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Abstract—Quantum computing is transitioning from an aca-
demic idea to a practical technology, driven by recent hardware
advancements and clear paths toward real-world applications.
Universal quantum ecosystems (e.g., Qiskit, Cirq, PennyLane)
facilitate this transition by providing a consistent interface to
diverse quantum devices, abstracting hardware-specific details
through a device model that captures each device’s computational
capabilities. However, these device models have historically been
shaped by superconducting hardware, assuming static qubit
positions and fixed coupling maps. This prevents them from
representing the unique computational capabilities of emerging
technologies such as neutral atoms, which feature dynamic qubit
rearrangement and zoned operations. As a result, although
numerous specialized compilers for neutral atom devices already
exist, they cannot retrieve the hardware information they need
through these ecosystems—creating a technology lock that hinders
or even prevents the integration of neutral atom devices. In this
work, we demonstrate how this limitation leads to suboptimal
compilation results and can exclude certain devices entirely.
Motivated by this, we propose rethinking current device models to
faithfully represent neutral atom devices, enabling their seamless
integration into universal quantum ecosystems. Evaluations
conducted within the Quantum Device Management Interface
(QDMI) demonstrate that the proposed device model unlocks
a routing overhead fidelity improvement by a factor of up to
100,000 on a circuit with 16 qubits and 600 gates.

Index Terms—quantum computing, neutral atoms, interface,
model, compiler

I. INTRODUCTION

Universal quantum ecosystems provide a uniform interface
to access different quantum devices, allowing users to develop
quantum applications without worrying about the underlying
hardware details. This abstraction is crucial for the broader
adoption of quantum computing, as it allows developers
to focus on algorithm design rather than hardware-specific
implementation details. To this end, multiple such ecosystems
have emerged over the past few years, with arguably the most
prominent example being Qiskit [1], which was developed
to support the quantum devices provided by IBM [2]. Other
ecosystems such as Cirq [3], PennyLane [4], and initiatives such
as the Munich Quantum Valley [5], the Quantum Delta Delft [6],
the Chicago Quantum Exchange [7], Riken Quantum [8], etc.,
have gained significant traction, supporting devices from IBM,
Google, AWS, Rigetti, IQM, IonQ, and others.

A key component of these ecosystems is their device model,
abstracting the quantum device’s computational capabilities
such as qubit count, native gate set, and operation durations
and fidelities. Compilers consume this information to transform

high-level (hardware-agnostic) quantum circuits into low-level
(hardware-specific) instructions.

However, existing device models were primarily designed
for superconducting (SC) qubits—the most widely available
technology to date [2], [9]. While they can abstract arbitrary
topologies, they assume fixed qubit positions and describe
connectivity through a static coupling map. Meanwhile, other
technologies such as neutral atoms (NAs, [10], [11]) have
emerged, offering unique advantages like scalability, long
coherence times, and dynamic qubit rearrangement—features
that fundamentally break the static coupling assumption and
cannot be abstracted within current device models.

Over the past few years, numerous compilation methods
specifically tailored to NAs have been proposed [12]–[23],
exploiting features like dynamic qubit rearrangement and native
multi-qubit gates. However, none of these compilers have
been integrated into universal quantum ecosystems, because
the underlying device models cannot abstract the NA-specific
information these compilers require. This creates a gap: in
scalable quantum computing environments—such as those at
HPC centers [5]—where devices and compilers should be
exchangeable in a plug-and-play fashion, neither NA devices
nor their specialized compilers can be integrated. The missing
piece is not yet another NA compiler, but rather a device model
that can bridge the gap between NA hardware and the software
ecosystem with a standardized interface.

In this work, we address this gap: we analyze the limitations
current device models impose, demonstrating in Sec. III how
they hinder the utilization of NA devices.Motivated by this, we
rethink existing device models in Sec. IV, proposing targeted
extensions that capture the unique computational capabilities
of NAs.In Sec. V, we implement the resulting more generic
device model on top of the Quantum Device Management
Interface (QDMI, [24]).Using one representative NA compiler,
we demonstrate that by bridging the abstraction gap with
the more generic device model, the routing overhead fidelity
improves by a factor of up to 100,000 on a circuit with 16
qubits and 600 gates.

II. PRELIMINARIES

To understand why existing device models struggle to
represent NA devices, this section reviews: (1) fundamentals of
NA-based quantum computing and (2) existing device models
in universal quantum ecosystems.
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Figure 1. (a) two atoms (blue) in SLM traps; three atoms (green) in AOD
traps; two atom pairs perform a CZ gate. (b) two leftmost AOD atoms were
shuttled right; a group of three atoms performs a CCZ gate.

A. Neutral Atom-based Quantum Computing
Neutral atoms (NAs, [10], [11]) have emerged as a promising

quantum computing platform. They differ significantly from
more established superconducting (SC) qubits [25]. Following,
we review the setup and the native operations of NAs.

First, qubits are encoded in the electronic states of neutral
atoms from the group of alkali or alkaline-earth metals. The
atoms are confined in space by optical tweezers or lattices and
cooled down to their motional ground state [26]. These trap
sites define possible locations of atoms; in particular, not all
sites need to be occupied. A static trapping of atoms can be
realized using Spatial Light Modulators (SLMs, [27]).
Example 1. Figure 1 shows trap sites (grey circles) arranged
as a grid, which can be occupied by atoms (blue).

