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Abstract 

Quantum computing is a fascinating and rapidly evolving field of technology that promises to revolutionize many 
areas of science, engineering, and society. The fundamental unit of quantum computing is the quantum bit that can 
exist in two or more states concurrently, as opposed to a classical bit that can only be either 0 or 1. Any subatomic 
element, including atoms, electrons, and photons, can be used to implement qubits. The chosen sub-atomic elements 
should have quantum mechanical properties. Most commonly, photons have been used to implement qubits. Qubits 
can be manipulated and read by applying external fields or pulses, such as lasers, magnets, or microwaves. Quantum 
computers are currently suffering from various complications such as size, operating temperature, coherence 
problems, entanglement, etc. The realization of quantum computing, a novel paradigm that uses quantum 
mechanical phenomena to do computations that are not possible with classical computers, is made possible, most 
crucially, by the need for a quantum processor and a quantum SOC. As a result, Cryo-CMOS technology can make 
it possible to integrate a Quantum system on a chip. Cryo-CMOS devices are electronic circuits that operate at 
cryogenic temperatures, usually below 77 K (−196 °C). 
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1. Introduction

In order to solve several computing issues related to 
medication discovery, cybersecurity, climate predicting, etc., 
quantum computers can offer exponential speedup. At 
present, quantum computers run with just 50 qubits. In this 
range itself, quantum computer surpasses supercomputers in 
specific applications. However, functional, practical 
applications would require millions of qubits. The connection 
concerns solid-state qubits operating at 20 milli Kelvin within 
dilution refrigerators and control electronics. The control 
electronics modules are located outside the dilution 
refrigerator. The controller's location outside is one of the 
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main challenges to scaling from 50 qubits to millions of 
qubits. Long coaxial cables connect these electronics. A 50-
qubit processor requires hundreds of connections, digital to 
analogue converters, mixers, and amplifiers. The system's 
scalability issue became more acute in this situation. Most of 
the IC manufacturing industries and companies give their 
attention towards realizing quantum computing using CMOS 
technology. Since our world relies on classical computing, 
quantum computing is based on quantum mechanics. Thus, 
various quantum researchers try to control quantum bits 
utilizing CMOS technology. If that is possible, the size and 
operating temperature of the quantum computer can be scale 
down for practical applications. The solution to the problem 
as mentioned above is using cryogenic integrated circuit 
design across devices, circuits and systems.   

EAI Endorsed Transactions on 
Energy Web 

| Volume 11 | 2024 |

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:jencyrubia@gmail.com


 Jency Rubia J et al. 

  2      

Integrating millions of millions MOS transistors in a single 
chip is called VLSI technology. When deep submicron 
CMOS circuits have been designed, the effect of quantum 
tunnelling will happen. A subatomic particle can sometimes 
pass through a potential barrier that is typically impossible 
due to quantum tunnelling. In very-large-scale integration 
(VLSI) electronics, quantum tunnelling is a cause of current 
leakage, resulting in significant power drain and thermal 
effects that afflict such devices. It is regarded as the bare 
minimum for producing microelectronic device components. 
Cryo-CMOS is a CMOS technology that operates at deep-
cryogenic temperatures (below 77 K) for quantum computing 
applications. Cryo-CMOS circuits can achieve sub 
thermionic subthreshold swing (SS), which allows supply 
voltage scaling while maintaining a high ON-OFF current 
ratio. Cryo-CMOS can also exploit enhanced carrier mobility 
and reduced parasitic capacitance at low temperatures to 
improve the device's performance. Therefore, cryo-CMOS 
can overcome the quantum tunnelling effect in VLSI by 
lowering the current leakage and power consumption and 
increasing the device speed and scalability. However, there 
are still many challenges and limitations in designing and 
operating cryo-CMOS for quantum computing applications, 
such as device modelling, noise cancellation, system 
integration, and reliability. Figure 1 shown real-time quantum 
computer and the dilution refrigerator. 

 

  
                               .(a)                                            (b) 

Figure 1. A typical superconducting quantum 
computer (a) Dilution Refrigerator (cooling center) (b) 

The interior of a refrigerator for multistage dilution 

There are no clear signal standards because dilution 
refrigerators only permit a certain amount of power 
dissipation. Hence designing cryogenic qubit controllers is 
difficult. Building circuits for high-fidelity control requires 
accurate modelling of qubit controllers and qubit gate 
operations. Creating application-specific integrated circuits 
that dissipate less power would make it possible. To 
determine the accuracy and allowable noise of the signals for 
high-fidelity qubit control, the work can use a co-simulated 
behavioural microwave signal generator and a Hamiltonian-
based model of the quantum processor. 

