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Abstract
This paper elaborates on a consensus view from the standardization body JTC22/WG3
on a layer model that offers a high-level hierarchical description of hardware and
software modules to support the development of modular quantum computers. The
group of lower layers covers multiple stacks, one for each hardware architecture, while
the upper layers are defined around a common software stack. A hardware abstraction
layer connects the two. The addition of a separate communication unit offers a robust
separation between the stack and the outside world and allows controlled access for
multiple users, as well as serving hybrid computing systems.

Keywords Quantum computing · Layer model · Standardization · Consensus view ·
Full-stack · Modularity · Functional description · Framework

1 Introduction

A properly defined layer model is the first step toward a modular quantum computer.
Modularitywould enable customers, such as research institutes and system integrators,
to select products (modules) from different origins and combine them into a single
quantum computer. It is a proven concept that has given the market for personal
computers a boost, and our aim is to realize that for future quantum computers as
well.

It must be noted that modularity in this paper does not refer to “horizontal" modu-
larity, such as modular methods to scale-up the size of a quantum computer. In those
solutions, multiple hardware modules on a smaller scale are combined into a sin-
gle quantum computer of much larger size. With horizontal modularity, the modules
involved offer similar functionalities from the same vendor that are interconnected
in parallel [1–3] The use of proprietary interfaces is often adequate for this kind of
modularity.
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This paper refers to something that might be called “vertical" modularity. In those
solutions, the modules involved offer complementary solutions from different ven-
dors that are hierarchically stacked. The layers of such stacks require standardized
interfaces between the layers to combine products from different vendors. Vertical
modularity requires a mature supply chain from which customers can acquire the best
combination of products that meets their requirements. This concept can only flourish
when hardware and softwaremodules from all those suppliers can interwork with each
other through well defined, commonly accepted interfaces. This also means that the
functionality, requirements, and interfaces of all these modules are well specified by
dedicated standards.

The biggest challenge here is not to create a working stacking solution for quantum
computers [4–6], but to build consensus among competitive commercial parties with
a common interest in a global market. This is a delicate process that cannot proceed
until a consensus view has been achieved on how to slice a quantum computer into
smaller chunks. It requires a top-down approach for identifying a stack of hierarchical
layers and high-level descriptions of their functionalities.

This is where standardization comes into play, and the JTC22/WG3 standardization
body [7] has recently published such a layer model [8] as a follow up to the roadmap
proposed by the Focus Group on Quantum Technologies [9]. This layer model is an
abstract description of a (computing) system through a common stack of layers and
provides good guidance on how to proceed. The next step is to elaborate on functional
requirements in different and more dedicated standard documents before technical
details and interfaces can be specified. This effort is complementary to other stan-
dardization activities in the world. The IEC/ISO JTC3 was established in 2024 and
has recently initiated work on quantum computing supply chains and benchmark-
ing [10]. A standard on quantum computing vocabulary has been put forth; however,
it does not contain any information on quantum computing architectures [11]. We
expect that any future architectural work by JTC3 will take into account the docu-
ments produced by CEN/CENELEC JTC22 and consequently, this research as input
for terminology describing technical functionality. Although IEEE is currently work-
ing on hardware and software standards for quantum computing, as of June 19th, 2025,
the IEEE P3120, Standard for Quantum Computing Architecture, has been withdrawn
until further notice [12].

A quantum computing layer model is not a new concept, as literature exists propos-
ing layered architectures for quantum computers. Jones et al. [13] proposed a layer
model for quantum computers using optically controlled quantum dots to address scal-
ability challenges for quantum error correction [13]. Although research does make
advances in detailing scalable layers, the architecture is specified for one form of gate-
based quantum computing. Furthermore, the research does not address the practical
details of users interacting with the quantum computer, whether locally or in the cloud.
Geck et al. [14] proposed a complete-circuit architecture for electron spin qubits that
improves scalability by physically placing the control circuits close to the qubits at
cryogenic temperatures. This work proposes a generic five-layer architecture in which
the physical/hardware layers are heavily discussed while higher-level software is left
out of scope. Consequently, this work does not address the practical concerns of user-
oriented usage of a gate-based computer. The quantum layer model described by Fu
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et al. [15] is more generic toward a universal gate-based computer, with seven verti-
cal layers proposed and additional codes or applications introduced horizontally. The
research clearly differentiates between logical and physical qubits, even discussing the
implications of using ancillae in an architecture. However, the interaction of users on
the layers, whether locally or from the cloud, as well as the data transfer between the
layers, is not explicitly mentioned. Bandic et al. [16], describing a simplified full-stack
system in the NISQ era, proposed a generalization of that seven-layer stack.

