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Quantum computer product roadmap: Considering the quantum computer as a
product requires standardization and integration of all its building blocks and a
mature supply chain that can provide high-quality components and can ensure
security of supply. The product development approach puts focus on functionality
and performance requirements of the product and uses state-of-the-art technology
to build the product. Based on the expected requirements of future products it is
possible to outline a product development roadmap.

It is expected that a fully functional quantum computer will be available within a
decade from now, and will be used by the High Performance Computing (HPC)
market, where it will replace (part of ) the supercomputers that are currently used for
complex calculations and data management. In the short term, a partly functional
quantum computer will be available and of interest to the R&D market, which has a
need for such a product to expedite their quantum technology developments.

ImpaQT project: In this paper, we present the product development approach and
roadmap for quantum computers, based on superconducting circuits as an example.
A group of companies in the Dutch quantum ecosystem (Quantum Delta) have
joined forces and have started the ImpaQT project. The companies of the ImpaQT
consortium form a local supply chain for key components of quantum computers.

This paper shows that quantum community has reached the next level of maturity
and that the quantum computer as a commercial product looks set to become a
reality.

Keywords: Quantum technology; Quantum computer; Systems engineering;
Supply-chain; Product development; Product roadmap

1 Introduction

With the recent breakthrough of quantum supremacy [1, 2], which is a result of the steady
improvement in performance [3-5] and a first step towards showing the potential use of
quantum computers [6], the quantum computer as a commercial product seems likely to
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Figure 1 A full-stack quantum computer consists of many different components that need to work
seamlessly together. A simplified version of such a stack, for a quantum computing system based on
superconducting devices, is illustrated in this figure on the left. In Sect. 2 we review the status of the
technology with a focus on those superconducting-based systems and use this, together with the customer
needs, to derive product requirements and specifications. On the right, we show the different products in the
product roadmap and what parts of the stack these products relate to. In Sect. 3, we describe the product
roadmap with the different products that need to be developed to meet the requirements and specifications
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become a reality in the coming years. This article is intended to voice a number of aspects
which are related to this development.

The outline of this paper is depicted in Fig. 1, which gives an exemplary overview of
what is required to efficiently build a useful and commercially viable quantum computing
system. In Sect. 2, we will advocate to start product development activities, to follow a
systems engineering approach and derive the requirements of the quantum computer as
a line of products that is of commercial interest. In Sect. 3, we put forward a roadmap of
quantum computer products which we foresee to be essential for the upcoming decade,
while Sect. 4 introduces ImpaQT, a project executed by supply chain partners working to-
gether here to highlight how one can get started with the implementation of this product
roadmap. Throughout this article, and as already shown in Fig. 1, we are using the super-
conducting Transmon-based full-stack platform as typical example to illustrate aspects
of commercial product development and a way of working. We expect that these insights
are, to a large extent, transferable to other quantum computing platforms as well.

2 Quantum computer product development

Given the recent breakthroughs in quantum technology development in R&D labs all over
the world, the perspective of high-tech companies has changed from research and tech-
nology development to product development. These product development activities have
started alongside the existing research activities. While research focuses purely on de-
veloping the technology needed for building quantum computers, product development
focuses on performance and functionality. When developing a product, the performance
and functionality required by users determines the design decisions that have to be made
to build the product. Obviously, the price that users want to pay for the product has an
influence as well. Considering the quantum computer as a product requires standardiza-
tion of interfaces and integration of all its building blocks (as outlined in Fig. 1), as well as
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integration of the quantum computer itself in a broader ICT system architecture. A quan-
tum computer consists of a stack of components that have to work together harmoniously
in order to exploit quantum-mechanical phenomena such as superposition and entangle-
ment. These quantum effects are fragile and hard to control. It is a complex engineering
challenge to realize the desired performance and functionality. Due to this complexity, and
in order to develop this product in an efficient way, it is recommended to follow a systems
engineering approach.! The first step within this approach is to determine the product
requirements in terms of the performance and functionality of the quantum computer.
The next step is to derive the specifications of the product that are needed to meet these

requirements.

