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ABSTRACT
Quantum processors have the potential to revolutionize computing on a scale unseen since the development of semiconductor technology in
the middle of the twentieth century. However, while there is now huge activity and investment in the field, there are a number of challenges that
must be overcome before the technology can be fully realized. Of primary concern is the development of the classical technology required to
interface with quantum systems, as we push toward a new era of high-performance, large-scale quantum computing. In this review, we briefly
discuss some of the main challenges facing the development of universally useful quantum computers and the different architectures being
investigated. We are primarily concerned with cryogenic quantum systems. These systems are among the most mature quantum computing
architectures to date and are garnering a lot of both industrial and academic attention. We present and analyze the leading methods of
interfacing with quantum processors, both now and for the next generation of larger, multi-qubit systems. Recent advancements in control
cryoelectronics, both semiconducting and superconducting, are covered, while a view toward newer methods such as optical and wireless
qubit interfaces is also presented.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273490

INTRODUCTION

Quantum computers have long been touted as the answer
to ever-increasing demands for computing power, across a vast
range of applications including cryptography, fundamental-physics
research, and drug-discovery.1–3 The attention and focus on quan-
tum computing (QC) is accelerating as industrial, academic, and
government organizations invest significantly in developing the
technology and realizing its potential. While huge progress has been
made in recent years,4,5 there are important obstacles and issues to
overcome before true quantum advantage is seen. A key area here
concerns the quantum–classical interface needed to interact with
and control the quantum processor.6 Currently, within the noisy
intermediate-scale quantum (NISQ) era,7 quantum computers are
limited to hundreds or potentially thousands of qubits, controlled
by large numbers of cables and interconnects, and bulky, classical,

electronic devices situated at various temperatures from cryogenic
stages close to the qubit(s), right up to room temperature. The
increasing space and cooling power requirements needed to sustain
quantum-processing growth, in addition to the constant demand for
fast, low-noise, high-fidelity electronics, makes tackling the issues
surrounding the quantum–classical interface a high priority for the
research field and industrial community. Here, we discuss the need
to develop new or existing technologies and elucidate some of the
current methods used.

ADVANCING AND SCALING UP THE NEXT
GENERATION OF QUANTUM COMPUTERS

Scaling up the number of qubits comprising a quantum com-
puter is a key aim of both industrial and academic researchers.
The desire to move beyond the noisy intermediate-scale quantum
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(NISQ) era of computing is evident throughout the industry, as seen
by IBM’s recent announcement to move toward a 100 000 physical-
qubit system,8 and the investments made by governments all over
the world toward developing quantum information processors that
outperform current, classical high-performance computers.9,10 Scal-
ing quantum computers to their full potential involves overcoming
a series of complex challenges. This necessitates a collaborative
approach, uniting the expertize of scientists, engineers, and industry.
Despite significant progress,11,12 there is still a considerable jour-
ney ahead. Central to this is engineering the appropriate classical
interface for interacting with the quantum system. The primary
challenges are listed in the following.

Quantum decoherence

Quantum systems are extremely sensitive to environmental dis-
turbances, leading to a loss of coherence known as decoherence.
As the number of qubits increases, the probability of errors due
to decoherence also rises. Developing error-correction techniques
and improving qubit stability are crucial for scaling up quantum
computers.13

Qubit interactions and connectivity

Complex quantum systems require qubits to interact with each
other to perform complex computations. As the number of qubits
grows, maintaining and controlling the interactions between them
becomes increasingly difficult. Ensuring high connectivity and min-
imizing unwanted interactions are essential for scaling up quantum
computers.

Qubit quality and manufacturing

Quantum computers require high-quality qubits with low error
rates. Current qubit technologies, such as superconducting circuits
and trapped ions, face challenges in achieving consistently high
qubit quality at scale. Improving fabrication techniques, reduc-
ing manufacturing defects, and optimizing qubit performance are
critical for large-scale QC.14

Hardware scalability

Building a large-scale quantum computer requires integrating
a massive number of qubits and other components into a coher-
ent and controllable system. The physical infrastructure, including
cryogenic cooling, wiring, and control systems, must be designed to
accommodate the increasing complexity and size of the quantum
processor. This challenge will be a focus of discussion within this
review.

Quantum algorithms and error correction

Scaling up quantum computers requires developing robust
error-correction codes capable of detecting and correcting errors
introduced during computation. Designing efficient fault-tolerant
quantum algorithms that can tolerate errors while still providing
meaningful results is an ongoing research challenge.15

Programming and software tools

As quantum computers scale up, designing and implementing
quantum algorithms become more complex.16 Developing user-
friendly programming languages, software libraries, and simulation
tools to facilitate not just quantum software development and opti-
mization but also the control systems for quantum hardware,17

is crucial for wider adoption and efficient utilization of quantum
computers.18

Cost and resources

Quantum computers are currently expensive to build and oper-
ate. While progress has been made, scaling up QC requires signif-
icant investments in research, development, and infrastructure. In
addition, the demand for rare resources, such as high-quality qubit
materials and specialized fabrication equipment, may pose supply
chain challenges.

