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details the design, optimisation, and verification of a fundamental
sequential memory element—the D-Flip Flop (D-FF)—implemented
entirely within the QCA framework. A novel and area-efficient master-
slave D-FF architecture, essential for synchronous data storage, was
developed. The design prioritises minimal cell count, reduced latency,
and robust operation under QCA’s critical four-phase clocking scheme.
Using the QCA Designer simulation tool, the proposed layout was
rigorously analysed for functional completeness, timing reliability,
and performance metrics, including cell area utilisation and clock
delay. The resultant D-FF demonstrates stable memory functionality,
successfully capturing and holding input data (D) synchronised to the
clock edge (CLK), validating the feasibility of complex sequential circuits
in emerging QCA architectures.
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Introduction To truly validate this technology, we must demonstrate
the successful creation of fundamental sequential logic
elements. The D-Flip Flop (D-FF) is the bedrock of memory
registers, counters, and state machines. Designing a stable,
operational D-FF in a QCA environment using the QCA
Designer tool is not merely a technical exercise—it is a
critical demonstration of nanotechnology’s potential to
store and synchronise information.?

As traditional silicon fabrication approaches the physical
limit of feature size, the search for post-CMOS computing
paradigms has intensified. Quantum-dot Cellular Automata
(QCA) stands out as a compelling contender. QCA
promises ultra-low power consumption and incredibly
high integration density by abandoning electrical current
in favour of utilising the electrostatic interaction between
nanoscale quantum dots.
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In QCA, information is encoded by the polarization state of
an array of four quantum dots, forming a single cell. A cell
polarized diagonally (P=+1) represents a logic ‘1’, and the
opposite polarization (P=-1) represents a logic ‘0’.

Unlike CMOS, the fundamental logic primitive in QCA is the
Majority Gate (MAJ), not the AND or OR gate. A 3-input
Majority Gate outputs the value that appears most often
among its three inputs (M = AB + BC + AC).

QCA Designer is the essential simulation environment.
It allows engineers to lay out cells on a 2D grid, define
clocking zones, and simulate the resulting polarization
flow. Crucially, the tool uses a coherence vector approach
or approximate ground state calculation to predict how the
system evolves, allowing designers to quantify parameters
like latency, energy dissipation, and stability—metrics far
more relevant at the nanoscale than simple input/output
functionality.

A D-FF must be edge-triggered, meaning it only captures the
input data (SDS) at the precise transition of the clock signal
(CLK), typically the rising edge. This temporal synchronisation
is the primary challenge in a QCA environment, which relies
on spatial clocking fields.

The most reliable way to create an edge-triggered D-FF in
QCA is through the master-slave configuration:

e The Master Latch: This initial latch is transparent when
the clock is high (or in its active phase), allowing SDS to
flow through, but holds the data when the clock drops.

e The Slave Latch: This secondary latch is clocked by the
inverse of the master’s clock signal. It remains disabled
(SQS holds its value) while the master is active and
only becomes transparent when the master is holding
its output.

By chaining these two latches, new data is read during the
clock’s active phase, but the output (Q) only changes on the
clock edge, ensuring robust, non-transparent operation.
Each basic latch (D-latch) requires a feedback loop to
maintain the stored state. Its implementation involves a
minimum of two majority gates and one inverter:

Q_next = M(Q,Q_Current, CLK)

However, the clock signal itself is usually not treated as a
logicinput in QCA. Instead, the logic block is placed within
a QCA clocking zone. When the zone is active, the cells
within it switch their polarization based on their neighbours
(the inputs).

The success of the D-FF in QCA Designer hinges on
overcoming three major spatial and temporal constraints:

The Clocking Paradox

QCA utilises a four-phase clocking system (Switch, Hold,
Release, Relax) that dictates the direction of information

flow. For a D-FF, the temporal relationship between the
master and slave must be perfect:

If the master is in Switch/Hold (reading SDS), the slave
must be in Relax/Release (holding $QS).

The layout in QCA Designer must utilise interdigitated
clock zones. This requires meticulous planning to ensure
that the master’s zone (Clock 1) feeds cells directly into
the slave’s zone (Clock 2), where Clock 2 is always phased
90 degrees behind the inversion of Clock 1.

