Preface
From Quantum Engineering to Applications for Citizens

At the heart of French deep tech, academic and industrial, QUEST-IS 2025, the 1st International
Quantum Engineering conference and exhibition, gathered many companies working in the
quantum ecosystem from various countries.

It thus addressed technical matters such as quantum computing and algorithms, quantum
sensors, quantum communications, crypto and the Internet, including enabling technologies,
and obviously quantum engineering targeting applications for citizens.

This multidisciplinary event let attendees from various backgrounds discuss the technical
challenges of applied quantum technologies and business opportunities.

We present in this proceedings peer-reviewed papers addressing challenges on quantum
engineering.

Quantum Engineering Challenges and Issues for Qquantum Computing, Quantum
Sensors and Quantum Communication

Quantum engineering denotes the systematic endeavour to transform the abstract formalism of
quantum mechanics into practical technologies. It occupies a unique position at the confluence
of physics, materials science, control theory, computer science, and systems engineering. The
field encompasses three principal technological domains, quantum computing, quantum
sensing, and quantum communications, each facing distinct, though deeply interconnected,
challenges. Despite their differences, these disciplines share a common difficulty: the
engineering of systems that rely upon fragile quantum states, whose coherence can be destroyed
by the slightest interaction with their environment.

Quantum computing aspires to create fault-tolerant logical qubits but is constrained by
decoherence and the immense overheads of error correction. Quantum sensing seeks ultimate
precision, yet must balance coherence preservation with environmental coupling. Quantum
communications endeavour to distribute entanglement securely over global distances, but
remain limited by photon loss, imperfect memories, and the absence of scalable network
architectures.

The future of quantum engineering lies in the emergence of a new discipline, quantum systems
engineering, which formalises the design, verification, and integration of quantum devices in
the same way that aerospace or microelectronics engineering did for their respective domains.
The goal is not merely to understand quantum mechanics but to harness it reliably, reproducibly,
and at scale, thereby ushering in the true technological era of the quantum world.

Quantum Computing

In quantum computing, the overarching objective is to construct machines capable of
performing computations by manipulating coherent quantum states, superpositions and
entanglements, across large numbers of qubits. The central challenge lies in the extreme
delicacy of such states. Decoherence, resulting from unwanted coupling between a quantum
system and its surroundings, rapidly erases the information encoded in superposition and
entanglement. Extending coherence times whilst maintaining precise operational control



constitutes one of the most formidable undertakings in modern engineering. Achieving this
requires ultra-pure materials, cryogenic operation at temperatures frequently below tens of
millikelvin, and stringent isolation from electromagnetic and vibrational disturbances. Even the
smallest imperfections in fabrication or fluctuations in temperature and electromagnetic fields
may induce decoherence and computational error.

Given that all physical qubits are inherently noisy, large-scale computation depends critically
upon quantum error correction (QEC). Unlike in classical systems, redundancy cannot be
implemented by straightforward duplication, since quantum states cannot be cloned. Instead,
information must be encoded across entangled collections of physical qubits to form logical
qubits that are resilient to noise. Implementing QEC on this scale is immensely demanding:
thousands of physical qubits may be required to realise a single fault-tolerant logical qubit.
Quantum dissipation engineering is emerging based on quantum feedback for bosonic qubits,
to reduce drastically the number of physical qubits and by regulating qubit errors through
thermodynamics dissipation (the Lindblad equation). Each qubit must be precisely calibrated,
and errors must be identified and corrected in real time, often within microseconds. This
imposes stringent requirements upon low-latency control electronics and cryogenic data
processing.

A further source of difficulty arises from qubit control and crosstalk. Quantum gates must be
executed with extremely high fidelity, typically exceeding 99.9%, if fault-tolerance is to be
achieved. The generation of microwave or optical control pulses must therefore be exact, and
must not disturb neighbouring qubits. As systems grow in size, the problems of frequency
crowding, wiring density, and thermal load increase substantially. One promising avenue
involves the development of cryogenic CMOS electronics placed in close proximity to the
qubits, thereby reducing latency and electrical noise.

The issue of scalability is equally fundamental. Moving from devices containing a few dozen
qubits to those comprising millions necessitates entirely new architectural paradigms. The
wiring, signal routing, and thermal management of large cryogenic systems present severe
engineering constraints. Modular architectures, wherein several small processors are
interconnected by photonic links, may offer a practical path to scale. Another promising
approach lies in the integration of heterogeneous qubit technologies, such as superconducting
circuits, trapped ions, spin qubits, and photonic systems, into hybrid platforms. Ultimately,
progress in this field depends upon a holistic approach known as quantum systems co-design,
in which hardware, control electronics, and software are developed in concert, optimising the
entire computational stack from materials to algorithms.

Quantum Sensing

Quantum sensing exploits the sensitivity of quantum systems to external perturbations in order
to achieve measurements of unprecedented precision. These sensors can detect magnetic and
electric fields, gravitational gradients, accelerations, or time intervals with sensitivities far
beyond classical limits. Yet the very sensitivity that grants them such power also renders them
vulnerable to environmental noise. The fundamental challenge is to preserve coherence long
enough to perform a measurement, despite constant interaction with the environment.

Quantum sensors often employ nitrogen—vacancy centres in diamond, trapped ions, or
ensembles of cold atoms in interferometric configurations. In every case, the sensor must be
sufficiently coupled to the quantity of interest to register a measurable signal, while
simultaneously being isolated from unwanted noise. Achieving this delicate equilibrium



requires careful design of electromagnetic shielding, active feedback, and control of the
working point so that the sensor operates at regions of reduced susceptibility to fluctuations.

As these technologies mature, miniaturisation and integration have become pressing concerns.
Laboratory systems, typically large and fragile, must be transformed into compact, robust
devices suitable for deployment in the field. This entails the integration of optical excitation,
detection, and control subsystems within constrained physical volumes, as well as effective
thermal management. Cold-atom systems, in particular, must balance vacuum integrity,
temperature stability, and portability. Long-term calibration and drift correction present further
engineering challenges, since even small instabilities in control parameters may degrade
sensitivity over time. Autonomous recalibration and machine-learning-based feedback loops
are therefore being investigated to ensure sustained performance.

Quantum Communications

Quantum communications seek to employ the principles of quantum mechanics, particularly
entanglement and the no-cloning theorem, to enable the secure transmission of information.
The best-known application, quantum key distribution (QKD), allows two parties to share
cryptographic keys with absolute theoretical security. Beyond this, researchers envisage a
quantum internet, capable of distributing entanglement between distant nodes for both secure
communication and distributed computation.

The primary obstacle to such a network is photon loss and decoherence during transmission.
Photons propagating through optical fibres are absorbed and scattered, restricting the direct
distribution of entanglement to a few hundred kilometres. Free-space and satellite channels
mitigate this limitation but suffer from atmospheric turbulence, beam divergence, and pointing
errors. To overcome these difficulties, the community is developing quantum repeaters, which
rely on intermediate nodes equipped with quantum memories to store, purify, and retransmit
entanglement. This, however, requires quantum memories with long coherence times, high
efficiency, and rapid read—write cycles, capabilities that remain technically elusive.

