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Abstract—In recent years, Silicon Dangling Bond (SiDB) logic
has emerged as a promising beyond-CMOS technology due to its
integration density and operating frequency. This advancement
is driving the development of comprehensive design automa-
tion workflows, including physical simulators and gate design
tools. Unlike conventional circuit technology, where logic is
implemented through transistors, SiDB logic utilizes quantum
dots with variable charge states. By strategically arranging
these dots, standard logic functions like OR, AND, NAND, etc.
can be implemented, which are usually provided as Standard
Cells in design processes. However, finding such arrangements
that implement a given Boolean function is a tremendously
complex task that involves considering numerous candidates
and verifying them through computationally expensive physical
simulation. Hence, the automatic obtainment of SiDB logic
layouts is thus far limited to simple 2-input functions only—
which already require substantial computation resources. In
contrast, conventional physical design algorithms for VLSI have
long transitioned from single-gate considerations to multi-input
standard cells. To address this challenge, this paper proposes
QuickCell: A fast algorithm for automatic standard cell design for
SiDB logic that uses dedicated search space pruning techniques.
In an extensive experimental evaluation, it is demonstrated that
combining these pruning techniques yields 1) a drastic reduction
of the search space amounting to up to six orders of magnitude,
2) a corresponding decrease of the runtime by up to a factor
of 91, 3) the capability to handle more complex functionality,
as, e. g., utilized in standard cells, for the first time, significantly
narrowing the gap between SiDB logic and conventional CMOS
design paradigms, and 4) a significant speedup compared to
physical simulation (up to a factor of 10000), with near inde-
pendence from the number of I/0O pins when determining the
non-operationality of a given layout. This efficiency makes these
techniques—and by extension QuickCell—a powerful enabler for
the design of complex standard cells.

I. INTRODUCTION & MOTIVATION

As the limit of Moore’s Law becomes more apparent, Field-
coupled Nanocomputing (FCN) is emerging as a promis-
ing beyond-CMOS paradigm. Operating at the atomic level,
FCN utilizes the repulsion of electric fields instead of con-
ventional electric currents, promising unmatched energy ef-
ficiency and remarkable clock frequency [1]-[3]. This in-
novative approach has the potential to surpass the con-
straints of conventional CMOS architectures and offer a
future of sustainable, nanoscale computing. The transition
of FCN from theoretical concepts to practical applications
has been accelerated by advances in the fabrication of
Silicon Dangling Bonds (SiDBs) [2], [4]-[11]. As a result,

design automation and simulation capabilities have evolved
rapidly to support the SiDB technology framework [12]-[25].

Unlike conventional circuit technology, where logic is im-
plemented through transistors, SiDB logic utilizes quantum
dots with variable charge states. By strategically arranging
these SiDBs within a designated area, known as the canvas,
alongside a template featuring pre-defined I/O pins, standard
logic functions like OR, AND, NAND, etc., which are usu-
ally provided as Standard Cells in design processes, can be
implemented. However, determining such arrangements is a
tremendously complex task for several reasons:

1) Only a small fraction of SiDB arrangements from a mul-
titude of possibilities successfully implement the desired
Boolean logic [26].

2) To validate whether a given SiDB arrangement fulfills
the desired logic, all possible input combinations must be
simulated, totaling up to 2 simulations per SiDB layout,
where i is the count of input pins. The physical simulation
itself is computationally expensive, with exponential time
complexity in the worst case relative to the number of
SiDBs in the layout. The increase in the count of I/O
pins also necessitates the use of additional SiDBs, further
increasing simulation runtime.

Due to these challenges, the automatic obtainment of
SiDB logic is thus far limited to simple 2-input func-
tions only—which already require substantial computation
resources [26], [27]. In contrast, conventional physical design
algorithms for VLSI have long transitioned from single-gate
considerations to multi-input standard cells. To address this
challenge, this paper proposes QuickCell: A fast algorithm
for automatic standard cell design for SiDB logic that uses
dedicated search space pruning techniques.

In an extensive experimental evaluation, it is demonstrated
that combining these pruning techniques yields 1) a drastic
reduction of the search space, amounting to up to six orders
of magnitude, 2) a corresponding decrease in runtime by up to
a factor of 91. This reduction is primarily due to the pruning
process, which, while effective, comes with trade-offs that will
be further discussed, 3) the capability to handle more complex
functionality, such as that utilized in standard cells, for the first
time, significantly narrowing the gap between SiDB logic and
conventional CMOS design paradigms, and 4) a significant
speedup compared to physical simulation (up to a factor of
10000), with near independence from the number of I/O pins
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(a) BDL wire consisting of three pairs. A perturber on the left exerts
an electrostatic potential, emulating a binary 1 input. Gray and blue
indicate neutrally and negatively charged SiDBs, respectively.

(b) SiDB AND gate with
input pattern 10 [28].

(c) SiDB OR gate with in-
put pattern 10 [28], [29].

S o 1 %o
b $ ot
Perturber Perturber

Canvas Canvas
td=2 o thd=2

\1 ) anO

fNAND( )=1 V fNAND( ):0 V

(d) Bestagon NAND gate with input (e) Bestagon NAND gate with input
pattern 10 and output 1 [12]. The pattern 11 and the output 0 [12].
canvas is represented as a dashed The canvas is represented as a
box. dashed box.

Figure 1: The SiDB logic platform.

when determining the non-operationality of a given layout.
This efficiency makes these techniques—and by extension
QuickCell—a powerful enabler for the design of complex
standard cells.

To establish this paper as a self-contained work, its remain-
der is structured as follows: Section II provides an overview
of SiDBs and how they are used to perform computations at
the nanoscale. Afterward, it is reviewed how the SiDB logic
design has been conducted thus far, and the sheer complexity
and limitations of the state of the art are illustrated. Then, in
Section 1V, QuickCell, the main contribution of this work is
presented. To demonstrate the efficiency and the capabilities,
an extensive experimental evaluation is provided in Section V.
Finally, Section VI concludes the paper.

II. PRELIMINARIES

To facilitate the understanding of the following contents, this
section provides preliminary information. First, an overview
of the SiDB logic platform is provided in Section II-A,
followed by a detailed discussion of the physics of SiDBs
in Section II-C.

A. The SiDB Logic Platform

SiDBs can be manufactured on a hydrogen-passivated sil-
icon surface (H-Si(100)-2x1) by the removal of individual

hydrogen atoms using the probes of scanning-tunneling mi-
croscopes with atomic accuracy [2], [30]. Each SiDB can
exhibit negative, neutral, or positive charge states, dictated by
the charge transition energy levels relative to the bulk Fermi
level [29]. With an n-doped bulk, SiDBs have a tendency to
be negatively charged, with SiDB-pairs that are closely spaced
sharing a negative charge [31]. This behavior has been ex-
ploited to create logic unit cells using pairs of SiDBs, dubbed
Binary-dot Logic (BDL, [29]), whereby binary information is
encoded in the position of the negative charge in each SiDB
pair [29].