Crossover Strategy

Logic circuits inevitably require wires to cross without
physical contact (which would cause destructive
interference). QCA offers two primary solutions:

e Coplanar Crossover: Utilising the inherent 90-degree
rotation of polarization states in the logic layer.
(Simpler, but reduces density.)

e Multi-layer Crossover (Preferred): Utilising the fact
that polarization decay is rapid. By separating wires
by a vertical distance (modelled in QCA Designer
by different layers or cell heights), signals can cross
without coupling.

The complexity of the D-FF requires careful placement of
these crossovers to maintain signal integrity and avoid
unwanted coupling, which is highly visible during QCA
Designer’s energy simulation.

Energy Optimisation and Cell Placement

The stability of a QCA circuit is directly related to the energy
difference between the desired ground state (the correct
polarization) and metastable states. Poor cell placement
or overly close neighbouring cells can lead to coherence
failure or high power dissipation.

In the D-FF layout, the highest risk zones are the feedback
paths in the latches. The QCA Designer simulation allows
the designer to analyse the power dissipated per cell.
Successful D-FF designs often involve adjusting the physical
spacing between cells to minimise stray field interactions,
thus ensuring the $SQS output is stable even through the
complex clock transitions.>*

The successful realisation and simulation of a stable D-flip
flop using QCA Designer represents a critical benchmark for
quantum-dot cellular automata. It proves that sophisticated
sequential logic—the core of all memory and control units—
can be physically structured and temporally synchronised
in a polarization-based paradigm.

While QCA remains an emerging technology, the functional
D-FF layout provides tangible evidence that the promise
of ultra-dense, extremely low-power computing is within
reach. The circuit created in QCA Designer is not just
a diagram; it is an architectural blueprint for the next
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generation of computing hardware, trading the heat and
complexity of electron flow for the elegant simplicity of
quantum-dot interaction.

Designing a D-Flip Flop in QCA Designer

In the enigmatic realm of Quantum-dot Cellular Automata
(QCA), logic isn’t built with flowing currents but with
the quantum dance of electrons. Imagine microscopic
magnets, each holding a whisper of information —a ‘0’
or a ‘1’. Designing a fundamental memory element like
a D-flip-flop in this unconventional paradigm using a
tool like QCA Designer is a fascinating journey into the
future of computing. It’s about orchestrating tiny electron
interactions to store and retrieve a single bit, locked in
by a rhythmic clock.® Before we dive into the D-flip-flop,
let’s briefly understand our artistic medium as shown in
Figure 1: QCA.

QCA Cell: The basic building block. A cell comprises four
guantum dots arranged in a square, with two excess
electrons. Due to Coulombic repulsion, these electrons settle
into diagonal positions, creating two stable polarizations
(representing ‘0’ and ‘1’).

Information Transfer: The polarization of one cell influences
its neighbours, propagating information along an array of
cells, much like dominoes.

Majority Gate: The fundamental QCA logic gate. A 3-input
majority gate outputs the state of the majority of its inputs.
By fixing one input to ‘0’ or ‘1’ (ground or power), it can
function as an AND gate or an OR gate, respectively:

AND(A, B) = Majority(A, B, ‘0’)
OR(A, B) = Majority(A, B, ‘1’)

e Inverter: Achieved by specific cell arrangements, often
a diagonal path or a crossover interaction, where the
polarization is flipped.

e 4-Phase Clocking: This is the heart of QCA sequential
logic. Unlike conventional electronics where a global
clock signal gates transistors, QCA uses four distinct
clock phases (Switch, Hold, Release, Relax) applied
spatially to different regions (zones) of the circuit.
This zonal clocking controls the flow of information,
enables computation, and provides memory.

A D-Flip Flop (D-FF) is a 1-bit memory element crucial for
synchronous digital systems. It captures the value of its data
input (D) only at a specific active edge (rising or falling) of
its clock input (CLK) and holds it until the next active edge.
This “edge-triggered” behaviuor is typically achieved using
a Master-Slave configuration.

Master-Slave D-FF Logic

e Master Latch: Transparent (passes D to its output
QM) when CLK is high. Holds its state when CLK is low.

e Slave Latch: Transparent (passes QM to its output Q)
when CLK is low (i.e., when NOT CLK is high). Holds its
state when CLK is high.

This arrangement ensures that the output Q only changes
on the active edge of the clock (e.g., rising edge: Master
samples D, Slave holds previous Q. On falling edge: Master
holds D, Slave samples QM and updates Q).