The development of reliable quantum memories is thus one of the foremost engineering
challenges in the field. Candidate systems include ensembles of cold atoms, rare-earth-doped
crystals, and spin systems in solid-state matrices. Each exhibits trade-offs between coherence
time, storage efficiency, and compatibility with telecommunication wavelengths. The interface
between photonic and matter qubits is similarly critical: efficient, low-noise conversion
between optical photons and stationary qubits is essential for scalable networking. Approaches
such as cavity quantum electrodynamics, optomechanical transduction, and electro-optic
conversion are under active investigation, yet none has achieved the required combination of
efficiency, fidelity, and scalability.

At a higher level, network synchronisation and control present formidable obstacles.
Entanglement distribution and quantum teleportation protocols require extremely precise
timing and phase stability across multiple nodes, often at the nanosecond scale. Large-scale
quantum networks must integrate quantum channels with classical communication layers for
coordination, routing, and error management. The absence of universally accepted standards
and protocols compounds these difficulties. Different experimental platforms employ
incompatible encodings, operating wavelengths, and modulation schemes. Achieving
interoperability across heterogeneous systems will be crucial to realising a practical quantum
internet.



Enabling Technologies and System Integration

Across quantum computing, sensing, and communications, certain engineering challenges are
universal. Materials science remains a decisive factor: impurities, defects, and surface
roughness all shorten coherence times and reduce gate fidelity. Cryogenics presents another
formidable constraint; maintaining stable temperatures at the millikelvin level demands
complex and expensive refrigeration systems that are difficult to scale industrially. Quantum
control theory is assuming an increasingly central role, providing the mathematical framework
for designing optimal pulse sequences and feedback algorithms that stabilise quantum dynamics
in the presence of noise.

System integration poses further difficulties, since quantum subsystems must interact
seamlessly with classical electronics responsible for control, measurement, and feedback.
Timing, thermal management, and signal integrity must all be maintained under extreme
conditions. Even the task of verification and validation is non-trivial, for measurement
inevitably disturbs the quantum state being tested. Benchmarking and certification of quantum
devices thus require sophisticated statistical and tomographic techniques. Lastly, the issue of
scalability and manufacturability looms large. Many existing devices are artisanal laboratory
constructs, far removed from the robust, reproducible systems required for industrial
deployment. The transition to mass-manufacturable quantum technologies will necessitate
advances in fabrication processes, design automation, and quality assurance.

Reviewing, Support

Again, we present in this proceedings peer-reviewed papers addressing challenges on quantum
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Keynote Talks
The Two Quantum Revolutions: From Concepts to Applications

Alain Aspect [Institut d’Optique - Université Paris-Saclay, France]

The first quantum revolution, based on wave—particle duality, led to the society of information
and communication. The second quantum revolution is based on entanglement. Will its
applications lead to a new societal revolution?

Quantum Error Correction and Feedback

Pierre Rouchon [Center Automatic and Systems, Mines-Paris, University PSL,
Member of Académie des Sciences, France]

Quantum error correction relies on a feedback loop. This feedback generally corresponds to a
classical controller. Quantum error correction can also exploit the dissipation associated with
the phenomenon of decoherence. Called autonomous correction by physicists, it then uses
feedback where the controller is a dissipative quantum auxiliary system. This talk focuses on
the development of such quantum controllers to stabilize logical qubits encoded in harmonic
oscillators (bosonic code). Two types of encoding will be considered: cat-qubit encoded in two
coherent states of opposite phases for which bit-flip errors induced by usual noises can be
experimentally almost suppressed; and GKP-qubit encoded in finite energy grid-states
approximating position/impulsion Dirac combs where, in principle, both bit-flips and phase-
flips could be almost suppressed.

The Interplay Between Quantum Engineering and Quantum Science

Olivier Ezratty [Freelance quantum engineer, mostly known for “Understanding
Quantum Technologies™]

Quantum engineering is a relatively new discipline that takes shape as quantum technologies
are maturing and turning into commercial products. But what is it exactly? How are science and
engineering intermingled in this innovation process? Is the science done, and we are just left
with engineering and technology development? What is the engineering scope required for the
development of complex quantum systems, particularly fault-tolerant quantum computers?
How does quantum engineering connect the dots between the software and hardware stacks? Is
the environmental footprint of these emerging technologies integrated in vendors’ engineering
goals? Are there quantum engineers? How are they trained and how will they be trained?




Quantum Enabling Technologies from Science to Engineering

Richard Versluis [Quantum Enabling Technologies Engineering, TNO / TU Dellft,
Netherlands]

In this talk Richard will share an overview of the most critical engineering challenges in
Quantum Computing that we will face in the upcoming years. He will delve into the transition
from academic research to practical engineering, emphasising the complexities and hurdles that
need to be overcome. Aspects like scalability, reliability and modularity will be quantified and
related to practical design choices and design requirements for future quantum computers and
their constituent components.

Experimental Quantum Photonics: From Testing Foundations of Quantum
Mechanics to Building Practical Quantum Networks

Djeylan Aktas [Experimental Quantum Communications, Slovak Academy of
Sciences, Slovakia]

In this talk we will explore a few seminal experiments in which quantum photonics made it
possible to interrogate nature itself by studying the very foundations of quantum theory. From
there, we will see how technological progress allowed for scientists to “surf the wave” of the
second quantum revolution to actually create practical quantum technologies that can be useful
for society by bringing some quantum advantages like enhanced security for modern
communication networks, or better sensing capabilities in various domains of applications.

The European Commission’s Vision for Quantum Engineering: Challenges
and Opportunities in EU-Funded Projects

Oscar Diez [European Commission Representative, DG CNECT)]

In this keynote, I will present the European Commission’s strategy for quantum technologies
and its role in building a globally competitive and resilient European quantum ecosystem. The
talk will highlight how EU programmes, including Horizon Europe, the Quantum Flagship, the
Chips JU and the EuroHPC Joint Undertaking, support the full quantum value chain, from
foundational research and engineering to infrastructure, skills and industrial deployment. It will
also address current challenges, such as scaling up quantum platforms, strengthening supply
chains and fostering innovation across member states, and will outline upcoming opportunities
for industry and research communities to engage with EU initiatives in quantum technologies.




Quantum Sensors

Marco Genovese [Director, Quantum Optics Research, INRIM, Italy]

Quantum state coherence and entanglement are very sensitive to interaction with the
environment. On the one hand, this represents a problem for developing quantum technologies
such as quantum computation or quantum computation, but, on the other hand, it allows for a
very high sensitivity to various parameters, leading to the possibility of developing quantum
sensors largely surpassing traditional classical sensors. In this talk, I will present this exciting
new field, discussing the potentialities of some of the most interesting techniques.

