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Abstract—As CMOS technology approaches its physical and economic
limits, alternative computing paradigms are being explored to overcome
scaling, power, and manufacturing challenges. Field-Coupled Nanocom-
puting (FCN) is a promising post-CMOS approach that transmits
information via electrostatic interactions rather than current flow. The
molecular implementation of FCN—Molecular Field-Coupled Nanocom-
puting (MolFCN)—follows the Quantum-dot Cellular Automata (QCA)
paradigm and offers room-temperature operation, ultra-high logic den-
sity, and ultra-low energy consumption. Recent advances in molecular
device characterization and simulation make MolFCN circuit design
more feasible than ever. However, most existing MolFCN circuits are
manually designed under simplified assumptions, limiting their physical
realism and scalability. While automated FCN design frameworks exist,
they require verified Standard-Cell Libraries (SCLs), which are currently
unavailable for molecular implementations. This work introduces SIM(7)-
MolPDK, the first fully simulated MolFCN standard-cell library, enabling
integration into an automatic FCN design framework. For the first time,
physically realistic MolFCN circuits are synthesized automatically and
validated through physical-level simulations, bridging the gap between
molecular device research and design automation.

I. INTRODUCTION AND MOTIVATION

Beyond power and scaling limitations, CMOS technologies face
increasing manufacturing complexity and diminishing returns in
performance-per-watt. As fabrication processes grow more intricate,
defect rates and development costs continue to rise. Post-CMOS
paradigms such as Field-Coupled Nanocomputing (FCN, [1]) offer a
fundamentally different approach by transmitting information through
electrostatic interactions rather than current flow.

Molecular Field-Coupled Nanocomputing (MolFCN) encodes the
information in single molecules following the Quantum-dot Cellular
Automata (QCA) paradigm and represents a strong candidate for
post-CMOS nanocomputing [2], [3]. It enables room-temperature
operation, overcoming one of the significant limitations of other QCA
technologies [4]. Additionally, it benefits from chemical synthesis
techniques enabling sub-nanometric control and packing densities far
exceeding those achievable with traditional nanodevices [5]. MolFCN
promises ultra-low power consumption combined with potentially
high switching speeds, offering a compelling balance of energy
efficiency and performance [6], [7].

Despite its potential, MolFCN technology faces several challenges
that limit its practical adoption. Manual circuit design is time-
consuming and error-prone, particularly for larger circuits. To address
this, design automation tools are essential—but the distinct computing
paradigm of FCN, which encodes information through electrostatic
interactions rather than current flow, demands specialized tools that
can handle its unique physical and timing constraints [8]–[14].
Fortunately, such FCN-specific tools already exist and have matured
to support full design flows [10], [15]. These tools, much like their
CMOS counterparts, rely on hierarchical abstractions to manage
design complexity efficiently. One of the most critical elements in

this hierarchy is the Standard-Cell Library (SCL), which provides
verified logic and layout templates as building blocks for scalable
circuit synthesis. However, MolFCN lacks such a library, creating a
gap that prevents its seamless integration into existing FCN design
flows.

This work addresses that gap by introducing the first fully sim-
ulated SCL in the MolFCN Physical Design Kit (MolPDK), named
SIM(7), and corresponding design rules for molecular FCN. By inte-
grating this library into an established FCN design framework [15],
we enable the automated synthesis of MolFCN circuits that are
functionally correct and physically realistic. To verify correctness,
synthesized layouts are re-simulated using the Self-Consistent Elec-
trostatic Potential Algorithm (SCERPA) [16] engine at the physical
level.

The remainder of the paper is structured as follows. Section II
provides the necessary background on MolFCN and its supporting
tools. Section III reviews prior work on MolFCN simulation and FCN
design automation. Section IV details the proposed molecular FCN
standard-cell library SIM(7), including its construction, validation,
and design rules. Section V presents experimental results demon-
strating the integration of the library into a complete design flow.
Finally, Section VI concludes the paper and outlines directions for
future work.

II. BACKGROUND

This section provides the necessary background on MolFCN and its
supporting tools. It introduces the fundamental principles of MolFCN,
outlines its simulation methodology, reviews physical-design flows
for nanocomputing, and discusses the role of standard-cell libraries
in enabling scalable design automation.