2.1 Product requirements and specifications

From a commercial perspective, it is required that the quantum computer should either
outperform existing computers or should be significantly cheaper. As classical computers
have advanced over several decades, quantum computers will not outperform classical
computers on problems that can be efficiently calculated using a classical computer (or
only at a higher cost). Therefore, we can conclude that a quantum computer needs to be
tailored to commercially interesting problems that are intractable on classical computers.
The value of quantum computers is not in doing the same problems faster, it is about solv-
ing certain computational problems, such as prime factorization [7], substantially faster
than classically possible — to the point that it enables the solution of problems that were
previously unsolvable due to the impractical amount of computational resources required.

Requirement 1 Provide solutions for commercially interesting problems

Since the 1980s [8], research groups of mathematicians and information scientists have
been investigating which problems can be solved more efficiently or more accurately by a
quantum computer than by classical high-performance computing. At this point in time,
only a limited set of problems can be addressed by quantum algorithms .2

The requirement that the quantum computer needs to solve commercially interesting
problems leads to performance specifications. Until recently [9-11], companies put a lot
of emphasis on the number of qubits [12—15] when publicly communicating the perfor-
mance of their quantum computers. If qubits were approximately error free, this would be
a sensible simplification. However, while classical bits can be approximated as ideal, this
is an oversimplification for qubits. When considering physical error rates on the order
of € < 1073, one requires 10> — 10* physical qubits per logical qubit to achieve a (close to
ideal) logical error rate of €, ~ 107> [16, 17]. Current estimates suggest that one would
require around 20 million physical qubits to factor a number that is too large to tackle
using classical algorithms [18]. A 20-million-qubit quantum processor is, at this point in
time, inconceivably large.

The coming decade will see noisy pre-error-corrected devices, known as Noisy
Intermediate-Scale Quantum (NISQ) [19] technology, being used to perform useful com-
putations while developments on technology and the value chain continue to push for

!See https://en.wikipedia.org/wiki/Systems_ engineering.

2For a list see quantumalgorithmzoo.
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universal error-corrected machines. It is expected that NISQ computers can help us solve
new types of problems efficiently, but will not be useful for all types of problems. Simi-
lar to how access to larger (classical) computing power enabled the current explosion of
applications of artificial intelligence [20], finding where quantum computers will provide
value in practice will require the availability of larger quantum computing power. In other
words: the availability of quantum computers will not only enable the implementation of
already envisioned practical applications; more importantly, it will allow for the discovery
of novel ones.

With current quantity, quality and control of qubits, it is already possible to build a quan-
tum computer that outperforms any classical computer for a specific type of problems, for
a specific case, as shown by the Google team [1]. To take full advantage of the capabili-
ties of NISQ computers and work around their limitations, researchers need access to real
NISQ computers?® to test and develop their applications. At the moment, the success of
any quantum algorithm is heavily dependent on the interaction of that algorithm with the
specific quantum processor that is used. Quantum processors are in no way standardised
yet and therefore each processor has its specific pros and cons in relation to the algo-
rithm that needs to be employed. Therefore, the interplay between quantum algorithms
and quantum processors needs to be optimised to have any chance of industry-relevant
quantum advantage with NISQ devices. This leads to the following requirement to use a
quantum computer for the research and development community:

Requirement 2 Enable the development and execution of NISQ applications

To specify the power of a quantum computer needed to develop and execute NISQ ap-
plications, one has to take into account not only the number of qubits #, but also the
number of operations that can be performed, typically expressed using the circuit depth
d. A metric that combines these two is the quantum volume [21-23]* V{y = 2", where
He = argmax,,, min(m, d(m)) = log,(Vq), and the circuit width m = n in the case of all-to-all
connectivity. This definition loosely coincides with the complexity of classically simulat-
ing model circuits and has the appealing property that V5 doubles for every effective qubit
added. In this definition, the circuit depth d corresponds to the number of circuit layers
that can be executed before (on average) a single error occurs. A circuit layer corresponds
to a combination of arbitrary two-qubit operations between disjoint pairs of qubits. It is
possible to estimate d as d & 1/€14ep = 1/n€es, where the effective error rate e.q is the
average error rate per two-qubit operation. In addition to effects like cross talk, the intro-
duction of limitations in connectivity, parallelism and gate set require an overhead in the
physical implementation of a circuit layer, so that in general the error rate €. > €, where
€ is the average error rate for individual physical operations.