Fair Benchmarking of Quantum Optimisation Applications

Frank Phillipson [Quantum Computing Applications, TNO, Netherlands]

Quantum computing is advancing rapidly, and optimisation is one of its most promising
application areas. But measuring progress is not as simple as comparing runtimes or claiming
“quantum advantage”. In this keynote, I will explore why traditional benchmarking approaches
— developed for CPUs and GPUs — fall short when applied to quantum and hybrid systems, and
how misleading comparisons risk slowing genuine progress. Building on lessons from classical
supercomputing, I will introduce principles for fair benchmarking that emphasise transparency,
end-to-end workflows, solution quality, and reproducibility. I will also highlight recent
initiatives, from Q-Score to TAQOS, and show how energy use and application-driven metrics
are shaping the next generation of evaluation standards. The goal is to provide the community
with a practical framework for assessing quantum optimisation responsibly — one that enables
researchers, industry, and policymakers to interpret results with confidence and set realistic
expectations for the future.

Telecom Integrated QKD Networks: The Madrid QCI Example

Vicente Martin  [Quantum Engineering, CSS / Univ. Politécnica de Madrid, Spain]

In the talk I will revise the types of QKD networks deployed in the field, the problems and
different choices, concentrating on the solutions used in the Madrid network. This is a
multidomain and highly heterogeneous network currently spanning more than 700 km, with 29
nodes hosting 23 QKD pairs from 10 different vendors. Finally several of the use cases
implemented will be shown.







This roadmap will highlight the approaches and technologies that Thales intends to
adopt to create compact, efficient and reliable cryogenic systems for applications be-
tween 2 K and 80 K. Through this initiative, Thales aims not only to strengthen its
position in the cryogenics domain but also to actively contribute to the emergence of a
robust and sustainable quantum ecosystem.

2 Cryogenics and Quantum applications

2.1 Why cryogenics for quantum applications?

Cryogenics is essential for quantum applications primarily due to the need for main-
taining extremely low temperatures to enhance the sensitivity and stability of quantum
sensors. Quantum systems are inherently delicate, and their operational stability can be
compromised by environmental factors such as temperature fluctuations. At cryogenic
temperatures, the thermal energy is significantly reduced, which allows qubits—
whether they are based on superconducting circuits or trapped ions—to operate with
greater fidelity and reduced error rates. Furthermore, many quantum systems leverage
superconductivity, where materials exhibit zero electrical resistance and the expulsion
of magnetic fields at low temperatures, enabling more efficient quantum computations
and information transfer. Therefore, developing advanced cryogenic technologies is
crucial for unlocking the potential of quantum computing, enabling breakthroughs in
fields such as cryptography, materials science, and complex system simulations. With-
out effective cryogenic solutions, the performance and scalability of quantum devices
would be severely hindered.

At the same time, cryogenics could have a big impact on system size, power con-
sumption, thermal management and maintenance/reliability, etc... Thus cryogenics so-
lutions shall be developed with needs of specific applications in mind.

2.2 Cryogenics for quantum applications

Several applications are targeted for Thales cryocoolers. These applications are mainly
linked to quantum sensing and quantum communication. The next table gives examples
of applications with their cold temperature range.

Table 1. Quantum applications with their cold temperature range.

Superconducting Quantum Interference Filters (SQIF) 60 -80 K
RF superconducting filters 20-80 K
RF wide range signal treatment with doped crystal 2-3K
Entangled Photon 2-3K
Single Photon counter 2-3K

These applications are described in several reports [2], [3].



These examples address both civil or defense applications. They can be embedded in
aircraft or aboard ships as well as be ground based. We can summarize some of the
main requirements for cryogenic coolers:

3

Low cold temperature and large range of cold temperature (2 K => 80 K)
Compactness

Efficiency / Low power consumption

High availability (24/7 applications)

No perturbation to the sensor (vibration, noise, electromagnetic compatibil-
ity,...)

Can be easily embedded in aircraft, ships or satellites

Low constraints regarding export control (dual use or not controlled)

Thales roadmap

Thales Cryogenics today is an important supplier of cryocoolers for infrared sensor
cooling and applications that require extremely reliable, long life coolers. Such prod-
ucts are ideally suited to be developed into coolers that can be used for quantum sensor
cooling. Thales has started a program to develop cryocoolers for quantum sensors along
three main axes:

3.1

Optimization of existing cryocoolers regarding efficiency, compactness, and
compatibility with sensors,

Improvement of dewar maturity for quantum sensors,

Extending our cooling range to 2-4 K .

40K -80K

For cold temperature between 40 K and 80 K, Thales Cryogenics intends to use existing
COTS Stirling coolers with optimizations/actions:

Rotary Stirling cryocooler Linear Stirling cryocooler

Compression space

Perform Cooler efficiency improvements in order to reach at least 40 K and
maybe lower, without a big impact on the SWAP (Size, Weight, and Power),
Analysis of potential impact of the cooler on quantum sensors (Electro-Mag-
netic Compliancy or induced vibrations),

Dewar development for quantum sensors compliant with sensors constraints.
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Typical characteristics: Typical characteristics:

- 60K => 150 K - 50 K= 150 K

- Weight: <1kg/Size:<1L - Weight: <2.5kg/Size:<2 L

- Cooling power: <1 W @ 80 K - Cooling power: <2 W @ 80 K

- Electrical consumption: < 6W @ 80 K - Electrical consumption: <50W @ 80 K

- Reliability: > 40 000 h - Availability: > 98% after 5 years con-
tinuous use

Fig. 1. 40 K-80 K Stirling cryocooler technologies.

3.2 20K-40K

For the range 20 K - 40 K, Thales Cryogenics will build on its heritage from Space
coolers that cover this range, more specific two-stage pulse-tube coolers, by developing
non-space /COTS variants.

The next picture shows an example of a two-stage pulse-tube cryocooler for space
developed in collaboration with CEA [4]:

Reservoir volumes

Phase
shifters

Pulse
Tubes

PT Compressor

100K

20K

Fig. 2. 20 K - 40 K pulse-tube cryocooler technologies.

Typical characteristics could be (development targets):
- 20K=2 80K - Electrical consumption: < 200 W
- Weight: <15 kg / Size: <10 L - Availability: > 10 years
- Cooling power: >3 W @ 80 K
> 200 mW @ 20K



These pulse-tube coolers are so-called ‘Stirling-type’ pulse-tube coolers (as opposed
to ‘GM-Type pulse-tybe coolers). Stirling-type pulse tube coolers are driven at
relatively high frequency by direct compression and expansion of the working fluid.
There is no external compressor and no gas lines. Stirling-type pulse-tube coolers are
maintenance free, extremely reliable, up to twice as efficient as a comparable GM-
type pulse-pulse tube and significantly more compact.

33 2K4K

For this lowest temperature range, a combination of several cooler technologies is
needed. We aim to combine our strengths in pulse-tube cooler and compressor devel-
opment and manufacturing with complementary technologies from selected partners. A
suitable combination could be the combination of the Thales two-stage pulse-tube
cooler mentioned earlier with a closed loop Joule Thomson cooler. We aim to have a
portable, rack mountable solution that is highly reliable, scalable and cost effective.