QUBIT ARCHITECTURES

The focus of this review concerns superconducting qubits, one
of the leading platforms in developing quantum processors.19 While
other qubit architectures show promise in quantum information
processing, many of these also require cryogenic conditions for
operation, meaning the classical interfaces discussed herein are use-
ful considerations across the field of QC. The main reasons for
considering cryogenics are the need to establish the necessary phys-
ical operating conditions and for creating and maintaining a stable
environment. Utilizing operating temperatures significantly below a
material’s superconducting energy gap (Δ) prevents random thermal
excitations and enables Cooper pair formation for qubit realiza-
tion. External interference coupled to the system, such as heat or
electromagnetic radiation, can cause qubits to decohere; cryogenic
temperatures significantly reduce this environmental noise. In prac-
tice, this dictates the maximum operational temperature, especially
considering that qubit frequencies generally lie in the low GHz
range, which necessitates an optimal temperature in the low mK
regime.20,21

Superconducting qubits have been of interest for many years
and are currently among the most widely used and heavily invested
qubit types in QC research.22,23 They are usually fabricated using
multi-step additive and subtractive processes, involving lithographic
patterning, metal deposition, wet/dry etching, and controlled oxi-
dation of superconductor films. Reliable qubit fabrication at an
industrial scale is still a major challenge and an active area of
research for many.24,25 Generally, materials such as aluminum or
niobium are selected as the superconducting elements and these are
patterned onto silicon or sapphire substrates.26

Superconducting qubits show great promise for several rea-
sons, including their strong and relatively straightforward coupling
to control signals, their relatively long and ever-increasing coherence
times, and the clear path toward immediate scalability.27 They must
be operated at extremely low temperatures, typically around 10 s of
mK inside dilution refrigerators, to both ensure the devices are far
below the critical temperature (Tc) of the component material and
to minimize the noise of the system.26,28

Quantum dot qubits utilize semiconductor nanostructures,
known as quantum dots, to trap and manipulate single electrons as
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qubits. They are typically fabricated using materials such as gallium
arsenide or silicon, and operate at cryogenic temperatures, typically
below 1 K.29 Spin qubits utilize the intrinsic spin of electrons or
nuclei in solid-state systems, such as quantum dots or defects in
crystals such as nitrogen-vacancy (NV) centers in diamond. The
cryogenic requirements for spin qubits can vary depending on the
specific implementation. Some require operation at mK temper-
atures, while others can function at higher temperatures, around
1–4 K.30

Trapped ion qubits use individual ions, such as ytterbium
or calcium. These ions are trapped and manipulated using elec-
tromagnetic fields in a vacuum chamber.31 Photonic qubits use
individual photons as qubits and manipulate them using various
optical components such as beam splitters and detectors.32,33 Cryo-
genic temperatures are not required for trapped ion or photonic
qubits but can be beneficial in improving their operation.34–36 For
instance, some of the highest efficiency single-photon detectors,
used to probe the state of a trapped ion or optical qubit, are based
on superconducting materials that require Kelvin temperatures.37–39

The principles and proposed implementations of classical interfac-
ing discussed here are relevant and potentially useful across many
possible QC architectures.

INTERFACING WITH QUANTUM COMPUTERS

To access the computing power of a quantum system, the quan-
tum state of a qubit must be manipulated, and it must be possible to
generate and analyze any qubit state using the control and readout
electronics. A major barrier to scaling up quantum computers stems
from the room temperature electronics and optics needed to control
and readout these quantum operations, placing limits on the signal
bandwidth, latency, thermal load, and signal-to-noise ratio in the
system. As quantum computers move to interacting systems of thou-
sands of qubits, more room temperature electronics are required.
There is a need to exploit the potential of information and com-
munication technologies (ICT) as an interface to develop scalable,
efficient integrated control and readout architectures.

FIG. 1. Structural diagram of an integrated measurement device where the analog components are part of the integrated system on chip model architecture on a single
integrated circuit board. The components are interacted through digital communication protocols through USB and Ethernet with a measurement PC.
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Before the different interfacing approaches are discussed, it is
important to highlight the major constraint in integrating technol-
ogy within a cryogenic system: limited cooling power. For example,
while a cryo-CMOS processor operating at just 77 K is predicted
to achieve 3.4 times higher performance,40 even cooling to this
relatively high temperature can pose challenges. The 2022 IEEE
international roadmap on Cryogenic Electronics and Quantum Infor-
mation Processing lays out many of the opportunities and challenges
associated with integrating cryogenic systems.41 Of particular note
for this work are the available cooling powers at various tempera-
tures. At 4 K, for high powered cooling systems, there can be up to 1
kW of cooling power; however, at 20 mK, there is only up to 30 μW
of cooling power. These cooling limits are currently placing restric-
tions on not only quantum processor size but also on the classical
interfaces that can be placed within a cryostat.

CONVENTIONAL QUBIT CONTROL

A typical experimental setup involves two distinct microwave
tones with similar properties, which pass through thermally
anchored attenuator stages within a dilution refrigerator to suppress
thermal noise before reaching the qubit sample. One of these sig-
nals is responsible for the control of the qubit state. By meticulously

engineering various aspects of a microwave pulse, such as its ampli-
tude, duration, and shape, it is possible to achieve any arbitrary
state on the Bloch sphere within a timescale of tens of nanosec-
onds. An integrated measurement device is shown in Fig. 1, while
a simplified schematic for conventional control and readout can be
seen in Fig. 2. Advanced protocols with complex pulse sequences,
such as the derivative removal by adiabatic gate or dynamical
decoupling,42,43 are further employed to reduce the unwanted side
effects of anharmonicity and environment noise in real qubit
devices, aiming to improving the fidelity of the control operation.
These pulses are typically generated using a heterodyne scheme,
where low-frequency signals from an arbitrary waveform generator
(AWG) define the shape and duration of the pulse. These signals
are then mixed with a high-frequency carrier signal near the qubit’s
fundamental transition frequency to produce the desired control
waveform.