Although quantum volume has found widespread adoption [24—26], no single perfor-
mance metric can capture the complexity required to describe the potential utility of a
quantum computer. Taken at face value, quantum volume seems to imply that, at current
error rates of € ~ 1073, there is no power in having a device larger than # ~ 31 qubits. As
this number of qubits can efficiently be simulated using classical hardware, this would be a

3 As opposed to simulators based on idealized models.

4The definition of Vq is different in [21, 22] and [23]. Here we use the definition from [23].
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major setback for NISQ computing. However, this seems to contradict the results of Arute
et al. [1], in which a # = 53 qubit device with € ~ 1073 was used to perform a computation
that could not be simulated in a reasonable amount of time.”

Understanding the characteristics and limitations of different performance metrics can
give insight into the kinds of applications suited to NISQ computers. This in turn affects
the functional requirements of the different subsystems. To define V, two important sim-
plifications have been made to arrive at a single number.® The quantum volume was de-
signed as a binary metric: can a device run an algorithm? For many algorithms, a single
error indicates failure, however, for other applications, such as sampling from a distribu-
tion (as is done in [1]), or estimating an eigenvalue [29], one can tolerate a limited amount
of errors simply by averaging. From this follows a functionality requirement for NISQ ap-
plications: NISQ applications will have to be able to tolerate a limited amount of errors,
either because of the nature of the application or by using error mitigation techniques.
Another limitation of the quantum volume metric is that it quantifies the ability to run
circuits of equal width and depth. However, the computational power of short-depth cir-
cuits is not yet fully understood, and it can be argued that even short-depth circuits lie
beyond the reach of classical computing [22, 30, 31]. As such, it is likely that potential
NISQ applications will be short-depth to limit the amount of errors that accumulate.

Although there are quite a few candidates for NISQ algorithms satisfying these con-
straints, many in the spirit of Feynman’s original idea [8] of using quantum systems to
simulate quantum systems, there is no known useful application for which a NISQ algo-
rithm is guaranteed to significantly outperform the classical alternative. At current error
rates for cQED systems of € ~ 103, a 1000 qubit (1kQb) system is right at the point where
one can can still execute a single layer without a single error occurring. If one considers
using a fraction of the qubits as ancillas for error mitigation and uses an algorithm that is
somewhat robust to the remaining errors, the kQb processor is the largest-scale NISQ de-
vice that is of interest for running algorithms, at current error rates, an estimate consistent
with IBMs roadmap [24].

Having set a target for the size of the system (1kQb) and the performance (¢ < 10~%), one
has to design and fabricate devices capable of reaching this target. Current qubit coherence
of ~ 50us should be sufficient to reach € < 1073 for every operation. It will be a challenge
by itself to scale up the design to ~ 1kQb while maintaining these levels of performance.
A quantum computer is therefore not only needed to develop NISQ algorithms, it is also
required to develop quantum processors. For this purpose a quantum computer will be
used as test and development platform of this key component of the quantum computing
stack. The resulting functionality requirement is therefore:

Requirement 3 Enable the development of quantum processors

Although many cQED device designs [1, 32—34] are to some extent copy/paste-able, that
does not mean they are scalable in practice. There will be fundamental physics problems to
overcome, some expected [35, 36] and others unknown. Initial experiments [6, 37] indicate
that transmon qubits have limited crosstalk, motivating a simplitistic model in which the

510.000 years according to the authors, and ~ 20 days according to Alibaba [27]

6Recent works on volumetric benchmarks have expanded upon the quantum volume [5, 28], addressing both the circuit
width depth trade-off and the binary nature of the quantum volume.
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device yield, defined as all qubits working, is simply the product of the individual qubit
yields. Here, we define an individual qubit to be working if the control lines are work-
ing, the coherence is larger than a specified target (e.g. 50uts) and the relevant parameters
(charging and Josephson energies, coupling to coupling bus/tunable couplers, readout res-
onator parameters etc.) are within a specified tolerance. Even when taking into account
recent innovations that improve parameter targeting, such as laser annealing [38, 39], the
odds of producing a working kQb device are increasingly small with every qubit added to
device, even at an exceptional yield of 99% per qubit.

