design. Furthermore, it is not

compatible with traditional CMOS design softwares and there-

fore it is unsuitable for QCA and CMOS or other NANO

technology co-design. HSPICE is a popular and accurate

simulator for traditional CMOS circuits design. This paper is

organized as follows: QCA SPICE behavioral model is deduced

in Section 2 based on metal-dot based physical implementation.

Section 3 illustrates the basic QCA gates simulation using
Microelectronics Journal xx (xxxx) 1–7
www.elsevier.com/locate/mejo
114
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“0” “1”

Fig. 1. Two ground-state polarizations of basic four-dot QCA cell.
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Fig. 3. The state transition diagram of the birth-and-death process.
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HSPICE. Section 4 introduces QCA and SET co-design

methodology and Section 5 concludes the paper.
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2. QCA cell SPICE model

Researchers have fulfilled many experiments to demonstrate

the behavior of QCA cells [4,8,9,14]. In these experiments, the

‘push–pull’ signal (the sign of the voltage on one input dot is

opposite to the one on another input dot) [14] is used to polarize

the input dots and the polarization direction of the output dots

is detected by measuring the output voltages using voltage

meters. Our SPICE model is based on those experimental

verifications on the behavior of QCA cells. As shown in Fig. 2,

a possible realization of a basic QCA cell consists of two

series-connected metal dots separated by tunneling barriers and

capacitively coupled to the second pair of identical double dots

based on existing technology [14]. Since the left half and the

right half 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. 2(b). The two black dots represent two quantum dots and

T1 is a tunneling junction. Electrons are able to tunnel between

the islands through the tunneling junction T1 but cannot leave

these two islands [11]. The electrostatic energy to move an

electron from one island i to another island j is given by [15]

DEZKeðvjKviÞC ðCK1
ii K2CK1

ij CCK1
jj Þe

2=2; (1)

where Cii, Cjj and Cij are capacitances of nodes i and j with

respect to ground, and the capacitance between them. vi and vj
are the voltages on island i and j before the electron has
UNCORR

Fig. 2. (a) Two-junction realization of a quantum cellular automata. (b) A

schematic diagram of a half-QCA cell.
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tunneled from node i to node j. If a state k is defined in terms

of k extra electrons on the quantum island, the state transition

process of single electron tunneling is modeled by the

birth-and-death Markov chain as shown in Fig. 3. According

to steady-state probabilities and global balance equations

pk Z pkK1

lkK1

mk

; (2)

where pk is the probability that one island holding k electrons

and lk is the transition rate from state k to state kC1 and mk is

the transition rate from state k to state kK1. In a simple case,

there is only one extra electron in one pair of quantum dots.

Therefore, only two states exist. One state is the extra electron

trapped in island i and the other state is island j holding the

extra electron. Hence, the following expression is obtained

PiZ1;jZ0Gi/j ZPiZ0;jZ1Gj/i; (3)

where Gj/i is the tunnel rate for an electron tunneling from

island j to island i. PiZa,jZb represents the probability that node

i holding 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 [12] and given by [15]

GðDEÞZ
DE

e2RTðe
DE=kBTK1Þ

; (4)

whereRT is the tunnel resistance, kB is Boltzmann’s constant, T is

temperature, andDE is the energy difference calculated from Eq.

(1). There can be one to three voltage sources connected to each

island depending on the placement of otherQCAcells around this

QCA cell, and Cim (m from 1 to 3) is the corresponding input

capacitance for each input with voltage source Vim of island i.

According to the model shown in Fig. 2, the following equations

can be obtained using the simple electrostatics

ViZ1 Z
SmVimCimCVjZ0CT1Ke

CS

; (5)

ViZ0 Z
SmVimCimCVjZ1CT1

CS

; (6)

VjZ1 Z
SmVjmCjmCViZ0CT1Ke

CS

; (7)

VjZ0 Z
SmVjmCjmCViZ1CT1

CS

; (8)

where ViZ1 is the voltage of node i with the extra electron and

ViZ0 is the voltage of node iwith no extra electron.CS is the total

capacitance of node i and j.We assume that the total capacitances



T

PROOF

Fig. 4. (a) The model of QCA cell in SPICE. (b) The equivalent voltage sources correspond to the polarizations of QCA cells.
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of island i and j are the same. CT1 is the capacitance of tunneling

junction T1. Solving the above four equations, the voltages of

island i and j can be expressed as follows:

ViZ1 Z
ðSVimCimKeÞCS C ðSVjmCjmÞCT1

C2
SKC2

T1

; (9)