Another microwave tone is used to probe the qubit state in
a dispersive readout architecture. After interacting with the qubit
through the resonator on-chip, the tone is amplified at several stages
and then mixed with the source-reference tone and finally converted
from analog to digital and recorded for post-processing.28 Each
step induces noise, reducing the signal-to-noise ratio and improv-
ing each step individually is a major source of research and effort to

FIG. 2. Schematic outlining conventional control and readout of a superconducting transmon qubit within a dilution refrigerator.
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enhance qubit control and readout. Inside the dilution refrigerator,
the measurement chain includes circulators and isolators, to sup-
press backaction signals to the qubit,44 and amplification through
quantum-limited Josephson parametric amplifiers (JPA) and high-
electron mobility transistor amplifiers.22,45 Similar to the control
tone, the probe tone performs a heterodyne/homodyne measure-
ment, where a reference high-frequency carrier is mixed with a
probe pulse from a digital to analog converter (DAC) or AWG
to generate the readout tone by a process called upconversion.46,47

After this, the transmission through signal is downconverted using
the same reference carrier wave and recorded through an analog to
digital converter (ADC). A major limitation stems from syncing all
the individual drive electronics with an external clock, as they are
usually generic and individually commercially sourced; this causes a
delay (≈ 1 μs), which significantly affects gate operations.

A modern hybrid approach involves field programmable gate
arrays (FPGAs) based on custom hardware that combines an entire
rack of generic microwave hardware on a single PCB with integrated
chips performing dedicated drive and readout tasks. These compo-
nents can be digitally programmed on FPGA fabric, for example,
combining ADCs, DACs, filters, and attenuators on the same PCB,
to record analog signals and decipher qubit states in real time. This
enhances gate performance significantly and enables fast feedback
control of multiple qubits in one go.48 An Example FPGA board is
shown in Fig. 1. Modern FPGA integrated circuits combine ADCs,
DACs, and all other analog RF and digital components onto a sin-
gle die fabric, incorporating a System on Chip philosophy to further
reduce latency times between signal generation and readout to a
few nanoseconds. The custom nature of these electronics enables
these boards to be tailored to a quantum subsystem or general-
ized to perform an array of measurements from spectroscopy to
multi-qubit control and sensor measurements.49 Multiple commer-
cial vendors have utilized this opportunity to produce customized
products for quantum measurements, with a varied range of con-
trol/readout frequency ranges and high bitrate (up to 14-bit) analog
signal capture.50

Overall, effectively reading out qubit systems at least requires
high-speed classical electronics superseding qubit decay rates. Mod-
ern custom surface mount electronics coupled with FPGA/ASIC
chips on board have been seen to be effective in multi-qubit control
and readout. These classical electronics will need to keep improving,
or new approaches will be required, as will be discussed here.

SCALING UP
Conventional approach

The scaling-up method currently being driven by large, indus-
trial players in the field, Google and IBM, for example, revolves
around simply increasing the number of control and readout lines,
proportional to the number of qubits in the system. This necessitates
a direct increase in the size of the cryostat and the cooling power
required, with projects such as IBM’s “Goldeneye” developing an
mK cryostat on a previously unseen scale.51 While this method has
led to progress and may form the basis for the first generation of
quantum computers, it is not a suitable long-term solution to the
issue of scalability, as size and power requirements quickly become
unreasonable for tens of thousands of qubits and above; this is

particularly important amid a climate where power consumption is
an important topic of research and discussion.52,53

Cryo-CMOS technologies

In a conventional QC setup, control and readout electron-
ics, operating at room temperature, are typically positioned several
meters away from the qubits. Conversely, the qubits are located in a
cryogenic environment, maintaining temperatures in the tens of mK
range. The signal latency, stemming from the length of the cables
connecting the electronics to the qubits, results in a delay of hun-
dreds of nanoseconds. This substantial latency proves unsuitable
for fast quantum feedback measurements,54 where the outcomes
of single-shot qubit measurements immediately inform subsequent
actions on the qubits. Reducing feedback latency is vital for min-
imizing error rates in the feedback operation and enhancing the
overall fidelity of quantum information processing. Moreover, as the
quantum system scales up by increasing the number of qubits, chal-
lenges mount due to the growing number of cable requirements.
To effectively tackle these issues, relocating electronics to cryo-
genic temperatures (cryoelectronics) presents a potential solution,
alleviating signal latency and many cable concerns.