To tackle this problem, one needs to either become robust against missing qubits at the
algorithm level, which falls in the domain of Requirement 1, or find a way to increase de-
vice yield for a given qubit yield. A promising concept would be to link together smaller
devices within the same cryogenic environment. Although the odds of producing a single
monolithic kQb are vanishingly small, one can increase the probability by combining mul-
tiple smaller patches, which have a reasonable yield, and replacing only the patches that do
not work. Existing flip-chip architectures [40], on which the readout resonators, Purcell
filters and coupling buses are on a different chip than the qubits, can be seen as a proto-
type of this technique, as they effectively link together different devices. It is only a small
step to use the coupling plane to connect qubits on adjacent chips [41]. Note that what is
envisioned is subtly different from the chip-to-chip entanglement discussed in [42], which
would be more powerful. This proposal does not require long-distance information trans-
fer (i.e., quantum information transfer between different dilution refrigerators), as it only
attempts to create modularity.

Based on the above-mentioned R&D strategies to create better quantum devices, the
specifications of the quantum computer as a test and development platform can be de-
rived. Related to the question of yield is the question of size: does a kQb processor fit in
a fridge? Although transmon qubits (~400 «m?) are often seen as large in comparison to
e.g., semiconductor spin-qubits or dopant-based qubits, the processor sizes are not lim-
ited by the qubit size, but rather by the size of the I/O [43]. The footprint of a single VIA
is currently 1mm?,” a single transmon (including tunable couplers) requires on average
4.2 control lines,® putting the total footprint at ~ 5mm? per qubit. Assuming that this
footprint can be translated into a square with a side of 2.5mm, a kQb processor would be
about 6.4cm?. As such, 1kQb would fit on a 100mm wafer (with a surface area of 78cm?).

Although this back of the envelope calculation indicates that a kQb processor would be
about the size of a single 100mm wafer, it also highlights the importance of the intercon-
nect size. Where it is possible to reduce the on-chip footprint to about 1mm? for each
interconnect, regular SMP connectors have a diameter of 4mm, resulting in a footprint
of about 0.65cm? per connector. At about 4.2 lines per qubit this would mean that a kQb
processor would require a solid 20 x 20cm block of SMP connectors. As cable dimensions
are typically significantly smaller than the connector sizes, a natural solution includes the
cabling in the sample mount. In this way, the signal integrity can be preserved while the
fan-out can be taken care of elsewhere.

Not only the footprint of the lines is relevant, but also the heat load. The heat load
consists of two contributions, a passive contribution coming from the fact that there is

7 And can be scaled down to 0.4mm? [43].

81 microwave drive, 1 flux bias, 2 coupler bias and a feedline input and output shared by ~ 10 qubits.
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a conducting line connecting the sample to room temperature, and an active contribution
consisting of power dissipation happening in the line. Attenuating the power of signals
intended for the qubit is required to manage the noise temperature of the signals. For a
system up to ~ 100 qubits, the heat load can be managed by using standard cable tech-
nologies and attenuators [44]. To reduce the active contribution one can consider using
directional couplers that transmit only part of the signal, while sending the return signal to
a higher-temperature stage where more cooling power is available. The passive contribu-
tion to the heat load can be reduced by using specialized cable technologies. A promising
approach is to use microwave striplines etched on a flexible substrate to produce cables
with lower thermal conductivity and a smaller form factor [45]. Because of the reduced
form factor, these cabling technologies are a natural candidate for integrating in the sam-
ple mount mentioned in the preceding paragraph.

At this point, it is unclear if better interconnects and cabling technologies will be suffi-
cient to realize a kQb device. There are several techniques that can be used to reduce the
number of lines by a constant factor. The concept of dedicated drive-lines per qubit can
be dropped in favor of a frequency multiplexing scheme in which several qubits (~5) op-
erated at different frequencies share a drive line. These changes, however, do not address
how the number of lines scales (linearly) but only change the prefactor. At some point
one has to consider Rent’s rule [46]. To change the scaling of control, one has to find mul-
tiplexing schemes for all types of control (microwave, flux, measurement) similar to the
VSM scheme [32, 47] for microwave pulses. The constraints imposed by such a scheme
will have significant consequences for how it can execute algorithms and furthermore re-
quires exquisite control over device fabrication. Therefore it is not expected that such a
scheme will be viable in the near future.