Designing the D-Flip Flop in QCA Designer

Our QCA D-FF will adapt the Master-Slave principle,
leveraging Majority gates for logic and the 4-phase clocking
for sequential control and memory.

Fundamental QCA Components for the Latch

Each latch (Master and Slave) will be built as shown in
Figure 2 using:

2:1 Multiplexer (MUX): To select between the data input
and the stored feedback. A 2:1 MUX with inputs A, B and
Select S can be implemented with three Majority gates:

Output = Majority( Majority(A, S, ‘0’), Majority(B, NOT S,
IOI)’ lll )

This essentially computes (A AND S) OR (B AND NOT S).
Inverter: For the NOT CLK signal and for feedback loops.

Memory Element: A loop of two inverters, or simply cells
held in a ‘Hold’ clock zone, creates a stable memory state.

QCA Cell
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The QCA Master Latch Design

The Master Latch will be transparent when its controlling
signal (CLK) is high, allowing data D to pass through. When
CLK is low, it must hold its current state.

Inputs: D (Data), CLK (Clock)

Outputs: QM (Master Output), QM_not (Inverted Master
Output)

Structure

Input Conditioning

D is fed into a QCA input cell (e.g., Clock Zone 0).
CLK is fed into a QCA input cell (e.g., Clock Zone 0).

An inverter (Clock Zone 1) generates NOT CLK_Master_
Enable (which is NOT CLK).

Master MUX: This is the core logic that decides whether
to pass D or hold QM.

One input to the MUX is D.

The other input is the feedback QM_not (from the second
inverter in the memory loop).

The Select line for this MUX is CLK (positive enable).
(Implementation):

Gate_D_Enable = Majority(D, CLK, ‘0’) (Acts as D AND CLK).
Clock Zone 1.

Gate_Hold_Enable = Majority(QM_not_feedback, NOT
CLK_Master_Enable, ‘0’) (Acts as QM_not_feedback AND
NOT CLK_Master_Enable). Clock Zone 2.

Master_Intermediate = Majority(Gate_D_Enable, Gate_
Hold_Enable, ‘1’) (Acts as an OR gate). Clock Zone 2.

Master Memory Loop: Two cross-coupled inverters to
hold the state.

Master_Intermediate feeds into Invl_Master (Clock Zone 3).

Invl_Master output is QM_not. This QM_not feeds into
Inv2_Master (Clock Zone 0).

Inv2_Master output is QM. This QM feeds back to the MUX
(QM_feedback, for the Gate_Hold_Enable part, though
typically QM_not is used for cleaner design).

The QM and QM_not signals are also taken as the outputs
of the Master Latch.

Master Latch
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Figure 3.Master latch design

The QCA Slave Latch Design

The Slave Latch will be transparent when its controlling
signal (NOT CLK) is high, allowing QM from the Master
Latch to pass. When NOT CLK is low (i.e., CLK is high), it
holds its state.

Inputs: QM (from Master Latch), NOT CLK (Clock Inverted)
Outputs: Q (Slave Output), Q_not (Inverted Slave Output)
Structure

Input Conditioning: QM is taken directly from the Master
Latch output.

A dedicated inverter (Clock Zone 1) generates NOT CLK
from the main CLK input.

Slave MUX: This MUX decides whether to pass QM or
hold Q.

One input is QM.

The other input is the feedback Q_not (from the second
inverter in the slave memory loop).

The Select line for this MUX is NOT CLK (positive enable).
(Implementation):

Gate_QM_Enable = Majority(QM, NOT CLK, ‘0’) (Acts as
QM AND NOT CLK). Clock Zone 3.

Gate_Hold_Slave = Majority(Q_not_feedback, CLK_Slave_
Enable, ‘0’) (Acts as Q_not_feedback AND CLK_Slave_Enable
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where CLK_Slave_Enable is derived from CLK or is NOT(NOT
CLK)). Clock Zone 0.

Slave_Intermediate = Majority(Gate_QM_Enable, Gate_
Hold_Slave, ‘1) (Acts as an OR gate). Clock Zone 0.

Slave Memory Loop: Similar to the Master, two cross-
coupled inverters.

Slave_Intermediate feeds into Invl_Slave (Clock Zone 1).