Second, one-qubit operations are realized through
laser-driven electronic state transitions, while multi-qubit
operations use the principle of the Rydberg blockade to
implement controlled phase gates [27]–[29]. This can be
described by an interaction radius 𝑟int and a blocking
radius 𝑟b > 𝑟int [25]. When illuminated by a Rydberg laser, all
atoms within 𝑟int perform a multi-qubit phase gate. However,
simultaneously, all illuminated atoms located within 𝑟b perturb
each other. Thus, the qubit connectivity depends on atom
positions and changes with rearrangement, unlike the fixed
coupling map in SC devices. Furthermore, by accumulating
multiple atoms, this also allows the direct native execution of
multi-controlled phase gates such as the CCZ gate.
Example 2. Figure 1 illustrates CZ and CCZ gates by
arranging atoms within 𝑟int (blue area). Note that no other
atoms are located within the 𝑟b (orange).

Third, many NA devices allow the dynamic rearrangement,
so-called shuttling, of atoms during computation using Acousto-
Optic Deflectors (AODs, [27]). When satisfying certain con-
straints [21], this facilitates arbitrary rearrangements of atoms,
constituting a promising routing alternative to SWAP gate
insertion [22]. This requires fundamentally new compilation
methods [18], [19], [21], [23] targeted to NA-specific compu-
tational capabilities, which are incompatible with common
universal quantum ecosystems.
Example 3. The transition from Fig. 1a to Fig. 1b illustrates
shuttling, moving the two green, leftmost atoms to the right.

Finally, most operations on NAs can be applied either locally
by focusing the corresponding laser beam onto a specific atom
site or globally over a certain region. We call the latter zoned
operations. This allows the design of zoned devices [21], [27]
where spatially separated zones are optimized for certain
operations. Typically, these include a storage zone with long

coherence times, an entanglement zone which is illuminated by
a Rydberg beam, and a separate measurement zone to read out
qubit states without disturbing other atoms. While this concept
of zoned operations also exists for trapped-ion hardware [30],
it is not native to SC-chips and, therefore, not incorporated in
common device models.

B. Abridged History of Device Models

The launch of IBM’s five-qubit SC device in 2016 [2] marked
a pivotal moment in the field. It necessitated the development
of quantum ecosystems that could bridge the gap between
high-level quantum algorithms and quantum devices. Qiskit [1],
released alongside IBM Quantum Platform, quickly became a
widely adopted open-source quantum ecosystem, evolving to
support multiple quantum devices. To provide a uniform user
experience, i. e., to be able to switch between different devices
without changing the code, Qiskit introduced a compilation
pipeline that transforms hardware-agnostic circuits into device-
specific instructions. To adapt to diverse devices, this requires
a standardized representation of each device’s computational
capabilities—the device model. Specifically, Qiskit’s device
model captures the number of qubits, the native gate set with
corresponding properties like duration and fidelity for each
qubit, and a coupling map defining the qubit’s connectivity.

Example 4. The following Python code shows a Target (i. e.,
Qiskit’s device model) for a two-qubit device that supporting
a UGate on both qubits and a CXGate between them.

from qiskit.transpiler import Target,
InstructionProperties

from qiskit.circuit.library import UGate, CXGate
# Create a new target
targ = Target(num_qubits=2)
# Define properties for UGate on both qubits
u_props = {

(0,): InstructionProperties(duration=5e-8,
error=0.0001),

(1,): ... # same as above
}
targ.add_instruction(UGate(0, 0, 0), u_props)
# Properties for CXGate between qubits 0 and 1
cx_props = {

(0, 1): InstructionProperties(duration=5e-7,
error=0.005),

}
target.add_instruction(CXGate(), cx_props)

Following Qiskit’s lead, several other quantum ecosystems
introduced their own device models. PennyLane [4] employs
a qml.device class. While Qiskit’s Target is merely
a description of the device, qml.device allows users to
execute circuits and query device properties, such as the
native gate set and qubit connectivity, in a backend-agnostic
manner. Cirq [3], Google’s quantum computing framework,
introduces a cirq.Device class, providing functions to
validate circuits against the device’s constraints. More recently,
CUDA-Q [31] has defined its own device model that allows for
the representation of different quantum processing units (QPUs).
Despite differences in implementation, all these models share
a common heritage: while they can represent arbitrary static
qubit topologies, they were fundamentally shaped by SC qubits
and do not natively capture dynamic rearrangement, spatial
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Figure 2. (a) the six stabilizers of the Steane code. (b) a circuit preparing
its logical |0⟩-state with NA-native gates. (c) the resulting interaction graph
(edges are CZ gates). (d) a qubit mapping to an NA device featuring local
addressable multi-qubit gates. At least one CZ gate (the orange connection)
requires the insertion of SWAP gates to route qubits. (e) the missing connection
is enabled by shuttling offered by NA devices.

qubit coordinates, or zoned operations—capabilities essential
for emerging platforms like NA devices.