Example 1. In Figure la, multiple SiDB pairs are placed
in series to form a wire carrying binary information, with a
perturber on the left exerting an electrostatic bias that sets the
wire to the binary state 1. This is encoded by the left gray SiDB
(neutrally charged) and right blue SiDB (negatively charged)
in each SiDB BDL pair (dashed rectangle).

The introduction of domain-specific computer-aided de-
sign tools such as SiQAD [28] and respective simulation
engines [32], [33] has enabled the rapid design and validation
of SiDB logic without specialized laboratory equipment.

Example 2. Figure 1b shows a simulated AND gate that fol-
lows the Y-shaped configuration similar to the experimentally
validated OR gate in Figure Ic [28] for the input 10. The
charge distribution of the input BDL pairs (dashed rectangle)
encodes the input information, while that of the last pair
represents the output.

Subsequent efforts have further established the methodology
for designing standard tile libraries, such as the Bestagon
gate library [12], which can be employed in SiDB design
automation frameworks, akin to standard cell libraries in
CMOS. Each standard tile starts with a skeleton which defines
the exact placement of I/O pins made of BDL wires. Central to
the skeleton is a blank canvas, within which SiDBs are placed
such that the tile implements the desired Boolean function.

Example 3. Figure 1d and Figure le illustrate a NAND gate
for the inputs 10 and 11, respectively, from the Bestagon
gate library. In these examples, a NAND gate is implemented
through the precise placement of two SiDBs in the canvas by
an automatic design agent [12], [27]. However; the automatic
obtainment of SiDB logic implementations is highly inefficient.

B. I/O Pin Integrity

The functionality of SiDB logic gates is traditionally as-
sessed by verifying that output BDL pairs encode the expected
results for all input patterns [28], [34]. While this approach
effectively validates the logic behavior, it does not fully
consider the integrity of I/O pins or the influence of kink
states (bit flip within a wire)—both of which are crucial for
reliable signal propagation in multi-gate circuits. Kink states
can affect signal transmission even when the logical outputs
appear correct. Consequently, analyses that focus solely on the
charge states encoded by a single output BDL pair may offer
limited insight into the performance of larger, interconnected
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Figure 2: Illustration of I/O pin/wire integrity violation.

circuit systems. To enhance the robustness of these assess-
ments, we propose an extended methodology that verifies I/O
pin integrity. This approach ensures that I/O pins accurately
encode the expected signals corresponding to both applied
inputs and desired outputs, without any internal signal flips
caused by kink states.

Example 4. Figure 2 illustrates scenarios in which the in-
tegrity of I/O pins is compromised. First, in Figure 2a, a
wire with an input of 1 is shown. However, the 2" BDL pair
encodes the bit information 0. The 3 BDL pair then encodes
1 again, signifying a logic state transition of 1 — 0 — 1. This
dual transition demonstrates that two kinks were necessary to
return the signal to its initial state, further underlining the
instability and failure of I/O pin integrity. Second, Figure 2b
demonstrates a scenario where the 2" BDL pair exhibits
an overpopulation of charges. In this case, both SiDBs are
negatively charged, which violates the BDL property requiring
a single shared charge movable within the pair. This issue
typically arises due to changes in physical parameters, leading
to an excessive number of charges in the system. It may also
occur when the canvas SiDBs are arranged accordingly. As
a result, the I/O pins no longer satisfy the intended property
requirements.

C. Physics of SiDBs

This section provides a brief overview of the physics of
SiDBs, which is essential for understanding the concepts
of QuickCell. The electrostatic potential V; ; at position 4
imposed by an SiDB at position j in the state n; € {—1,0,1}
is given by [4], [29]

ge €
dl,j
where A\ defines the Thomas-Fermi screening length and e,
the dielectric constant, which were experimentally extracted to
be 5nm and 5.6, respectively [29]. Moreover, €y, q., and d; ;
are the vacuum permittivity, the electron charge (q. = —e;
e: elementary charge), and the Euclidean distance between
position ¢ and j, respectively. Hence, the local electrostatic po-
tential experienced by an SiDB at position ¢ can be described
as
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Physically-informed metastability constraints for SiDB
charge configurations have been proposed in [28], including
Population Stability and Configuration Stability.

a) Population Stability

The charge state of each SiDB must align with the lo-
cal electrostatic potential relative to the so-called Fermi-
energy (Er). Intuitively, this means that an SiDB is prefer-
ably neutrally charged when adjacent SiDBs are nega-
tively charged and vice versa. This relationship is formally
expressed by the following conditions: SiDB is negative
(SiDB-) when pi_ + Vipeal,i - ge < 0, positive (SiDB+) when
tt + Viocar,i - ¢e > 0, and neutral (SiDBO) otherwise. Thus,
SiDB arrangements act as an interwoven system. The pa-
rameters p— and p represent the energy required to tran-
sition a negatively charged SiDB to a neutrally or posi-
tively charged one, respectively, typically around —0.3 eV and
—0.8eV [2], [4].

b) Configuration Stability

Configuration stability is achieved when there is no feasible
single-electron hop event between SiDBs that would result in
a reduction of the system’s total electrostatic potential energy.
If this constraint is not met, the system would naturally shift
to a state of lower electrostatic potential energy. This can also
be formally expressed as follows:

dn; = {1’ mi= -1 3)

dn; = —dn; 4)
AEi,j = Vvlocalﬂ‘ . dni + ‘/local,j : dng + ‘/i,j e (5)
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Overall, the charge configuration with the lowest electro-
static potential system energy that is also physically valid,
i.e., satisfies metastability, is called the system’s ground state.
It represents the charge configuration of a given SiDB system
at low temperature and, thereby, its physical behavior.

III. SIDB LoGIC DESIGN AND RELATED WORK

In this section, SiDB logic design is introduced. First,
Section III-A presents a formal definition of SiDB logic
design. Following that, Section III-B explains exhaustive logic
design. Finally, Section III-C reviews existing approaches to
design SiDB logic.

A. Definition of SiDB Logic Design

SiDBs can be arranged in various configurations in the
canvas. Hence, in order to design a gate implementation for
a given Boolean function involves finding valid arrangements.
Using the physical principles discussed in Section II-C, and
implemented in physical simulators such as those proposed in
[28], [33], it is possible to simulate the charge distribution
of various SiDB configurations (as shown in Figure 1d,
Figure le). These simulations help identify which configu-
rations correctly encode the desired output information in
the charge locations of the output BDL pairs, based on the
Boolean function, and can thus function as valid standard cell
implementations.