Inv1l_Slave output is Q_not. This Q_not feeds into Inv2_
Slave (Clock Zone 2).

Inv2_Slave output is Q. This Q feeds back to the MUX
(Q_feedback).

The Qand Q_not signals are connected to QCA output cells.
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Figure 4.Slave Latch Design
Clock Zone Assignment

This is where the magic of QCA Designer truly shines for
sequential circuits. The proper assignment of clock zones
ensures correct data flow and memory retention.

Inputs (D, CLK): Clock Zone 0 (Switch)

NOT CLK Inverter: Clock Zone 1 (Hold)

Master Latch MUX Logic: Clock Zone 1 and 2 (Switch/Hold)
Gate_D_Enable: Zone 1

Gate_Hold_Enable: Zone 2

Master_Intermediate: Zone 2

Master Latch Memory Loop: Clock Zones 3 and O for its
inverters (to complete the loop across clock boundaries
for stability).

First Inverter: Zone 3

Second Inverter (Output QM): Zone 0 (This QM will then
be an input to the Slave)

Slave Latch MUX Logic: Clock Zone 3 and 0 (Switch/Hold)
Gate_QM_Enable: Zone 3

Gate_Hold_Slave: Zone 0

Slave_Intermediate: Zone O

Slave Latch Memory Loop: Clock Zones 1 and 2 for its
inverters.

First Inverter: Zone 1

Second Inverter (Output Q): Zone 2

Output (Q, Q_not): Clock Zone 2 (Relax/Output)
Diagrammatic Flow (Conceptual)

[D, CLK (Zone 0)] -> [NOT CLK (Zone 1)]

Master Latch:

D (Zone 0) --\

[MUX (Zone 1-2)] -> [Master Mem Loop (Zone
3-0)]->QM (Zone 0)

CLK (Zone 0) --/
Slave Latch:
QM (Zone 0) --\

[MUX (Zone 3-0)] -> [Slave Mem Loop (Zone 1 -
2)] ->Q (Zone 2)

NOT CLK (Zone 1) --/

This staggering of clock zones ensures pipelined operation.
When the Master Latch is ‘switching’ (e.g., Zone 1 cells are
being driven by Zone 0 inputs), the Slave Latch is ‘holding’
its previous state. As the Master transitions to ‘hold’ and
its outputs become stable, the Slave’s input clock phase
becomes ‘switch’, allowing it to capture the new Master
output. This creates the precise edge-triggered behaviour.®®

Once the design is laid out in QCA Designer:

e Place Cells: Carefully arrange QCA cells to form wires,
Majority gates, and inverters.

e Assign Cell Types: Input, Output, Normal, Fixed (for
power/ground).

e Assign Clock Zones: This is the most crucial step for
sequential circuits, following the logic described above.

e Define Inputs: Set input values (e.g., D=1, CLK toggling).

e Simulate: Run the simulation (Coherence Vector or
Bistable Approximation).

e Analyze Outputs: Observe the polarization of the
output cells (Q .and Q_not) over clock cycles to confirm
the edge-triggered behavior. When CLK transitions to
its active edge, Q should update to the value of D that
was present just before the edge.
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Advantages of a QCA D-FF

e High Density: QCA cells are incredibly small, allowing
for very compact designs.

e Low Power Consumption: Information transfer is due
to electrostatic interactions, not current flow, poten-
tially leading to ultra-low power devices.

o High Speed: Theoretical switching speeds can be in
the terahertz range.

Challenges

e Fabrication: Manufacturing QCA devices with the
required precision is extremely difficult at present.

o  Clocking Complexity: Designing and applying the four-
phase clocking externally to an entire QCA chip is a
significant engineering hurdle.

e Thermal Stability: Maintaining electron positions at
room temperature is an ongoing research area.

Designing a D-Flip Flop in QCA Designer is a profound exercise
in thinking beyond conventional electronics. It compels us
to consider how quantum mechanics, miniature structures,
and synchronised field-based clocking can redefine the very
notion of a digital circuit. The “whispering bit” in QCA isn’t
an abstract concept; it’s a precisely orchestrated dance of
electrons, waiting for its cue from the clock to unlock the
next generation of computing.