Cryogenic electronics potentially empower rapid feedback
mechanisms,54 allowing for quick error correction55,56 due to
reduced feedback latency and ultimately enhancing the overall reli-
ability of quantum computations while preserving the integrity
of quantum information. In particular, cryogenic complemen-
tary metal–oxide semiconductor (cryo-CMOS) technologies have
recently gathered significant attention from researchers due to their
potential to revolutionize QC. Again, the distance between qubits
at mK temperatures and the qubit readout and control circuitry
operate at room temperature poses a significant problem that cryo-
CMOS aims to overcome.57–63 Cryo-CMOS technologies aim to
address this issue by enabling the construction of custom-made
readout and control circuitry that is designed to operate at cryogenic
temperatures. A potential QC-cryo-CMOS architecture is presented
in Fig. 3. However, specific challenges are associated with build-
ing such circuits, including power budget, noise, and bandwidth
constraints.64,65

Two major technologies are currently being used in cryoelec-
tronics QC hardware: bulk CMOS and fully depleted silicon-on-
insulator (FDSOI).66 Bulk CMOS technology, as in conventional
CMOS technologies adapted to operate at cryogenic temperatures,
offers low complexity and cost-effectiveness compared to FDSOI
but poses several performance-related challenges when operated at
cryogenic temperatures, such as carrier freeze-out, increased leak-
age current, kink effect, and hot carrier degradation.67–71 FDSOI
technology, on the other hand, is more sophisticated and offers
greater benefits for cryogenic applications, including reduced leak-
age currents, low power consumption, and back biasing to counter
threshold voltage shift at cryogenic temperatures.72–74

A critical aspect of advancing cryogenic CMOS technolo-
gies is the development of a cryogenic process design kit (PDK).
This task involves characterizing devices at cryogenic tempera-
tures as a first step. Room temperature data are verified from the
foundry PDK if it falls within the process corners. The data are
then calibrated at the desired cryogenic temperature using a tech-
nology computer aided design tool through reverse engineering.75
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FIG. 3. Block diagram outlining the principle elements of a cryo-CMOS controlled superconducting qubit in a dilution refrigerator.

Compact model parameters are extracted, and the existing room
temperature PDK is tuned to create a cryogenic PDK for that
device.

While cryo-CMOS control potentially offers significant advan-
tages for scaling QC, it does come with several limitations. One
important constraint is the same issue conventional control has to
tend with: when dealing with a large number of qubits, the num-
ber of control lines must still increase linearly.64,65 One way to
somewhat alleviate this issue would be to pre-load a data sequence
into the cryo-CMOS processor in the cryostat. This would mean
that only a power source would need to be connected to the
cryo-CMOS processor through the cryostat and signals would not
need to be sent in to the cryostat, from instruments outside the
fridge, during measurements. However, there would still need to
be many connections to the quantum processor. While these con-
nections could be made using superconducting materials, below
4 K, to minimize the heat conduction between stages and elec-
trical losses, the cryo-CMOS control circuits will still encounter
issues with significant heat dissipation. This issue can potentially
surpass the cooling capacity of the cryostat, resulting in an unde-
sired increase in the qubit’s temperature, disrupting all aspects of its
operation.76

A review of the current state of research and development
shows that prominent technology companies such as Google,77

Intel,78 and IBM79 have played pivotal roles in advancing the

integration of cryoelectronics to within the proximity of the qubit
stage (4 K and below) by application specific integrated circuits
(ASIC) using cryo-CMOS technologies. Indeed, the first European
Chips Joint Undertaking project ARCTIC (Advanced Research on
Cryogenic Technologies for Innovative Computing)80 has started
to establish a European supply chain for cryogenic quantum tech-
nologies, including cryogenic photonics, microelectronics, and cryo-
microsystems to foster the low-cost, high-volume manufacturing
of superconducting and semiconductor-based quantum chips in
the EU.

What stands out as a remarkable achievement across these
research efforts is the demonstration of practical control and read-
out architectures that function at cryogenic temperatures and exhibit
high reliability and effectiveness, all with limited power dissipa-
tion. This concerted effort among these industry leaders under-
scores the significant strides in pursuing QC and quantum infor-
mation processing technologies, with cryoelectronics serving as
a critical enabler for advancing these QC applications. Overall,
cryo-CMOS technology offers a potential solution to the scal-
ability of quantum computers, provided a few implementation
challenges are addressed. Initially, substantial effort is required
to develop reliable cryogenic models that accurately replicate the
cryogenic performance of CMOS circuits, before bespoke devices
can be designed and fabrication processes can be initialized and
industrialized.
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Single flux quantum

Long-standing single flux quantum (SFQ) technology has
recently been demonstrated to manipulate and control qubits in
superconducting circuits.81,82 This is a digital approach that utilizes
the properties of superconducting materials, in the form of Joseph-
son junctions, and the quantization of magnetic flux to encode and
process quantum information.83,84 An SFQ pulse is produced when
magnetic flux through a superconducting circuit containing an over-
damped Josephson junction changes by one flux quantum, Φ0, as a
result of the junction switching, which represents a 2π phase jump.
SFQ pulses have a quantized area,

∫ V(t)dt = Φ0 ≈ 2.07 ⋅ 10−15 Wb = 2.07 mV ⋅ ps. (1)

Pulses can have a time interval as short as 1 ps, with an amplitude
in the mV range, depending on the characteristic voltage of the cir-
cuit. In rapid single flux quantum (RSFQ) logic, one of the oldest
and most developed logic families, propagating voltage pulses repre-
sent classical bits of information: the presence or absence of a voltage
pulse across a Josephson junction in the circuit constitutes a classi-
cal 1 or 0 binary bit. Traditionally, RSFQ devices have been used in
ultra-fast electronics, including ADCs, RF transceivers, and micro-
processors, as it has long been possible to drive them to very high
frequencies, with simple circuits shown to run at clock speeds of
770 GHz.85