Recently, a full stack for networked quantum devices was proposed by Delle Donne
et al. [17], where the software layers (including a network stack [18]) are integrated
into a novel operating system denoted as QNodeOS. To the best of our knowledge, this
is the most advanced layered architecture for few-qubit quantum devices that share
entangled qubit [19, 20] pairs over short, medium, or long distances. That is, the focus
is on quantum communications rather than quantum computing. For this reason, the
full stack by Delle Donne et al. cannot be directly compared with the one proposed
in this paper, which is oriented toward quantum computing on devices equipped with
many qubits. Furthermore, as illustrated in Section 2, the proposed layermodel devises
a Communication Unit that is separate from themain stack. This unit allows for a clean
interface between the internal parts of the stack and the outside world; for instance, it
can become a node within a hybrid quantum computing network.

The research conducted by Stirbu et al. [21] presents a practical framework for
integrating quantum computing into cloud-native environments usingKubernetes con-
cepts, with a focus on orchestrating and executing hybrid classical–quantum tasks. In
contrast, this paper proposes an architectural framework formodular quantum comput-
ers, emphasizing verticalmodularity and interoperability across hardware and software
layers. This blueprint describes properly defined layers to support the integration of
orchestration software, such as that described in [21], into vendor modular quantum
systems.

Building on the research overview provided, there is a notable gap in describing
gate-based universal computing as general modular layers that the industry can readily
adopt. This is particularly evident in the lack of higher-level software frameworks and
cloud-based abstractions discussed in the existing literature. For instance, the paper
by Murillo et al. [22] outlines key challenges in quantum software engineering, such
as modularity, platform independence, and hybrid integration. By introducing stan-
dardized vertical layers, such as the hardware abstraction layer and a communication
unit, the present paper translates these strategic needs into a practical architecture and
offers a concrete blueprint for scalable and interoperable quantum systems, aligned
with the roadmap proposed in [22]. More specifically, the present paper proposes lay-
ered architectures for universal gate-based computing, including examples of inputs
and outputs to facilitate modular standardization within the industry. The aim is not
only to define the layers and their purposes but also to outline their functionalities and
processes necessary for maximizing marketability. Therefore, instead of delving into
the technical details of each functionality, which we will leave out of the scope, this
paper provides an indication of the information required both within and outside of
each layer.
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Fig. 1 Overview of the layer model of quantum computing, capable of supportingmultiple hardware stacks.
Figure from [8]

2 Overview of the layer model

A practical approach to managing the overall complexity of quantum computing is
to conceptualize it as a stack of layers that collectively address the entire quantum
computer. The proposed model is shown in Figure 1.

The stack covers hardware layers and software layers, each having dedicated func-
tionalities. The layers are chosen in such a manner that the functionality of each layer
can be described independently. This means that interworking between these layers is
facilitated via well-defined interfaces at the boundaries of these layers. In principle,
each layer interacts only with the one below and above it, but it is not excluded that
interactions may bypass a layer to interact directly with one deeper or higher. Each
layer aims to be more agnostic to the exact implementation of the layers below. The
higher up in the stack, the more hardware-agnostic the layers will gradually become.
By agnostic, we mean that the same system works for different quantum computing
hardware platforms, such as solid state quantum computing, ion traps, neutral atoms,
optical quantum computing, and topological quantum computing.

Since quantum computing is an area that encompasses many different implemen-
tations, the proposed model divides all layers into two groups. The group of upper
layers addresses software, primarily at a higher level of abstraction, and is organized
as a single stack. The group of lower layers mainly addresses hardware and depends
on the physical platform. This group comprises multiple stacks, one for each identi-
fied architecture family, each with multiple layers. For the sake of clarity, in Figure
1, the groups of lower layers are alternatives to one another. In this work, we use
cryogenic solid-state quantum hardware as an example to illustrate the functionalities
of hardware layers. It is important to note that the layers may vary depending on the
specific hardware technology.

The dashed line distinguishes the two groups, and layers above it may need to
accommodate functionalities and interfaces below it, which can vary across different
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hardware stacks. The aim of the hardware abstraction layer is to offer a more harmo-
nized and common interface to the higher software layers. This approach decouples
software design from hardware design to some extent, which has clear advantages,
such as the reusability of algorithms for different hardware.