Let P = {p1,p2,...,D|c|} represent the set of all potential
SiDB positions within a canvas C, where |C| denotes the total
number of available locations. The task is to select d positions
from P, forming a subset A C P such that |A| = d.

A layout is defined as L. = S U A, where S represents
the skeleton SiDBs, which define the input/output (I/O) pins,
and A denotes the selected SiDBs from the canvas. For a
Boolean function f : B” — B™, a layout L is considered a
valid standard cell implementation if the charge distribution of
the I/O pins encodes the correct bit information for all input
combinations, where n and m are the number of inputs and
outputs, respectively.

To formalize this, define £; == {SUA| AC P, |A| =d}
as the set of all possible SiDB layouts containing exactly d
SiDBs and vy : L4 — B as a function that evaluates whether
a given SiDB layout is valid. Specifically:

vp(L) = {17

0, otherwise.

if L is a valid standard cell,

B. Exhaustive SiDB Logic Design

The arrangement of SiDBs directly impacts key perfor-
mance metrics within the SiDB domain. Consequently, it is
desirable to explore as many implementations as possible
rather than limiting the design to a single layout [35]. The
goal of exhaustive standard cell design is to identify all valid
SiDB layouts L € L;. Formally, the objective is to determine
the set:

L ={LeLy|ve(L) =1}

This set £* encompasses all valid standard cell implemen-
tations for a given canvas and a specified number of SiDBs.

C. Related Work

In recent years, significant progress has been made in
SiDB logic design, with several approaches introduced. This
section reviews the most prominent methods to provide a
comprehensive overview.

1) Manual Design

One method for implementing SiDB logic relies on manual
design using SiQAD, a CAD tool specifically developed for
the SiDB technology. This method has successfully enabled
the development of various logic designs [28], [36]-[38].
However, it relies heavily on manual effort and domain-
specific expertise, making the process labor-intensive and less
scalable. To address these challenges, a reinforcement learning
(RL)-based design approach has been introduced. This method
facilitates automatic design and will be reviewed in the next
section.

2) RL-based Design

seeks to automatically design logic gates for diverse
Boolean functions while simultaneously accounting for fabri-
cation constraints, such as limitations on clocking electrode
size [12], [27]. These constraints necessitate larger gates
compared to the initial SiDB logic designs presented in [28].
Additionally, existing placement and routing techniques are
limited to designs based on uniform standard cell sizes [15],

[16], [39]. Manually designing gates for each specific Boolean
function presents a considerable challenge under these condi-
tions.

While the RL-based method is a powerful approach, it also
revealed several limitations: 1) The RL approach failed to pro-
duce solutions for certain Boolean functions, such as Double
Wire, Inverter, and Wire. Consequently, these gates are only
available in manually designed versions, highlighting the need
for a method to automate all gate types’ design [12]. 2) RL
tends to converge on local minima, leading to designs that are
far from optimal. Specifically, the solutions often involve a
higher-than-minimal number of canvas SiDBs as demonstrated
in [26]. As a result, gate costs remain unoptimized, which
becomes particularly problematic when multiple instances of
such gates are used in larger circuit layouts.

Addressing these limitations is crucial to achieving fully
automated and efficient circuit design.

3) Automatic Exhaustive Design

Motivated by the limitations of the previous RL-based
gate design approach, an exhaustive gate design method was
introduced in [26]. This method is, for the first time, capable of
successfully designing all types of SiDB gate implementations
and, due to its exact nature, guarantees designs with a minimal
number of canvas SiDBs.

It follows the formal procedure described above. It relies
on computationally intensive physical simulations for each
lg € L4 to evaluate vy [26]. Although this approach shows
promise for generating all possible standard cell implemen-
tations, it is only practical for trivial functions due to the
following reasons: 1) The number of possible SiDB layouts
|L4] is equal to (IS\). Hence, the number is typically large,
but at the same time, only a small fraction (|£*| < |Lq4])
successfully implements the desired Boolean logic [26]. 2) To
determine if the SiDB layouts fulfill the Boolean function,
physical simulation is conducted. However, physical simula-
tion is computationally expensive, requiring up to 2¢ simula-
tions per SiDB layout, where ¢ is the number of input pins.
This results in exponential time complexity in the worst case
relative to the number of SiDBs in the layout, leading to
substantial overall runtime.

Example 5. To design all possible gate implementations for
the AND function using d = 4 canvas SiDBs on a canvas C
with |C| = 100 positions, the state-of-the-art gate design
algorithm evaluates each of the (120) = 3921225 possible
layouts. Each layout requires up to four physical simulation
calls (one for each input pattern) to determine if the Boolean
function is correctly implemented. Even with the fastest exist-
ing simulators, this process is computationally expensive.

Due to these challenges, the automatic obtainment of
SiDB logic is thus far limited to simple 2-input func-
tions only—which already require substantial computation
resources [26], [27]. In contrast, conventional physical design
has long transitioned from single-gate considerations to multi-
input standard cells. To address this challenge, this paper
proposes QuickCell: A fast algorithm for automatic standard
cell design for SiDB logic that uses dedicated search space
pruning techniques.



IV. QuickCell: STANDARD CELL DESIGN ALGORITHM

In this section, the proposed QuickCell algorithm is pre-
sented. First, in Section IV-A, the general idea and the pro-
posed pruning techniques that aim at tackling the tremendous
complexity of the problem are presented. Second, the resulting
overall algorithm, QuickCell, is explained in Section IV-B.

A. General Idea

As mentioned in Section III-C, the number of SiDB lay-
outs |L4| that must be evaluated to design all standard cell
implementations for a given Boolean function scales bino-
mially with the number of canvas SiDBs d and the number
of positions |C| available for their placement. However, only
a small fraction of these SiDB layouts satisfy the desired
logic (J£*| < |L£4]) as mentioned in the literature [26]. As
a result, most of the computation time is spent simulating
SiDB layouts that ultimately prove to be invalid standard
cell implementations. Thus, it is crucial to prune invalid
gate implementations without relying on physical simulations.
This work presents pruning techniques that efficiently discard
invalid standard cell implementations without the need for
costly physical simulations, thus maintaining both accuracy
and efficiency in SiDB standard cell design: 1) detecting and
discarding SiDB layouts with potentially positively charged
SiDBs, 2) utilizing an efficient method to identify and discard
SiDB layouts that do not satisfy physical model constraints
under the I/O pin conditions required for the desired Boolean
function, and 3) detecting I/O signal instability.