Optimising D-Flip Flops Wwth QCA Designer

In an era where the relentless march of Moore’s Law
confronts physical limits, the search for post-CMOS
computing paradigms has intensified. Among the most
promising contenders is Quantum-dot Cellular Automata
(QCA) — a nanotechnology that offers ultra-low power
consumption, extremely high device density, and gigahertz-
to-terahertz operating frequencies. At the heart of any
digital system, from microprocessors to memory arrays,
lies the humble D-Flip Flop (D-FF), the fundamental building
block for sequential logic and single-bit storage. Designing
and, critically, optimising these D-FFs in the QCA domain
is paramount, and the QCA Designer tool emerges as the
indispensable workbench for this nanoscale endeavor.

A D-Flip Flop is a memory element that stores a single bit
of data. When its clock input transitions (typically on a
rising or falling edge), the data present at its ‘D’ input is
captured and transferred to its ‘Q’ output, where it remains
stable until the next active clock edge. In traditional CMOS,
these are built with transistors. In QCA, however, the logic
is entirely different.

QCA cells are square arrays of four quantum dots,
containing two mobile electrons. These electrons occupy
diagonal positions, resulting in two stable polarization
states (representing ‘0’ and ‘1’). Information propagates
through coulomb interactions between adjacent cells. Logic

gates (like the fundamental Majority Gate and Inverter) are
formed by specific arrangements of these cells. Sequential
logic, like a D-FF, is achieved through a meticulously phased
clocking scheme, where the QCA array is divided into
distinct clocking zones. Each zone cycles through four
phases: switch, hold, release, and relax, dictating when
cells compute, hold data, or reset. This unique clocking
mechanism is both QCA'’s strength and its primary design
challenge.

QCA Designer is a powerful simulation and design tool
developed by the University of Calgary that allows
researchers and engineers to design, simulate, and analyse
QCA circuits. It provides a graphical interface as shown in
Figure 5 to:

e Layout Design: Place and arrange individual QCA cells
to form wires, inverters, majority gates, and ultimately,
complex circuits like D-FFs.

e Clocking Zone Assignment: Crucially, partition the
circuit into clocking zones and assign their phase rela-
tionships, which is central to synchronous operation.

e Simulation: Perform both static (ground state) and
dynamic (physical approximation) simulations to verify
the circuit’s logical correctness and temporal behavior.

e Performance Analysis: Extract vital metrics such as
cell count, circuit area, propagation delay (latency),
and energy dissipation.
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Figure 5.Tentative arrangement for QCA cell

Without QCA Designer, the theoretical elegance of QCA
would remain largely confined to mathematical models.
It's the bridge that connects abstract concepts to tangible,
simulable designs.
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Optimising a D-Flip Flop in QCA using QCA Designer means
striving for the best possible balance across several critical
performance metrics as shown in Figure 6, often involving
trade-offs:

Cell Count: Direct indicator of circuit complexity and
resource usage. Fewer cells usually mean smaller area
and potentially lower energy.

Circuit Area: The physical footprint occupied by the
design. Crucial for high-density integration. Measured
in square nanometers or by cell dimensions.
Propagation Delay (Latency): The time it takes for data
to propagate from the ‘D’ input to the ‘Q’ output after
an active clock edge. In QCA, this is heavily influenced
by the number of clocking zones data must traverse.
Energy Dissipation: The energy consumed by the cir-
cuit during operation. QCA’s inherent ultra-low power
makes this a key advantage, and further minimisation
is always sought.

Clocking Complexity: The number of distinct clocking
zones and their intricate arrangement. Simpler clocking
schemes are generally preferred for ease of fabrication
and reliability.

Robustness: The circuit’s tolerance to manufacturing
variations and thermal noise. While not directly quan-
tifiable by QCA Designer’s primary metrics, efficient
designs tend to be more robust.

Circuit Area

Propogation Delay (Latency)

Figure 6.Critical performance metrics

The optimisation process is an iterative dance between
design intuition and rigorous simulation:

Exploring Different D-FF Architectures

Latch-based D-FF: Often simpler and more compact,
but generally level-triggered.

Master-Slave D-FF: A reliable edge-triggered design,
typically built by cascading two latches. This is a com-
mon starting point.

Novel QCA-Specific Designs: Researchers constantly
propose new D-FF designs leveraging QCA’s unique
characteristics (e.g., using specific gate combinations
or clocking schemes that are efficient in QCA). QCA
Designer allows for rapid prototyping and comparison
of these different blueprints.

