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Abstract

Quantum-dot cellular automata (QCA) shows a new paradigm at nanoscale circuit design
with high performance and low power consumption features, which possibly can substitute
traditional CMOS technology. This work presents a rotated structure of conventional 3-input
majority gate in QCA, which exhibits a symmetric structure that is suitable for a compact
implementation of coplanar QCA digital circuits. To show the novelty of this structure, D flip
flops and memory cell are proposed. The result shows that the proposed D flip flops are more
superior over the existing designs. In addition, proposed memory cell is 33%, 79% and 20%
more efficient in terms of cell counts, area and latency respectively, over the best design in this
segment using conventional 3-input majority gate. Designs are realized and evaluated using
QCADesigner 2.0.3.

Keywords: Quantum-dot cellular automata (QCA). Memory cell. Majority gate. Digital
design.

1. Introduction

In traditional CMOS based VLSI technology, as size of the devices are shrinking, devices
are expose to circuit noise and yield high leakage current[1]. Several nanoscale devices have
been gained popularity in research community during recent years. These include technologies
like quantum-dot cellular automata (QCA), tunneling phase logic (TPL), single electron
tunneling (SET), and carbon nanotube (CNT). In this aspect, QCA could be a feasible
competitive alternative, which promises extremely low power consumption with small
dimension and high speed operation [2, 3]. In QCA, a cell binds two free electron and the logic
values ‘0’, ‘1’ depends on position of electrons inside the quantum-dot cell, which are driven by
Coulombic interaction. The binary information is transferred as a result of propagation of
polarization between two cells due to the Coulombic interaction of electrons. In other way,
there is no flow of current as in conventional CMOS. Hence, power dissipation due to change in
logic and propagation does not add up to the total power dissipation [4].

Different QCA based circuits design and structures are discussed previously [516]. QCA
based memory cell has been studied in [17-20]. In most of the work RAM cell are loop-based as
it needs lesser clock zones. However, the designs are not well optimized. This work presents a
modified majority gate and its applicability in low complexity coplanar memory cell with
set/reset capability using the majority gate structure, which is superior in terms of cell count,
area occupation and delay over the prior designs. Rest of the paper is organized as follows:
Section 2 gives a review of QCA logic. In section 3, a 2:1 multiplexer and a memory cell are
implemented using rotated 3-input majority gate. Simulated results of proposed designs and
comparison to previous work are presented in section 4 and concluded in Section 6.
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2. QCA preliminaries

In QCA assingle cell is considered to construct each and every element (Computational and
wires) of a circuit. Each cell consists of four quantum-dots at the corners and two of them
contain free electrons. These electrons can guantum-mechanically tunnel between the four
dots. Potential barriers of tunneling junctions are controlled by local electric fields. This field,
siege electron movement or permits electron movement by simply raising or lowering potential
barriers respectively. An isolated cell can settle in one of the three different states. Barrier
lowering gives rise to a null state, where electrons are free to place at any dots. Remaining two
states occur when barriers are raised. The cells in these states maintain a minimum energy.
They are represented as P= +1 (logic 1) and P= -1 (logic 0) due to Coulombic interaction
between electrons in a quantum cell [21], as shown in Fig. 1 (a).
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Figure 1. QCA (a) Two different polarization of Quantum-dot cell (b) QCA wire (c), (d)
Two different realization of inverter (e) 3-input Majority gate

An inverter and majority voter (MV) gate are the fundamental gates that are used to

construct any QCA gates and circuits. Wiring between two logic blocks is done by the cascade
of Quantum cells, as shown in Fig.1 (b). Fig. 1 (c), (d) depict two different implementations of
an inverter [22]. All QCA circuits needs proper clocking to control the flow of information,
which also provides necessary power to drive the circuit.
To drive the input to the desired output, signals need to be passed through four clock zones.
Clock signals for each zone are distinct and 90° phase shifted [23]. This clock zone provides the
necessary electric field, which changes the potential barriers. So, clock zones enable the
computation in sequential manner, i.e. when computation is going on in one zone, the previous
zone must hold its outputs.

3. Proposed structures

3.1. Proposed 2:1 Multiplexer

A compact 2:1 multiplexer schematic is presented in Fig. 2 (a). Proposed multiplexer
requires 3 MV, and 1 inverter in QCA implementation. This structure comprises only 18
quantum cells. In this structure, MV's in first level implements two AND gates that are driven
by first clocking zone. The outputs of these MV's are fed to second level MV which is
positioned in the second clocking zone. Select line 'select’ is used to select one of the inputs,
which also driven by first clock zone. QCA implementation of 2:1 multiplexer using majority
gate is shown in Fig. 2 (b) that provides a valid output after two clock phases. It comprises only
18 cells that spread over an area of 0.02 pm2, which has outperformed previous works.
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Figure 2. 2:1 multiplexer (a) Schematic (b) QCA layout
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3.2. Memory cell

RAM cell is one of the essential components in many digital systems. Its performance is
varied upon the complexity and input to output latency in QCA implementation. So
optimization can be done in the selection of majority gates and proper clocking zone. In this
work an efficient RAM cell is presented, as shown in Fig. 3, with set and reset ability. QCA
layout of the proposed RAM cell is demonstrated in Fig. 4. It builds upon six majority gates (3
majority gates for each 2:1 mux). Signal ‘Sel is used as select line for the mux1 and signal R/W
(Read/Write) is used as select line for mux2,as shown in Fig. 3. Mux2 operates on output of Mux1
and the output signal ‘ouz” of the memory cell. A clear view of the RAM cell operation is defined in

Table 1.
Table 1. Operation of QCA based memory cell with set/reset ability.