The next schematic explains how a cooler solution could be envisaged

PT Compressor

2 stages PT pre-cooler

Reservoir volumes

Phase
shifters

Pulse
Tubes

A=A — A
TN WA

JT <4

Fig. 3. 2K - 4K cryocooler schematic

Circulator

Typical characteristics we aim based on feasibility studies are:

2K=2> 4K
Weight: < 20 kg
19 inches, rack mountable
Cooling power: < 3 W of cold @ 80K

< 10-15 mW of cold @ 2 K
Electrical consumption: < 300 W
Availability: > 10 years



4 Conclusion

This paper has outlined Thales’ strategic roadmap for advancing cryogenic technolo-
gies tailored to the demanding requirements of quantum applications. By leveraging
our expertise in low-temperature engineering, thermal management, and integration of
scalable cryogenic systems, with our capability to manufacture coolers in large num-
bers, we aim to enable compact, robust, efficient, and reliable quantum devices operat-
ing in the 2 K — 80 K temperature range. Our roadmap addresses critical challenges
such as high availability, manufacturability and cost, efficiency, minimizing perturba-
tions, designing dewars, and ensuring system scalability and maintainability, all of
which are essential for the transition from laboratory prototypes to industrial quantum
solutions. Moving forward, Thales is committed to pushing the boundaries of cryogen-
ics to support the emerging quantum ecosystem, fostering innovation across communi-
cation, sensing, and computation domains.

Thales Cryogenics is part of CryoNext, which is the cryogenics part of the French
quantum plan.
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Preliminary Demonstration of Spin Qubit Control
Using the Quantum Instrumentation Control Kit
(QICK)

Dana El Hajj!, Vivien Schmitt?, Xavier Jehl?, Benjamin Criton®, Guillaume
De Giovanni!, Jérémie Theze', and Arnaud Perrin!
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Abstract. In this paper, we present initial results demonstrating the

use of the Quantum Instrumentation Control Kit (QICK) to perform
measurements on a spin Qubit. We used the RFSoC to perform energy
selective spin readout through a resonator coupled to the qubit. Thanks

to of a frequency up-converter we also drive the spin at the Larmor
frequency beyond the RFSoC range, typically 15GHz. These early-stage
measurements provide evidence that QICK can be adapted for spin qubit
control. This work opens a path towards using an Open-Source Hardware
platform (QICK) to characterize and control Spin Qubits.

Keywords: QICK , RFSoC , Spin qubits , control electronics.

1 Introduction

Silicon spin qubits are among the leading platforms for scalable quantum infor-
mation processing, offering long coherence times, high-fidelity operations, and
compatibility with industrial fabrication processes [1][2]. Hole spin qubits, in par-
ticular, benefit from strong spin—orbit coupling, allowing for all-electrical qubit
control via electric-dipole spin resonance (EDSR) [2]. However, implementing
such control presents a significant challenge because of the requirement for pre-
cise, flexible, and low-latency electronics. In this work, we demonstrate the use
of an FPGA-based solution for qubit control and readout using the Quantum
Instrumentation Control Kit (QICK)[4].

Originally designed for superconducting qubits, we adapted QICK for the con-
trol of a single-hole spin qubit in a quantum dot formed in a natural silicon
nanowire. This system performs resonator-based readout, qubit manipulation,
and data acquisition. We validated this platform with a sequence of typical
spin-qubit experiments performed on a characterized qubit [9] running in a dry
dilation refrigerator at 100 mK.



2 Background and Related Work

2.1  Spin Qubits

Hole spin qubits in silicon nanostructures offer fast and electrically driven spin
control due to the strong spin-orbit coupling in the valence band [5]. Recent
advances have demonstrated high-fidelity[6] and long coherence in nanowire ge-
ometries and SiGe/Ge/SiGe heterostructures.[3]

2.2 Quantum Instrumentation Control Kit (QICK)

The Quantum Instrumentation Control Kit (QICK) [4] is an open-source qubit
control platform built around a Xilinx RFSoC. The RFSoC integrates digital-to-
analog converters (DACs), analog-to-digital converters (ADCs), and
programmable logic within a single device, making it an ideal platform for
waveform generation, acquisition, and feedback.

The use of an RFSoC significantly reduces latency and allows real-time control
logic; this makes it an ideal platform for quantum experiments which require
fast and deterministic control. In addition to the architectural advantages of the
RFSoC, QICK is mainly made up of a timed processor and a combination of dif-
ferent signal generation and readout blocks, all of which can be modified by the
user and tailored to his specific needs. This makes QICK extremely customizable.
Not to mention that QICK’s software layer is based on Python, a very popular
programming language, making it accessible to many users. Not to mention that
QICK’s software layer can be used by anyone as there are high-level classes and
functions provided for ease of us, while also providing the option to write the
codes on a register level or through assembly if needed. Moreover, it is possi-
ble to integrate QICK with QCoDeS, a widely used Python-based framework
for instrument control in quantum research. This makes it straightforward to
incorporate QICK into automated measurement routines and data acquisition
workflows, which is crucial for reproducible and scalable quantum experiments.

In summary, the QICK platform enables high-resolution pulse generation and
digitization on a single FPGA chip with real-time processing. It has been used
in superconducting systems[4], but applications to spin qubits remain underex-
plored.

3 Experimental Setup

3.1 Control Hardware

The required pulses were generated using VIQTHOR’s MIMOTHOR platform (Fig.
1) which features an RFSoC with QICK installed on it. Through MIMOTHOR, the
user can output RF or DC signals, both of which are needed to perform spin qubit



readout and control experiments. Furthermore, the qubit resonance frequency of the
device tested was in the 12-18 GHz range which is beyond the output range of the
RFSoC. To overcome this limitation and reach the qubit resonance frequency, we
relied on VIQTHOR’s up converter module (Fig. 1). The QICK FPGA generated
intermediate-frequency (IF) signals between 1-2GHz, which were mixed with an

LO tone to produce the high-frequency pulses needed.

Fig. 1. VIQTHOR’s MIMOTHOR Platform (left) and VIQTHOR’s Up Converter Module
(right) which takes a signal between 1-2GHz and outputs a signal between 2-18GHz

3.2 Spin Qubit

The tests were performed at CEA Grenoble on a single-hole spin qubit in a
quantum dot formed in a natural silicon nanowire. The qubit has been thoroughly
characterized as reported in [9]. Furthermore, a high-resolution, high-stability
iTest DAC system was used to generate static bias voltages.