This study gives a general introduction of the concept of 
quantum computing, as well as the opportunities and 
problems that cryo-CMOS technology faces in enabling 
scalable quantum computers. Additionally, examples of cryo-

CMOS circuits and systems, including low-noise amplifiers, 
oscillators, voltage references, and data converters, are 
shown. This article also discusses the obstacles and future 
directions for cryo-CMOS technology research, including 
power dissipation, variability, mismatch, noise, and device 
modeling. The following is how the work is structured. The 
fundamentals of quantum computing and the reasons for this 
research are covered in Section II. The theoretical 
underpinnings of cryo-CMOS and the implementation of 
quantum processors are revealed in Section III. Section IV 
presents a comprehensive summary of the current quantum 
computers as well as the research gaps. Future research 
directions are provided in Section V, which wraps up the 
essay. 

2. Basics of Quantum Computing 

The classical computer operates based on bits, originates 
from binary digit. The binary digit can store 0 or 1. But, in a 
quantum computer, the basic information is quantum bit 
(qubit). The qubit can attain 0 and 1 state at the same time. 
The property of existing a qubit in both states (0 and 1) is 
known as superposition. The superposition state of the qubit 
supports parallel computation in quantum computing. The 
feature of parallelism allows an N-qubit computer to encode 
2N bits of information simultaneously [1]. But, in classical 
computer, N-bits information can be encoded N-bits only. 
Entanglement, or the inseparability of the state of two or more 
qubits, is another characteristic of qubits that sets them apart 
from classical bits [2]. Since coupling could negatively 
impact the state of one bit due to undesired noise from the 
other bits, the classical bits are often uncoupled and isolated 
from one another. However, when two qubits are coupled or 
entangled, their behaviours are correlated, meaning that any 
change in one qubit's state will predictably alter the other 
qubit's state. A quantum algorithm uses the unique 
superposition and entanglement capabilities of qubits to 
produce exponential speedups over classical computers in 
some calculations. 

Another important application of quantum computing is an 
act in quantum chemistry. Because the quantum processor's 
mapping of molecular structures allowed for the simulation 
of molecular interaction [3]. As a result, it is possible to create 
new chemicals and chemical processes while improving 
existing ones. The calibre and number of qubits directly 
impact a quantum processor's power. Even the most powerful 
supercomputers have been outperformed by a quantum 
computer with only 53 qubits. However, for such practical 
applications, large-scale quantum computers with hundreds 
or even millions of qubits would be required [4]. This 
necessitates the development of a scalable architecture for 
deploying control electronics and qubits, the two fundamental 
components of a quantum computer. 
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2.1. Towards Scalability 

Currently, qubits can be implemented with trapped ions [5] 
and bulk nuclear magnetic resonance [6]. As time passed, 
realized that a scalable qubit architecture is required to have 
a quantum computer with hundreds of qubits. The 
characteristics of implanting quantum effects in solid-state 
qubit technologies are known as superconducting qubits [7]. 
The development of superconducting qubits paved the way 
towards a scalable architecture because of their feasibility in 
semiconductor fabrication. Thus, it supports scalability. By 
using a microwave pulse, the superconducting qubit states 
may be read out. These qubits must operate at a cryogenic 
temperature of around 10 m K, which can be maintained 
inside a dilution refrigerator.   

In order to maintain the qubit's quantum characteristics, 
the Josephson junction must function at this temperature [8]. 
Two superconductors separated by a small insulating layer 
make up a Josephson junction. Tunnelling, a quantum 
mechanical phenomenon, enables a supercurrent to flow 
across the junction without any applied voltage. Josephson 
junctions are helpful for quantum computing because they 
can function as qubits, the fundamental building blocks of 
quantum information. Qubits can be created and modified by 
adjusting the phase and charge of the Josephson junction [9]. 
Josephson junctions are generally desirable candidates for 
quantum computing due to their low dissipation, high 
nonlinearity, and compatibility with methods of fabricating 
integrated circuits. 