III. LIMITATIONS OF EXISTING DEVICE MODELS

Universal quantum ecosystems rely on device models to
provide a consistent user experience across diverse quantum
devices. Only then can users seamlessly switch between devices
without changing their application code by simply providing
another device model instance. However, the limitations of
existing device models result in significant drawbacks when
attempting to utilize existing universal quantum ecosystems
for emerging technologies, such as NAs. There are multiple
computational capabilities of NAs missing in existing device
models, e. g., the dynamic rearrangement of atoms and zoned
operations. This leads to suboptimal compilation results,
prevents the usage of certain NA devices entirely, and blocks the
integration of specialized NA compilers into these ecosystems.

A. Untapped Potential of Dynamic Rearrangement

Existing device models, designed for SC devices, only
capture a fixed coupling map and a set of native gates together
with their fidelities and durations. NA devices, in contrast,
enable dynamic qubit rearrangement via shuttling, as reviewed
in Sec. II-A. To leverage this powerful computational capability,
compilers must know the current and target locations of atoms
to generate a valid schedule of shuttling operations that respects
the physical constraints mentioned in Sec. II-A—information
that the compiler cannot retrieve from existing device models.
Example 5. Consider the circuit in Fig. 2b that realizes a
state preparation of a logical qubit in the |0⟩-state using the
Steane code (cf. Fig. 2a, [32], [33]). This circuit results in
the required interactions depicted in Fig. 2c. For NA devices
supporting local CZ gates, connectivity—as long as qubits are
not rearranged—can be represented by a static coupling map,
a computational capability covered by state-of-the-art device
models. Figure 2d depicts the coupling map of an NA device
allowing for nearest-neighbor interactions as a light blue grid.

Since the circuit’s interaction graph, cf. Fig. 2c, is not
isomorphic to any subgraph of the coupling map, missing
connections have to be compensated for via SWAP gate
insertions [34], as illustrated in Fig. 2d. This approach,

however, significantly degrades the overall fidelity: one SWAP
gate, which is decomposed into three CZ gates (besides
single-qubit gates), leads to a routing overhead with an
additional infidelity of at least 0.15 (given a fidelity of 99.5%
per local CZ gate [10]).

This SWAP-based routing leaves substantial potential of
the NA device untapped. In fact, the missing connection can
alternatively be established by rearranging one atom via
shuttling, as illustrated in Fig. 2e. In contrast to SWAP gate
execution, shuttling can be performed with a significantly
higher fidelity: Assuming a mean shuttling speed of 0.55 µm

µs
and an atom separation of 3 µm results in a time overhead
of 10.9 µs to move atom 𝑞7 two sites right [10]. This routing
overhead corresponds to an infidelity of only 6.5 × 10−5 when
using the following formula to approximate the coherence and
defining 𝑡idle = 𝑛atoms · 10.9 µs and 𝑇eff = 1.5 s [10], [25]:

exp (−𝑡idle/𝑇eff) . (1)
Hence, because universal quantum ecosystems rely on device
models that do not properly represent the capabilities of NA
devices, they yield the circuit execution in Fig. 2d rather
than the one in Fig. 2e, leading to a significant performance
degradation.

The example clearly demonstrates that using the additional
computational capabilities of NAs can significantly improve the
performance of the executed circuits. However, due to the lack
of adequate device models, this potential remains untapped in
existing universal quantum ecosystems.

B. Exclusion of Zoned Devices
In addition to the performance degradation above, the

limitations of current device models can even exclude certain
NA devices entirely from universal quantum ecosystems.
Example 6. Consider a zoned NA device as illustrated in
Fig. 3a, where the storage zone is optimized for long coherence
times and CZ gates can only be executed as zoned operations
in the entanglement zone [10]. This setup—featuring better
coherence times [28], [35] compared to the monolithic device
in Ex. 5—depends on shuttling atoms between zones. The
interaction radius depicted in Fig. 3b demonstrates that SWAP-
based routing is infeasible, as atoms can only interact with
their direct neighbors. Consequently, compilation methods that
rely on a device model only capturing a static coupling map,
and, hence, are limited to SWAP-based routing, cannot target
such zoned NA devices at all.

Both examples demonstrate that the missing computational
capabilities of NA devices in existing device models create a
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Figure 3. (a) schematic of a zoned NA device showing the storage and
entanglement zone; (b) magnification of the entanglement zone depicting the
interaction and blocking radius clearly demonstrating that swapping qubits
between different site pairs is infeasible.



substantial barrier to progress. Importantly, the solution to this
barrier is not yet another NA-specific compiler—those already
exist (cf. Sec. I)—but rather a device model that can convey
all necessary hardware information to these compilers within
a universal quantum ecosystem.

IV. DEVICE MODEL FOR NEUTRAL ATOM DEVICES

We propose targeted extensions to existing device models
that address the limitations discussed above, thereby enabling
NA devices and the specialized compilers developed for them
to be seamlessly integrated into universal quantum ecosystems.
As one representative realization, we build upon the Quantum
Device Management Interface (QDMI, [24]) employed in large
universal quantum ecosystems. Note that, despite the concrete
implementation, the underlying concepts are general and can
be applied to any other device model, including those reviewed
in Sec. II-B. This section briefly reviews QDMI and introduces
the corresponding contributions.