4 Measurements Performed

4.1 Resonator Spectroscopy

We start by characterizing the RF resonator response by sweeping the probe frequen-
cy and measuring the reflected signal. Fig. 2 shows the reflection spectrum in ampli-
tude, where a clear resonance dip is observed. This resonance shifted in response to
charge transitions in the sensing dot. This frequency shift was used to determine the
optimal operating point for subsequent readout measurements. Although amplitude is
shown here, in practice we primarily use the phase response for high-sensitivity
readout measurements, because the phase shows a sharp transition near the resonance.
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Fig. 2. Resonator Spectroscopy. The sharp dip indicates the resonance frequency of the coupled
readout resonator, measured at approximately 362.08 MHz, which is used for subsequent qubit
state readout

4.2  Energy-selective spin readout

The so-called ”Elzerman” spin readout scheme relies on connecting the quantum dot
to a reservoir and adjust their relative position in energy. When the Fermi level in

the contact lies in between the spin up and spin down levels, a spike in current can

be observed if the spin was initially up, assuming the tunnel rates are appropriate

and the detection fast enough. In contrast if the spin was down, no current ’blip’ is
observed [7]. Therefore this readout scheme requires acquiring the resonator’s re-
sponse for a relatively long time (hundreds of microseconds), keep each trace (see
Fig. 3a) and accumulate statistics to obtain the spin up probability. This long readout
is performed after a series of DC pulses allowing to place the system in any region
where we want to manipulate the spin before bringing it back to the readout position
(see details in Fig.1 of supplementary materials of [8]).
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Fig. 3. a) The Plunge and Readout signals needed to perform the Elzerman Readout.
b) 20 Elzerman Readout traces, some of them featuring a *blip” indicating a spin up

Fig. 3b shows all the individual traces obtained after sending the pulses mentioned



above twenty times. Out of the twenty experiments sent, only some of them will
exhibit a phase shift, often called a ’blip’ (i.e., a phase value greater than 0). Perform-
ing the experiment several times allows us to compute the probability of observing a
phase shift, i.e. the probability of having a spin up. Once we are able to detect a phase
shift using Elzerman, we can move on to other tests.

4.3  Spin Tail

As shown in Fig. 4, we perform a sweep of gate voltage values on T3 (B2 is adjusted
accordingly) while measuring the reflected phase signal over 500us following the
initialization (plunge) pulse. The resulting phase map reveals a “tail”’-like structure
corresponding to the spin-dependent tunneling dynamics. This feature helps us tune
the gate voltages for optimal spin readout contrast
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Fig. 4. Phase Reflectometry measurement for various gate voltage values on T3.

The spin tail measurement is critical in order to validate control fidelity and
optimizing readout performance when controlling a qubit.

4.4  Qubit Spectroscopy

A qubit spectroscopy is performed to find the qubit’s frequency frequency which is
determined by the Landé factor g, the Bohr magneton pg and the applied static
magnetic field which lifts the degeneracy between spins up and down and therefore
creates the qubit’s 2-level basis: f = g X ug X B. Since the frequency of a spin qubit
is between 12-18GHz, we utilized VIQTHOR’s up converter module which takes an
input signals between 1 GHz and 2 GHz and shifts them to a frequency within a 2—18
GHz range while maintaining consistent output power and minimal spectral distortion
across the full bandwidth. Therefore in our measurements, we use MIMOTHOR to
generate an input frequency between 1-2GHz, which will be sent to the up converter
module who will output the signal at the user specified frequency. Fig. 5a shows the



signals needed to perform the qubit spectroscopy.

Sinusoidal Microwave signals (the drive pulse) are sent to the qubit for a duration

of 2us. The drive frequency is varied. If the drive matches the resonance frequency of
the qubit, the hole escapes the dot and triggers a noticeable blip in the reflectometry
signal. However, if the drive frequency deviates from the resonance frequency, no
changes can be seen in the reflectometry signal as the hole spin remains in its ground
state. This means that the resonance frequency is the frequency where we have the
highest probability of observing blips, i.e. the highest probability of spin up.
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Fig. 5. a) The Plunge, Drive and Readout signals needed to perform Qubit Spectroscopy.
b) Output of the Qubit Spectroscopy. The plot shows the probability of spin up as a function
of frequency, with a clear resonance peak observed at approximately 15.2185 GHz.

To precisely determine the spin qubit resonance frequency, frequency sweeps

with fine step resolution are required. However, when the qubit frequency is initially
unknown, performing a high-resolution sweep over a large frequency bandwidth can
be time-consuming. To overcome this, we could drive the qubit with a chirp signal.
The Chirp signal enables us to rapidly scan a wide frequency range which allows us
to identify the approximate resonance region. Once the resonance region is found, we
can perform a frequency sweep with fine steps.

4.5 Rabi Oscillations

To characterize the coherent control of the spin qubit, we performed a Rabi oscillation
experiment by applying resonant microwave pulses of varying duration. By increas-
ing the pulse length, we notice oscillations in the qubit state population (Fig. 6),
which correspond to coherent rotations of the spin state on the Bloch sphere. Rabi
Oscillations measurements confirm our ability to drive the qubit.
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Fig. 6. Rabi Oscillations. The plot shows the probability of spin up as a function of the drive
pulse length.

4.6 Rabi Chevron

The Rabi Chevron experiment is done by sweeping both the drive frequency and
pulse duration in order to map the coherent Rabi oscillations of the hole spin qubit
versus frequency detuning. The resulting 2D plot (Fig. 7) displays a chevron-shaped
interference pattern, which indicates coherent oscillations occurring near the reso-
nance frequency. The chevron peak corresponds to the qubit’s resonance frequency,
and the fringe spacing reflects the Rabi frequency of 2.5 MHz as a function of detun-
ing.
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Fig. 7. Chevron plot showing qubit excitation probability as a function of drive frequency and
pulse duration. The resonance condition is marked by the peak of the chevron. A shift in the
qubit frequency over time is visible.

During this measurement, we observed a gradual shift in the resonance frequency,
visible as a horizontal drift in the chevron peak over time. This shift is likely due
to environmental or device-level factors such as gate voltage drift due to prolonged



operation or thermal cycling caused by repeated measurements

4.7  Resonance Frequency Drift

The Ramsey Experiment consist of two m/2 pulses separated by a variable delay time.
As previously mentioned, during the Rabi Chevron measurement, we observed a shift
in the qubit resonance frequency of approximately 1 MHz. Therefore, the subsequent
Ramsey Experiment was performed using the pre-drift resonance frequency which
resulted in reduced fringe contrast and rapid dephasing, as seen in Fig. 8.

Delay (us)
g ” 2 5 &
L —
SR8k &gk
Probability of Spin up

15207.5 152100 152125 152150 152175 152200 152225 15225.0
Drive Frequency (MHz)

Fig. 8. Ramsey measurement taken after a qubit resonance frequency shift observed during the
preceding chevron scan. The drive frequency was not updated to the new resonance after the
jump observed in Fig. 7, leading to fast decoherence and reduced fringe visibility

To maintain an accurate control over the qubit, resonance calibration must be

done frequently in order to account for the shifts in the qubit frequency. The Ram-
sey experiment’s result highlights the necessity of incorporating automated resonance
tracking or real-time frequency tuning in future works.

5 Conclusion

In this work, we demonstrated control and readout of a single hole spin qubit in a
silicon nanowire using VIQTHOR’s MIMOTHOR platform which is based on the
QICK platform, as well as VIQTHOR’s up converter module. Through a series

of characterization measurements which include: resonator spectroscopy, Elzerman
readout, spin tail, qubit spectroscopy, Rabi, Rabi Chevron and Ramsey; we were able
to validate the effectiveness of the control hardware in generating and delivering the
needed pulses accurately.