A. MolFCN Fundamentals

MolFCN encodes the information in the charge distribution of
molecular cells. Fig. 1(a) shows the MolFCN cell composed of two
molecules. The charge distribution of the two molecules resembles
the definition of the QCA cell, proposed by Lent et al. in 1993 [2].
Thanks to Coulomb repulsion, the charge distribution aggregates
on the antipodal sites of the molecules, thus creating two possible
configurations used for logic encoding, visualized in Fig. 1(b) [2].
A third state, with an intermediate charge state, can be forced by
an external clock field and used to encode the NULL state [17],
[18]. Fig. 1(c) shows an example of clocked molecular wire [19].
The NULL state allows for the control and guidance of information
flow, enabling efficient information propagation, elaboration, and
pipelining. Finally, complex layouts can be used to create logic gates,
such as inverters and majority voters, or more complex devices [19].
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Fig. 1: Basics of MolFCN: (a) Realization of the MolFCN cell
according to the Quantum-dot Cellular Automata paradigm; (b)
Information encoding in MolFCN cells; (c) Clocked MolFCN wire.

module full_adder_d (

    input a,b,cin,

    output sum,carry

);

assign sum = a ^ b ^ cin;

assign carry = (a & b) | (b & cin)  | (cin & a) ;

endmodule

module top ( 

    x, y, cin,

    s, cout  );

  input  x, y, cin;

  output s, cout;

  wire new_n6, new_n7, new_n8, new_n10;

  INVX1    g0(.A(cin), .Y(new_n6));

  INVX1    g1(.A(x), .Y(new_n7));

  XOR2X1   g2(.A(y), .B(new_n7), .Y(new_n8));

XOR2X1 g3(.A(new_n8), .B(new_n6), .Y(s));

  NAND2X1  g4(.A(y), .B(x), .Y(new_n10));

  OAI21X1  g5(.A0(new_n8), .A1(new_n6), .B0(new_n10), .Y(cout));

endmodule
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Fig. 2: Standard design flow for FCN circuit layouts.

B. MolFCN Simulation

The scientific community is currently exploring MolFCN de-
vices and circuits using two simulation-based approaches: QCADe-
signer [20] and SCERPA [16]. Many works use QCADesigner to
design and simulate QCA devices, potentially implementable with
MolFCN technology. However, a recent study highlighted the need to
validate QCADesigner results, as their validity depends on the molec-
ular nature [21]. Indeed, the electrostatic properties of molecules—
crucial in MolFCN technology—depend on their molecular state,
which can be oxidized, neutral, or in a mixed condition, and must be
considered in the simulation. The SCERPA tool, part of the ToPoli-
Nano framework [10] and recently validated with DFT precision,
enables the fast simulation of MolFCN devices by considering their
effective physics and electrostatic characteristics [16], [22]. SCERPA
relies on the MoSQuiTo methodology, which provides a physics-aware
method for designing MolFCN devices [18]. It exploits ab initio
characterization of molecular charge distribution to provide an ad-
equate characterization of molecules under the effect of electrostatic
fields, which play a key role in the MolFCN working principle. Then,
SCERPA iteratively evaluates the field generated by the molecules
and their resulting charge distribution through the so-called Vin-
Aggregated Charge Transcharacteristics (VACT). This self-consistent
approach enables the evaluation of signal propagation in realistic
molecular structures, permitting simulation and optimisation of circuit
layouts.

C. Physical-Design Flow for Nanocomputing

The automated layout-generation flow for FCN, shown in Fig. 2,
begins with an abstract behavioural specification and concludes with
a fabrication-ready cell-level layout.

Starting from a high-level Register-Transfer Level (RTL) descrip-
tion (1) in a hardware description language (e. g., Verilog or VHDL),
only the functional behaviour is defined. This Boolean description
is compiled into a Directed Acyclic Graph (DAG) (2), such as
an And-Inverter Graph (AIG) or Majority-Inverter Graph (MIG),
which enables efficient logic optimizations (3) [23], [24] to reduce
node count and critical-path depth. In the technology mapping
step (4) [25], the optimised network is mapped to gate primitives
from an FCN standard-cell library (SCL), producing a gate-level
netlist (5). Placement and routing (P&R) (5) [26]–[29] then positions
gates on a two-dimensional grid and interconnects them according to
the physical design rules. Finally, in the FCN mapping step (6), the
gate-level layout is translated into a concrete, cell-level layout for the
target nanotechnology. For example, a square-cell QCA layout can
be implemented using different QCA technologies, depending on the
chosen SCL.

D. Standard Cell Libraries

As illustrated in the design flow above, the SCL is a central
element of automated FCN circuit design. It contains the physical
implementations of Boolean functions that serve as reusable building
blocks for constructing complete circuits.