VjZ0 Z
ðSVimCimKeÞCT1 C ðSVjmCjmÞCS

C2
SKC2

T1

; (10)

ViZ0 Z
ðSVimCimÞCS C ðSVjmCjmKeÞCT1

C2
SKC2

T1

; (11)
UNCOR
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Fig. 5. QCA wire: (a) QCA wire composed of a chain o
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VjZ1 Z

ðSVimCimÞCT1 C ðSVjmCjmKeÞCS

C2
SKC2

T1

: (12)

From Eq. (1), the changes in energy when an electron tunnels

from node i to j and from node j to i are:

DEi/j ZKeðVjZ0KViZ1ÞC ðCK1
S C2CK1

T1 CCK1
S Þe2=2; (13)

DEj/i ZKeðViZ0KVjZ1ÞC ðCK1
S C2CK1

T1 CCK1
S Þe2=2: (14)

Accordingly, the tunnel rate Gj/i and Gi/j can be deduced

based on Eq. (1). Because PiZ1;jZ0CPiZ0;jZ1Z1, from Eq. (3),
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PiZ1,jZ0 and PiZ0,jZ1 can be expressed as:

PiZ1;jZ0 Z
Gj/i

Gj/i CGi/j

; (15)

PiZ0;jZ1 Z
Gi/j

Gj/i CGi/j

: (16)

And the average voltages of island i and j are given by:

Vi ZPiZ1;jZ0ViZ1 CPiZ0;jZ1ViZ0; (17)

Vj ZPiZ0;jZ1VjZ1 CPiZ1;jZ0VjZ0: (18)
UNCORRECT
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Fig. 6. The majority voting gate: (a) The majority voting gate composed of three

input cells and one output cell. (b) The corresponding SPICEmodel of the output

cell (Cell D). (c) SPICE simulation results of this majority voter, the X-axis is the

time, theY-axis of the upperfigure is the node voltage of the output cell v(out1) and

the Y-axis of the lower figure is the node voltage of the output cell v(out2).
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Therefore, to the next half cell, the two islands of the current

half cell can be considered as two voltage controlled voltage

sources VS1ZVS2Z ðViKVjÞ=2 as shown in Fig. 4(a). In the

figure,Cin is the capacitance between the QCA cells and Ci is the

capacitance between twopairs ofQCAdots. Thenode connecting

two voltage sources VS1 and VS2 is grounded. Therefore, the

voltage of node i equals to VS1 and the voltage of node j equals to

KVS2. As shown in Fig. 4(b), the polarizations of QCA cells

correspond to the different voltages of node i and jof the right-half

QCA cell. When the polarization state is ‘0’, Vi is positive and Vj

is negative; while the state is ‘1’, Vi is negative and Vj is positive.

The signs of voltage Vi and Vj are always opposite to each other.

Thevoltages of node i and node j change fromnegative to positive

orpositive tonegativedependingon the polarizationofQCAcells

as shown in Fig. 4(b).
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3. Basic QCA gates

On the basis of the SPICE QCA model built in Section 2,

basic QCA gates or components such as QCA wire, majority

voter and inverter can be built. QCA wire is composed of a

chain of QCA cells as shown in Fig. 5(a). The simulation

results show that the polarization of the output QCA cell

changes from ‘1’ to ‘0’ following the polarization transition of

the input QCA cell. Here, we assume the coupling process

between the QCA cells has no delay. If there is any delay of the

coupling process between the QCA cells,P or T RC model can

be placed between the QCA cells to model the delay. Majority

voter is a basic logic gate in QCA circuits as shown in Fig. 6(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 [3]. In the actual circuits

implementation, the polarization states of cell D’s three

neighbors are not fixed; they would be driven by other QCA

cells. The values of capacitors and resistors used in SPICE

simulation are obtained from [4]. The output voltage level

depends on these parameters. The truth table of the majority

voter is shown in Table 1. The polarization of the center QCA

cell depends on the value of voltage V(D1) and V(D2)

(V(D1)ZKV(D2)). If V(D1)O0, the polarization state of this

QCA cell is ‘0’, otherwise the state of this QCA cell is ‘1’. So

with inputs sequences shown in Table 1, the output waveform

illustrated in Fig. 6(c) has the logic sequence of 00101110. The

function of the majority voting logic can be expressed in terms
Table 1

The truth table of a majority voter

A (input 1 of

majority voter)

0 0 1 1 1 1 0 0

B (input 2 of

majority voter)

0 0 0 0 1 1 1 1

C (input 3 of

majority voter)

0 1 1 0 0 1 1 0

D (the output of

majority voter)

0 0 1 0 1 1 1 0
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Fig. 8. The typical QCA-SET connection to measure the QCA output cell.