Until now, we have glossed over an important aspect of the fabrication problem; coher-
ence. Qubit performance is inherently limited by coherence, and it will be a large chal-
lenge in itself to better understand what is limiting coherence and to reliably fabricate
high-coherence devices. Achieving high coherence will be especially challenging, because
significant changes to the design are required, such as the integration of 3D interconnects,
tunable couplers and connection between different subpatches. All of these changes have
the potential to impact coherence.

The last key functionality requirement for the R&D community relates to the ability to
maximize the performance of the quantum device. Due to variations in the fabrication
process, all qubits need to be individually characterized and calibrated before the system
can be operated as a quantum computer. This task is challenging because system param-
eters can fluctuate over time, depend on each other and suffer from crosstalk. To address
this challenge, novel approaches to calibration [37, 48—51] are required as well as special-
ized characterization protocols [52—54] and hybrid control models that support both the
pulse- and gate-level abstractions.

Requirement 4 Tune-up the performance of Quantum Devices

To achieve a high yield and coherence, one needs to understand how changes in design
and fabrication affect the system. An engineering cycle which can accelerate the devel-
opment of high-performance quantum devices is depicted in Fig. 2. By connecting auto-
mated characterization to a database infrastructure, it is possible for the R&D community
to close the loop between design, fabrication, and characterization.
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Figure 2 The quantum device engineering cycle consists of several steps. A target application influences the
chip design, in which an equivalent circuit and its target parameters are determined. This design serves as the
input for a second design step in which the circuit design and geometry of the device is determined, taking
into account constraints of the fabrication process. After fabricating the device, the system is characterized,
resulting in knowledge about the system. This knowledge is then used to iterate on the design steps. Figure
from [55]

The analysis of the product requirements of a quantum computer, as outlined above,
emphasizes the need to start the product development activities as soon as possible in
order to provide the quantum community the tools they need to accelerate their R&D
activities resulting in a commercially viable quantum computer.

2.2 Supply chain management
Considering the development of a quantum computer as product development requires a
mature supply chain that can provide high-quality components and can ensure security of
supply. Supply chain management is key for building a product [56]. The current emerg-
ing supply chain offers enabling technologies and supporting component solutions with
sufficiently high product maturity, ready for scaling far beyond quantum supremacy-level
systems. Then again, some innovation bottlenecks, such as the manufacturing of high-
quality quantum devices and overall system integration, still need to be tackled.
State-of-the-art small-scale quantum devices are still being developed overwhelmingly
in more-or-less academic environments and shared facilities, with few exceptions. As of
now, it is unlikely that large chip manufacturers will establish quantum device develop-
ment lines at scale any time soon. This situation can in part be attributed to the success-
ful insertion of extreme ultraviolet lithography into high volume CMOS manufacturing.
Moore’s law for these players is considered to be alive and well for the decade to come [57].
A proposed solution to this quantum chip development gap, especially in the near-term,
could be the implementation of novel technology pilot lines through public-private part-
nership incentives facilitated by public RTOs and national labs. Those pilot lines should
be used to investigate the appropriate approach to quantum device manufacturing, by
working out in detail the differences and commonalities with respect to standard CMOS
process and technology development in a process that is focused on short development
cycle time, rather than high volume. The efforts should then be supplemented with the
necessary public-private partnerships for strategic developments to protect the IP.
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The integration of all components and subsystems into full-stack systems is considered
another bottleneck which needs to be addressed. Not only system complexity and interface
definition are a challenge here, but also the considerable price tag. Small-scale demonstra-
tors deployed in the field for education and training purposes already require entry-level
startup costs in excess of a few million Euros. It should come as no surprise then that there
are currently only very limited full-stack system integration activities to be found in the
commercial sector.

