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1.	 Overview and history of quantum 
computers
Quantum computers are expected to be much 

more powerful than classical computers, able to solve 
real-world problems facing society. While classical 
computers handle minimum units of information as 0 
or 1, quantum computers handle the states of 0 and 
1 simultaneously and realize dramatic improvement in 
computing performance.

The idea of a quantum computer goes back a 
long way: Its research is considered to have started 
in 1982 when the physicist Richard Feynman advo-
cated the concept of “a computer based on quantum 
mechanics,” saying that “if you want to make a 
simulation of Nature, you’d better make it quan-
tum mechanical” [1]. In those days, it was called a 
theoretical “dream computer.” The discovery of an 
algorithm for factoring prime numbers by Peter Shor 
of MIT in 1994 [2] marked the start of the first quan-
tum computer boom. In 1999, a superconducting 
quantum bit (qubit) was realized [3], and enthusi-
asm for the realization of quantum computers grew. 
However, the increase in the number of qubits re-
mained at a level of one qubit in three or four years 

due to the difficulty in improving the short coherent 
time of the quantum state and fidelity.

Starting around 2017, the number of supercon-
ducting qubits has increased drastically. In October 
2019, the number of qubits increased enough to allow 
the quantum supremacy of 53 qubits to be discussed, 
and the fidelity and coherent time were improved 
significantly [4]. This is evidence that mankind is ca-
pable of controlling and using quantum computers for 
computation, which is often compared to the first flight 
of the Wright brothers. Still, many issues remain to be 
resolved before practical problems can be solved.

2.	 Taking on the challenge of  
high-performance computing
Fujitsu Laboratories is working on improving 

computing technology to help resolve various problems 
facing society. With the limit of Moore’s Law approach-
ing, we aim to improve performance of computing 
systems by making use of general-purpose computing 
on graphics processing units (GPGPUs) and massively 
parallel computing clusters. In addition, we have 
also taken up domain-oriented computing special-
ized for applications and developed and released the 
Digital Annealer, which is specialized for optimization 

This paper describes new efforts toward the realization of quantum computers. If realized, 
quantum gate-based quantum computers are said to bring about dramatic improvements in 
computation speeds and raise expectations for application to various issues that cannot be re-
solved by classical computers. For example, detailed analyses of electron states of substances 
and use of these for simulations of the reaction process and catalytic action of substances 
will allow new materials to be developed. This has the potential to contribute to solutions of 
energy problems and the enhancement of medical treatments and drug discovery. There are 
many difficult challenges for realizing quantum computers. Long-term, extensive R&D is re-
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problems. Computers that utilize quantum phenomena 
include gate-based quantum computers and quantum 
Ising machines. The Digital Annealer is a technology 
that uses digital processing to realizes a quantum 
Ising machine [5], drawing the idea from quantum 
annealing.

Furthermore, Fujitsu Laboratories is working on 
quantum computing based on new principles for future 
computing demand.

3.	 Issues with the realization of  
gate-based quantum computers
With a look to the future, Fujitsu Laboratories 

is working on the realization of gate-based quan-
tum computers. Such a system is said to bring about 
dramatic improvements in computation speeds, and 
expectations are high for application to various prob-
lems that cannot be resolved by classical computers. 
Its high affinity has made application to quantum 
chemical calculations a prospective option and, as a 
specific example, an attempt has been made to dis-
cover the mechanism of catalytic action of nitrogenase 
to generate ammonia (N2 + 3H2 → 2NH3). This, if re-
alized, allows ammonia synthesis by the Haber-Bosch 
process, which usually requires high-temperature and 
high-pressure processes, to be replaced by low-energy 
generation processes. This would contribute consider-
ably to solving energy and food problems.

Recently, Google and IBM have started gate-based 
quantum computers with superconducting qubits. For 
gate-based quantum computers, various methods have 
been proposed on top of the superconducting method 
such as those using silicon quantum dots and ions 
trapped in an electric field. An increasing number of 
research institutes are participating all over the world. 
However, many issues still remain to be resolved before 
it can be applied to actual problems.

Common challenges with gate-based quantum 
computers are significant increase in the number of 
qubits and countermeasures for errors.

The number of qubits has dramatically increased 
in recent years. It is 53 in the paper [4] on “quantum 
supremacy” by Google and 65 with IBM’s recent state-
of-the-art machine [6]. Quantum computers of up to 
1,000 qubits are expected to be realized in the near 
future. However, an error correction function is indis-
pensable in order to solve practical problems with a 

quantum computer, and the number of qubits required 
for the purpose is assumed to be over 1 million. Given 
the current technology, there is a long way to go and 
long-term efforts are essential to its realization.

In addition to the issue of the number of qubits, 
there is a problem of the fragility of qubits to noise in 
the surrounding environment, which may easily lead 
to qubit errors. The technology for manufacturing and 
operating qubits has been improved each year. Today, 
with a gate fidelity per operation of 99% achieved, ex-
ecution with an error rate of less than 1% is now in view 
[4]. However, as the number of qubits increases and 
the number of computational steps increases, the prob-
lem of system error becomes serious with the increase 
in the scale of computation, because the product of the 
individual fidelities contributes to the overall system 
fidelity of the computation. Since further improvement 
of hardware requires long-term R&D, software-based 
approaches such as error suppression algorithms [7]
must also be taken in parallel.