The addition of a communication unit next to the stack offers robust separation
between the full stack and the outside world. It exchanges information directly with
each layer but provides access to those layers only to users authenticated for that
purpose. This addition simplifies the offering of quantum computation resources to a
plurality of users and hybrid computing systems.

A module, within this context, is something that can be sold and shipped indepen-
dently of other modules. It can offer the functionality of a single layer, multiple layers,
or a subset of a layer. In all cases, it requires interfaces for interworking with other
modules.

The boundaries between the layers are natural locations for defining standardized
interfaces so that modules can take advantage of them. But when the functionality
of a module spans two or more layers, there is no need to implement the interfaces
between the inner layers. A module may also support different operating modes, such
that it complies with the various requirements for each (member of an) architecture
family.

Figure 1 shows an overview of the proposed layer model.
So far, the following quantum architecture families have been identified (in arbitrary

order):

• Cryogenic solid-state based [23–30]
• Room temperature solid-state based [31, 32]
• Trapped ions [33, 34]
• Neutral atoms [35, 36]
• Photonic quantum computing [37, 38]
• Other architectures that may be identified in future

A one-size-fits all approach may not apply to all these different architectures; there-
fore, each may have its own stack. The use of four lower layers has been shown to be
adequate for serving the needs of cryogenic solid-state technologies. Other architec-
tures, depicted in this figure as technology #2 and #3, may need another division into
layers. Their stack has, therefore, been drawn as a single box, and the details are left
for further study.

Within an architecture family, multiple members may exist, such as transmons and
spin qubits for cryogenic solid-state QC. Small differences in the functionalities of
the lower layers may therefore occur as well.

3 Hardware and control layers

Asmentioned previously, to illustrate the layermodel concept, only the hardware stack
of cryogenic solid-state quantum computing is detailed here. Other architectures may
require different stacks and are omitted for simplicity.
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Themembers of this architecture family have in common that they all use a cryostat,
where the quantum devices in a holder are controlled from outside the fridge by
room temperature electronics. The following members have been identified within
this architecture family:

• Transmons [23]
• Flux qubits [24]
• Semiconductor spin qubits [25]
• Topological qubits [26]
• Artificial atoms in solids [27]
• Molecular spins [29, 30]

3.1 Quantum devices

The quantum devices in hardware layer 1 function as modules containing qubits, typ-
ically operating at cryogenic temperatures and implemented either as chips or on a
PCB. Their quantum states can be manipulated and read out by sending pulses and
measuring their response. These devices may also have strict requirements regard-
ing shielding, operating temperature, magnetic conditions, and other environmental
factors.

3.2 Control highway

The control highway covers all hardware needed for transporting microwave, light
wave, RF, and DC signals via electrical and/or optical means between the control
electronics at room temperature and the quantum devices at cryogenic tempera-
tures. It is usually a mix of transmission lines, filtering, attenuation, amplification,
(de)multiplexing, as well as means for proper thermalization.

Downstream signals require attenuation at cryogenic temperatures to keep most of
the thermal noise away from the qubits. Overall loss values of 50 dB or more are not
uncommon.Additional filtering up to IR frequencies can reduce unwanted out-of-band
noise even further. Since attenuators heat up by dissipating attenuated signals, they
produce more thermal noise than desired. Thermalization is therefore required to keep
the attenuators cool and to drain away most of the heat flow from room temperature
nodes through the transmission lines. Superconducting sections can offer additional
thermal isolation to prevent qubits from heating up.

Upstream signals require low-noise amplification, making it essential to minimize
signal loss between the qubit and the first amplifier. When TWPA’s are used as the
first amplification stage, the control highway should also transport pump signals.

As the number of qubits in a single quantum computer grows rapidly, managing an
extensive number of channels within a single cryostat becomes increasingly complex.
The size of a control highway can easily become very bulky, making it more challeng-
ing to keep crosstalk under certain thresholds. Outgassing is also an issue that must
be kept to a minimum since the control highway has to operate under demanding vac-
uum conditions. Moreover, it should be designed so that vibrations in the cryostat do
not induce unwanted signals in the qubits. Therefore, a control highway is more than
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just a collection of cables; it is a carefully designed subsystem essential for efficient
operation. A convenient implementation of a control highway is a module offered as
a top or side loader for insertion into a cryostat, having all thermalization onboard.

3.3 Control electronics

The hardware layer 3 covers all room temperature electronics for generating, receiving,
and processing microwave, RF, and DC signals. Some implementations make use
of routing/switching and/or multiplexing of control signals. It receives commands
from higher layers to fire baseband and modulated pulses, generate pump signals, and
perform measurements of qubit responses.