An individual SFQ pulse produces a broadband excitation, so is
incompatible with coherent manipulation of qubit systems, as spe-
cific qubit transitions cannot be isolated and excited.86 Instead, the
theory behind SFQ control of quantum systems relies on driving
them using a train of SFQ pulses. The qubit is coherently excited
using a pulse-to-pulse separation matched to its period.87,88 As
shown in Fig. 4, an external microwave tone is used to trigger a DC-
SFQ converter, which generates the pulse train. The pulse train is
then coupled capacitively to a transmon qubit, and each SFQ pulse
induces an incremental rotation of the qubit state vector about the
Bloch sphere. In this way, coherent and accurate qubit control can
be achieved, with a predicted fidelity of >99.99%.89 This has since
theoretically been extended to multi-gate systems with promising
results for maintaining high-fidelity control.90 Experimentally, this
approach has now been realized, with initial gate fidelities of ≈95%,81

which have since been improved by redesigning the layout of the
SFQ-qubit system using a multichip module.82 The process of scal-
ing up the number of qubits has now begun, with Bernhardt et al.
reporting the first multi-qubit system integrating SFQ technology.
Here, they utilize digital demultiplexing, breaking the linear scaling
of control lines to number of qubits, showing promise for heat-load
and space savings in cryogenic QC.91

SFQ-based qubit control is, therefore, a possible and promis-
ing avenue for qubit systems, but SFQ logic has also been touted for
use in qubit readout. As discussed, superconducting qubits are gen-
erally measured using heterodyne detection of a coupled resonator,
requiring significant equipment overhead throughout the cryostat
and at room temperature for each qubit. A method has been pre-
sented by Opremcak et al.92 and Howington et al.,93 whereby a qubit
state is mapped onto the photon occupation in a microwave cavity,
after which the photon is detected using a Josephson photomulti-
plier (JPM), which effectively measures the qubit state and stores the
result in a circulating current. An underdamped Josephson trans-
mission line (JTL) coupled to the JPM delays or accelerates fluxons
traveling along the JTL, depending on the circulating current in the
JPM. The deviation in fluxon arrival time is converted to an SFQ
logic signal, delivering digital qubit readout.

Another readout method has also been recently proposed,
based on amplitude/phase discrimination of a microwave tone,
whereby the phase of a coherent microwave tone can be probed
between two distinct phase values by a device called Josephson dig-
ital phase detector (JDPD).94 The JPDP can then be coupled to a
qubit readout resonator and be able to distinguish between the two
qubit states, which have a fixed phase difference due to the dis-
persive readout scheme. Interfacing the JPDP with SFQ electronics
would be straightforward due to the nature of the device, creating an
alternative way of fully digital readout of superconducting qubits.

An example of SFQ-qubit architecture is presented in Fig. 5.
There are of course some drawbacks with implementing SFQ control
and readout of qubit systems. A significant issue is the implementa-
tion and integration of SFQ devices into the commercially available
dilution refrigerators commonly used for superconducting qubit
research. The low-noise requirements and sensitivity of the devices
to magnetic fields and trapped flux means that manageable, but not-
insignificant, modifications are required to adapt the system from
conventional qubit control architecture. In addition, quasiparticle

FIG. 4. Schematic for coherent qubit con-
trol based on a train of SFQ pulses.
(a) In SFQ operation, a voltage pulse,
with time integral quantized to Φ0, is
induced by a phase difference across
a Josephson junction. A microwave sig-
nal of frequency ωd is used to trigger
a dc-SFQ converter, biased by a cur-
rent Ib producing a train of pulses at 2π

ω0

intervals, which is capacitively coupled to
a transmon qubit. (b) Each SFQ pulse
induces an incremental rotation of the
qubit’s state vector on the Bloch sphere.
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FIG. 5. Schematic showing the main elements of a control and readout architecture, for interfacing with superconducting qubits in a dilution refrigerator, using SFQ
technology.

poisoning was seen to be an issue with early implementations of
SFQ control. This has recently been improved significantly through
installing the SFQ device at the 3 K cryostat stage95 or implementing
flipchip module architecture.82 A useful overview of SFQ-quantum
interface technologies can be found at Ref. 96.

Overall, SFQ technology is particularly well-suited for use in
quantum computers due to its high speed, low energy consumption,
and compatibility with existing superconducting circuitry. Mod-
ern energy efficient implementations of RSFQ (ERSFQ) devices can
display a bit-switch energy of around 2 × 10−19 J with zero static
power dissipation. In addition, adiabatic quantum-flux-parametron
(AQFP) logic has emerged as a promising candidate for qubit con-
trol, offering even lower power dissipation due to its inherently
reversible computational nature.97 Even factoring in the energy cost
of cryocooling the devices to below Tc, SFQ-based systems are pro-
jected to be more efficient than standard CMOS-based technologies
for large scale computing.53

Optical control and readout

The potential for electro-optical technologies to be integrated
with quantum devices is becoming an increasingly popular point
of discussion. This is an area of research in which long-established

techniques, in use globally for fiber-based information transmission,
can be applied to the fields of QC and quantum sensing. The pri-
mary issue that can be addressed with electro-optical techniques is
that of heat dissipation from coaxial cabling within the cryostat. The
relevant technologies for enabling this technique will be discussed
here alongside some examples of their use in cryogenic signal trans-
mission applications; an example schematic can be seen in Fig. 6.
The methods required for electro-optical signal transmission can be
split into two main areas: encoding electrical signals onto the optical
domain and recovery of the electrical signals. Encoding is gener-
ally carried out by an electro-optical modulator (EOM), which takes
advantage of the Pockels effect in dielectric crystals.