A. Running Example: QDMI

QDMI abstracts over various hardware technologies and
provides a uniform interface for devices. It defines three
different parties that closely interact with each other: (1) the
device representing the actual quantum hardware, (2) the client,
a software component utilizing the device, e. g., a mapping
pass, and (3) the driver managing the communication between
multiple devices and clients. To retrieve information from a
device, the client sends a corresponding query to the driver,
which in turn forwards the query to the respective device and
returns the received answer to the client. Properties can be
queried for three different entities defined in QDMI’s device
model: (1) for the device itself, e. g., its qubit count, (2) for
sites denoting possible qubit locations (equals qubits in case of
SC), and (3) for operations, e. g., their current fidelity. Each of
those three entities has its own list of pre-defined properties.
Example 7. The coupling map is a property of the device.
Querying the device for its coupling map returns a list of
site pairs, where each pair indicates that a two-qubit operation
can be executed between the two sites.

Similar to other universal quantum ecosystems, QDMI’s
device model is significantly influenced by SC devices and
currently does not effectively capture the specific computational
capabilities of NA devices.

B. Multi-Qubit Operations

In contrast to SC, where qubits have a fixed position and
interaction partners are given by a fixed coupling map, NAs
feature dynamic rearrangement. Similarly, an NA device defines
potential atom locations through trap sites rather than a fixed
qubit layout. The ability to undergo a multi-qubit gate is then
determined via an interaction and blocking radius, as reviewed
in Sec. II-A—both of which are missing in existing device
models. Moreover, to determine whether two atoms are within
the interaction radius, their precise location must be known.
Hence, the device model must communicate the location of its
sites, which can be in two- or three-dimensional space.

Implementation 1. To facilitate multi-qubit operations while
allowing dynamic rearrangement, the device model must be
equipped with the following additional site properties:
• X-, Y-, Z-coordinate: precise location of each site in space,

whereof the Z-coordinate is optional
• interaction radius: distance within which atoms can interact
• blocking radius: distance within which atoms perturb each

other during multi-qubit operations

C. Topology of Sites
The arrangement of trap sites on NA devices commonly

follows a grid structure, but arbitrary geometries are possible,
while only regular geometries are meaningful in the context
of large-scale NA quantum computing. For a client to retrieve
all sites, it can query the device for the already existing
sites property. To construct the list of sites in the device
implementation, we use the following systematic method.

Assuming the device provides sites in a two-dimensional
lattice structure, as illustrated in Fig. 4a, where a group of
eight sites, the sublattice (green), is repeated horizontally and
vertically. The vector

⇀
𝑣0 denotes the sublattice’s origin relative

to the device’s origin. The sublattice itself is defined as a list
of eight coordinates relative to the sublattice’s origin. It is then
repeated by shifting it by multiples of the vectors

⇀
𝑣1 and

⇀
𝑣2.

A rectangular extent (orange) limits this definition of sites to a
finite number. Figure 4b shows how a honeycomb structure can
be defined using the same method. Here, the sublattice consists
of two sites, and the basis vectors are chosen accordingly.

Based on the outlined method, different zones can easily be
defined as different lattices, e. g., a storage zone with a large
extent and dense site arrangement and a smaller entanglement
zone with a sparser arrangement of site pairs. The sites
themselves are then still passed from the device to the client
as a plain list. However, in some clients, e. g., a mapping pass,
it will be beneficial to recover this construction of sites for a
more efficient representation of the device.
Implementation 2. To keep the necessary modifications to
the existing device model minimal, we introduce the following
additional site properties that guide the client in reconstructing
the lattice structure:
• module index identifies a lattice (i. e., zone)
• submodule index identifies a sublattice within a lattice

D. Dynamic Rearrangement
One key computational capability of NA devices is the

dynamic rearrangement of atoms. The device can report

x

y
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Figure 4. (a) a group of sites, the sublattice in green, is duplicated and shifted
by two lattice vectors

⇀
𝑣1 and

⇀
𝑣2 in blue to form a 2D lattice of sites within a

given extent in orange; (b) also other structures like honeycomb lattices can
be defined using this method.



shuttling, loading (SLM → AOD), and storing (AOD →
SLM) as supported operations, alongside single- and multi-
qubit gates. Most of their properties are already covered by
existing operation properties, e. g., fidelity and duration.
Implementation 3. Nevertheless, some additional operation
properties are necessary to fully capture the constraints of
rearrangement operations.
• mean shuttling speed: average atom movement speed
• minimal atom distance: minimum atom separation during

shuttling

E. Zoned Operations
An operation can report the sites it is applicable to by

querying the property sites on an operation, which fully suffices
for local operations on NA devices. However, zoned operations
act on all atoms in a region, including those held in adjustable
AOD traps, not just on individual sites. For this purpose, we
introduce a new type of sites, the zone sites. While regular
sites define a point in space without an extent, zone sites have
a two- or three-dimensional extent.
Implementation 4. Hence, we introduce the corresponding
site properties:
• is zone: a boolean property indicating whether this site is

a regular or a zone site
• X-, Y-, Z-extent: the zone’s extent (the site’s origin is denoted

by the coordinates introduced above)
Additionally, we extend the operation properties:
• is zoned: a boolean property indicating whether this

operation is a zoned one
• idling fidelity: only relevant for zoned multi-qubit gates, it

denotes their fidelity on isolated atoms without an interac-
tion partner that undergo a (faulty) identity operation [33]

F. Length and Duration Units
The new properties comprise a couple of length values,

whose unit must be specified for correct interpretation. For the
device model to be able to choose its own unit length (and unit
duration), the following two properties are added to the device.
This approach has the central advantage that fixed-precision
integers can be used for length and duration values, avoiding
any precision loss due to rounding errors when calculating
with length values.
Implementation 5. Hence, we equip the device with one further
property to report the unit length of the device and apply the
same method for durations:
• length scale factor: integer denoting the unit length as

multiples of 1 nm
• duration scale factor: scale factor for duration values as

multiples of 1 ns
As a consequence, all duration and length values are returned
as signed or unsigned integers.