If these commands are standardized, the control electronics can easily be replaced
by similar electronics from other brands. This capability usually requires a simple
translation of standardized commands into proprietary hardware commands for storing
samples in the memory of an AWG (Arbitrary Waveform Generator) or for firing a
selected pulse. It is worth noting that this translation cannot be accomplished by the
control software layer, which is unable to target specific control electronics systems.

Figure 1 illustrates that the translation of standardized commands into proprietary
hardware commands can be accomplished through a thin software wrapper layered
directly above the hardware, which serves as an integral component of layer 3. It can
be offered as firmware built into the electronics or as an external piece of (driver)
software.

3.4 Control software

The control software refers to the software systems and tools designed to manage,
coordinate, and optimize operations dictated by higher-level languages. It plays a cru-
cial role in translating higher-level quantum assembly instructions into commands that
can be handled by the control electronics. The interface to higher layers is somewhat
comparable to how one interfaces with the CPU’s of classical computers. Different
hardware stacks may offer similar functionality, but the instructions they can handle
may be implementation dependent.

This layer may include an instruction set architecture (ISA), low-level quantum
error correction (QEC), and calibration functionalities (as shown in Figure 1).

• ISA (Instruction Set Architecture) refers to a lower-level method of defining
operations on a quantum computer. Instead of defining specific gates, this layer
defines gates (or other instructions) as operations, using pulses that are applied for
a certain time on specific qubits. An example of an instruction set architecture is
pulse-level programming, where a user can specify wave pulses on qubits instead
of gates. This requires knowledge of the system’s control equipment, as well as
the topology and the nature of the qubits.

• Low-level Quantum Error Correction refers to techniques for the detection or
simple correction of errors, partly autonomously and partly controlled from higher
layers. QEC as a whole [39, 40] is a functionality distributed over various layers,
with the purpose of protecting quantum information from errors caused by noise
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and decoherence. A detailed presentation of these techniques goes beyond the
scope of this paper.

• Calibration refers to low-level methods to stabilize the hardware by continuously
monitoring performance to maintain optimal operation.

3.4.1 Functionality of an ISA

The aim of an instruction set architecture (ISA) is to convert a sequence of machine-
specific instructions from higher layers into commands for the control electronics
to manage individual qubits. As such, the ISA has full awareness of the underlying
quantum hardware and its topology. Due to the ISA’s knowledge of the quantum hard-
ware, it also has the responsibility of handling the execution timings and scheduling
of individual instructions, such that higher layers should only know their sequence.

On input, the ISA may receive instructions from higher layers; for instance, to
change the quantum state of qubits (gate instructions), to read out qubits (measure-
ment instructions), or any other instructions to interact with all available qubits.
These instructions can be provided to the ISA in a specific format, such as binary
machine instructions, ASCII human-readable instructions, or function calls. Instruc-
tions intended for controlling one or two qubits may be fed one by one to the ISA,
but it is more efficient if the ISA can handle many of them in parallel as a “vector” of
instructions to interact with an ensemble of qubits simultaneously.

Higher layers can either push these instructions into a buffer within the ISA when-
ever the ISA signals readiness, or the ISA can poll instructions from a buffer within
higher layers after completing the execution of a previous instruction group. This
process also includes polling requests and instructions from multiple users. In all
cases, it requires a well-defined interface (API) with the above layer(s), as well as a
well-defined instruction set language (such as OpenPulse [41] or Pulser [42]).

An ISA may handle gate-level instructions as well as pulse-level instructions. Both
may be mixed in a single compilation pass for bypassing specific gate instructions,
which can be parsed in the Software Development Kit (SDK) by the user. Gate-
level instructions are considered to be any set of operations that can be parsed onto
universal gate-based quantum computers, regardless of the hardware, while pulse-
level instructions are operations that are heavily dependent on the system’s physical
architecture. The ISA will thus support instructions to specify the exact waveform of
a pulse to be fired to a specific qubit, as well as an ensemble of pulses, where each
pulse has its own waveform and relative delay.

The common way of sending instructions to the ISA is via higher level layers
such as the assembly or programming layer. Alternatively, a user may be allowed, via
the communication module, access to the control software layer directly or via the
hardware abstraction layer by supplying ISA-readable instructions.