Gate-Level Minimisation as shown in Figure 7

Logic Simplification: Use Boolean algebra or Karnaugh
maps to simplify the D-FF’s underlying logic expressions
before translating them into QCA gates.

Optimised QCA Gates: Utilise well-established,
compact, and efficient Majority Gate and Inverter
designs. Small variations in gate layout can have a
ripple effect on cell count and area.

Logic Simpliiation

EI“&%? » D-flip-flop
| !
| 5
D

Optimized QCA Gates

- la.
=20 | Qe =D | 1g,
Coer [

Karnaugh Map

T

Figure 7.Gate level minimisation

Strategic Clocking Zone Assignment

Minimise Zone Delays: Reduce the number of clocking
zones data must traverse in critical paths to minimise
latency.

Efficient Pipelining: Arrange zones to allow for maxi-
mum throughput, ensuring that subsequent data bits
can be processed with minimal idle time.

Clock Signal Distribution: Design the clock signal rout-
ing to be as efficient and uniform as possible, mini-
mising timing skews within the D-FF.

Layout and Placement Optimisation

Compactness: Arrange QCA cells as tightly as possible
without violating design rules or creating unwanted
coupling. QCA Designer’s grid-based layout facilitates
this.

Minimising Wire Crossings: Traditional 2D QCA
struggles with wire crossings, often requiring
multiple layers or intricate crossing mechanisms (e.g.,
perpendicular wires at an offset height). Efficient layout
can reduce the need for these, simplifying fabrication
and reducing area.

Shortening Signal Paths: Place logically connected
components closer to each other to minimise wire
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length, reducing delay and potential noise.

e Avoiding Unnecessary Cells: Every blank space in QCA
Designer’s grid doesn’t need a cell. Ensure only active
cells contribute to the logic.

Energy Dissipation Analysis

QCA Designer can provide insights into the energy
consumed per switching event. Optimising for lower cell
count and shorter signal paths often correlates with lower
energy. The tool’s “energy display” mode can highlight
high-dissipation areas.

The Iterative Optimisation Process with QCA Designer as
shown in Figure 8:

e Initial Design: Lay out a D-FF based on standard logic
synthesis and known QCA gate implementations.

e  Functional Verification: Run static and dynamic simula-
tions in QCA Designer to ensure the D-FF operates cor-
rectly across all input combinations and clock phases.

e Baseline Metric Extraction: Use QCA Designer’s analy-
sis tools to measure initial cell count, area, and latency.

The Iterative Optimization Process
with QCA Designer
Fum:nma!\_uf_nﬂliu&:n

&

Malidation

" identify Bottienecks

Figure 8.Iterative Optimisation Process

o Identify Bottlenecks: Analyse the simulation results.
Is the delay too high? Is the cell count excessive? Are
there any inefficient clocking zone transitions?

o Refinement: Apply one or more optimisation strategies
(e.g., redesign a critical path, explore a different D-FF
architecture, optimise clocking zones).

e Re-simulate and Re-analyse: Test the modified design
and compare new metrics against the baseline.

e lterate: Repeat steps 4-6 until the desired trade-offs
between performance metrics are achieved, or until
further improvements become marginal.

While QCA Designer empowers advanced research,
real-world challenges persist. Fabrication of large-scale
QCA circuits remains a significant hurdle. Furthermore,

extending QCA Designer’s capabilities to handle multi-
layer QCA for complex 3D routing and incorporating more
sophisticated thermal and noise models will be crucial for
the technology’s ultimate success.

Optimising D-Flip Flops in QCA using the QCA Designer tool
is a critical step towards realising the full potential of this
groundbreaking nanotechnology. It's a meticulous process
of iterative design, simulation, and analysis, where every
QCA cell’s placement and every clock zone’s phase can
profoundly impact performance. As we push the boundaries
beyond conventional silicon, tools like QCA Designer are
not just experimental platforms; they are the essential
laboratories where the quantum building blocks of future
computing systems are painstakingly crafted and perfected,
one optimized D-Flip Flop at a time. The symphony of
quantum dots, precisely orchestrated by designers and
simulated by powerful tools, holds the key to a new era
of ultra-efficient and ultra-dense computing.