This property can be exploited to control the optical path length
of light propagating through the electro-optic crystal and in com-
bination with optical waveguides, devices can be realized, which
control the phase, intensity, and polarization of coherent light.100

There are a range of metrics for quantifying EOM performance;
when considering an EOM for use in cryogenic measurements, the
location of the modulator will determine which metrics to priori-
tize. If an intensity modulator is to be used for encoding information
on optical signals at room temperature, then a high extinction ratio
(ER) is crucial. ER is the ratio between output in the modulators
“on” state and “off” state; a high ER is desirable as it minimizes the
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FIG. 6. Potential electro-optical control and readout method for superconducting devices based on work presented in Refs. 98 and 99. The top circuit shows a simplified
model of conventional readout techniques using metallic cables, with the bottom diagram showing a method utilizing electro-optical components for transduction and optical
fibers for signal transmission to cryogenic temperatures. The inset shows the design of an intensity modulator; the upper and lower waveguides cause an opposing increase
and decrease in optical path length due to the opposite electric field in each arm, resulting in constructive and destructive interference at the output of the device.

laser power required to effectively transmit information. In prac-
tice, lithium niobate intensity modulators have been tested, with ERs
upward of 20 dB.101

If the EOM is to be operated at cryogenic temperatures, other
metrics must be taken into consideration, such as insertion losses,
power consumption, and modulation efficiency. Insertion losses and
power consumption both relate to the heat dissipated by the EOM in
the cryogenic stage. Coupling of the optical fiber mode to the wave-
guide mode as well as dielectric losses will determine insertion losses,
and the issue of coupling is complicated by the thermal stresses of
cooling down to mK temperatures. It is not clear which approach
to coupling works best but the work in Ref. 98 estimates that trans-
mission of a device with glue bonds was reduced by 25% through
the cooldown process. Power consumption is strongly related to
electrode resistance, which can be greatly reduced by employing
superconducting electrodes.102

Recovering an electrical signal from intensity modulated light
is most simply carried out directly by a photodiode. If the opti-
cal signal is phase modulated, then an interferometer, such as a
Mach–Zender interferometer, can be employed. Photodiodes are
capable of detecting 1550 nm light at mK temperatures and can have
a bandwidth of 10 s of GHz, which is suitable for current supercon-
ducting qubit measurements. Photodiodes have been demonstrated
to provide shot-noise-limited performance in an electro-optical con-
trol scheme for qubits.99 One drawback of commercially available
photodiodes is the ubiquity of 50 Ω outputs lines. A photodiode with
higher output impedance could achieve increased conversion gain,
thus decreasing the laser power required.

The idea to use electro-optics to replace current cryogenic sig-
nals transmission techniques has gained some attention. In Ref. 99,
the authors demonstrated low-noise qubit control and readout by
replacing coaxial input lines with an electro-optical scheme. In
Ref. 98, a superconducting electromechanical device was measured
using a phase modulator at cryogenic temperatures to encode the
signal. There has been some attention in the field of quantum

sensing, with work carried out to control and readout supercon-
ducting single-photon detectors using electro-optical methods.103,104

Recently, full readout of superconducting qubits has been shown by
Arnold et al., where they use radio-over-fiber down to mK tem-
peratures, in an optical heterodyne detection scheme.105 In this
work, they show simultaneous upconversion and downconversion
between microwave and optical frequencies, removing the require-
ment for any active or passive cryogenic microwave equipment.
A low optical coupling efficiency means heat from the parametric
pump being dumped at the mixing chamber, leading to temperature
increase and some degradation of the qubit coherence. However,
this setup has huge potential in reducing the heat-load and space
needed inside the DR and lays out a path to meet the next round of
engineering challenges to achieve qubit scale-up, as shown in Fig. 7.

Wireless control and readout

An alternative and recently studied solution is to implement
wireless technology into QC systems.106–110 Conventional wired
connections for addressing and control of qubits can be directly
replaced with wireless links.106,107 Figure 8 illustrates a possible setup
with separate control path (downlink, or DL) and readout path
(uplink, or UL) inside the QC system. A reflection mode with DL
and UL sharing the same optical path is also possible. The wireless
links include transceivers and multiplexing units at both room tem-
perature (RT) outside of the refrigerator and the mK stage inside the
refrigerator, as well as beam control components including filters,
and collimators or lenses linking the RT and mK transceivers. This
technique has potentially many advantages over the state-of-the-art
wired solutions.

1. All bulky and energy-hungry, but highly sophisticated and rel-
atively mature, control and digital electronics remain at RT,
making the cryostats much smaller, potentially leading to new
and more compact designs where excitations and readouts via
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FIG. 7. Schematic showing the main elements of a proposed architecture for optically interfacing with superconducting qubits, within a dilution refrigerator.

side walls are possible, leaving the overall size of a QC only
determined by the cooling system.