V. DEMONSTRATING UNLOCKED POTENTIAL

We implemented the approach proposed above. The cor-
responding full code is publicly available as part of the
Munich Quantum Toolkit (MQT, [36]) at https://github.com/
munich-quantum-toolkit/core. By that, we provide a device
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clang/gcc .h
DriverDevice

Python
Console

Client
.h

QDMI QDMI
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Figure 5. A JSON specification of the NA device is compiled into a shared
library with QDMI as an interface. The library is loaded and accessed by the
driver. Our driver implementation provides Python bindings that interact with
the driver and eventually with the device.

model that fully captures the computational capabilities of NA
devices. This enables specialized NA compilers to retrieve
all necessary hardware information through the standardized
interface, facilitating their seamless integration into universal
quantum ecosystems. In the following, Sec. V-A first briefly
outlines the implementation. Afterward, Sec. V-B demonstrates
how to use the device model. Finally, in Sec. V-C, we
demonstrate how using the resulting device model fully unlocks
the computational capabilities of NA devices and leads to
improvements in the routing overhead fidelity by a factor of
up to 100,000 on a circuit with 16 qubits and 600 gates.

A. Implementation of the Proposed Device Model
A QDMI [24] device implementation is a shared library with

a well-defined C interface. To ease the definition of such a
library, we decided to first specify the device’s computational
capabilities in a JSON file, depicted in Fig. 5a. Then, this JSON
specification is parsed by a custom generator that produces C++
source code as shown in Fig. 5b. Finally, this source code is
compiled into the shared library, shown in Fig. 5c. The shared
device library is then loaded by a QDMI driver, illustrated
in Fig. 5d. It communicates with the shared library through
QDMI, illustrated as the blue plug in Fig. 5d. Complementary,
it provides the interface to clients, depicted in Fig. 5e. For
ease of use, our driver also provides Python bindings, allowing
clients to access the device through Python.

B. JSON Specification and Usage
For our demonstration, we model the NA device presented

in [10] and illustrated in Fig. 6, which features an entanglement,
storage, and measurement zone. The figure also depicts the
dimensions of the zones and the distances between the sites. The
following code snippet shows an excerpt of the corresponding
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Figure 6. Schematic of the zoned NA device presented in [10].
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JSON specification. The visible part defines the entanglement
zone according to the lattice structure explained in Sec. IV-C.

"lengthUnit": {"unit": "um", "scaleFactor": 1.},
"traps": [{
"latticeOrigin": {"x": 0, "y": 167},
"latticeVector1": {"x": 12, "y": 0},
"latticeVector2": {"x": 0, "y": 10},
"sublatticeOffsets": [{"x": 0, "y": 0},

{"x": 2, "y": 0}],
"extent": {"origin": {"x": 0, "y": 164},

"size": {"width": 230, "height": 35}
}, ... # other zones

}], ... # other device properties

Afterward, we can reconstruct the lattice structure in a
client by querying the device solely for properties defined
in the device model, including the newly introduced ones. In
the following pseudocode, 𝑣0,1,2 stand for the lattice origin,
vector 1, and vector 2, respectively. Furthermore, 𝑂 denotes
the set of offsets defining the sublattice, and 𝑅 is an auxiliary
set of reference sites for each sublattice.

for all module indices do
𝑣0 ← min {(𝑥, 𝑦) | sites with min. submodule index}
𝑂 ← {(𝑥 − 𝑥(𝑣0), 𝑦 − 𝑦(𝑣0)) |

sites with min. submodule index}
𝑅 ← {min {(𝑥, 𝑦) | sites with submodule index 𝑖}

for all submodule indices 𝑖}
𝑣1 ← (𝑥 − 𝑥(𝑣0), 𝑦 − 𝑦(𝑣0)) for (𝑥, 𝑦) ∈ 𝑅 closest to 𝑣0
𝑣2 ← (𝑥 − 𝑥(𝑣0), 𝑦 − 𝑦(𝑣0)) for (𝑥, 𝑦) ∈ 𝑅 closest to 𝑣0

such that 𝑣2 is not collinear to 𝑣1

Besides the lattice structure, all other properties necessary
to compile to the NA device can be retrieved from the device.
Consequently, the resulting device model allows universal
quantum ecosystems to utilize the full potential of NA devices.