Additionally, the Ramsey experiment revealed a rapid decay of coherence due to



a frequency drift observed during the rabi chevron experiment. This highlights the
sensitivity of spin qubit control to environmental or device-level variations thus
emphasizing the need for frequent resonance frequency recalibration.

The results presented in this work show promise of using QICK as a platform for spin
qubit control. This work validated the system’s ability to generate the needed pulses
for all the experiments performed and thus establishes a foundation for scalable and
low-cost control architectures for spin qubits.

This work was supported (in part) by the French National program “Pro-
gramme d’investissement d’avenir, IRT Nanoelec, n°® ANR-10-AIRT-05
(Q-Loop)” as well as the CEA PTC program (ERDAQS)
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Abstract. The transition from prototype to large-scale quantum computers
requires a new class of microwave interconnect solutions capable of operating
reliably at ultra-low temperatures. This paper presents a modular cryogenic
interconnect framework designed for compatibility with superconducting
quantum processors, addressing critical requirements for signal fidelity, thermal
anchoring, and system scalability. The proposed architecture integrates cryogenic
attenuators, filters, and switches optimized for operation in dilution refrigerators
down to 10 millikelvin. Multiphysics modeling, including electro-thermal co-
simulation and mesoscopic heat transport analysis, guides component design.
Measurement validation combines calibrated RF methods with qubit-based
performance metrics to assess thermal noise impact and signal integrity.
Standardized calibration and benchmarking protocols ensure reproducibility
across platforms. This work supports ongoing standardization efforts within
CEN/CENELEC and paves the way toward scalable, low-noise quantum
infrastructures.

Keywords: Cryogenic Microwave Interconnects, Quantum Hardware
Scalability, Thermal and Electromagnetic Co-Simulation, Sub-Kelvin
Metrology, Standardized RF Component Integration

1 Introduction
1.1  Microwave interconnectivity solution to scale up quantum computer

Quantum computing promises to revolutionize industries ranging from molecular
simulation to optimization. However, the practical deployment of such processors
demands precise control and readout of qubit states. These processes rely on signal
integrity, minimal cross-talk, and thermalization, particularly within cryogenic
environments. This paper is structured as follows: Section 2 reviews design functions
and constraints. Section 3 details key components. Section 4 covers metrology, and
Section 5 discusses standardization efforts. Microwave interconnectivity plays a central
role in ensuring these conditions. This domain intersects materials science, RF and
microwave engineering, cryogenics, and systems-level integration.
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Components such as attenuators, filters, cables, and connectors must preserve their
electrical characteristics while operating at temperatures below 100 mK, with tight
constraints on electromagnetic compatibility and thermal management.

2 Cryogenic Microwave Interconnects: Functions and Design
Requirements

2.1  Functional Roles in Quantum Architectures

Microwave interconnects serve as conduits for qubit control and readout signals for
systems scaling from tens to potentially millions of qubits. These include:

e Drive lines that deliver RF pulses to qubits
e Readout chains capturing quantum states via resonators and amplifiers
e DC biasing lines and shielding connections

Each line is subject to frequency-specific losses, phase noise, thermal noise
injection, and electromagnetic crosstalk. Control lines typically span DC to 12 GHz,
while readout paths extend beyond 20 GHz in dispersive regimes. And the constraints
are rising with the “scale up” from tens [1] to several hundred [2] and even millions of
qubits that must be precisely controlled and measured [3].

2.2 Multiphysics Design Constraints

Operating in a dilution refrigerator introduces several interdependent constraints:

Thermal anchoring at each stage (300 K, 3 K, 800 mK, 100 mK, 10 mK)
Minimized attenuation at low temperatures, preserving signal amplitude
Avoidance of thermal shorts and vibration sensitivity

Material selection: superconducting alloys (NbTi), copper-nickel, stainless
steel, alumina substrates

3 Component-Level Developments

3.1  Cryogenic Attenuators

Resistive attenuators function as both thermal noise suppressors and signal
conditioners, improving qubit readout fidelity and stability. Their design must reconcile
the Wiedemann—Franz law and Kapitza resistance, ensuring heat extraction without
excessive RF loss. The attenuator structures are based on resistive layers (e.g., TaN or
NiCr), embedded in high thermal conductivity ceramics (e.g., AIN). Designs include
cartridge-based modules and ganged arrays for high-density integration.



Modeling includes:
e Heat flow simulation using finite element tools
e Mesoscopic modeling of phonon bottlenecks, characterized by ballistic
transmission and Kapitza resistance metrics.
e Coupled electromagnetic-thermal co-simulation

Measurements involve both calibrated S-parameters and indirect thermometry based on
qubit decoherence and readout fidelity shifts.

Sub kelvin Attenuator Design and Characterization

At sub-Kelvin temperatures, attenuator performance must be characterized not only in
terms of RF properties (e.g., insertion loss, VSWR). At millikelvin temperatures,
attenuators must exhibit predictable thermal dissipation while maintaining low
insertion loss and impedance stability. Mesoscopic modeling captures phonon
transmission and heat backflow from resistive zones, and is validated by comparing
device-integrated thermometry with indirect readout fidelity degradation in qubits
exposed to thermal noise. Such combined approaches enable refining the resistive film
design, thermal interface resistance, and ceramic substrate layout.
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3.2 Cryo Switches and Multiplexers

Switches are essential for reducing the cable count and enabling reconfigurable
experiments. Cryogenic SPDT to SP8T switches are designed to operate with low
actuation power (<10 mW), enabling use in 10 mK environments. SMT versions are
tested down to 20 mK, showing temperature resilience over multiple actuation cycles.



A key innovation involves packaging with high-conductivity materials, controlled
magnetic susceptibility, and hybrid actuation circuits with minimal transient heat load.

3.3  Filters and Infrared Blockers

Filters mitigate spurious modes, reflections, and infrared noise. Their performance in
cryogenic conditions depends on:

e Precise impedance matching
e Effective IR absorption (using resin composites or crystalline structures)
e Low-pass filters with cutoff frequencies below 20 GHz

Evaluation involves both network analysis and qubit-based reflectometry techniques
monitoring changes in qubit thermal population and parity switching before and after
filter integration.

Infrared Filter Thermal Design Validation

Infrared (IR) filters, typically implemented with resin-embedded or multilayer
absorbing structures, are essential to block high-energy thermal photons that would
otherwise perturb qubit states. Their thermal design effectiveness is indirectly validated
by monitoring qubit excited-state populations, parity switching rates, or qubit
thermalization dynamics before and after integration of filter modules. These
measurements complement electromagnetic simulations and provide system-level
evidence of IR filtering efficacy under realistic operating conditions.