On output, the ISA issues commands to the control hardware, such as triggering
pulses to qubits or reading their responses throughmeasurement. This requires the ISA
to have full control over the timing of all these commands. If a pulse is to be applied to
a qubit, the ISAmay calculate its characteristics in real-time, such as waveform/pulse-
shape and magnitude. Alternatively, it may also read predefined characteristics from
a library created by other software units, stored either in the control software layer or
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in the control electronics layer. In all cases, it requires a well-defined interface (API)
with the control electronics as well as a well-defined command set.

4 Software layers

4.1 Hardware Abstraction Layer (HAL)

The aim of the Hardware Abstraction Layer for gate-based quantum computers
is to inform the higher layers of the capabilities and limitations supported by the
underlying hardware. Layers above the HAL can use this information to hide many
implementation-specific details from higher layers by offering a more unified inter-
face. The layers abovemay also use this information to provide higher-level commands
to programmers or programs that allow for the implementation of hardware-specific
optimizations and adaptations. Not all quantum computers can make use of all instruc-
tions or gates. The HAL can thus relay information about the underlying architecture
and translate high-level instructions into commands that the hardware can execute.

A gate-based quantum computer processes a sequence of instructions to change
the state of a quantum register with many qubits before the resulting state is queried
through measurements. A convenient graphic representation of such a sequence has
the appearance of a circuit in which the elements seem to operate on one ormore qubits
simultaneously. Due to this convenient graphic representation, these instructions are
called gates.

Moreover, the HAL facilitates task scheduling by creating a queue for tasks sub-
mitted concurrently by multiple users. Furthermore, the scheduling can be optimized
for time or resource efficiency.

Another functionality is that the HAL can select between multiple quantum archi-
tectures and even partition a single task into multiple queues to perform calculations
in parallel on multiple architectures.

4.1.1 Organization of qubits

The HAL can report to higher layers how qubits are organized in one or more quan-
tum registers. This is a system comprising multiple qubits, each with its own index.
All qubits can be members of a single register or spread out over multiple (smaller)
registers. The HAL supports instructions to operate on such registers for initializing,
changing, and querying the state of the qubits. The HAL can report the properties of
each register by means of the following parameters:

• Width: The HAL can specify the number of available qubits and how they are
organized within these registers. It can also specify whether all qubits are part of a
single quantum register or if they are allocated to multiple (smaller) registers. The
use of multiple registers may occur when using modular hardware architectures.

• Depth: The HAL can specify the maximum depth for circuits of gates that can be
executed before the calculated result becomes unreliable. This value is related to
the coherence timeof the implementation andother imperfections of the underlying
hardware.
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• Connections: The HAL can also provide an adjacency matrix for each quantum
register to indicate which qubits are edge-connected. For instance, when a register
has N qubits, then this adjacency matrix C has a size of N × N . The default of
each element in this matrix is false, but if qx and qy are the indices of two adjacent
qubits, then C(qx, qy) = C(qy, qx) =true. Matrix C is therefore a symmetric
matrix since C(k, r) = C(r , k).

The HAL can provide additional information about the underlying architecture.

4.1.2 Concept of native and primitive gates

The HAL can provide a list of supported native and primitive gates, which can differ
for different hardware implementations. The term native refers to an operation that
changes the quantum state of a register by means of a “single” physical action on
one or more qubits simultaneously. For instance, a rotation Rx(a) or Ry(b) in x or
y direction via a single pulse. A primitive gate is a sequential combination of native
gates that is emulated as a single operation. For instance, a Z-gate that is implemented
as a sequence of an Rx and an Ry gate. In other words, if an operation is implemented
by firing one or more simultaneous pulses, it is a native gate. If two or more sequential
pulses are required to achieve the desired operation, it is a primitive gate. As a result,
a native gate can be executed in the minimum execution time.

Knowledge about which gates are native is relevant information for compilers that
try to optimize a circuit with respect to execution time. However, a compiler or inter-
preter does not always knowhow to convertwell-knowngates into a smart combination
of native gates for any possible set of native gates. In those cases, a fall-back situa-
tion should be supported by the HAL in terms of predefined solutions for well-known
gates like Rx(a), Ry(b), Rz(c), X , Y , Z , H , S, T ,CNOT, etc. Gates that are not imple-
mented in the ISA can be emulated within the HAL to support commonly used gates.
Therefore, the HAL should be able to specify a list of supported gates and tag those
that are “primitive." Note that gates may be referred to as compound gates when they
are emulated in layers above the HAL layer, such as a "single" QFT gate to emulate a
quantum Fourier transform.