Unlike superconducting qubits, which require the creation 
of an artificial atom, spin qubits store information in the spin 
of a single electron. By sending a microwave pulse with a 
frequency equal to the Zeeman energy, the qubit states are 
altered. Because it impacts the Zeeman effect, which splits an 
atom's spectral lines in the presence of an external magnetic 
field, Zeeman energy is crucial for quantum computing. To 
regulate the magnetic field between qubits, the Zeeman effect 
can be used. This influences the qubit states. Through spin-
to-charge conversion, spin-selective tunnelling between a dot 
and the reservoir, or Pauli spin blocking, the states can be read 
out. These qubits must also operate at cryogenic 
temperatures, although they have a wider operational 
temperature range, going up to 5 K [10-11]. 

2.2. Motivation of Scalability 

The scalability of qubits is not only used for system 
compactness but also for control electronics. In a dilution 
refrigerator, where qubits commonly operate, the control 
electronics are typically built with hardware. The equipment 
is kept at ambient temperature and is situated outside of the 
surroundings. Each qubit has at least one RF link to the 
controller hardware. Due to the excessive complexity of an 
equipment-based control, such control topologies restrict 
scalability. Additionally, a lot of wires and cables must be 
constructed. Consequently, it would be impossible to fit 
hundreds of cables inside a tiny refrigerator while also 
lowering the freezer's heat load and preserving the integrity 

of the interconnects. Figure 2 shows that the longest state-of-
the-art quantum computer (with 72 qubits) needs 168 long 
and lossy coaxial cables to connect cryogenic qubits to 
various big, cumbersome, specially made electrical modules 
that are running at RT (DAC, LNA, ADC, etc.). 
 

 

Figure 2. superconducting qubits in a cutting-edge 
quantum computer [12]  

For large-scale quantum computers, operating qubits and 
control circuits at the same cryogenic temperature would be 
ideal [13]. Complex circuits can be created using CMOS as 
transition from the vacuum tube era to the IC era, taking 
advantage of 60 years of advancement in IC design 
technology. These ICs must function at deep cryogenic 
temperatures and use power within the limitations of the 
refrigerator in order to be integrated with the qubit chip, as 
shown in Figure 3. Custom PCBs have been built to link many 
control and read-out channels while minimizing cabling, 
using commercially available components that operate at 
cryogenic temperatures [14–15]. 

 

 

Figure 3. General concept of the present research 
direction 
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3. Overview of Cryo-CMOS Qubit 

A quantum computer consists of a regular electronic 
controller with a cryogenic quantum processor. Any useful 
quantum algorithm requires cryogenic quantum processors to 
be scaled down to a minimum of a few thousand and most 
likely millions of qubits. the requirement of cryo-CMOS 
circuits, which give the controller and the quantum processor 
useful and compact linkages. Cryo-CMOS is a method that 
enables the development of semiconductor intellectual 
property (IP) that can operate at or below zero Kelvin (-
273.15 °C) or at cryogenic temperatures. The fundamental 
components of quantum computers are quantum bits, or 
qubits. They enable the execution of multiple complicated 
problems concurrently while storing and processing data in a 
superposition state. Qubits are extremely sensitive to noise 
and interference and must function at very low temperatures. 
Current quantum computer designs separate the control 
circuitry from the qubits and connect them using thick, 
expensive cabling. Quantum computing systems' 
performance and scalability are constrained as the number of 
qubits increases. This problem is addressed by cryo-CMOS 
technology, which enables the creation of unique chips that 
can communicate with qubits at cryogenic temperatures, 
hence requiring less cabling and increasing the effectiveness 
and dependability of quantum computing systems. 

A promising technique called cryo-CMOS has the 
potential to hasten the creation and application of quantum 
computers in various fields, including research, medicine, 
logistics, finance, and artificial intelligence. However, there 
are still some difficulties and chances for more study and 
invention in this area, like improving the design procedures, 
equipment, and guidelines for cryo-CMOS IP development. 