Analogously to CMOS, design automation in FCN follows a
hierarchical approach: complex systems are built from smaller, stan-
dardized components. The SCL enables this by providing a system-
atic, composable set of standard cells. To represent arbitrary logic
networks, the library must be functionally complete—meaning it
must contain a universal set of logic functions, such as {AND, INV}
or {MAJ, INV}, depending on the synthesis strategy and target
technology.

In addition to logic gates, an FCN SCL typically includes essential
routing primitives, such as wires and fan-outs, which ensure that the
generated layouts satisfy the physical and topological constraints of
the chosen technology.

III. RELATED WORK

This section reviews prior work on the simulation of MolFCN
circuits and on design automation for Field-Coupled Nanocomput-
ing. It first outlines how molecular devices and circuits have been
modeled and validated, and then considers tools and frameworks for
integrating physically validated standard-cell libraries into complete
design flows.

A. MolFCN Simulation Tools

Most of the works related to the MolFCN technology focus on the
development and characterization of new molecules or understanding
the basic phenomena related to molecular physics. At the system
level, many works have proposed MolFCN circuits using QCADe-
signer, without considering the effective physics of the underlying
molecules. With SCERPA, the first attempt at providing standard
MolFCN cells proposed fixed dimensions self-assembled cells [30].
The logic operations are achieved through the correct operations of
the clocking mechanisms, rather than the circuit layout, to avoid
nanopatterning. A more recent work defined a full design flow—
from the physical modeling of molecule interactions to the creation
of logic primitives—favoring the development of an SCL compatible



with nanocomputing architectures [31]. It sets the current state-of-the-
art of devices, which is the 1-bit full adder. However, the proposed
cells are still non-standardized in terms of size, thus making it difficult
to automatically place logic gates.

B. FCN Design Automation Tools

The design of FCN circuits is supported by a variety of software
tools. However, most of these tools are ill-suited for the integration
and validation of novel SCLs, such as the one proposed in this work.

Tools like SiQAD [8] are technology-specific, focusing exclu-
sively on Silicon Dangling Bonds [32], [33]—an alternative FCN
technology—, rather than MolFCN. ToPoliNano [9]–[11], on the
other hand, is tailored for nanomagnetic logic and is closed-
source, preventing the integration of new libraries. The founda-
tional QCA tool, QCADesigner [12], and its derivatives are largely
outdated and lack the necessary extensibility and automation in-
frastructure for modern design flows. Specialized tools such as
MagCAD/ToPoliNano [9]–[11], [13] provide physical simulation and
analysis for MolFCN, but do not offer a complete design automation
environment, as they lack gate-level synthesis, placement, and routing
capabilities.

A more suitable foundation for FCN design automation is provided
by the fiction framework [10], [15]. It is a comprehensive, open-
source C++17 library designed to be technology-independent. Its key
strengths are its flexible data structures and, most importantly, its
support for custom gate libraries. This allows for the straightforward
integration of new standard cells, like the library proposed in this
work, and their use across the entire physical design flow, includ-
ing logic synthesis, placement, routing, clocking, and verification.
The framework’s ability to abstract technology-specific details while
providing a full suite of design algorithms makes it the only vi-
able platform for effortlessly incorporating and evaluating a novel,
physically-validated standard-cell library. Therefore, we use fiction
as the basis for all design automation tasks in this work.

IV. THE PROPOSED SIM(7) STANDARD CELL LIBRARY

This section presents the MolFCN standard-cell library developed
in this work, named SIM(7), and part of the MolFCN Physical Design
Kit (MolPDK). It describes the construction and physical design
of the cells, the simulation and validation process, and the design
rules that ensure compatibility with automated synthesis and layout
generation. The name SIM(7) denotes that the library is simulated
with SCERPA (S) and constituted with an ideal molecule (IM). In
addition, the library contains 7 gates: bus, inverter, L-wire, fan-out,
3-input majority voter, as well as 2-input AND and OR gates.

A. Standard Cell Design

The SIM(7) standard cells were implemented on a uniform grid
of 10 × 10 MolFCN cells (400 nm2) with the same dedicated pin
locations across all standard cells. These uniformities are important
for compatibility with state-of-the-art physical design algorithms in
the FCN domain, as, e. g., implemented in the fiction framework [15].

MagCAD was used as the IDE to manually design the standard
cells [11]. This size was chosen to provide sufficient space for the
physical implementation of the required logic devices and clock
zones, as well as to minimize possible crosstalk among adjacent
standard cells [21]. The implemented devices include fundamental
logic gates (AND, OR, majority voter, inverter) and interconnection
elements (wires, L-wires, fan-outs).