C. Fidelity Improvement

To demonstrate the potential unlocked by the proposed device
model, we compare two compilation scenarios: First, using
Qiskit [1]—a state-of-the-art universal quantum ecosystem
limited by its SC-shaped device model. Second, using the
routing-aware NA compiler in QMAP [23] as one representative
NA-specific compiler that can now leverage the full device
information conveyed by our model. For the former, limited
by the SC device model, we can only specify a coupling
map assuming a monolithic NA device [35] with only local
operations and without shuttling in the size of the storage zone
in Fig. 6—allowing for nearest-neighbor interactions. For the
latter, we can fully utilize the computational capabilities of the
zoned NA device [10] as depicted in Fig. 6—offering shuttling
and zoned operations. We benchmark both settings on circuits
of varying sizes taken from [37] as listed in the first three
columns of Table I. For both settings, we calculate the routing
overhead fidelity as the product of all operation fidelities and
the coherence according to Eq. (1) on Page 3. Here, we assume
(local and zoned) CZ gates are executed with 99.5% fidelity
in 0.36 µs, single-qubit gates with 99.97% fidelity in 52 µs,
trap transfers (SLM ↔ AOD) with 99.9% fidelity in 15 µs,
a mean shuttling speed of 0.55 µm

µs , and a coherence time of
𝑇eff = 1.5 s [10], [38]. The resulting routing overhead fidelities

Table I. FIDELITY: SC VS. NA DEVICE MODEL

Circuit Routing Overhead Fidelity
Qubits Gates SC Model NA Model Improvement

bv 32 46 2.24 × 10−1 7.34 × 10−1 × 3.28
64 94 4.25 × 10−2 4.09 × 10−1 × 9.62

128 190 8.56 × 10−5 6.85 × 10−2 × 800
ghz 32 95 2.73 × 10−1 4.70 × 10−1 × 1.72

64 191 8.43 × 10−2 1.48 × 10−1 × 1.76
128 383 1.23 × 10−2 3.30 × 10−3 ÷ 3.72

qft 8 142 5.63 × 10−2 5.36 × 10−1 × 9.52
16 602 7.39 × 10−7 7.83 × 10−2 × 1.06 × 105

32 2092 <0.1 × 10−9 1.47 × 10−4 –
qpeexact 8 136 5.64 × 10−2 6.31 × 10−1 × 11.2

16 588 1.16 × 10−6 9.59 × 10−2 × 8.25 × 104

32 2122 <0.1 × 10−9 8.72 × 10−5 –
wstate 16 92 2.75 × 10−1 4.09 × 10−1 × 1.49

32 188 7.62 × 10−2 1.40 × 10−1 × 1.83
64 380 7.24 × 10−3 7.80 × 10−3 × 1.08

of the SC and NA compilation are listed in the fourth and fifth
columns of Table I, respectively.

These results clearly demonstrate that device models limited
to SC features leave substantial NA potential untapped. When
the proposed device model abstracts the full range of NA
capabilities, it can bridge the gap from the hardware to special-
ized compilers achieving significantly higher routing overhead
fidelity. The only exception is the ghz circuit with 128 qubits,
where, due to the circuit’s structure, long shuttling moves
reduce NA performance. Overall, the fidelity improvements in
Table I (up to × 1.06×105) highlight the significant advantages
enabled by the proposed device model when employing NA
devices within universal quantum ecosystems.

VI. CONCLUSION

In this work, we have identified a critical gap in univer-
sal quantum computing ecosystems: existing device models,
shaped by SC technology, fail to abstract the computational
capabilities of emerging technologies like NAs, including atom
shuttling and zoned operations. This gap prevents the numerous
specialized NA compilers developed in recent years from
being integrated into these ecosystems, leaving substantial
hardware potential untapped. To close this gap, we proposed
a more generic device model bridging the abstraction gap
and faithfully representing NA capabilities. Evaluations of an
implementation of the proposed device model demonstrated
fidelity improvements by a factor of up to 100,000 on a
circuit with 16 qubits and 600 gates, showcasing the substantial
potential unlocked by bridging the gap between NA hardware
and existing software infrastructure.

Acknowledgments
During the preparation of this manuscript, the authors used GitHub Copilot,

powered by Claude Sonnet 4.6 and Claude Opus 4.6, to improve spelling,
grammar, clarity, and readability during manuscript preparation. Afterward,
the authors reviewed and edited the content as needed. The authors take full
responsibility for the final content.

The project leading to this publication has received funding from the
European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation program (grant agreement No. 101001318),
the Munich Quantum Valley, which is supported by the Bavarian state
government with funds from the Hightech Agenda Bayern Plus, the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation, 563436708),
and the BMFTR under grant number 01MQ25001I (FullStaQD).



REFERENCES
[1] Ali Javadi-Abhari et al., Quantum computing with Qiskit, 2024. arXiv:

2405.08810.
[2] IBM, IBM Makes Quantum Computing Available on IBM Cloud to

Accelerate Innovation, 2016.
[3] Cirq Developers, Cirq, version 1.6.0, 2025. [Online]. Available: https:

//github.com/quantumlib/Cirq
[4] Ville Bergholm et al., “Pennylane: Automatic differentiation of hybrid

quantum-classical computations,” 2022. arXiv: 1811.04968.
[5] Munich Quantum Valley. “Munich quantum valley kicks off.” Accessed

on September 1, 2025, Munich Quantum Valley.
[6] The Quantum Insider. “Launching quantum delta nl: Dutch players

join forces to build the future of quantum technology.” Accessed on
September 1, 2025.

[7] Steve Koppes. “Uchicago, argonne, fermilab prepare for quantum
information revolution.” Accessed on September 1, 2025, University
of Chicago Newsroom.