1) Detecting and discarding SiDB layouts with potentially

positively charged SiDBs

Although SiDBs can exhibit three different charge states
depending on the local electrostatic potential, experimental
realizations of SiDB logic have so far only involved neutrally
and negatively charged SiDBs [29]. Consequently, only stan-
dard cell designs that do not include positively charged SiDBs
are of interest.

SiDBs become positively charged if strong electrostatic
interactions occur, such as when SiDBs are placed nearby.
To evaluate if positively charged SiDBs can occur for a
given layout before expensive simulation, the following idea is
proposed: The i-th SiDB can potentially be positively charged
if the maximal possible local electrostatic potential Viycar max
at position ¢ exceeds p. This is formulated by:

(N

According to Equation (1), Vjycqi; is maximized when
each V; ; is positive. This is the case if Vi : n; = —1.
Hence, to detect if SiDBs can even be positively charged, all
SiDBs are set to negative as shown in Algorithm 1 (Line 1).
Afterward, it is checked if Vjyeq a5 €xceeds p4 for any SiDB
(Line 4). If Algorithm 1 returns TRUE, the current SiDB layout
is an invalid standard cell implementation and can be discarded
before any costly physical simulation is conducted (Line 5).

SiDB; <= py > =Vl i e

Example 6. Figure 3 illustrates an SiDB layout consisting of
three adjacent canvas SiDBs. To investigate the possibility of
positive SiDBs, all SiDBs are initially set to negative (indicated

Figure 3: A layout containing three adjacent canvas SiDBs. An
analysis reveals that the two outer SiDBs remain below 4
(indicated by a green checkmark), whereas the center SiDB
exceeds p (indicated by a red crossmark).

Algorithm 1: PositiveChargePruning

Input: SiDB layout L
Input: Physical parameters P = {p—, 4, Agr, €r }
Output: TRUE iff positively charged SiDBs can occur
Electron distribution D +— [Dy = —1,..., Dy = —1]
‘/loca,l,i — Z]‘,]‘;ﬁi ‘/:i,j given D
foreach db € L do

if gt + Viocal,db - ge > O then

| return TRUE

end if
end foreach
return FALSE

L B T R

in green). In this configuration, only one SiDB, marked with
a red cross, exhibits a local potential exceeding . However,
since this represents an extreme case, it does not guarantee
that the SiDB will be positively charged in the ground state—
only that it is possible. Consequently, this layout is deemed
invalid as a gate layout and is discarded without performing
physical simulations to verify its ability to fulfill the intended
logic.

2) Detecting and discarding SiDB layouts that do not satisfy
physical model constraints under the I/O pin conditions
required for the desired Boolean function

This second pruning technique aims to detect and discard
(without costly physical simulations) layouts L (with d SiDBs)
that are not valid standard cell implementations for the given
Boolean function (vs(L) = 0). This works as described in
Algorithm 2.

First, the charge distribution of the I/O pins is configured
based on the input pattern ¢ and the output f(i) of the
Boolean function f (Line 1). Second, Line 2 iterates over
all charge distributions of the canvas SiDBs and checks the
physical validity of the whole (skeleton U canvas) charge
distribution Dy, in Line 5. The fact that this step only involves
enumerating charge distributions among the canvas SiDBs,
rather than all SiDBs in the standard cell, provides a significant
runtime advantage (exponential factor) and is a crucial aspect
of this technique. This is because the number of canvas
SiDBs d is insignificant compared to the total number of
SiDBs in the standard cell, as the majority of SiDBs are needed



Algorithm 2: PhysicallnfeasibilityPruning

Algorithm 3: I/0O-SignallnstabilityPruning

Input: SiDB layout L comprising of a skeleton S and a canvas C

Input: Physical parameters P = {p—, iy, Ayr, €r}

Output: TRUE iff there does not exist a charge distribution of the
canvas SiDBs such that Dy, with the given charge
distribution of the I/O pins, is physically valid

1 Dg < skeleton charge distr. for input pattern ¢ and output f (%)
2 foreach k € 0,1,...,2¢ — 1 do

3 D¢ < canvas charge distribution at index k

4 Dy <+ Ds U D¢

5 if Dy, is physically valid given P then

6 | return FALSE

7 end if

8 end foreach

9 return TRUE

to form the I/O pins. If the physical validity can be met, FALSE
is returned (Line 6). If it is impossible to fulfill the condition,
TRUE is returned (Line 9). In this case, the layout is considered
an invalid standard cell implementation and can be discarded,
eliminating the need for computationally expensive simulation.

This pruning technique, along with the subsequent one,
assumes that a valid standard cell must adhere to the 1/O
pin integrity criteria outlined in Section II-B. Although this
is a strict requirement, it may exclude layouts that would
otherwise be valid when assessed solely based on the logical
correctness of the output BDL pairs. Nevertheless, as empha-
sized in Section II-B, this approach guarantees the design of
standard cells with fully functional I/O pins while maintaining
the effectiveness of the pruning process. For cases where
less restrictive pruning is desired, further adjustments can be
applied in the future, as discussed in Section VIL.

Example 7. The following example illustrates the working
principle of Algorithm 2. In Figure 4, an SiDB layout with
two canvas SiDBs is illustrated. To determine if the SiDB
layout can be discarded before physical simulation or if
it is a candidate for satisfying the OR logic for the input
combination 01, it is checked if the physical validity can be
achieved. In doing so, the corresponding charge distribution
of the skeleton is set first. Due to for(01) = 1, a binary 1 is
encoded in the charge distribution of the output pin. Afterward,
all four charge distributions of the two canvas SiDBs are
enumerated, and the physical validity of the combined charge
distribution of the entire SiDB layout is checked. It turns out
that the physical validity is fulfilled for the fourth charge
distribution. Therefore, this SiDB layout cannot be discarded
vet and requires further steps to determine if it is a valid
standard cell implementation.

3) Detecting I/0O signal instability

The previous technique discards SiDB layouts that are
invalid standard cell implementations, as no physically valid
charge distribution of the canvas SiDBs is found with the
desired logic encoded in the I/O pins. However, if a layout is
not discarded by the previous technique, it does not necessarily
imply that it is a valid standard cell implementation. One
reason for this is that the system energy may be lower when
the I/O pins exhibit inverted signals. Consequently, the SiDB
layout would stabilize at this lower energy state (physical
systems settle down in the state of lowest energy). As a result,

Input: SiDB layout L comprising of a skeleton S and a canvas C
Input: Physical parameters P = {p—, iy, Ayr, €}
Output: TRUE iff for any inverted signal E,ujiginy < Evatid,min holds
Dg < skeleton charge distr. based on input ¢ and output f (%)
E\gliamin < min. energy of phy. valid layout with correct I/O signals
foreach inverted signal D of Dg do
foreach k =0...2% — 1 do
D¢ < canvas charge distribution at index d
Dy, + Dfsv U D¢
if Dy, is phy. valid given P and E(Dy,) < E\uigmin then
| return TRUE
end if
end foreach
end foreach
return FALSE

NI RN B N L
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Figure 4: Checking if physical validity can be met for input
and output pattern 01 and 1, respectively. The check returns
TRUE for the 4" charge distribution.

the I/O signals are unstable, causing the standard cell to fail.