The boxed example in Table 1 illustrates, for a specific case, that the single-qubit
gates X , Y , Rx(a), and Ry(b) are all native to that implementation, while the gates
Z and Rz(c) are primitive gates. A similar example can be elaborated with two-
qubit gates. For a specific implementation, a gate like CNOT may also be considered
primitive when it cannot be implemented with a single native two-qubit gate.

4.1.3 Concept of measurement

The HAL supports instructions to query the state of one or more qubits in a quantum
register by means of a measurement. The answer will be returned as a binary string
stored in a dedicated register. Note that the state will collapse after such a query. The
HAL also supports instructions to read out the bits in this register and/or to use these
bits for instructing controlled gates. If the hardware supports it, the HAL can also
provide instructions to specify the basis for these measurements.

123



Layer Model for Gate-based Modular Quantum Computers Page 11 of 19   103 

Table 1 Example of a specific hardware implementation, where Rx , Ry, X , Y are native gates and Rz, Z
are compound gates

Example

The concept of native gates can be explained by the following example. Assume that a specific
hardware implementation supports a mechanism to rotate a qubit via a “single" pulse composition
that can be controlled with two real parameters “a" and “b". Assume that the definition of this
rotation function equals:

RN (a, b) =
[

cos(a/2) −iexp(−ib)sin(a/2)
−iexp(ib)sin(a/2) cos(a/2)

]
(1)

Then some of the well known gates can be implemented via:

Rx(a) =
[

cos(a/2) −isin(a/2)
−isin(a/2) cos(a/2)

]
= RN (a, 0) (2)

Ry(b) =
[
cos(b/2) −sin(b/2)
sin(b/2) cos(b/2)

]
= RN (a, π/2) (3)

Rz(c) =
[
exp(−ic/2) 0

0 exp(ic/2)

]
= RN (π, 0) ∗ RN (π, −c/2) ∗ exp(iπ) (4)

X =
[
0 1
1 0

]
= Rx(π) ∗ exp(iπ/2) = RN (π, 0) ∗ exp(iπ/2) (5)

Y =
[
0 −i
i 0

]
= Ry(π) ∗ exp(iπ/2) = RN (π, π/2) ∗ exp(iπ/2) (6)

Z =
[
1 0
0 −1

]
= Rz(π) ∗ exp(iπ/2) = RN (π, π) ∗ RN (π, π/2) ∗ exp(−iπ/2) (7)

In this hardware implementation, Rx(a), Ry(b), X , Y can be considered as native gates. The gates
Rz(c) and Z are to be combined from two sequential native gates, so they are primitive gates.
Knowledge about which gates are native is relevant for quantum algorithms that try to find an
optimal circuit representation in terms of execution time.

4.1.4 Interfacing considerations

A preferred way of communicating with the HAL is by means of binary instructions,
preferably common to all quantum computing implementations. Therefore, it requires
a list of binary commands to allow the HAL to report the capabilities and limitations of
the underlying hardware and to execute all the aforementioned instructions. Such an
interface may also offer a convenient format for instructing a simulator that emulates
a quantum computer with a limited set of qubits.

4.2 Assembly layer

This layer concerns quantum assembly languages, such as OpenQASM [43]. They
describe quantum computations leveraging the gate-based quantum computer instruc-
tion set provided by the HAL while adding ways to define macros, data, and names
(e.g., for functions). Such languages have in common that they can describe universal
circuits with single- and two-qubit gates. Due to the immense diversity of gate-based
quantumcomputing architectures, it is unlikely that a unique,widely accepted quantum
assembly language will emerge and later become a standard.
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4.3 Programming layer

The specification of quantum algorithms using register-level representation languages
is not easy for programmers. Indeed, quantum assembly programs are usually gener-
ated by a software library from a piece of code written in a common programming
language, such as Python. In general, the Programming Layer includes all the lan-
guages, libraries, and software development facilities for coding quantum algorithms
or high-level applications that use predefined quantum algorithms as subroutines.