Read/Write(R/W) Select(Sel) Set/Reset Out(t) (Output)
1 1 X Input
1 0 0 O(reset)
1 0 1 1(set)
0 X X Out(t-1)

For example, when R/W= ‘0’ the output of the circuit remains unchanged, i.e. out(t)=out(t-1).
Output of the circuit sees the effect of input and set/reset signals by setting R/W="1". Further,
setting R/W=‘1" and se/= ‘Y allow an input signal to be transmitted to the output. Similarly for
select line (sel) =0’ the output of the circuit get changed according to set/reset signal. Output
cell is driven by clock zone 0 and a valid output can be achieved after 5 clock phases.

SetReset- 0 2 MUX2 | 1 out

Input 1

Sel
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Figure 3. Schematic of compact memory cell with set/reset signal
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4. Results and Discussions
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Figure 4. QCA layout of compact memory cell with set/reset signal

All the proposed circuits are simulated using the simulator QCA Designer-2.0.3 [24].

Simulation engine is set to coherence vector type in QCADesigner tool using the parameters as
shown in Table 2.

Table 2. QCADesigner parameters for Coherence vector engine

Parameter Value

Cell size 18 *18 nm?
Relaxation time 1.000000e-015s
Time step 1.000000e-016s

Radius of effect

Relative permittivity

Clock high
Clock low

Clock amplitude factor

Layer separation
Clock shift
Time step

Total simulation time

80 nm

12.9

9.8e-22J)
3.8e-23J

2.000

11.5000 nm
0.000000e+000
1.000000e-016s

7.000000e-011s

The input and output waveforms of 2:1 multiplexer are depicted in Fig. 5 (a). When select=

‘1’ output follows input |, else follows Iy, after two clock phase delay. For better readability we
have included only the clock zone 1 at which a valid output is expected. The comparison of 2:1
multiplexer with existing designs is shown in Table 3, by taking area, complexity and
area-to-delay product (ADP). It is easily inferred from Table 3 that presented 2:1 multiplexer
achieves a minimum ADP with reduced complexity.

Table 3. Comparison of proposed 2:1 multiplexer with existing designs

2:1 Multiplexer |Area(gm®)  |~q Delay Clock ADP Crossover
count Phases 'yp®
[10] 0.14 88 1 4 0.14 Co-planar
[11] 0.14 66 1 4 0.14 Co-planar
[12] 0.08 46 1 4 0.08 Multilayer
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[13] 0.06 36 1 4 0.06 Multilayer
[14] 0.07 56 1 4 0.07 Co-planar
[15] 0.03 27 0.75 3 0.022 | Co-planar
[16] 0.02 26 0.5 2 0.01 Co-planar
Proposed 0.02 18 0.5 2 0.01 Co-planar

Table 4. Comparison of proposed QCA RAM cell structure

QCA Coplanar  |Set/ Are% Cell Delay [Clock |ADP  Majority
Memory Crossover |peset (pm°) |Count Phases Gate
Cell Ability Types
[19] es no 0.16 158 2 3 0.32 [TMG*
[18] es no 011 100 B3 12 0.33 [TMG*
no no 0.07 63 2 8 0.14
[17] no yes 013 [109 [L75 7 0007 |[TMG*
5
[20] no yes 0.08 38 1.5 6 0.12 [TMG*,
5-Input
Majority
Gate
Proposed |no es 0.06 49 1.25 5 0.075 |RMG#
. eily =l |
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’TMG: Traditional 3-Input vigjority wate
#RMG: Rotated Majority Gate

Figure 5. (a) Input and Output waveforms of 2:1 multiplexer (b) Input/Output waveforms
of Memory cell with Set/Reset ability
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In addition, Fig. 5(b) shows input and output waveforms of efficient RAM cell with set/reset
ability. During normal mode, input data is propagated to the output after 1.25 clock cycles by
activating both select and read/write line to ‘+1°. Similarly, by fixing set/reset line to ‘0’ or ‘1’
output line can be set or reset respectively after a delay of 1.25 clock cycles. So Fig. 5(b)
confirms that the presented RAM cell provides expected outputs after first falling edge of clock
0.

It is worth noticing that the proposed Memory cell is fastest among all the existing
structures. From Table 4, it is clearly perceived that the proposed memory cell with set/reset
ability can be a suitable candidate for further complexity and latency analysis in future as a
benchmark structure. This structure has outperformed all designs [17, 18, 19, 20] in terms of
cell count, input to output delay and area occupation.

5. Conclusion

In this paper a modified 3-input majority gate structure was addressed. As memory cell is
rudimental for most of the digital circuits, having a high speed and less complex memory cell is
significantly important. To showcase the efficacy of the rotated structure, a 2:1 multiplexer and
a new memory cell were introduced. All the designs inculcate coplanar non-crossover wires
with enhanced QCA layout. Simulations using QCADesigner confirm that the presented
designs using modified structure have outperformed all prior designs and shows significant
improvements.
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