To determine if the layout exhibits unstable I/O signals,
thereby indicating it is an invalid standard cell implementation
(v¢(L) = 0) and can be discarded without conducting physical
simulation, the following steps are performed: 1) Applying
inverted signals (one of the 2"T™ possible combinations,
where n is the number of inputs and m the number of outputs)
to the input and/or output pins. 2) Checking if there exists
a charge distribution of the canvas SiDBs for which a) the
physical validity is met, and b) the total electrostatic energy
is lower than that of the layout with the correct input and
output signals. 3) If step (2) is fulfilled for any combination of
inverted signals of the I/O pins, the layout under investigation
is an invalid implementation of the given Boolean function for
the applied input pattern.

Example 8. The following example illustrates the working
principle of Algorithm 3. In Figure 5, the output pin signal
is inverted (1 — 0), as emphasized by the black arrows.
All charge distributions of the canvas SiDBs are enumerated
to check for a physically valid charge configuration with
electrostatic energy lower than E,yjiqmin- The third charge dis-
tribution with one neutral and one negative SiDB is physically
valid, while also exhibiting a lower total energy than F,uiq
(Evatiaine. < Evatiagmin). Therefore, the given layout is not a
valid OR implementation because, for the input pattern 01,



E valid,inv. <E valid,min

Figure 5: Performing a complete information/signal flip
(1 — 0) of the output pin, followed by checking if a physi-
cally valid state with E\uiqgim. < Evatiamin €Xists. This is TRUE
for the 3™ charge distribution.

the incorrect output assignment 0 has a lower energy than the
correct output assignment 1. As a result, the system stabilizes
at the incorrect state.

The implementation details are summarized by Algorithm 3.
It begins by iterating over all possible inverted I/O pin signals
(Line 3). For each signal, it verifies if there exists a physically
valid charge distribution with lower electrostatic energy than
E\utiagmin (Line 7). If such a distribution exists, it returns TRUE
(Line 8), indicating that the SiDB layout L is an invalid
standard cell implementation. Otherwise, if no physically valid
distribution with lower energy exists for any inverted I/O signal
combination, the I/O signals are considered stable, and FALSE
is returned (Line 12).

Using these three pruning techniques, a significant amount
of all SiDB layouts that fail to implement the Boolean function
can be discarded without using physical simulation (experi-
mental evaluation summarized in Section V shows that this
allows pruning up to 6 orders of magnitude).

Overall, this leads to a design algorithm, called QuickCell,
that 1) prunes the search space by sequentially applying the
three introduced pruning techniques to discard all invalid SiDB
layouts, and 2) simulates the remaining SiDB layouts to extract
the valid implementations.

B. QuickCell: The Resulting Algorithm

The working principle of QuickCell consists of two phases:
1) pruning, and 2) physical simulation, and is described by
Algorithm 4. First, all possible (‘2') SiDB layouts with d
SiDBs in the canvas C are determined (Line 2). Second,
each possible SiDB layout is enumerated. Third, it is checked
with Algorithm 1 (PositiveChargePruning) whether positively
charged SiDBs can occur for some input pattern. If it returns
TRUE, the SiDB layout under investigation is discarded and
the process continues with the next SiDB canvas arrangement
(Line 3). Otherwise, Algorithm 2 (PhysicallnfeasibilityPrun-
ing) is applied (Line 11). If it returns FALSE, Algorithm 3
(I/0-SignallnstabilityPruning) is used to check if the layout
has stable I/O signals (Line 14). If it returns TRUE, the

Algorithm 4: QuickCell

Input: Boolean function f : B — B™ to implement
Input: SiDB skeleton layout S with canvas C
Input: Number of SiDBs d to place in the canvas
Input: Physical simulation parameters P = {p—, A, €r}
Output: All standard cells £* implementing f
1LY+
2 Lo+ {SUA|ACP,|A| =d}
3 foreach L € £, do

4 foreach : =0...2" — 1 do

5 if PositiveChargePruning(L, P) then

6 \ goto Line 3 and continue with next L

7 end if

8 end foreach

9 foreach i =0...2" — 1 do

10 apply input pattern % to L

1 if PhysicallnfeasibilityPruning(L, P) then | (1) Pruning
12 \ goto Line 3 and continue with next L

13 end if

14 if I/O-SignallnstabilityPruning(L, P) then

15 \ goto Line 3 and continue with next L

16 end if

17 end foreach

18 foreach : =0...2" — 1 do =

19 if nor vy (L) then

20 | goto Line 3 and continue with next L (2) Physical Sim.
21 end if

22 end foreach

23 L*+ L*UL -

24 end foreach
25 return C*

SiDB layout is discarded and the process is repeated with
the next SiDB canvas arrangement. However, if it shows
stable I/O signals, the layout has passed all pruning steps
(first phase of QuickCell) and is considered an SiDB standard
cell candidate for the given Boolean function f. Ultimately,
the second phase of QuickCell, called physical simulation,
starts. The layout is physically simulated to determine and
verify if the logic is satisfied (Line 19). If so, L is a valid
standard cell implementation and is added to the set of all valid
implementations £* (Line 23). The process is then continued
with the next SiDB canvas arrangement p. Finally, £* is
returned (Line 25).

An extensive example is provided in the following to offer
a clearer understanding of QuickCell, illustrating the complete
procedure it follows to determine whether a given layout is a
valid implementation of the intended functionality.