Opening up these bottlenecks requires considerable financial strength. On the back-
drop of ensuring future technological sovereignty, a few commercial players in the US and
China were able to allocate the required resources in such a way that they are currently
leading the developments. After decades of considerable federal commitment, US tech
giants were among the first to adopt this emerging technology, regardless of its uncer-
tain near-term commercial impact. A future quantum computing technology would offer
them a natural extension to their current business portfolio. Likewise, China’s nationally
funded and highly coordinated programs in this field are starting to bear fruit [1, 2, 58].
These global examples are utilizing a monolithic approach to the integration of their sys-
tems, with key components being developed in-house. While this approach gives full con-
trol over the quality and availability of the system and its key components, it limits in turn
the ability to pivot to alternative technologies and requires considerable resources which
can only be afforded by large organizations (public or private) or extremely-well-funded
start-ups.

The financial entry barrier to the monolithic approach, in combination with the cur-
rent lack of a clear business case, and the technical complexity of the future quantum
computing system, makes this a challenging field. Even more so if one needs to remain
competitive in performance and timescale against the international developments in the
field. Therefore, instead of approaching the task of trying to bridge the quantum advan-
tage gap alone, in a monolithic manner, part of the answer could be to spread the challenge
onto more shoulders. Independent players could ensure focus on individual strengths and
mitigate risks. For this approach to work, players in this field need to be open to collabo-
rate and co-develop. Examples for such partnership approaches are manifold in high-tech
environments, such as airplane and car manufacturing or in the semiconductor industry
[59-61]. With an additional long-standing public commitment, such alliances can accel-
erate innovation, will increase the technology readiness, strengthen the value chain and
foster standardization and a wider adoption of this technology. For instance, addressing
the more professional approach to quantum device manufacturing could be facilitated
by RTOs. These organisations are well-equipped to coordinate an alliance for developing
pilot lines where Small & Medium enterprises (SMEs), universities and larger industrial
companies can benchmark designs and develop new architectures. Complementary, open
consortia and public-private partnership incentives could be formed across national bor-
ders, instead of pursuing technology development in large publicly traded corporations or
monolithic start-ups. This co-development approach requires sufficient alternative sup-
pliers to ensure the quality and availability of key components. The required amount of
resources is similar to the monolithic approach, but distributed among more players in
the value chain.

The analyses discussed in Sect. 2.1 and Sect. 2.2 show that the quantum computer is
expected to be able to solve relevant problems within the next decade, probably sooner for
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specific problems and specific needs of R&D labs. Furthermore, in recent years a supply
chain has emerged that will be able to provide key quantum computer components in a
reliable and cost-effective manner.

3 Product roadmap

Based on product Requirements 1, 2, 3, and 4 and the derived product specifications, it
is possible to outline a product roadmap. A product roadmap describes how a product is
likely to evolve in time based on the expected development of the underlying technologies,
as well as customer needs. It is expected that technology will improve over time, although
it will be hard to predict when each milestone will be reached. Quantum technology devel-
opment is still in its embryonic phase and sudden step-changes in improvement of tech-
nology are likely to occur, which makes predictions hard. However, the use of the products
based on quantum technology is better understood. It is expected that a fully functional
quantum computer will be used by the High Performance Computing (HPC) market to
do complex calculations and data management. Before that market can be serviced, partly
functional quantum computers will already be of interest to players in the R&D market,
that have a need for such a product to speed-up their quantum technology developments.
Combining the expected technology developments and expected use of the technology
leads to a product roadmap. We consider this roadmap largely generic and independent
of the underlying quantum technology, although at times we might refer to specifics of a
quantum device-based system for clarification:

3.1 Quantum computer demonstration platform

The first archetypal system on the product roadmap is the quantum computer demon-
stration platform. Such a demonstration platform is already proven technology for some
of the currently available qubit technologies even to the level of cloud-accessibility” [3, 62].
These platforms are used for education, training and testing of algorithms and error mod-
els. A slightly more advanced version of this platform consists of a well-defined quantum
computer stack that can measure and control a simple quantum device. This is the min-
imal system that has key quantum computing properties: controlling superposition and
entanglement. The interfaces and functionalities of the components of this system should
be clear. If that is the case, its upgrading would be of primary interest to quantum com-
puter component suppliers. The suppliers can use the quantum computer demonstration
platform to validate the performance of the component they are offering to the market
and confirm that it is working well in concert with other components. The quantum com-
puter demonstration platform can also ensure that a supplier’s component is not limiting
the performance of the system with respect to controlling the quantum-mechanical prop-
erties. The platform will evolve from a test and validation platform to a development plat-
form for key components of a quantum computer as outlined in the following subsections.