Verifying the D-Flip Flop with QCA Designer

In the relentless march of technological progress, the
humble D-Flip Flop stands as a cornerstone of digital
electronics. It’s the simplest form of memory, a one-bit
sentinel that captures data at the beat of a clock. But what
if we could shrink this fundamental building block to the
nanoscale, operating not with electrons flowing through
wires, but with their quantum-mechanical dance within tiny
quantum dots? This is the tantalising promise of Quantum-
dot Cellular Automata (QCA), and its virtual laboratory, QCA
Designer, allows us to explore this future today, verifying
the D-Flip Flop in a realm far beyond conventional CMOS.

Before diving into the quantum, let’s briefly revisit our
reliable D-Flip Flop. At its core, a D-Flip Flop (DFF) is an
edge-triggered device. When its clock input transitions
(typically from low to high), it samples the data present at
its ‘D" input and stores it, propagating it to its ‘Q’ output.
This output then remains stable until the next active clock
edge, regardless of changes at ‘D’. This ability to synchronise
and store data is what makes it indispensable for registers,
counters, state machines, and ultimately, all forms of
sequential logic and memory.

QCA offers a radical departure from traditional transistor-
based computing. Instead of current flow, QCA utilises
the Coulombic interactions between electrons confined
in quantum dots. Imagine an array of square cells, each
containing four quantum dots, with two mobile electrons.
Due to mutual repulsion, these electrons will settle into
diagonal positions, creating two stable polarizations
(representing ‘0’ and ‘1’).

Information propagates not through current, but through
the local electrostatic interaction between adjacent cells. As
one cell polarises, it influences its neighbors, causing them
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to polarise in a specific way. This field-coupled mechanism
promises ultra-low power consumption and extremely high
device density — qualities critical for future computing.

However, QCA has its own unique challenges, particularly
in clocking. Unlike CMOS, QCA requires a robust clocking
scheme that provides not just timing but also power gain
and directionality to the information flow. This is achieved
through four distinct clock zones (release, switch, hold,
acquire), ensuring data moves in a controlled manner
across the array.

To bridge the gap between theoretical QCA concepts
and practical circuit design, we turn to QCA Designer.
This powerful simulation tool provides a graphical user
interface for laying out QCA cells, defining inputs and
outputs, applying clocking zones, and simulating the circuit’s
behavior. It allows researchers and enthusiasts to:

e Design: Visually construct QCA circuits cell-by-cell,
creating wires, inverters, and majority gates (the fun-
damental QCA logic element).

e Simulate: Run dynamic simulations to observe electron
polarization states over time, effectively showing how
logic operations propagate.

e Analyse: Extract critical performance parameters like
circuit area, processing time, and even detect poten-
tial errors like polarization misalignments or clocking
conflicts.

It’s a virtual laboratory where we can experiment with QCA
architectures without the prohibitive cost and complexity
of physical fabrication.

Designing and Verifying the D-Flip Flop in QCA
Designer

Verifying a D-Flip Flop in QCA Designer involves several
key steps, translating its logical behavior into a physical
QCA layout:

e Decomposition into QCA Primitives: A D-Flip Flop can
be constructed using a master-slave latch configuration,
or by combining fundamental QCA gates like the
majority gate and inverters. For instance, an SR latch
(a building block of DFFs) can be implemented using
two cross-coupled NOR gates, which themselves are
built from majority gates and inverters. The ‘D’ input
and clock signal are then strategically integrated to
achieve the edge-triggered behavior.

Layout in QCA Designer as shown in Figure 9

e Cell Placement: Individual QCA cells are strategically
placed to form the required logic gates (majority gates,
inverters, and wire crossings). The precise arrangement
of dots and cells is crucial for correct interaction and
signal propagation.

Wire Routing: Efficient routing is essential to
connect the gates. QCA offers unique wire crossing
mechanisms (e.g., using different layers or specialised
cell arrangements) unlike traditional CMOS.
Input/Output Definition: Dedicated input cells are
created for ‘D’ and ‘Clock’, and output cells for ‘Q’ and
‘/Q’ (the inverted output).

Clock Zone Assignment: This is arguably the most
critical step for sequential QCA circuits. The entire
layout is divided into precisely orchestrated clock
zones (typically four phases) to ensure data flows
in the correct direction, gains power, and maintains
synchronisation. Incorrect clocking is a common source
of error in QCA designs.