3.1. Cryo-CMOS Control: A Key Technology 
for Quantum Computing 

On qubits, numerous physical implementations have been 
made. However, solid-state implementation is thought to be 
one of the most viable options for scaling down a significant 
number of qubits [16]. Additionally, several types of solid-
state qubits exist, including nitrogen vacancies in diamond 
lattices, electron spins in quantum dot applications and 
superconducting circuits. The operating temperature is a 
characteristic shared by all qubit variant kinds. Only 
temperatures below 100 m K for deep cryogenic operation 
suit these variations. The cryogenic temperature allows them 
to exchange their quantum behaviours with each other and 
maintain their quantum state's coherence time [17]. In 
general, the coherence times withstand only below a second, 
which is much less for processing practical quantum 
algorithms. Modern quantum processors use a small number 
of qubits, whereas most circuits use classical controllers that 
function at average temperatures. Wires from the 
conventional controller connect the qubits in the cryogenic 
container. Some functionality has so far been started that 
operates at cryogenic temperatures, such as low noise 
amplifiers (LNAs) for reading out signals and signal 

attenuation [18]. Closer proximity operating of cryogenic 
temperature was the only thing that was accomplished. There 
might be a need for many cables if the number of qubits were 
to expand. The error-correction loop's thermal load and delay 
are thus increased [19]. To connect a room-temperature 
quantum processor to a cryogenic quantum processor in a 
quantum computer, thousands of low- and high-frequency 
wires are now necessary. This would lead to an expensive 
procedure that could have been more practical and 
dependable.  

Alternative cryogenic controllers were required to 
overcome the abovementioned problems and decrease the 
requirements, system size, and dependability. Cryogenic 
testing has been performed on a wide range of technologies, 
including compound semiconductors (GaAs), JFET (junction 
field effect transistors), HEMT (high electron mobility 
transistors), superconducting devices based on Josephson 
junctions, and CMOS transistors [20]. Based on 
developments in the semiconductor industry, research 
suggests that CMOS technology may guarantee low power 
consumption and functioning down to 30 mK [21]. Future 
quantum processor complexity may be regulated due to the 
practicality of packing billions of transistors into a single 
chip. Another argument favouring its use is that the design 
automation framework for CMOS is well adapted to the 
typical manufacturing and armed temperature values, i.e., 
down to -55 °C. 

3.2. Architecture of Cryo-CMOS Processor & 
Controller 

The general layout of a quantum processor's control and 
readout is shown in Figure 4. The architecture includes front-
end and back-end modules. The front-end module is 
responsible for multiplexing, demultiplexing, and analog to 
digital and digital to analog conversion. The ADC/DAC is 
essential for the analogue signal that is delivered to and 
received from all qubits. In a perfect world, electronics and 
quantum processors would both function at the same 
temperature. To avoid the necessity for off-board 
communication, both should if not be on the same chip. It is 
already possible to decrease temperatures below 100 mK with 
less than 1 mW of power [22], but it is as of yet uncertain if a 
full electronic controller can quickly function with such a 
power budget.  
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Figure 4. Quantum processor control and readout 

The system would run in the 4 K stage if the cooling power 
was greater than 1 W. Some low-power components may 
lower the number of connections to the 4-K stages. As seen 
in Figure 4, such features are anticipated to operate at a 
temperature comparable to that of the quantum processor. 
The cryo-CMOS electronics controller's specifications are 
very enticing. The current generation of quantum processors 
uses electric pulses to determine the state of the qubits. The 
amplitude, timing, frequency, and phase of the electronic 
signals that measure the states must be highly exact. 
Additionally, the noise generated by the signal should be 
minimal. However, Modern quantum processors are 
controlled by the most precise bench-top electrical 
instrumentation on the market [17–18]. The controller's 
readout must be extremely sensitive to pick up faint signals 
from the quantum processor [23]. Moreover, it should attain 
low kickback to avoid modification in qubit states. The 
phenomenon known as kickback in quantum mechanics 
occurs when one qubit or register's phase is transferred to 
another without changing the first qubit or register. The 
quantum processor and controller specification meet the 
criteria if the error-correction loop's latency is less than the 
qubit coherence time. The controller must retain the 
abovementioned functionality and standards while 
dissipating minimal power. The power budget for a 
processing unit with only 1000 qubits would be limited to 1 
mW/qubit. That operation is so complex, as shown in [23. 
Even when more than 1-W of cooling power is provided at 4 
K.   

Therefore, even if a 1 mW/qubit power budget is 
ambitious, it is unquestionably feasible in the near and 
medium term. The advancement of improved cryo-CMOS 
systems must coexist with the development of more advanced 
and potent cooling technologies. In addition to the obstacles 
already mentioned, a complicated system like the one in 
Figure 3 requires the appropriate design tools and 

methodologies. Cryo-CMOS can use the design automation 
infrastructure that is already in place for regular CMOS. 
However, specific issues need to be solved in order to operate 
at cryogenic temperatures and connect with a quantum 
system. 