3.2 Quantum device development platform

A key component of a quantum computer is the quantum device. As outlined in Require-
ment 3, the development of a quantum device is challenging and R&D labs of device man-
ufactures need a suitable development platform to improve the performance of a quantum

Cloud Based Quantum Computing
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device in an efficient way. In order to meet Requirement 3, one needs to close the quan-
tum device engineering cycle (Fig. 2). To realize this, the device development platform is
optimized for Requirement 4. The ultimate version of the quantum device development
platform would also be able to function as a benchmarking and certification product that
can compare the performance of quantum devices provided by different suppliers in an
objective manner.

3.3 Quantum algorithm development platform

The current state-of-the-art quantum technology is not fully ready yet for the next prod-
uct in the roadmap: the quantum algorithm development platform. Current algorithm
development platforms based on classical'® computing technology outperform the quan-
tum computing-based!! algorithm development platform, although the break-even point
seems to be close. This transition from using classical to quantum computers as quantum
algorithm development platforms will probably take several years. Currently, the classical
computers can still simulate more error-free qubits than state-of-the-art quantum com-
puters can provide, a crucial parameter for efficient quantum algorithm development.
However, this parameter is less important for the development of NISQ algorithms. Al-
though quantum technology seems not to be ready yet for a quantum computer to be a
fully functional algorithm development platform, most of the commercial activities in the
quantum community focus on developing this product or developing derived products
and services.'> The users of this product will be the software developers of ICT compa-
nies that are looking for better platforms to develop and test their software on.

3.4 Quantum computer

It will likely take at least a decade before quantum technology has matured enough to
give sufficient control of quantum-mechanical properties to make the quantum computer
suitable for the HPC market. At this point in time, the real development of the quantum
computer as a product will start, and the quantum computer will fulfill the promise of
changing the world in a similar fashion to the classical computer previously. The quan-
tum computer will be used by a wide variety of end-users to optimize their own products
and services. The preceding quantum computer products, the quantum computer demon-
stration platform, the quantum device development platform and the quantum algorithm
development platform, will have paved the way for a successful insertion of the quantum
computer in the HPC market. A supply chain will have formed that ensures security of sup-
ply and quality of key components, an ICT workforce will be in place that is acquainted
with the quantum computing paradigm and commercial use cases will be available, which
prove the added value of the quantum computer.

4 Realizing ImpaQT: building a quantum computer together

One of the key propositions put forward in Sect. 2.2 was to tackle the question of acceler-
ating quantum computing R&D efforts in a collaborative way — by involving independent
commercial partners which can leverage their individual strengths, thereby mitigating the

©for instance: ATOS QLM
Ufor instance: IBM QI
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Figure 3 Part of the hardware back-end in TNO’s QITT lab, Delft, during the validation phase of the ImpaQT
v1.0 project. The table shows the two phases of the project execution. The first 12 weeks were devoted to
definition of system requirements, system design, procurement and assembly. The second part (weeks 13 to
16) were dedicated to the validation of the full-stack integration by executing experiments which led to basic
single qubit gate analysis. As an example for coherent qubit control experiments, Rabi oscillations are
obtained as a function of microwave drive amplitude and pulse duration. AlIXY qubit tune-up exemplifies a
subset of basic single-qubit gate experiments

risks involved. Following this logic, a four-month-long project called ImpaQT was ini-
tiated by companies of the Dutch quantum ecosystem!®. These companies form a local
supply chain for the following off-the-shelf key components: (i) Algorithms to solve a spe-
cific problem that is likely to be solved efficiently on a quantum computer, (ii) software
to characterize, calibrate and run algorithms on the quantum device, (iii) electronics to
enable closed loop control of the quantum device, (iv) cabling and filtering that is scalable
to control a multi-qubit quantum device, and (v) multi-qubit Trasmon-based quantum
processors.