4 Integrated Interconnectivity Architectures

Modular sideloaders aggregate over 100 microwave channels across various thermal
stages. These systems integrate:

e Solderless, hermetic SMPM clusters
e Bundled semi-rigid or flexible cryogenic cables (CuNi, NbTi)
e Embedded attenuator and filter assemblies

CAD-based mechanical design is complemented by thermal anchoring analysis, and
mechanical stress simulations under cooldown cycles. Signal integrity is validated
using time-domain reflectometry and noise figure extraction.
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5 Cryogenic Metrology and Test Platforms

Precision in RF measurements at cryogenic temperatures is non-trivial. A robust
metrological framework includes:

e Cryostat-integrated test benches equipped with a Vector Network Analyzer
(VNA)

e TRL (Thru-Reflect-Line), pulse modulation, and arbitrary waveform control

e Temperature-staged calibration using TRL and SOLT methods adapted to
cryogenic interfaces

e Local thermometry and thermal imaging for characterizing heat dissipation in
components

Both direct methods — such as network analyzer S-parameter measurements, time-
domain reflectometry, and resonator Q-factor extraction, and indirect methods such as
qubit decoherence signatures, photon statistics, tunneling rates, and parity switching
analysis — are employed to assess the behavior and stability of components under
cryogenic conditions.

Uncertainty quantification is carried out using both the Guide to the Expression of
Uncertainty in Measurement (GUM) and Monte Carlo propagation. The latter estimates
uncertainty by simulating numerous outcomes based on probability distributions of
input variables, particularly valuable when analytical models are impractical.



In parallel, work is ongoing to improve thermal anchoring reproducibility and to
establish benchmarking protocols across laboratory platforms, all coordinated with
system-level modeling efforts.

6 Standardization Initiatives
From a measurement and evaluation perspective, standardization aims to:

e Define traceable metrics and test protocols for cryogenic performance

e Harmonize both direct and indirect measurement methods across test sites

e Build consensus on connector and cable specifications to ensure compatibility
and integration

These efforts are part of a broader strategy to bridge laboratory R&D and scalable
manufacturing by embedding reproducibility, comparability, and traceability into the
qualification of quantum interconnects. Standardization is a strategic pillar for the
industrialization of quantum technologies. Target parameters include an insertion loss
below 3 dB, a VSWR under 1.3, and a heat load below 5 pW per channel at 10 mK.

Radiall coordinates the interconnectivity working group within JTC22 in its scope
of “enabling technologies” with the objective of finalization and ongoing adoption
within ISO JTC3: Quantum Technologies [5].

7 Modular System Architecture for Cryogenic Quantum
Platforms

Building on the above, a comprehensive cryogenic interconnectivity offer has been
structured to meet both R&D and industrial scaling needs. This includes:

e Customizable sideloaders with up to 208 coaxial lines using SMPM clusters

e Thermally-optimized attenuator modules for each temperature stage (300K to
10 mK)

e Filter blocks and IR absorbers designed to minimize thermal radiation and
EMI

e High-density harnesses composed of flexible and semi-rigid cryogenic cables
based on CuNi or NbTi alloy conductors

e Integration support: mechanical CAD, thermal anchoring, signal routing, and
EMI modeling



This modular architecture is validated through mK testbeds and aligned with current
measurement practices, offering scalable, low-noise, and reproducible signal paths
tested with qubit setups showing <2% thermal-induced fidelity loss across 1-20 GHz.”

Fig. 3. High Density Sideloader integrating Microwave Cryogenic Interconnectivity [6]

8 Conclusion and Perspective

Microwave cryogenic interconnectivity has emerged as a strategic enabler of scalable
guantum computing. Innovations in component design, thermal engineering, and test
methodology contribute to reducing noise, improving integration, and enabling high-
density scaling.

Future work includes:

e Full qualification of flexible micro-coaxial and FPC-based harnesses
e Deployment of modular sideloaders in production dilution refrigerators
e Expansion of inter-laboratory validation and reference datasets

As quantum processors evolve toward 10k—100k qubit systems, interconnectivity
must evolve from a bespoke subsystem into a mature, standardized backbone that
integrates RF, thermal, mechanical, and systems engineering into a coherent quantum
infrastructure.
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Abstract. Scaling quantum computers require control systems that are both high-
performance and cryogenically efficient. Traditional microwave-based electron-
ics face limitations in such environments due to heat generation, signal loss, and
electromagnetic interference. To address these challenges, we present a fully
photonic control architecture based on Vigthor’s Menthor, a multi-channel RF-
over-Fiber (RFoF) transmitter designed for quantum computing applications.
Menthor converts microwave signals up to 18 GHz into optical signals, transmit-
ting them over single-mode fiber to minimize thermal load and signal degrada-
tion. Paired with IceQube, a cryo-compatible multi-channel microwave con-
verter, the system enables reliable signal recovery directly within dilution refrig-
erators at temperatures as low as 55 K. Experimental results demonstrate low
relative intensity noise (RIN), high dynamic range, and flat frequency response,
ensuring high-fidelity control of quantum operations. This platform establishes a
scalable, fiber-based approach for high-density qubit control, representing a sig-
nificant advancement toward next-generation quantum processors.

Keywords: Photonic control systems, Large scale quantum computers, Cryo-photonics,
RF-over-Fiber.

1 Introduction

Quantum computing represents a groundbreaking technological advancement with
the potential to transform industries such as cryptography, artificial intelligence, drug
development, and climate modeling. Despite their promise, realizing large-scale, prac-
tical quantum computers face major challenges in scalability, reliability, and opera-
tional efficiency. Central to these challenges is the control of qubits, the fundamental
units of quantum information, which currently relies predominantly on electronic sys-
tems. Traditional electronic control is limited by heat generation, bandwidth con-
straints, and electromagnetic interference, creating bottlenecks for scaling quantum ar-
chitectures [1]. In modern systems, superconducting qubits are typically controlled and
measured using microwave pulses generated at room temperature and delivered into
cryogenic environments via long coaxial cables with multiple stages of attenuation to



suppress thermal noise. While effective for small-scale systems, this method imposes
serious obstacles when scaling to large qubit arrays.

To address these limitations, we propose the development of Photonic Control Sys-
tems (PCS) for large-scale quantum computing. By adopting a fully photonic approach,
this initiative aims to redefine how qubits are manipulated, controlled, and measured,
enabling quantum computers that are scalable, efficient, and reliable. The system lev-
erages the inherent advantages of photonics including high speed, precision, and mini-
mal thermal load to establish a fundamentally new paradigm for quantum control.

2 Advantages of Photonic Control Systems

Conventional quantum computing systems often rely on electronic control mecha-
nisms, which, while effective for small-scale systems, encounter significant limitations
as the number of superconducting qubits increases. Heat generation, susceptibility to
noise, and spatial constraints imposed by electronic circuitry present major obstacles
[3]. In contrast, photonic systems offer a fundamentally different control paradigm. Op-
tical signals can interact with qubits with extraordinary precision, operate at the speed
of light, and avoid the heat dissipation issues inherent to electronic components. Addi-
tionally, integrating photonics with quantum systems leverages mature technologies
from the telecommunications and photonics industries, reducing development timelines
and costs associated with scaling [4][5].

This work presents a photonic control system (PCS) designed to replace traditional
electronic control in quantum computing with advanced optical technologies. By uti-
lizing optical signals, waveguides, and integrated photonics, such as silicon photonics,
the PCS addresses the thermal, spatial, and bandwidth constraints that limit current ar-
chitectures. It supports large-scale qubit arrays with enhanced coherence, lower error
rates, and improved scalability. While current electronic approaches struggle with heat,
interference, and limited bandwidth, particularly in cryogenic environments [6], our
optical approach offers a promising path forward.