[8] Science Japan. “Riken establishes center for quantum computing.”
Accessed on September 1, 2025, Science Japan.

[9] Frank Arute et al., “Quantum supremacy using a programmable
superconducting processor,” Nature, 2019. DOI: 10 .1038 / s41586-
019-1666-5

[10] Dolev Bluvstein et al., “Logical quantum processor based on reconfig-
urable atom arrays,” Nature, 2023. DOI: 10.1038/s41586-023-06927-3

[11] Dolev Bluvstein et al., “A fault-tolerant neutral-atom architecture for
universal quantum computation,” Nature, 2026. DOI: 10.1038/s41586-
025-09848-5

[12] Tirthak Patel, Daniel Silver, and Devesh Tiwari, “Geyser: A com-
pilation framework for quantum computing with neutral atoms,” in
Proceedings of the 49th Annual International Symposium on Computer
Architecture, ACM, 2022. DOI: 10.1145/3470496.3527428

[13] Tirthak Patel, Daniel Silver, and Devesh Tiwari, “GRAPHINE: En-
hanced Neutral Atom Quantum Computing using Application-Specific
Rydberg Atom Arrangement,” in Proceedings of the International
Conference for High Performance Computing, Networking, Storage
and Analysis, ACM, 2023. DOI: 10.1145/3581784.3607032

[14] Jason Ludmir and Tirthak Patel, “PARALLAX: A Compiler for
Neutral Atom Quantum Computers under Hardware Constraints,”
in SC24: International Conference for High Performance Computing,
Networking, Storage and Analysis, IEEE, 2024. DOI: 10.1109/SC41406.
2024.00079

[15] Hanrui Wang et al., “Q-Pilot: Field Programmable Qubit Array
Compilation with Flying Ancillas,” in Design Automation Conf., ACM,
2024. DOI: 10.1145/3649329.3658470

[16] Daniel Silver, Tirthak Patel, and Devesh Tiwari. “Qompose: A
Technique to Select Optimal Algorithm- Specific Layout for Neutral
Atom Quantum Architectures.” arXiv: 2409.19820 [quant-ph],
pre-published.

[17] Daniel Bochen Tan, Wan-Hsuan Lin, and Jason Cong, “Compilation
for Dynamically Field-Programmable Qubit Arrays with Efficient and
Provably Near-Optimal Scheduling,” in Proceedings of the 30th Asia
and South Pacific Design Automation Conference, ACM, 2025. DOI:
10.1145/3658617.3697778

[18] Daniel Bochen Tan, Dolev Bluvstein, Mikhail D. Lukin, and Ja-
son Cong, “Compiling Quantum Circuits for Dynamically Field-
Programmable Neutral Atoms Array Processors,” Quantum, 2024.
DOI: 10.22331/q-2024-03-14-1281

[19] Hanrui Wang et al., “Atomique: A Quantum Compiler for Recon-
figurable Neutral Atom Arrays,” in Int’l Symposium on Computer
Architecture, IEEE, 2024. DOI: 10.1109/ISCA59077.2024.00030

[20] Natalia Nottingham et al., “Circuit Decompositions and Scheduling
for Neutral Atom Devices with Limited Local Addressability,” in
2024 IEEE International Conference on Quantum Computing and
Engineering (QCE), IEEE, 2024. DOI: 10.1109/QCE60285.2024.00105

[21] Yannick Stade, Ludwig Schmid, Lukas Burgholzer, and Robert Wille,
“An Abstract Model and Efficient Routing for Logical Entangling Gates
on Zoned Neutral Atom Architectures,” in Int’l Conf. on Quantum
Computing and Engineering, IEEE, 2024. DOI: 10.1109/QCE60285.
2024.00098

[22] Ludwig Schmid, Sunghye Park, and Robert Wille, “Hybrid Circuit
Mapping: Leveraging the Full Spectrum of Computational Capabilities
of Neutral Atom Quantum Computers,” in Design Automation Conf.,
ACM, 2024. DOI: 10.1145/3649329.3655959

[23] Yannick Stade, Wan-Hsuan Lin, Jason Cong, and Robert Wille,
“Routing-Aware Placement for Zoned Neutral Atom-based Quantum
Computing,” in Int’l Conf. on CAD, IEEE, 2025. DOI: 10 . 1109 /
ICCAD66269.2025.11240721

[24] Robert Wille et al., “QDMI - Quantum Device Management Interface:
Hardware-Software Interface for the Munich Quantum Software Stack,”
in Int’l Conf. on Quantum Computing and Engineering, IEEE, 2024.
DOI: 10.1109/qce60285.2024.10411

[25] Ludwig Schmid et al., “Computational capabilities and compiler
development for neutral atom quantum processors—connecting tool
developers and hardware experts,” Quantum Science and Technology,
2024. DOI: 10.1088/2058-9565/ad33ac

[26] Daniel Barredo, Sylvain de Léséleuc, Vincent Lienhard, Thierry
Lahaye, and Antoine Browaeys, “An atom-by-atom assembler of
defect-free arbitrary two-dimensional atomic arrays,” Science, 2016.
DOI: 10.1126/science.aah3778

[27] Dolev Bluvstein et al., “A quantum processor based on coherent
transport of entangled atom arrays,” Nature, 2022. DOI: 10.1038/
s41586-022-04592-6