3.3. Challenges of Cryo-CMOS 

● The device-level phenomena that become 
important at deep cryogenic temperatures 
and impair the performance and 
dependability of the circuits, such as greater 
threshold voltage, hysteresis, kink effects, 
mismatch, and hot-carrier lifespan 
degradation. 

● The circuit-level trade-offs, such as power 
consumption, noise, linearity, bandwidth, 
and gain, that need to be optimized for 
different applications and specifications of 
quantum computing systems. 

● The system-level integration, such as co-
simulation, co-design, and co-verification, of 
the cryo-CMOS circuits and the quantum 
processors, that require new methodologies, 
tools, and standards. 

● The temperature range compatibility, such as 
ensuring that the cryo-CMOS circuits can 
operate across a wide range of temperatures 
from room temperature to 4 K or lower. 

 
3.4. Specific Issues encountered in Designing 
Cryo-CMOS Circuits 
 
Some challenges encountered in designing and operating 
cryo-CMOS circuits are: 

● The power dissipation of cryo-CMOS 
circuits must be minimized to avoid heating 
up the quantum processor and degrading its 
performance. This requires careful 
optimization of the circuit topology, biasing, 
and sizing to achieve the desired 
specifications with minimum power 
consumption. 

● The interconnection and packaging of cryo-
CMOS circuits must be compatible with the 
quantum processor and the cryogenic 
environment. This requires special materials, 
techniques, and standards to ensure reliable 
electrical, thermal, and mechanical 
performance at low temperatures. 

● The device modeling of cryo-CMOS circuits 
must be accurate and predictive to enable 
efficient design and simulation. This requires 
extensive characterization, extraction, and 
validation of the device parameters and 
models at cryogenic temperatures. 
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3.5. Implementation of Cryo-CMOS 
technology in specific quantum computing 
projects 
 
Some practical examples of how cryo-CMOS technology has 
been applied in specific quantum computing projects are: 

● SeeQC, a quantum computing company, is 
developing an application-specific integrated 
circuit (ASIC) quantum computer for drug 
discovery and development. The ASIC 
quantum computer uses cryo-CMOS chips 
that can operate near absolute zero, which is 
the temperature required for the quantum 
processor. The cryo-CMOS chips enable the 
integration of classical control electronics 
with the quantum processor, reducing the 
complexity, cost, and power consumption of 
the system [24]. 

● Quantum Motion, a quantum computing 
company, is developing a scalable silicon-
based quantum computer using spin qubits. 
The spin qubits are controlled and read out 
by cryo-CMOS circuits that can operate at 4 
K, which is the temperature required for the 
quantum processor. The cryo-CMOS circuits 
exploit the enhanced performance of CMOS 
transistors at low temperatures, such as 
reduced noise, increased gain, and reduced 
power dissipation [25]. 

● SureCore, a low-power memory design 
company, is developing a cryogenic memory 
solution for quantum computing 
applications. The cryogenic memory 
solution uses cryo-CMOS technology that 
can operate at 4 K, which is the temperature 
required for the quantum processor. The 
cryo-CMOS technology enables the design 
of low-power, high-density, and stable 
memory cells that can store and retrieve data 
for the quantum processor [26]. 

4. Related Works in Quantum Processor 

A quantum computer's controller and quantum processor are 
vital parts. A device that manipulates quantum information 
employing quantum gates and qubits is known as a quantum 
processor. A quantum controller is a device that can generate, 
transmit, and measure microwave signals. And the critical 
task is to control and read out the qubits in the quantum 
processor. The following are some publications and works 
linked to quantum processors and controllers: This article 
[33] describes a cryogenic integrated circuit that operates at 
cryogenic temperatures and drives a superconducting 
processing unit cell using RF and baseband signals. The 
circuit connected to a two-qubit patch of a 54-qubit Sycamore 
quantum processor utilizing a 28-nm complementary metal-
oxide-semiconductor (CMOS) design. This research [34] 
examines the cryogenic and ambient temperature control 
methods for superconducting quantum circuits. 