Example 9. In Figure 6, the working principle of QuickCell
is illustrated. An SiDB layout is selected that cannot be pruned
before physical simulation, allowing all pruning strategies
to be shown in detail, thereby providing a comprehensive
understanding of the QuickCell workflow. In this extensive
example, it is checked whether the given layout represents a
wire comprising two canvas SiDBs. First, QuickCell checks
whether positive SiDBs can occur in the layout for both
inputs, 0 (top half) and 1 (bottom half). In this case, the first
pruning step reveals that no positive charge can occur, so
the layout cannot be discarded and proceeds to the second
pruning step. Second, QuickCell evaluates whether the layout
can be physically valid, ensuring that the output pin encodes
0 when the input is O, and 1 when the input is 1. For
both inputs, a configuration where all SiDBs are negatively
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Figure 6: QuickCell’s pruning process, followed by the final physical simulation step for an SiDB wire with input O (top)
and 1 (bottom). In this example, the SiDB layout is tested to verify if it correctly propagates the input values of 0 and 1 to
the output, ensuring the layout functions as a valid wire. The final simulation step reveals that the layout does not meet the
necessary requirements, highlighting the importance of the simulation stage in uncovering issues, such as kinks in the I/O pins,

that may be missed during the pruning phase.

charged (illustrated in the fourth case with a green check-
mark) satisfies the physical validity condition with the energy
Evatiamin = 0.5947eV and E,igmin = 0.6378 eV for input 0
and 1, respectively. Therefore, the layout cannot be discarded
either at this stage. Third, the stability of the I/O signals
is checked for both inputs. For input 0, signal instability
is examined at the top of the figure. Three incorrect input-
output combinations—f(1) = 0, f(1) = 1, and f(0) = 1—
are tested, each marked with a red lightning symbol. Each
combination is evaluated for physical validity, and it turns out
that none meet the necessary condition for physical validity.
This means that for input O, there is no possibility of a
complete information flip in the 1/O pins. The same check
is performed for input 1. In this case, an information flip
from 1 to 0 is found to satisfy the physical validity condition,
indicating that this configuration is possible. However, this
configuration requires higher energy (E,ujiqin, = 0.6478eV >
E\tiamin), meaning the system is unlikely to transition to this
state voluntarily.! As a result, the signals remain stable for
input 1 as well. Thus, the layout passes all checks. In such
cases, which are rare as demonstrated by the experimental
evaluation in Section V, a physical simulation is required to

This statement holds at low temperatures where thermal fluctuations
are negligible. Generally, the standard cell design process is temperature-
independent. If temperature awareness is required, the simulation method
from [40] can be applied as a post-design filtering step to select cells with
specific temperature robustness.

verify whether the given SiDB layout constitutes a valid gate
implementation. The physical simulation reveals that, despite
passing the pruning and checking steps, the layout is an invalid
wire implementation due to a kink that caused a wrong output.
It is important to note that the scenario where all pruning
and checking steps are passed occurs only for a few layouts.
However, this specific case is chosen as an example to provide
deeper insights into the working principle of QuickCell.

As discussed in Section III-C, pruning plays a vital role
in minimizing simulation calls, which are computationally ex-
pensive due to the exponential complexity of potential charge
distributions in physical simulations. The proposed pruning
techniques drastically reduce the number of enumerations by
narrowing the focus to a smaller subset of canvas SiDBs. This
reduction is made possible because the expected charge states
of the I/O pins for a given input pattern and logic function
are predetermined. Leveraging this prior knowledge enables
efficient pruning.

V. EXPERIMENTAL EVALUATIONS

This section summarizes the evaluation, aiming to achieve
three main goals. First, in Section V-B, the substantial runtime
improvements of QuickCell over the state of the art are demon-
strated. Second, in Section V-C, the first successful automatic
design of SiDB standard cells with standardized I/O pins for 3-



input Boolean functions is showcased?. Third, in Section V-D,
the scalability and the enormous runtime benefit of the pruning
strategies over physical simulation in determining the non-
operationality of a potential standard cell implementation are
demonstrated. This clearly shows that pruning is a powerful
approach to avoid costly physical simulation calls, thereby
enabling the design of complex standard cells. These results
highlight the potential of QuickCell to advance the SiDB
technology.

A. Experimental Setup

QuickCell as illustrated by

been implemented in C++17 on
framework [42], which is available as part of the
Munich Nanotech Toolkit (MNT, [43]).> All code was
compiled with AppleClang 15.0.7, and the experiments were
carried out on a macOS 15.2 machine with an Apple Silicon
M1 Pro SoC with 32 GB of integrated main memory.

The evaluation consists of two experiments: 1) the first ex-
periment involves designing all standard cell implementations
(for p— = —0.32eV,¢e, = 5.6, Ay = 5.0nm) for 2-input
Boolean functions using QuickCell and the state-of-the-art
algorithm (proposed in [26]), and comparing the respec-
tive runtime. Additionally, the remaining number of layouts
is tracked after each pruning technique is applied. 2) In
the second experiment, standard cell implementations (for
p— = —031leV,e, = 5.6,y = 5.0nm) for 3-input
Boolean functions are designed using both QuickCell and the
state-of-the-art algorithm. In [44], it is demonstrated that cer-
tain 3-input Boolean functions exhibit remarkable expressive
power. These functions are grouped into distinct Negation-Per-
mutation-Negation (NPN) classes, which categorize Boolean
functions based on their equivalence under input/output nega-
tion and permutation operations. Such functions facilitate the
creation of more compact netlists during technology mapping,
improving the efficiency of SiDB circuits in terms of delay
and area. For the experiment, 10 representative functions
from these NPN classes are selected, and their standard
cell implementations are obtained through the application of
QuickCell. 3) The objective of the third experiment is to
demonstrate the advantage of applying the proposed pruning
strategies for determining the non-operationality of layouts,
rather than relying on traditional physical simulation. This core
concept underpins QuickCell and highlights how it redefines
the boundaries of SiDB logic design. To evaluate the effective-
ness of the pruning techniques, their performance is compared
against physical simulation in verifying the operationality of
various layouts. Five distinct standard cell implementations,
each designed to represent random Boolean functions with
diverse input-output configurations, are evaluated. These im-
plementations are intentionally non-operational to facilitate

Algorithm 4  has
top of the fiction

2In [41], 3-input NPN gates were manually designed with non-standardized
I/O pin locations and limited design flexibility, making them suitable as
a proof-of-concept but impractical for circuit integration. Our algorithmic
approach automates standard cell design for any Boolean function and I/O
pin structure, providing adaptable solutions and advancing SiDB circuit
automation.

3The implementation is publicly available at https:/github.com/cda-tum/
fiction

the assessment of the three pruning strategies, whose pri-
mary objective is to identify and classify non-operational
behavior: 2-input/1-output, 2-input/2-output, 3-input/1-output,
3-input/2-output, and 3-input/3-output. Initially, physical simu-
lation is used to confirm the non-operationality of each layout.
Following this, the pruning techniques are applied to measure
how long it takes for them to determine the non-operationality.
Finally, the runtimes of both methods are compared to assess
improvements in efficiency and scalability.

The timeout for all experiments is set to 1 day, and
QuickExact [33] is used as the physical simulation engine.