4.3.1 Programming languages and libraries

In the quantumcomputing domain, Python is themostwidely used high-level program-
ming language. It is a general-purpose imperative language, as it allows developers
to write code that specifies the steps the computer must take to accomplish the goal.
Other imperative languages have been specifically designed for quantum computing,
such as Q# [44] and [45]. An alternative to imperative programming is functional pro-
gramming, where programs are constructed by applying and composing functions. In
the quantum computing domain, there are a few functional programming languages,
one of which being Quipper [46]. Writing a program in a high-level language implies
using software development kits (SDKs) that include application programming inter-
faces (APIs) for coding quantum algorithms from scratch, as well as collections of
ready-to-use quantum algorithms. The APIs may vary significantly depending on the
quantum computational model (solely digital quantum computers based on gates,
digital–analog quantum computers, etc.) and the specific application domain (quan-
tum optimization, quantum machine learning, etc.). For Python programmers, there
are several advanced SDKs. The most advanced SDKs support device architectures
from multiple providers, provided that the quantum computational model is the same.
Examples are Qiskit [47] and Cirq [48], concerning the quantum circuit model.

4.3.2 Quantum compilation

Being high-level programs that are hardware-agnostic, quantum compilers [49–52] are
necessary to translate abstract quantum algorithms into the most efficient equivalents
of themselves, considering the constraints and features exposed by the register-level
representation layer. The input to the quantum compiler is a quantum circuit that
includes single- ormulti-qubit gates. Usually, the input circuit is the simplest (andmost
elegant) representation of a quantum algorithm (e.g., theQuantumFourier Transform).
Such a representation does not consider the constraints that may characterize the target
quantum computer, such as the available gate set and the connectivity constraints
regarding which qubits a two-qubit gate is natively allowed. The quantum compiler
leverages information provided by the register-level representation layer to translate
the input circuit into an equivalent circuit that fits the target device. An example is
provided in Figure 2, in which a quantum circuit is compiled into another quantum
circuit while considering the connectivity constraints of the target quantum computer.
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Fig. 2 The circuit on the left does not fit the connectivity constraints of the target device, which are described
by the graph in the middle of the figure. The circuit on the right is the compiled version of the circuit on
the left, i.e., functionally equivalent but fitting the target device. To produce the output circuit, the compiler
chose a different mapping for the input circuit’s qubits to the device qubits and inserted a SWAP gate before
the last CNOT gate. Figure from [8]

The description format of the output circuit may differ from the description format
of the input circuit. If the input and output circuits have the same description format,
the compiler is often referred to as a ‘transpiler’.

4.4 Service layer

This layer contains the user-side, where a task, or subset of a task, exists that requires
execution. Quantum computers can help execute this task, and the user can then start
programming algorithms to obtain the sought-after answer. Depending on the service
used, users may perform tasks locally on a quantum computer. An alternative is to
run tasks mainly remotely on a classical computer and use quantum computing as a
service (QCaaS) to run specific tasks on a dedicated quantum computer.

5 Communication unit

Currently, commercial quantum computers are built for cloud-based computing or at
least offer access to various end-users. This means that users who want to execute
algorithms on a gate-based quantum computer from outside the stack must place a
request to gain access to one or more (software) layers inside the stack. For this
purpose, it is crucial that each software layer can be accessed by the communication
unit. The communication unit can exchange messages with client applications that
run outside the quantum stack, for instance, on a nearby computer or on a remote
server somewhere in the cloud. It can handle all messages that are needed for starting
a quantum computing session, including:

• Handshaking - a protocol for initiating communication between remote nodes.
• Message handling - refers to the means of exchanging information between two
nodes.

• Authentication - is the user allowed to access the system?
• Access right management - which layers does this user have access to?
• Resource allocation - reserving memory, time slots, priorities, etc.
• Billing - counting how many resources have been used.
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A quantum computing session offers an application the experience as if it has its own
resources and is fully protected from other applications.

The communication unit can also communicate directly with the lower layers of
the quantum stack, provided that the client application is allowed to do so according to
allocated usage rights. For instance, to send low-level commands directly to the control
electronics for firing a specific pulse to a qubit. Detected results from the control
electronics can also be passed back to the communication layer, which, in turn, can
send messages with those results to the client application outside the quantum stack.

5.1 Example information flow

Given the communications unit’s role in linking the software layers, several scenarios
will be presented to illustrate its purpose and workflow.

5.1.1 Single user accessing the full quantum stack

Assume a session has been initiated by an external user or client application. The
communication unit will then start handling incoming messages and communicate
them, for instance, with the service layer to load and run a task. The associated program
will be compiled or interpreted into a sequence of instructions that are then sent to the
HAL. Most of these instructions are passed over with minimal conversion effort to the
ISAwithin the control software layer. The ISA generates, in turn, low-level commands
to the control electronics to allow it to produce a variety of (analog) signals, such
as baseband or modulated pulses. These signals are transported through the control
highway to reach the qubits.