Each layout was designed by integrating the necessary clock zones
for the control of information propagation, following a typical four-
stage clocking scheme of FCN systems [17]. Table I summarizes
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Fig. 3: Standard devices (wires and logic gates) composing the
SIM(7) MolFCN standard cell library.
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Fig. 4: Employed molecule: (a) Vin-Aggregated Charge Transcharac-
teristics (VACT); (b) Geometrical model of the Aggregated Charge
system.

TABLE I: Summary of the proposed SIM(7) standard cells with their
corresponding physical parameters.

Type Inputs Outputs N. of cells Size

BUS 4 4 20 10× 10
INV 4 4 34 10× 10
L 4 4 20 10× 10
MAJ 12 4 40 10× 10
T 4 8 28 10× 10
AND 12 4 38 10× 10
OR 12 4 38 10× 10

the characteristics of the elementary MolFCN devices developed,
showing the number of inputs, outputs, and molecular cells used for
each type of device. Fig. 3 shows all the developed library elements.

All the devices are constituted with an ideal molecule in order
to avoid molecule-dependent molecular cells. The intermolecular
distance is fixed to 1 nm. The characteristics of the molecule have
been decided to favor bistability [34] and to resemble the geometry of
the well-known bis-ferrocene [18], [35]. Fig. 4(a) shows the VACT of
the used molecule, whereas Fig. 4(b) depicts the Aggregated Charge
geometry used. The intermolecular distance is fixed to 1 nm.

Functional validation of the designed layouts was performed using
BBchar [36], [37], a MolFCN device characterization framework that
integrates the SCERPA algorithm [16], [38] for the simulation of
MolFCN circuits. Simulations were performed on QLL layout files
generated for each implemented device. A test protocol was defined
for each device by applying four-step clock signals (switch, hold,
release, reset) with linear transitions between logic levels (−1V to
1V in 7 steps). All library devices were simulated using termination
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Fig. 5: Composed logic blocks from the proposed SIM(7) standard
cells: (a) MolFCN NAND2 gate; (b) MolFCN AND3 gate.

structures to emulate their operation within a more complex circuit,
following established techniques to characterize FCN circuits [37]. It
is left for future work to design crosswires [31], [39] and L-shaped
bent inverters [21], i. e., with orthogonal input and output pins.

B. Usage of Standard Cells

The modularity of SIM(7) enables the seamless construction of
complex circuits by plugging together pre-verified building blocks.
Each standard cell is internally divided into four clock zones,
ensuring directional signal flow and proper pipelining. When cells
are connected—for example, the output of one cell to the input
of another—synchronization between adjacent cells is automatically
preserved, as each new cell begins with clock zone 1, ensuring local
synchronization [14].

Example 1. Consider the circuit in Fig. 5(a), resulting in a NAND
function. It can be constructed by connecting the output of an AND
cell to the input of an INV cell. The standard cells align their input
and output ports with the global grid, enabling straightforward and
error-free composition.

While this modular approach is highly convenient, connecting
standard cells must also respect the global synchronization con-
straint [14], which requires that all signals feeding into a tile arrive
at the same time.

Example 2. Consider the MolFCN layout for a AND3 function in
Fig. 5(b). It is constructed by connecting two AND cells. However,
due to the global synchronization constraint, a delay must be added to
the third input using a wire, ensuring all signals arrive simultaneously.

Although such adjustments are manageable in small examples, they
quickly become intractable in larger circuits. This is why design
automation tools are essential: they handle these challenges system-
atically, especially the combined placement, routing, and clocking
problem, which is known to be NP-complete [40].

Example 3. Consider the MolFCN layout for the c17 bench-
mark [41] shown in Fig. 6. This circuit was automatically generated
using the fiction framework, demonstrating that the same modular
design principles scale beyond small illustrative examples. While the
framework is capable of constructing substantially larger circuits, cur-
rent physical simulation tools cannot yet handle such sizes efficiently.

V. EXPERIMENTAL EVALUATION

This section presents the experimental evaluation of the pro-
posed MolFCN SCL. The primary objectives are to 1) demonstrate
functional correctness of the individual cells under physical-level
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Fig. 6: Constructing circuit layouts from the proposed SIM(7) stan-
dard cells using the design automation framework fiction.

simulation, 2) validate their integration into a complete design flow,
and 3) assess the correctness of automatically synthesized and laid
out circuits using the library.