4.	 Fujitsu’s new initiative through  
open innovation
This section describes Fujitsu Laboratories’ efforts 

to address the challenges of large scale quantum com-
puting and countermeasures for errors.

Research on quantum computing requires knowl-
edge of various technical fields. In addition, there are 
many different hardware. As shown in Figure 1, Fujitsu 
Laboratories has begun R&D of a variety of quantum 
gate methods and error correction technologies in all 
technical areas, from quantum devices to algorithms 
and applications, through open innovation.

4.1	 Joint R&D of various quantum gate 
methods
Fujitsu Laboratories is working on the R&D with 

the group led by Prof. Yasunobu Nakamura of the 
Institute of Physical and Chemical Research (RIKEN) and 
The University of Tokyo (UTokyo), who demonstrated a 
superconducting qubit for the first time in the world. 
Superconducting qubit is one of the most advanced and 
mature technologies in terms of the gate operation, the 
readout, and manufacturing. The joint research aims to 
realize a large-scale, high-fidelity quantum computer 
by combining the original, world-class quantum gate 
operation, readout, and integration technologies of 
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RIKEN and UTokyo with the strong material, device, 
circuit, and system technologies of Fujitsu Laboratories.

In addition to the superconducting method, as 
an emerging method aiming at future breakthrough, 
we are working on a diamond-based spin method, 
in which spin states are formed in diamond by intro-
ducing impurities such as nitrogen into the diamond 
to use as qubits [8]. We are currently engaged in 
joint research with Delft University of Technology on 

quantum computers using this method. As shown in 
Figure 2, stable nuclear spins in diamond are used 
as memory qubits to hold quantum information, and 
operations between qubits are achieved by using 
quantum teleportation mediated by light. This tech-
nology, which allows higher-temperature operation as 
compared with the superconducting method and does 
not require a large dilution refrigerator, is promising 
for realizing larger-scale systems. In addition, the 

Figure 1
Joint R&D on quantum computing.
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Diamond-based spin quantum computer.
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qubit state of spins can be accessed by light, which 
leads to the possibility of tolerance to external noise. 
While this technology is still in the fundamental re-
search phase, we intend to work on it on a long-term 
basis, as it is a technology that is expected to provide 
a breakthrough in the realization of large-scale quan-
tum computers in the future.

4.2	 Joint R&D of error correction technology
The realization of a quantum computer itself is 

important, but it is most important to apply a quantum 
computer to actual social problems and find solutions. 
In order to execute algorithms on quantum computers 
and obtain useful computation results in the future, 
technology for suppression of errors and correction of 
errors will be key.

Fujitsu Laboratories started R&D of error sup-
pression technology and its applied algorithm for NISQ 
[9] together with Quantum Benchmark Inc. of Canada 
in April 2020. In this joint research, we will use “ran-
domized compiling” [7] devised by Dr. Emerson of 
Quantum Benchmark Inc. (QB Inc.), shown in Figure 3, 
 as the basis of work for achieving computation algo-
rithms closer to practical use by adopting customers’ 
requests relating to formulation developed with the 
Digital Annealer in addition to Fujitsu’s competitive 
technologies in materials and devices. “Randomized 
compiling” is used to eliminate errors inherent in 

specific gates. For the quantum circuit, multiple equiva-
lent quantum circuits with different gates are generated 
and executed, and the particular noise can be statically 
distributed and averaged in these results. Finally, the 
system fidelity can be improved with statical analysis.

Furthermore, for quantum computers of over  
1 million qubits beyond the NISQ era, we are 
engaged in joint research on error correction tech-
nology [10] and algorithms for general-purpose 
quantum computation together with Prof. Keisuke 
Fujii of Osaka University. By advancing the R&D of 
new error correction codes and their implementa-
tion methods, we intend to combine the results with 
Fujitsu’s technology for implementing and construct-
ing large-scale computing systems and aim to realize 
general-purpose quantum computers with an error 
correction function in the future.

5.	 Future prospects
Fujitsu Laboratories will work on long-term re-

search on quantum computing for resolving various 
social issues (Figure 4). We intend to move ahead 
with R&D leading to practical application in terms of 
both software and hardware with the aim of utilization 
of NISQ computers in the near future and large-scale 
fault-tolerant quantum computers in the further future. 
To begin with, we aim for the development of practical 
algorithms for NISQ in a few years. In the long term, 

Figure 3
Error suppression technology.
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we would like to lead the industry by creating innova-
tions in this field together with various collaborating 
research institutes all over the world and resolve social 
issues by utilizing quantum computers to contribute to 
a more sustainable world.

All company and product names mentioned herein are trademarks or 
registered trademarks of their respective owners.
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