Table 1. Existing developments of the Quantum processor 

Name Developer Technology Qubits Quantum 
Volume Other Metrics Applications 

Sycamore 
[27] Google Super conducting 54 N/A 

Quantum 
supremacy 
achieved with 53 
qubits and 10^9 
samples in 200 
seconds 

Sampling, 
optimization,machine 
learning 

Eagle [28] IBM Super conducting 127 N/A N/A General purpose 
quantum computing 

Advantage 
[29] D-Wave Systems Quantum 

annealing 5640 N/A 1.4 million CLOPS 
Optimization, 
sampling, machine 
learning 

IonQ 
System IonQ Trapped ions 32 4 million N/A General purpose 

quantum computing 
Aspen-9 
[30] Rigetti Computing Super conducting 32 512 N/A General purpose 

quantum computing 
Tangle 
Lake [31] Intel Labs Super conducting 49 N/A N/A General purpose 

quantum computing 
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SV1 
Processor 
Service 
[32] 

Amazon Web 
Services (AWS) 
Braket and IonQ, 
Rigetti Computing or 
D-Wave Systems 

Super conducting 
or trapped ions or 
quantum 
annealing 

Up to 
34 

Up to 
4000 N/A 

Cloud-based quantum 
computing service for 
various applications 

 
 

The use of single-qubit and two-qubit gates, as well as 
readout techniques, quantum tomography, feedforward and 
feedback controllers, are all introduced. Additionally, it 
offers some possibility for the future creation of expansive, 
fault-tolerant quantum computer control systems. This 
article [35] presents a novel technique for the quiet 
management of a single electron in silicon quantum dots. 
The method uses an induced gradient electric field known 
as electric quadrupole spin resonance (EQSR). In terms of 
scalability, robustness, and speed, the method is superior to 
already-existing techniques like electron spin resonance 
(ESR) and electric dipole spin resonance (EDSR). The 
creation of IBM Quantum System Two, a modular 
framework for constructing massive quantum computers, 
is announced in this article. The platform includes the 
largest superconducting qubit processor to date, the 127-
qubit Eagle processor. The platform also has a brand-new 
control system that uses sophisticated signal processing 
methods to manage up to one million qubits [28]. 

4.1. Limitations and Research gap 
Regarding Cryo-CMOS 

Some of the limitations and the research gap about cryo-
CMOS for quantum computing are: 

● Cryo-CMOS circuits have to deal with the 
trade-off between power dissipation and 
performance. Higher power dissipation 
can cause self-heating and thermal noise, 
which can degrade the qubit coherence 
and fidelity. However, lower power 
dissipation can limit the speed, bandwidth, 
and resolution of the cryo-CMOS circuits. 

● Cryo-CMOS circuits have to cope with the 
variability and mismatch of the device 
parameters at low temperatures. The 
threshold voltage, mobility, subthreshold 
slope, and leakage current of the CMOS 
transistors can change significantly at 
cryogenic temperatures, depending on the 
fabrication process, biasing conditions, 
and device geometry. This can affect the 
accuracy, stability, and reproducibility of 
the cryo-CMOS circuits. 

● Cryo-CMOS circuits have to overcome the 
challenges of interconnection and 
packaging with the quantum processor. 
The electrical, thermal, and mechanical 
properties of the materials and 
components used for interconnection and 
packaging can change at low 

temperatures, causing parasitic effects, 
thermal gradients, and mechanical stress. 
This can affect the reliability, scalability, 
and modularity of the cryo-CMOS 
circuits. 

● Cryo-CMOS circuits have to improve the 
device modeling and simulation tools for 
low-temperature operation. The existing 
device models and simulation tools are 
mainly developed for room-temperature 
operation and may not capture the physical 
phenomena and effects that occur at 
cryogenic temperatures. This can affect 
the design efficiency, optimization, and 
verification of the cryo-CMOS circuits. 

5. Conclusion 

This article covered the promise of cryo-CMOS for the on-
chip integration of quantum systems, which is motivated 
by the demand for scalable and effective control and 
readout of qubits in quantum computing. The research 
article discussed the difficulties and possibilities of 
building CMOS circuits at extremely low temperatures, 
where the characteristics of the devices and the noise 
sources are different from those at room temperature. In 
order to enable future quantum computers with millions of 
qubits, this work demonstrated that cryo-CMOS can 
provide considerable benefits in terms of power 
consumption, signal integrity, and system integration. 
Thus, Cryo-CMOS is a promising technique for integrating 
quantum systems on chips, but additional study and 
cooperation are required to realise its potential fully. 
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