Once an instruction is executed to measure a qubit response, the measured result
is reported back to the calling program in the higher layers. The results from this
program are communicated back to the communication unit, which, in turn, sends
them as messages to the external user or client application.

5.1.2 Multiple users accessing the full quantum stack

Assumemultiple userswith similar privileges have initialized their sessions simultane-
ously, and each of them has access to the stack. The communication unit is responsible
for processing incoming messages, verifying access permissions, checking user priv-
ileges, allocating resources for each session, and keeping all sessions separate from
one another. The users submit their respective tasks, and the communication unit may
ask a compiler to compile each task to store the results in an allocated thread within the
HAL. The HAL offers scheduling and priority for each thread based on user-specific
information flagged by the communication unit. The scheduled instructions in the
output queue are sequentially fed to the control software layer for further processing,
as previously described.

Once the circuit is executed, the measured result is communicated back to the HAL,
which in turn communicates it to the calling program.
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5.1.3 User accessing lower layer

Assume a super-user with adequate access rights wants to upgrade low-level software
and submit it directly to a lower layer. For instance, an upgrade of the ISA functionality
within the control software layer. The super-user sends this upgraded software to the
communication unit, including information about the target layer. The communication
unit sends “wait” requests to all layers, pauses until full confirmation, upgrades the
low-level software, sends “success” or “failure” messages back to the super-user, and
reports “done” to all layers. After that, the full stack can proceed as usual.

6 Discussion

The boundaries in the proposed layer model are designed to allow each layer to be
developed as a standalone product, independent of the others. To ensure seamless
integration, information exchange between layers must occur through well-defined
interfaces. Since this layer model is the result of a consensus view among stakehold-
ers within JTC22/WG3, it has already proven its value in defining interactions with
functionalities outside the quantum stack. A working item on hybrid quantum com-
puting, which is currently under development within JTC22/WG3, takes advantage of
the "communication unit" to describe how to interface from the cloud with a quantum
node.

Establishing a consensus among both vendors and customers on these interfaces
and the functionality of each layer will be highly beneficial to all stakeholders in
the quantum industry. This is where standardization comes into view, a process that
is already ongoing in JTC22/WG3 [7]. Such a consensus view will open up a global
market and amature supply chain of modules from a variety of vendors. This approach
will benefit vendors by enabling them to sell their products in larger volumes to
a broader audience, as standardized interfaces ensure compatibility across a wider
range of designs. It is also beneficial for customers, such as research teams and system
integrators, since theywill not suffer fromvendor lock-in. If a newproduct outperforms
an older one from another vendor, upgrading the systemwill be much simpler, as it can
be done without requiring the disinvestment of the remaining components. In general,
the approach adopted in this paper aims to avoid monolithic solutions, as they often
hinder modular approaches, enabling flexibility and interoperability for vendors.

As this work is formalized within JTC22/WG3 [7], quantum networks are con-
sidered out of scope. Although not explicitly mentioned, our current implementation
inherently supports the application of quantum computers interconnected via quantum
networks. A functional quantum network requires both a physical link, facilitated by
communication qubits, and a classical network to manage overhead communication
[53]. The classical network, responsible for handling request overhead in distributed
quantum computing, would interact with the stack through the communication unit as
part of its functionality.

In the context of a cryogenic solid-state quantum computer, the quantum device
layer, positioned at the bottom of the hardware stack, handles communication qubits
as an integrated functionality. This means that a quantum network interface could be
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achieved through additional functionalitieswithin the existing layerswithout requiring
modifications to the overall layers.

7 Conclusion

Modularity played a key role in the growth of the personal computer market. Similarly,
organizing quantum computing functionalities into distinct layers, as proposed in this
model, will streamline interoperability between products from different vendors. This
approach will not only accelerate the advancement of quantum computers but also
foster a global market for quantum technologies. Further research should focus on
functionalities within each layer, the information flow between layers, and the inclu-
sion of more hardware architectures. Once this is sorted out, dedicated standards for
single or multiple layers and their interfacing should be developed within standardiza-
tion bodies such as JTC22/WG3 [7]. A work item dedicated to cryogenic solid-state
quantum computers has already been started within [7]. Future quantum computers
will provide access to individual end-users via the cloud, as well as integration with
hybrid computing systems. Different users and systems will require access to spe-
cific layers; some will primarily need access at lower levels, while others will only
require access at higher levels. This makes the communication unit essential, as it
must ensure authorized access to the appropriate layers while delivering a seamless
experience, making users feel as though they have dedicated resources.
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