In the following section we will sketch the goal, approach, implementation, and suc-
cessful completion of this project, giving support to the above proposition. An in-depth
discussion of this project, its technical details and accomplishments will be published in
a separate white paper. Together with TNO, the Dutch RTO', acting as facilitator of this
project, the companies were designing and creating from scratch a full-stack R&D setup,
which allowed the characterization and calibration of superconducting Transmon qubits
on an 8-qubit test chip within a time period of 16 weeks (as depicted in the table of Fig. 3).

4.1 Quantum computer demonstration platform: Quantum Accelerator v1.0
The supply chain partners used a system engineering approach to develop the Quantum
Accelerator, in which the first step consisted of the definition of system functionality, per-

formance requirements and a system design. It was agreed that the system should be able

1BQuantum Delta NL
B“TNO
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to execute a set of spectroscopy, coherent qubit control and qubit gate analysis exper-
iments. These functionality requirements were put to the test in the final stage of the
project.

From the component perspective, off-the-shelf products from all partners were incor-
porated into the full-stack, interfaces had to be defined and gaps in the architecture had
to be assessed and jointly bridged. Having well-defined interfaces was an important pre-
requisite and implies that components in the system design can be exchanged by alterna-
tive components that provide the same functionality but without the need to redesign the
complete system.

Procurement, assembly, and hardware integration followed the system requirements
and system design decisions and was accomplished by week 12 of the project. Testing
and validating the system by performing experiments started in week 13. The functional-
ity and performance requirements were sequentially tested by following a calibration tree
procedure. By week 16 and in addition to the aforementioned required set of experiments,
even an automated mixer calibration could be implemented. Two of several experiments
performed are shown in Fig. 3: On the left, Rabi oscillations are plotted as a function of
microwave drive amplitude and pulse duration — and on the right, an AIIXY tune-up ex-
periment is presented. Both are performed on the same Transmon qubit with an energy
relaxation time T'1 ~ 15us, a dephasing time 72* ~ 65 and echo time T2 & 9us.

4.2 Quantum Accelerator product roadmap

As outlined above, building this baseline quantum R&D setup, called Quantum Accelera-
tor v1.0, with off-the-shelf components, led to a functional multi-qubit full-stack system.
This setup can be used by suppliers to validate and test their components while interact-
ing with other components in the integrated system. The performance of this platform
can now be incrementally improved simply by improving the performance of the different
components. The incremental increase of performance will lead to subsequent versions of
the Quantum Accelerator, until the improvement of the components stops. At this pointin
the future a redesign of the system is required to get to the next level of performance. The
redesign of the system will be based either on the next generation of the components or on
a completely different technology paradigm, as outlined in the product roadmap section.
Another reason to redesign the system is an adjustment in functionality requirements.
Quantum Accelerator v1.0 had been designed to provide suppliers of quantum comput-
ing components a platform to test their components interacting with other components
in a minimal quantum computer demonstrator. The next generation of this product will
require an extension of functionality, so that it can not only test components, but also
help suppliers to improve their components by providing detailed characterisation and
benchmarking information. As outlined in Sect. 3 the functionality and performance re-
quirements will become more challenging for every subsequent product in the product
line development roadmap, with the quantum algorithm development platform as a third
step and ultimately a commercially viable quantum computer for the HPC market.

5 Conclusion

In this paper, we have analyzed the current state of one of the most mature quantum tech-
nologies: superconducting circuits. We have outlined how to use this technology to do
product development. The product development approach puts the focus on the func-
tionality requirements of the product and uses state-of-the-art technology to build it. In
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this way, the development of the quantum computer as a commercially viable product
can be accelerated. A series of simple quantum computers with specific functionalities is
needed to build quantum computers that can outperform classical computers. An outline
was given of a quantum computer product line roadmap. An example of the development
of the first product by a local supply chain in the Netherlands was presented. This shows
that quantum technology development is not an exclusive area for government-funded
universities or RTOs anymore. Nor is it limited to companies with large R&D budgets,
such as large ICT companies and scale-up companies. The change in the R&D landscape
shows that the quantum community has reached a next level of maturity, indicating that
the quantum computer as a commercial product is becoming a reality in the present day.
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