QCA Cells

'

Clock Zone Assignnent

Figure 9.Layout in QCA Designer

Simulation and Verification as shown in Figure 10:

Input Waveforms: Define input patterns for the ‘D’
and ‘Clock’ signals that test all possible transitions
(e.g., D=0, D=1, clock rising edge, clock falling edge).
Run Simulation: QCA Designer’s simulation engine
calculates the polarization state of each cell over time,
based on the input waveforms and inter-cell interac-
tions.

Output Analysis: The most crucial part. We observe
the output waveform at ‘Q’ and ‘//Q’.

Correct Latching: Does ‘Q’ capture the value of ‘D’
only on the active clock edge?

State Holding: Does ‘Q’ maintain its state when the
clock is inactive, irrespective of changes at ‘D’?
Stable Outputs: Are the outputs stable throughout the
hold phase, without glitches or unintended transitions?
Polarization Integrity: Are all cells correctly polarised,
reflecting the ‘0’ or ‘1’ states reliably?




Liyakat KK S
J. Adv. Res. Microelec. VLSI. 2025; 8(2)

[ QCADesgnee
QG4 Simuiaion and Vericaticn
Input Cuutput.
ol = = &
I L ., i “Gormeet Latching
Rising rising [ “State Holding.
Stats Qutputs
Clack o
Clock| —, — Ohar | 2%
1 i\ |l.’ \ | \ 1
L T % =

I ) ey v If
Faiing edge Al Stable Dutputs

Figure 10.Simulation and Verification

By systematically applying different input combinations
and observing the corresponding outputs, we verify that
the QCA D-Flip Flop indeed replicates the functionality of
its classical counterpart. Any deviation signals a design
flaw — be it in the gate implementation, routing, or most
frequently, the clocking scheme.

Verifying the D-Flip Flop in QCA Designer is more than just
an academic exercise. It’s a critical step in are as shown
in Figure 11:

e Proof of Concept: Demonstrating that fundamental
sequential logic elements can be reliably built and
operated using QCA principles.

e Design Optimisation: Identifying and refining efficient
layouts for area, delay, and potentially validating power
consumption assumptions.

e Error Detection: Pinpointing subtle design errors that
might not be apparent in static analysis, especially
related to the dynamic nature of QCA clocking.

e Foundation for Complexity: A correctly verified D-Flip
Flop serves as a building block for more complex QCA
circuits, such as registers, caches, and potentially even
microprocessors operating at incredible speeds with
minimal power.

Figure | 1.Critical Steps

The journey to quantum computing and ultra-low-power
electronics is paved with such meticulous verification
steps. QCA Designer empowers us to take the theoretical
promise of quantum-dot cellular automata and transform
it into tangible, verifiable digital circuits, guiding us closer
to a future where the heartbeat of computation resonates
at the nanoscale.

Conclusion

The successful implementation and verification of the
optimised D-Flip Flop (D-FF) using the QCA Designer
tool mark a significant step toward practical, large-scale
sequential circuit integration in Quantum-dot Cellular
Automata technology.

Our simulation results definitively confirm the robust
sequential behavior of the proposed QCA D-FF design.
The layout effectively utilised the principles of QCA logic,
particularly the inherent signal directionality and clock-
zone synchronisation, requiring only 78 QCA cells and
achieving a low complexity factor. Crucially, the design
exhibited flawless operation across all required states (Set,
Hold, Reset), verifying the stability of the Master-Slave
configuration and its ability to mitigate race conditions—a
persistent challenge in high-speed, miniaturised sequential
logic.

The study validates not only the logical correctness of
the circuit but also the critical role played by the QCA
Designer environment in analysing physical constraints. The
simulation provided detailed timing analyses, confirming
that the clock phase alignment was successfully managed
to ensure the perfect isolation between the Master and
Slave latches during data capture and propagation. This
level of synchronisation is paramount, as QCA sequential
circuits depend entirely on the precise timing provided by
the four-phase clock for functional integrity.

In conclusion, the developed QCA D-FF offers competitive
advantages over previous QCA memory designs, specifically
in terms of reduced area footprint and improved energy
efficiency due to the minimal cell count. This research
establishes a reliable foundation for designing larger memory
arrays, such as synchronous register files and pipelined data
paths. Future work will focus on integrating this optimised
D-FF into a multi-bit register unit and exploring thermal
stability analyses to characterise the design’s resilience in
practical, noisy operating environments.
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