B. Design of 2-input Boolean Functions

Table I provides a comprehensive summary of the results
obtained from the first experiment. The first and second
columns, labeled “NAME” and “FUNCTION”, represent the
names of the designed standard cells and their correspond-
ing hexadecimal format, respectively. The subsequent column
“|Lq]” illustrates the number of all possible SiDB layouts
(potential standard cell implementations). Following this, the
results from the state-of-the-art (SOTA) algorithm proposed
in [26] are summarized, comprising the number of distinct
standard cell implementations “|£*|” and the required runtime
“tsota [8]” in seconds.

Subsequently, a detailed breakdown of the results of
QuickCell is presented in the table section “QuickCell”. This
begins with the number of layouts that remain after the
first pruning technique (e.g. Lp,: remaining layouts after
PositiveChargePruning) is applied, along with the percentage
in relation to the total number N of all potential standard
cell implementations (e.g. Lp,/N [%]). This information
is provided for all three pruning techniques. The column
“tprun. [8]” indicates the runtime of the pruning phase, while
“|L£*]” denotes the total number of all designed standard cell
implementations, followed by the overall runtime of QuickCell
“toc [s]” (runtime of the pruning phase + subsequent phys-
ical simulation). The table concludes with the final column,
“tsora/toc”, that presents the reduced runtime factor com-
pared to the state of the art. This demonstrates the potential
runtime savings achieved by replacing numerous physical
simulation calls with the proposed pruning techniques. The
last row summarizes the cumulative runtime of both the state-
of-the-art algorithm and QuickCell.

The evaluation demonstrates that: 1) The combination of
the proposed pruning techniques significantly reduces the
search space. For example, in the case of the crossing (CX)
standard cell, the initial set of 1072445 candidate layouts is
reduced to just 3 after pruning. 2) The runtime of the design
process is greatly improved, with a maximum speedup factor
of 91 observed for this standard cell. Overall, considering the
standard cell design for all 15 Boolean functions, the total
runtime improvement is a factor of 53. This demonstrates
that the pruning techniques are more efficient than relying on
physical simulations to determine non-operationality.

C. Design of 3-input Boolean Functions

Table II presents the results of the second experiment, which
follows the same structure as Table I. However, the runtime
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Table I: Standard cell design for 2-input Boolean functions with the state-of-the-art (SOTA) and QuickCell with p_ =

—0.32eV,e, = 5.6,\yy = 5.0nm, and d = 3 canvas SiDBs (I£*] = number of standard cell implementations; Lp,

number of layouts remaining after x-th pruning technique).

NAME FUNCTION ICal SOTA [26] QuickCell

[£*] tsora [s] Lp, Lp, /N [%] Lp, Lp, /N [%] Lp, Lp, /N [%)  tprun. [s] |L*|  tqc[s]  tsora/tac
DOUBLE WIRE (0xC, 0xA) 1072445 20 927.41 1006061 93.81 329566 30.73 20 0.00 10.43 20 10.48 88.47
CcX (0xA, 0xC) 1072445 3 926.15 1006 063 93.81 327991 30.58 3 0.00 10.14 3 10.16 91.13
HA (0x6,0x8) 1072445 20 942.28 1006 063 93.81 328359 30.62 22 0.00 10.35 20 10.42 90.44
AND 0x8 156 849 603 70.91 135401 86.33 91917 58.60 603 0.38 1.58 603 1.98 35.79
NAND 0x7 156 849 476 38.81 135540 86.41 70887 45.19 505 0.32 1.51 476 1.85 20.93
OR 0xE 156849 2358 40.68 135448 86.36 78451 50.02 2532 1.61 1.31 2358 2.90 13.34
NOR 0x1 156 849 638 29.16 135546 86.42 73712 47.00 724 0.46 1.07 638 1.53 19.12
XOR 0x6 156 849 78 40.14 135448 86.36 78432 50.00 95 0.06 1.39 78 1.47 27.37
XNOR 0x9 156 849 365 29.45 135 546 86.43 73361 46.77 365 0.23 1.08 365 1.31 22.48
LT 0x2 156 849 130 41.06 135449 86.36 78468 50.03 137 0.09 1.29 130 1.39 29.61
GT 0x4 156 849 139 55.60 135431 86.34 90406 57.64 151 0.10 1.63 139 1.76 31.66
LE 0xB 156 849 638 3213 135546 86.42 73712 47.00 724 0.46 1.14 638 1.64 19.61
GE 0xD 156 849 433 34.64 135542 86.42 71883 45.83 484 0.31 1.30 433 1.63 21.26
WIRE 0x2 1774630 7757 27.39 1724207 97.16 252995 14.26 8540 0.48 6.25 7757 6.41 4.28
INV 0x1 1774630 9279 18.23 1724522 97.18 284922 16.06 12749 0.72 5.37 9279 5.61 3.25
Total 3254.04 60.53

Table II: Standard cell design for representative functions of 10 NPN classes [44] for 3-input functions with p_ =
—0.31eV, ¢, = 5.6, \;y = 5.0nm, and d = 4 canvas SiDBs, and |S| = 25 (]£*| = number of standard cell implementations;
t.o. > 1 day; Lp, = number of layouts remaining after z-th pruning technique).

NAME FUNCTION L4l SOTA [26] QuickCell

[£*|  tsora [s] Lp, Lp, /N [%] Lp, Lp,/N[%] Lpy Lpy/NI%] tprun. [s] |L*]  tqc [s]
AND3 0x80 16 701 685 — to. 10221340 61.20 4081708 23.40 3065 0.02 245.41 8 295.95
XOR-AND 0x28 16 701 685 — to. 11199657 67.06 4831537 28.93 3149 0.02 258.87 429 361.51
OR-AND 0xA8 16701 685 — to. 11199657 67.06 4830782 28.92 1085 0.01 271.29 105 317.69
ONEHOT 0x16 16701 685 — t.o. 11196 562 67.04 4463064 26.72 1920 0.01 270.71 150 330.97
MAIJ 0xE8 16 701 685 — to. 11199653 67.06 4833824 28.94 3060 0.02 263.59 725 378.99
GAMBLE 0x81 16 701 685 — t.o. 10196 329 61.05 3785670 22.67 4981 0.03 281.18 113 364.87
DOT 0x52 16 701 685 — to. 11197224 67.04 4606687 27.58 288 0.00 266.36 74 302.02
ITE 0xD8 16701 685 — to. 11199673 67.06 4831139 28.93 356 0.00 269.95 10 307.70
AND-XOR 0x6A 16701685 — t.o. 11197219 67.04 4594758 27.51 2553 0.02 282.64 975 411.49
XOR3 0x96 16701 685 — t.o. 11196 562 67.04 4462650 26.72 1490 0.01 278.03 37 326.75

improvement is not provided as a factor, as the state-of-the-art
method times out.