A. Evaluation Setup

To enable design automation, the proposed SIM(7) was integrated
into the open-source fiction framework (cf. Section III-B).1 Using this
extended toolchain, we synthesized layouts for a representative set
of benchmark circuits from Verilog specifications [26]. The resulting
physical layouts were then simulated using the SCERPA engine to
verify logic functionality at the molecular level.

B. Cell-Level Verification

The first set of experiments focuses on verifying the functionality
of the individual standard cells in the proposed SIM(7) library. All
the cells are verified on all the possible input combinations. Fig. 7
shows SCERPA simulation results for a subset of the most repre-
sentative cells. For each device, the input and output waveforms are
plotted, illustrating signal propagation through the respective clock
zones. Each waveform depicts the voltage generated by the charge
distribution of the device output molecule, directly representing the

1The fiction framework is openly available on GitHub as part of the Munich
Nanotech Toolkit (MNT) [42]: https://github.com/cda-tum/fiction

https://github.com/cda-tum/fiction
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device logic output. The presence of spikes reflects the physics-aware
model used in the SCERPA tool. The correct output is highlighted
with labels denoting input (first line) and output combinations (second
line).

C. Circuit-Level Verification

To evaluate the applicability of SIM(7) in a full design flow,
we synthesized and laid out several multi-gate circuits, including
basic combinational and arithmetic components. These designs were
generated automatically using fiction and subsequently verified at the
molecular level with SCERPA.

Fig. 8 presents representative simulation results for selected
circuits: a two-input NAND gate (NAND2), a two-input XOR

TABLE II: Metrics for the considered devices: propagation delay,
number of SCs, SC arrangement, and occupied area.

Device P.D. [cc] #SCs SC Arrangement Area [nm2]

NAND2 2 2 2× 1 800
XOR2 5 12 5× 4 8000
AND3 2 3 2× 1 800
MUX21 5 13 5× 4 8000
HA 5 14 6× 4 9600
COMP 8 24 9× 7 25200

gate (XOR2), a three-input AND gate (AND3), a 2:1 multiplexer
(MUX21), a half-adder (HA), and a 1-bit comparator (COMP).
The waveforms, compared to Fig. 7, exhibit fewer spikes. Indeed,
Fig. 8 shows the logic output of the devices, rather than the voltage,
allowing for easier analysis of logically complex devices. Each device
is subdivided into several clock regions, which are responsible for the
propagation delay (P.D.) observed in the waveforms, which can be
measured in terms of clock cycles (cc). In all cases, the simulated
outputs match the expected truth tables:

• NAND2: Low output only when the two inputs are high.
• XOR2: High output only when the two inputs differ.
• AND3: High output only when all inputs are high.
• MUX21: Correctly forwards one of the two inputs depending

on the selection signal.
• HA: Produces correct sum and carry signals for all input

combinations.
• COMP: Correctly signals the majority, minority or equivalence

for all input combinations.

Finally, Table II reports the metrics for the considered devices.
The propagation delay, the number of SCLs used in the design, the
arrangement of the SCLs, and the area occupied by the cells.

As discussed in Section IV-B, larger circuits could be generated
using the fiction framework; however, the simulation of large circuits
requires considerations which are out of the scope of this paper, thus
left for future work.

D. Summary

The evaluation confirms that the proposed SCL, SIM(7), can be
seamlessly integrated into an automated MolFCN design flow. Both
cell-level and circuit-level simulations show correct functional behav-
ior under physical-level simulation, demonstrating that the generated
layouts are realizable and logically correct. These results validate the
library as a foundation for scalable MolFCN circuit synthesis.

VI. CONCLUSION AND FUTURE WORK

This work introduces the first standard-cell library for Molecular
Field-Coupled Nanocomputing (MolFCN), named SIM(7), marking
a significant step toward circuit design in this emerging technology.
The library is simulated with physical precision through the Self-
Consistent Electrostatic Potential Algorithm (SCERPA). The pro-
posed library, integrated into the fiction design automation framework,
enables the automatic synthesis of MolFCN logic circuits from
Verilog specifications that achieve 100% functional correctness, with
competitive area efficiency. All the generated circuits have been
verified with SCERPA, demonstrating the capability of fiction to
generate automatic and realistic layouts. Future studies will target
large benchmark circuits, the incorporation of devices such as cross-
wires and L-shaped inverters, and the development of defect-tolerant
placement, as well as dynamic and energy-dissipation models.
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