2. Wireless links can accommodate thousands or more channels
(microwave tones with spacing of a few MHz subject to qubit
technologies) co-existing, and therefore, qubit upscaling is no
longer limited by the size of the refrigerator. In addition, many
established wireless technologies such as channel coding and
signal modulation can be implemented to improve control,
robustness, resilience, and security.

3. Wireless links do not need a transmission medium; vacuum
inside of the refrigerator makes signals propagate 33% faster
than those in the coaxial cables. Thus, the latency between RT
electronics and the qubits can be reduced by at least 33% and
potentially more with shorter paths, which is crucial for high
fidelity in many qubit technologies.

4. Thermal imbalance between the inner and outer conduc-
tors of the coaxial cables requires additional solutions, which
increases overhead of QC systems. More importantly, the
wired solutions bring excessive heat to the chamber, increas-
ing the burden on the cryogenic cooling especially when the
number of qubits rises to hundreds or more; on the con-
trary, the wireless solution has no such problems as there
is no transmission loss in vacuum and the transceivers on
the mK stage do not contain additional active devices but
passives, such as antennas and matching circuits as well
as qubit circuits. Since the passives could be realized by

superconductors that have negligible ohmic loss at that stage,
no extra power will be required apart from what is required
by the qubits. Qubits’ receiving antennae and multiplexing
circuits could also be replaced by direct sensing with gate
resonators in future developments.

5. There is much room for scalability to facilitate higher fre-
quency signals. With millimeter wave frequencies, supercon-
ducting qubits could be operated at elevated temperatures,
relaxing cooling power requirements, and higher processing
frequencies. An example of this higher frequency operation
has recently been shown by Anferov et al. for superconducting
qubits.111

However, there are still many challenges including unknown
signal propagation and scattering within the chambers, channel
interferences and crosstalk, stray field associated noise on qubit per-
formance, thermal control at the interfaces between ambient and
the refrigerator and between chambers inside the refrigerator, real-
izing transceiver and multiplexing circuits for mK operations, and
numerous unforeseen challenges from the diverse qubit technology.
New cryogenic compatible microwave free space components are
required, for example, antennas,106 lenses,107 etc.

An alternative wireless approach was proposed at MIT, which
utilizes backscattering technology. In this approach, a CMOS
transceiver chip is placed inside the fridge to receive and transmit
data. Terahertz waves generated outside the refrigerator are beamed
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FIG. 8. Schematic showing an overview
of the proposed wireless qubit control
and readout architecture within a dilution
refrigerator.

in through a glass window. Data encoded onto these waves can be
received by the chip. This chip also acts as a mirror, delivering data
from the qubits on the terahertz waves it reflects to their source. This
reflection process also bounces back much of the power sent into
the fridge, so the process generates only a minimal amount of heat.
The contactless communication system consumes up to 10 times less
power than systems with metal cables.108,109 One of the challenges
with this technology is that photon energy at THz is close to room
temperature, and addressing how to reduce the impact of ambient
temperature noise on these qubits is crucial. More recently, contin-
uing the work, Wang et al. report the use of a wireless terahertz
cryogenic interconnect combined with cryo-CMOS technology.112

Wideband transceivers with a carrier frequency of 260 GHz, a hot-
to-cold ingress based on passive cold field-effect transistor terahertz

detector, and a cold-to-hot egress using ultralow-power backscat-
ter modulation at the cold reservoir define this system, where they
show that the ratio of information transfer to thermal heat trans-
fer approaches the fundamental limit of what an equivalent optical
interconnect can achieve. Again, they set out a path to the next
stage of engineering problems needing to be solved to allow wireless
scaling of multi-qubit systems.

Power and scalability considerations

To evaluate the potential of different technologies for use in
future large-scale systems, it is essential to consider several key
metrics. Table I highlights the most relevant metrics for scaling
superconducting quantum computing platforms beyond the NISQ

TABLE I. Comparison of classical interfaces with respect to scalability and power consumption.

No. of Drive Controller-qubit Power consumption
Technology and readout lines No. of Flux lines distance per physical qubit

Standard microwave 5–200/100 qubitsa 1/qubit RT-mK >1 W63

Cryo-CMOS 5–200/100 qubitsa 1/qubit 4K/mK-mKb 2–30 mW53,63

SFQ logic Nonec Nonec mK-mK <1 nW82,96

Optical Noned 1/qubit RT-mK <10 nW (Optical-RF)98

<10 μW (RF-Optical)99,113

Wireless None 0.5/qubite RT-mK <1 nW
aAssuming an optimal control and readout multiplexing scheme,53 and a worst case of a single control and readout line per qubit.
bThe goal of much cryo-CMOS research is to implement systems as close as possible to the QPU, i.e., mK,114 but it is likely that early implementations will be at 4 K due to volume
and cooling requirements.
cAssuming an integrated SFQ-qubit approach with capacitive and inductive couplings between the two elements.81,82

dDrive and readout lines replaced with optical fibers.
eProvided polarization and (or) modulation schemes are applied.

APL Quantum 2, 041501 (2025); doi: 10.1063/5.0273490 2, 041501-11

© Author(s) 2025

 

https://pubs.aip.org/aip/apq


APL Quantum REVIEW pubs.aip.org/aip/apq

FIG. 9. Simplified wiring schematics of leading control (top) and readout (bottom) architectures for superconducting quantum processing units (QPUs). From left to right:
conventional, single flux quantum (SFQ), wireless, CryoCMOS, and optical interfaces.