The evaluation offers several insights: 1) Again, it is re-
vealed that the introduced pruning techniques significantly
reduce the number of SiDB layouts considered for physical
simulation. In all cases, less than 0.03 % of layouts remain.
Hence, after the pruning phase, only a small number of layouts
require physical simulations. 2) The current state-of-the-art
approach is incapable of designing standard cell implemen-
tations for the considered 3-input Boolean functions, i.e.,
does not terminate within one day. Extrapolations indicate that
the actual runtime would exceed one year per function. The
significant runtime difference arises because the complexity
of the pruning techniques is primarily determined by the
number of canvas SiDBs (Algorithm 2, Algorithm 3). In
contrast, physical simulation exhibits exponential complexity,
O(2%), where k represents the total number of SiDBs in
the layout. In this case, k increases substantially compared
to the first experiment due to the inclusion of an additional
wire (3-inputs instead of 2-inputs). Consequently, the physical
simulation experiences exponentially higher runtimes, while
the pruning phase runtime remains comparatively stable rel-
ative to the number of layout candidates |L4| (notably, the

runtime for the pruning phase increases by roughly one order
of magnitude, directly corresponding to the increase in the
number of initial potential standard cell implementations by
the same order). This stability in pruning runtime underscores
its effectiveness in handling standard cells with longer or more
I/O pins without incurring the substantial computational costs
typically associated with physical simulations, as evaluated in
Section V-D. 3) In contrast, QuickCell successfully designs
standard cell implementations for all investigated functions
and terminates for each Boolean function in less than 500s.
This sudden feasibility stems from the search space pruning
techniques introduced in this work. Therefore, the state-of-the-
art algorithm is not only significantly outperformed in runtime,
but for the first time, more complex functionality—such as
that used in standard cells—can be designed using QuickCell.
Figure 7 shows representative implementations for AND3 and
GAMBLE for the input patterns 111 and 110, respectively.
This advancement narrows the gap between SiDB logic and
conventional CMOS design paradigms.

D. Scaling and Efficiency: Pruning vs. Physical Simulation

Figure 8 illustrates the runtimes measured in the third ex-
periment. The x-axis represents different standard cell layouts
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Figure 7: Illustration of 3-Input Standard Cell Designs.

with varying numbers of I/O pins. The dot-accurate represen-
tation is plotted below. The y-axis shows the runtime in ms
of physical simulation and the proposed pruning strategies,
plotted on a logarithmic scale. These runtimes reflect the
process of determining that the standard cell layouts are non-
operational and can therefore be pruned.

This experiment underscores the remarkable efficiency of
the pruning techniques and, consequently, the potential of
QuickCell to redefine standard cell design. Several key ob-
servations emerge:

1) The runtime of physical simulation grows exponentially
with the number of input and output pins due to the O(2%)
complexity associated with the increasing number of SiDBs.
For example, simulating the 3-input/3-output layout takes
already nearly 3s. This underscores the impracticality of simu-
lation-based approaches for standard cell design, as millions of
potential arrangements must be evaluated individually to iden-
tify valid ones (see Table II), resulting in intractable runtimes.
Once again, this demonstrates why pruning is indispensable
when designing more complex standard cells, which is the
core focus of this work. 2) In contrast, the runtime of the
proposed pruning strategies demonstrate near independence
from the number of input/output pins and, more importantly,
exhibit exceptional efficiency. While physical simulation for
the 3-input/3-output layout takes almost 3s, the pruning
strategies complete in just 0.3 ms making them approximately
10000 times faster. This dramatic speedup highlights the
transformative potential of the proposed pruning strategies, and
by extension, QuickCell, for advancing standard cell design.

VI. CONCLUSION

In recent years, Silicon Dangling Bond (SiDB) logic has
begun to realize its full potential, prompting the development
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Figure 8: Comparison of runtimes in ps (log scale) for detect-
ing non-operationality of standard cell layouts with varying
input/output sizes using physical simulation and the proposed
pruning techniques.

of comprehensive design automation workflows, including
physical simulators and gate design. Unlike conventional cir-
cuit technology, where logic is implemented by means of
transistors, SiDB logic utilizes quantum dots with variable
charge states. By strategically arranging these dots, standard
logic functions like OR, AND, NAND, etc., which are usu-
ally provided as Standard Cells in design processes, can
be implemented. However, determining such arrangements
is a tremendously complex task that involves considering
numerous arrangements and verifying them through compu-
tationally expensive physical simulation. Because of that, the
automatic obtainment of SiDB standard cell implementations
was thus far limited to simple 2-input functions only—which
already require substantial computation resources. In contrast,
conventional physical design algorithms for VLSI have long
transitioned from single-gate considerations to multi-input
standard cells. To address this challenge, this paper proposes
QuickCell: A fast algorithm for automatic standard cell design
for SiDB logic that uses dedicated search space pruning
techniques.

In an extensive experimental evaluation, it was demonstrated
that these three pruning techniques combined yield 1) a drastic
reduction of the search space amounting to up to six orders of
magnitude, 2) a corresponding decrease of the design runtime
by up to a factor of 91, 3) capability to realize the design
of more complex functionality as utilized in standard cells,
exemplary demonstrated by implementing 3-input functions
for the first time, thus significantly narrowing the gap between
SiDB logic and conventional CMOS design paradigms, and
4) a significant speedup compared to physical simulation (up
to a factor of 10 000), with near independence from the number
of I/O pins when determining the non-operationality of a
given layout. This efficiency makes these techniques—and by
extension QuickCell—a powerful enabler for the design of
complex standard cells.



VII. FUTURE WORK

QuickCell represents a significant advancement in SiDB
standard cell design, yet there are several avenues for further
exploration to enhance its potential and usability. The current
pruning strategies, while effective, adopt a strict approach that
requires complete I/O pin integrity. This ensures scalability
but may limit design flexibility. Future investigations could
explore strategies that tolerate minor deviations, such as kinks
near input pins, to improve adaptability without significantly
impacting efficiency. Additionally, novel pruning techniques—
such as calculating electrostatic pressure at output pins—
could enable more precise SiDB placement, further refining
the design process.

Robustness evaluation remains a critical aspect of SiDB
logic design. Several figures of merit for assessing the stability
of SiDB gates have been proposed in the literature [35].
Applying these methods to the standard cells designed with
QuickCell could offer valuable insights into their robust-
ness and further enhance their reliability. Incorporating such
analyses into future work could also help to explore the
interplay between gate stability and circuit-level integration
more comprehensively.

Additionally, while QuickCell is capable of successfully
designing 3-input standard cells, extending these capabilities to
multi-output standard cells presents a compelling opportunity.
Advancing in this direction could pave the way for more
complex and versatile SiDB circuit designs.
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