[28] Simon J. Evered et al., “High-fidelity parallel entangling gates on a
neutral atom quantum computer,” Nature, 2023. DOI: 10.1038/s41586-
023-06481-y

[29] T. M. Graham et al., “Rydberg-Mediated Entanglement in a Two-
Dimensional Neutral Atom Qubit Array,” Physical Review Letters,
2019. DOI: 10.1103/PhysRevLett.123.230501

[30] Prakash Murali, Dripto M. Debroy, Kenneth R. Brown, and Mar-
garet Martonosi, “Architecting Noisy Intermediate-Scale Trapped Ion
Quantum Computers,” in Int’l Symposium on Computer Architecture,
2020. DOI: 10.1109/ISCA45697.2020.00051

[31] The CUDA-Q development team, Cuda-q, version 0.12.0, 2025.
[Online]. Available: https://github.com/NVIDIA/cuda-quantum

[32] Andrew M. Steane, Fast fault-tolerant filtering of quantum codewords,
2004. arXiv: quant-ph/0202036.

[33] Yannick Stade, Ludwig Schmid, Lukas Burgholzer, and Robert Wille,
“Optimal State Preparation for Logical Arrays on Zoned Neutral Atom
Quantum Computers,” in Design, Automation and Test in Europe,
2024. DOI: 10.23919/DATE64628.2025.10993241

[34] Alwin Zulehner, Alexandru Paler, and Robert Wille, “An Efficient
Methodology for Mapping Quantum Circuits to the IBM QX Archi-
tectures,” IEEE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, 2019. DOI: 10.1109/TCAD.2018.2846658

[35] T. M. Graham et al., “Multi-qubit entanglement and algorithms on a
neutral-atom quantum computer,” Nature, 2022. DOI: 10.1038/s41586-
022-04603-6

[36] Robert Wille et al., “The MQT Handbook: A Summary of Design
Automation Tools and Software for Quantum Computing,” in Int’l Conf.
on Quantum Software, 2024. DOI: 10.1109/QSW62656.2024.00013 A
live version of this document is available at https://mqt.readthedocs.io.

[37] Nils Quetschlich, Lukas Burgholzer, and Robert Wille, “MQT Bench:
Benchmarking Software and Design Automation Tools for Quantum
Computing,” Quantum, 2023, MQT Bench is available at https://www.
cda.cit.tum.de/mqtbench/. DOI: 10.22331/q-2023-07-20-1062

[38] Wan-Hsuan Lin, Daniel Bochen Tan, and Jason Cong, “Reuse-
Aware Compilation for Zoned Quantum Architectures Based on
Neutral Atoms,” in IEEE Int’l Symp. on High-Performance Computer
Architecture, 2025. DOI: 10.1109/HPCA61900.2025.00021

https://arxiv.org/abs/2405.08810
https://github.com/quantumlib/Cirq
https://github.com/quantumlib/Cirq
https://arxiv.org/abs/1811.04968
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-023-06927-3
https://doi.org/10.1038/s41586-025-09848-5
https://doi.org/10.1038/s41586-025-09848-5
https://doi.org/10.1145/3470496.3527428
https://doi.org/10.1145/3581784.3607032
https://doi.org/10.1109/SC41406.2024.00079
https://doi.org/10.1109/SC41406.2024.00079
https://doi.org/10.1145/3649329.3658470
https://arxiv.org/abs/2409.19820
https://doi.org/10.1145/3658617.3697778
https://doi.org/10.22331/q-2024-03-14-1281
https://doi.org/10.1109/ISCA59077.2024.00030
https://doi.org/10.1109/QCE60285.2024.00105
https://doi.org/10.1109/QCE60285.2024.00098
https://doi.org/10.1109/QCE60285.2024.00098
https://doi.org/10.1145/3649329.3655959
https://doi.org/10.1109/ICCAD66269.2025.11240721
https://doi.org/10.1109/ICCAD66269.2025.11240721
https://doi.org/10.1109/qce60285.2024.10411
https://doi.org/10.1088/2058-9565/ad33ac
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1103/PhysRevLett.123.230501
https://doi.org/10.1109/ISCA45697.2020.00051
https://github.com/NVIDIA/cuda-quantum
https://arxiv.org/abs/quant-ph/0202036
https://doi.org/10.23919/DATE64628.2025.10993241
https://doi.org/10.1109/TCAD.2018.2846658
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1109/QSW62656.2024.00013
https://mqt.readthedocs.io
https://www.cda.cit.tum.de/mqtbench/
https://www.cda.cit.tum.de/mqtbench/
https://doi.org/10.22331/q-2023-07-20-1062
https://doi.org/10.1109/HPCA61900.2025.00021

	Introduction
	Preliminaries
	Neutral Atom-based Quantum Computing
	Abridged History of Device Models

	Limitations of Existing Device Models
	Untapped Potential of Dynamic Rearrangement
	Exclusion of Zoned Devices

	Device Model for Neutral Atom Devices
	Running Example: QDMI
	Multi-Qubit Operations
	Topology of Sites
	Dynamic Rearrangement
	Zoned Operations
	Length and Duration Units

	Demonstrating Unlocked Potential
	Implementation of the Proposed Device Model
	JSON Specification and Usage
	Fidelity Improvement

	Conclusion