APL Quantum 2, 041501 (2025); doi: 10.1063/5.0273490 2, 041501-12

© Author(s) 2025

 

https://pubs.aip.org/aip/apq


APL Quantum REVIEW pubs.aip.org/aip/apq

era. These include the number of coaxial lines, such as drive, readout,
and flux lines, connecting the controller units to the physical qubits
inside the cryostat, the physical separation between these compo-
nents across the stages of a conventional dilution refrigerator, and
an estimation of the power consumption required to operate a single
physical qubit effectively.

The number of physical wiring lines within the cryostat is a
critical consideration as the number of qubits scales up. The inter-
nal volume and cooling power of a cryostat place a hard limit on
the number of wires, particularly coaxials, which can be used. Sub-
sequently, any future control system based on physical wiring will
probably require multiplexing architectures.114,115 The most com-
mon of these is a frequency multiplexing system, where a single line
is used to encode signals with multiple frequencies, each targeting
a certain component of the qubit array. Based on Ref. 53, the val-
ues shown in Table I for conventional and cryo-CMOS technologies
present an optimistic multiplexed control and readout architecture.
This features 100:1 readout resonator multiplexing, corresponding
to a 10 MHz separation within a 1 GHz bandwidth, and a 25:1 mul-
tiplexing of control lines, corresponding to a 50 MHz distancing
within a 1 GHz bandwidth. In practical near-term quantum sys-
tems, the best readout multiplexing ratios decrease to 8:1, as seen
in IBM’s quantum processors.116 This limitation arises from the
constrained bandwidth of quantum-limited parametric amplifiers,
which restrict the number of frequency-multiplexed signals that can
be amplified simultaneously. In addition, each qubit requires a dedi-
cated control line due to the low anharmonicity of transmon qubits,
which prevents effective multiplexing for control signals. For flux-
tunable qubit architectures, an additional flux line is required per
qubit to enable frequency tuning and enable the execution of some
single-qubit and two-qubit gates.

In the case of the remaining technologies, all the drive and
readout wiring between the controlling unit and the qubit chip is
removed, facilitating a scaling up of the number of qubits. Flux lines
might still be needed, as is the case for wireless technologies since
these cannot be used in conjunction with the DC signals required to
tune qubits to their optimal frequency. Nevertheless, using polariza-
tion or modulation schemes with the wireless signals, it is potentially
possible to address more than one qubit with the same biasing con-
ditions, reducing the overhead further. SFQ logic controllers, in
particular, are the only technology in this review that can be used
on the mK stage of the cryostat, in close proximity to the qubit chip.
This means that all the wiring between these two units can be com-
pletely removed, and simple capacitive and inductive connections,
either via flip-chip modules or with both units fabricated on the
same substrate, facilitate the interaction between them.81,82

Another critical metric is the power consumption required to
operate a single qubit,53 which encompasses not only the signals
themselves but also the energy demands of the supporting electronic
systems. Particularly for CMOS technologies, the values shown in
Table I indicate the total AC and DC power provided to an FPGA
and RF module to generate a stream of control pulses at a frequency
around 1 GHz.63 The power requirements can vary dramatically
across different technologies, but their impact also depends signif-
icantly on the temperature stage at which the electronics are located.
For instance, while room-temperature electronics dissipate substan-
tial heat, their scalability is practically unconstrained by thermal
considerations. In contrast, cryo-CMOS electronics operating at the

4 K stage must adhere to stringent cooling power limitations to
ensure proper functionality, as the available cooling power dimin-
ishes with decreasing temperature. In the case of SFQ logic and
because of the superconducting nature of these circuits, the power
dissipated is given solely by the dynamical switching of the Joseph-
son junctions and is proportional to their critical current and the
frequency of operation.86,96 Optical links remove the need for coax-
ial wiring and attenuators along the control lines, instead replacing
it with simple and efficient optical fibers. Here, the majority of
energy losses occur during the conversion between the optical and
RF domains, with the RF-to-optical conversion being particularly
inefficient. For instance, using a projected performance of Vπ = 50
mV, insertion loss of 2.5 dB per facet, and waveguide loss of 0.05
dB/cm,113 the power dissipation is in the order of tens of μW per
qubit. In comparison, optical-to-RF photodiode conversion achieves
power dissipation in the nW range under similar conditions. Both
scenarios assume a 1% duty cycle, where the laser is active only dur-
ing qubit addressing. Wireless technology also removes the need
of attenuators in the drive lines, allowing the usage of much lower
power microwave circuitry, which are able to generate and transmit
single photon power signals directly from on-chip antennas.

CONCLUSION

We have reviewed the current state of the art in terms of the
classical interfaces required to control cryogenic quantum systems.
A larger schematic, giving a simplified overview of each of these
potential interfaces, is shown in Fig. 9. Given the unique strengths
and limitations of each technology, it is likely that future large-scale
quantum devices will leverage a combination of these technologies,
strategically applied at different stages of the setup to maximize their
respective advantages. Quantum devices have huge potential across
a number of fields and could represent a paradigm shift in many
areas of technology. However, control systems for these devices are
currently at a very early stage of development and progress needs to
be made to keep up with the rapid advances in areas such as qubit
fabrication and quantum algorithms or software.
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