Fig. 7. The QCA inverter implementation: (a) The standard inverter implemented by QCA cells. (b) An alternative structure of QCA inverter.
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of fundamental Boolean operators as:

MðA;B;CÞZABCBCCAC: (19)

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. 7(a), OR gate and AND gate, any

combinational circuits can be built. There is an alternative

structure of QCA inverter as shown in Fig. 7(b). This inverter

structure uses fewer cells comparing with the inverter structure
UNCORREC

Fig. 9. The simulation result of one QCA cell driving a SET inverter: the X-axis is th

inverter Vout.
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Rshown in Fig. 7(a). These two inverter structures are useful to

do the alternative layout.
ED P4. QCA and SET co-design

QCA circuits are extremely area efficient for digital circuits

design. As the area of one QCA cell is 100 nm2 with 10 nm cell

dimension, the total area of a QCA full-adder is around

0.04 mm2. The clock period of QCA circuits is very short

comparing to CMOS implementation. In the experimental
e node voltage of QCA cell Vi, the Y-axis is the output node voltage of the SET
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Table 2

The parameters chosen for the SET inverter in the QCA and SET co-design

simulation

Cj (junction capacitance) 1 aF

Rj (junction resistance) 1 MU

Cg1N (capacitance of gate 1 in SET N) 2 aF

Cg2N (capacitance of gate 2 in SET N) 9.5 aF

Cg1P (capacitance of gate 1 in SET P) 2 aF

Cg2P (capacitance of gate 2 in SET P) 1.18 aF

T (temperature) 4.2
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demonstration of a QCA cell switching behavior [9], SET

based electrometer is used to detect or measure the results of

QCA computation-array. SET is another nano-scale technol-

ogy solution. It can be realized using the same physical

material as the y-dot implementation of QCA cells and it can

drive capacitor loads. Therefore, using SET to measure or

detect the polarization of QCA output cell is a sound idea.

SPICE model of SET and the interface circuits between SET

and CMOS circuits have been developed in [10,13,17]. Fig. 8

shows a typical connection method to measure the voltages of

QCA output cell [16]. HSPICE is used to verify our concept of

QCA-SET co-design. Both SET SPICE model and QCA

SPICE model are used in this basic co-design simulation. The

output QCA cell drives a SET inverter as shown in the squared

area of Fig. 8 and the SET inverter is biased with 20 mV source
UNCORRECT

Create the behavioral
hardware model and
verify the concept

Create the logic-level
or gate-level circuits

Map gates to QCA cells and
layout QCA cells in the

proper clock zones

SPICE simulation

QCA
SPICE model

Verify the logic of the
circuit blocks implemented

using QCA cells, such as
computation blocks and

memory

Divide the behavioral
hardware model into two

parts: one for QCA design
and one for SET design

Verify the logic of the
circuit blocks

implemented by SET

Create the logic-level
or gate-level circuits

Map gates to SET
circuits

Synopsys
Design

Compiler

SET
SPICE model

Fig. 10. QCA and SET hybrid circuits design flow.
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voltage. The SPICE simulation result as shown in Fig. 9

illustrates the fact that Vout follows the transition of Vi. Since

the voltage of Vi indicates the polarization of the output QCA

cell (the logic value of it), 9 mV can be set as the high threshold

voltage for Vout with logic value ‘1’ and 1 mV can be set as the

low threshold voltage for Vout with the logic value ‘0’. The

parameters chosen for the SET inverter are listed in Table 2.

The idea of QCA and SET co-design is amazing since QCA

cell array has strong abilities to do the logic computation really

fast while SET works in a similar way as the traditional CMOS

circuits. Similar to QCA circuits design flow [18], a design flow

of QCA-SET co-design is shown in Fig. 10, dividing the blocks

into the appropriate implementations is an essential step in the

flow. Generally, the digital computation blocks and memories

are preferred to be implemented using QCA cells while the

buses, I/O, mixed-signal parts are implemented using SETs.
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5. Conclusions

In this paper, SPICE model for QCA cell is proposed, which

is the first effort to develop SPICE macro modeling of QCA

cells. This model is based on experimental demonstrations of

QCA cells and the knowledge of single electron tunneling. The

functions of some basic gates are verified in SPICE using the

proposed model. With this model, combinational QCA circuits

and hybrid circuits of SET and QCA can be built and simulated

in HSPICE. The idea of QCA and SET co-design is promising

since they have the same physical basis and different features.

The QCA and SET co-design flow is proposed and basic SET-

based readout circuits for QCA computation array is verified in

HSPICE.
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