3 System Architecture Overview

The PCS is built around two core subsystems: Menthor, a room-temperature RF-
over-Fiber transmitter, and IceQube, a cryo-compatible opto-electronic receiver.
Menthor, illustrated in Figure 1 with its block diagram in Figure 2, converts RF signals
into optical signals using RF-over-Fiber technology, enabling high-frequency signal
delivery into cryogenic environments. Operating at wavelengths in the C-band (1525—
1555 nm), it employs low-noise DFB lasers to produce stable optical signals spanning
10 MHz to 18 GHz. With low relative intensity noise (RIN), strong harmonic
suppression, and an optical output power of 3—10 dBm, Menthor delivers spectrally
pure, distortion-free signals for precise qubit operations. Its flat gain and group delay
characteristics ensure signal consistency, while a spurious-free dynamic range (SFDR)
of approximately 100 dB/Hz?? and a 1 dB compression point at 18 dBm highlight its
high-performance capabilities.



Menthor provides three primary advantages for quantum computing. First, it
eliminates heat dissipation associated with traditional RF cables by using fiber optics,
preserving the cryogenic environment necessary for qubit coherence. Second, its
modular, fiber-based design enables effortless scaling from a few to thousands of qubits
without compromising signal quality or thermal stability. Third, it delivers ultra-clean,
stable RF signals with low noise and precise shaping, enhancing gate fidelity and
reducing operational errors. The current implementation is a compact 2U system with
eight independent RF-over-Fiber channels, each equipped with its own modulator and
laser for fully parallel, scalable operation. Control is provided via an intuitive Ethernet
GUI or SCPI commands, supporting both remote and automated operation. Menthor
integrates seamlessly with Viqthor’s Mimothor platform, providing a complete
quantum control solution with remote monitoring and management capabilities.

IceQube, shown in Figure 3, serves as the modular photonic receiver within the cry-
ogenic environment and is specifically designed for high-density integration. Optical
signals generated at room temperature travel through robust, cryo-stable Teflon-jack-
eted fibers, passing through sealed feedthroughs to maintain vacuum integrity. These
microwave-modulated optical signals are delivered to high-speed photodetectors lo-
cated inside the cryochamber. The fibers, coated with PTFE jackets, are engineered to
withstand ultra-low temperatures and minimize outgassing effects [ 7][8]. Each IceQube
module can accommodate hundreds of photodetectors, aligned with cryo-compatible
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fiber ribbons containing 12 to 48 fibers. The geometry is carefully optimized, with de-
tector arrays spaced at 250 um to match standard fiber array connectors. The entire
assembly is constructed from cryo-compatible materials, including OFHC copper for
thermal anchoring, gold-plated surfaces, and shielded cable interfaces to reduce RF
crosstalk and outgassing.

At the cryogenic stage, IceQube’s high-speed photodetectors convert the incoming
optical signals back into electrical RF, which is routed to the quantum processor
through cryo-compatible cabling. This module bridges optical control and quantum
processors at millikelvin temperatures using reliable SMP and MMCX interfaces. Its
modular design supports flexible stacking inside dilution refrigerators, allowing adap-
tation to different processor sizes and layouts. By addressing challenges in signal rout-
ing and cryogenic stability, IceQube minimizes heat load, eliminates bulky electronics
near the qubits, and enhances overall control fidelity. Together with Menthor, IceQube
completes the photonic control chain, enabling precise, scalable, and low-noise qubit
manipulation.

4 Procedure of Controlling Qubits with The Proposed PCS

The integration of Menthor with IceQube establishes a scalable architecture for de-
livering precise microwave control signals to qubits inside dilution refrigerators. In this
system, classical control electronics at room temperature generate microwave signal up
to 18 GHz, corresponding to qubit operations such as single-qubit rotations or two-
qubit gates. These signals are converted directly into optical carriers by Menthor mod-
ulated lasers, producing optical signals in the 1525—1560 nm range that are transmitted
over single-mode fiber. This approach eliminates bulky coaxial cabling and reduces
thermal load on the cryostat. The optical signals are carried into the refrigerator through
Teflon-jacketed, cryo-stable fibers, which maintain vacuum integrity and support dense
multiplexing with fiber ribbons of up to 48 channels for large-scale qubit control. Inside
the cryogenic environment, IceQube’s high-speed photodetectors convert the optical
modulation back into RF signals with minimal distortion, demonstrating stable, linear
performance from room temperature down to 55 K, with modulation bandwidths up to
12 GHz. Bias voltages between 0.25 V and 1.0 V optimize carrier extraction, and while
responsivity decreases by ~10—14 dB under cryogenic conditions, this can be compen-
sated with bias tuning, increased laser power, or low-noise amplification. The recov-
ered signals are then routed via cryo-compatible coaxial cables to the quantum proces-
sor at the millikelvin stage, where they drive transitions and entangling gates with high
fidelity. Crucially, the preserved linearity and broad frequency response ensure that
control signals arrive undistorted, enabling reliable qubit operations. Finally, the mod-
ular IceQube design allows hundreds of photodetectors to be integrated in parallel,
providing a pathway to scaling photonic qubit control systems without the thermal and
spatial limitations of conventional coaxial wiring.



5 Cryogenic-Photonic Test Results and Analysis

The primary goal of our experimental demonstration was to validate the performance
of the Menthor and IceQube system and to determine whether the photonic links remain
efficient and stable in the extreme environment of a dilution refrigerator. The experi-
ments were conducted using a comprehensive setup: Menthor was configured to output
modulated optical signals in the 1525—1560 nm range, which were transmitted into the
cryostat via fiber optics. Inside the cryogenic chamber, IceQube converted the optical
signals back into RF and delivered them to measurement equipment, including spec-
trum analyzers and RF power meters.

Tests were performed at multiple temperature stages, from room temperature down
to 55 K, across RF frequencies ranging from 10 MHz to 18 GHz, with input power
levels up to +18 dBm. The resulting data formed the basis for the performance analysis
presented in the following sections.

5.1 Photocurrent as a function input laser current at 8§ GHz modulation.

This test evaluated the photocurrent behavior of high-speed photodetectors (HSPDs)
under varying laser currents and temperatures, serving as a critical validation of the
proposed photonic control architecture. Figure 4(A) presents curves showing photocur-
rent output across a range of laser input currents under room temperature (300 K) and
cryogenic (55 K) conditions. The analysis was performed for four photodetector bias
voltages: 0.25 V, 0.5V, 0.75 V, and 1.0 V. The laser modulation frequency was fixed
at 8 GHz, using a directly modulated laser (DML) at 1550 nm wavelength, consistent
with the internal configuration of Menthor. At room temperature (300 K), the photo-
current exhibits a clear linear relationship with increasing laser input current, confirm-
ing that the photodetector operates in a highly responsive and stable regime. This be-
havior aligns with theoretical expectations, as the responsivity of photodiodes under
standard conditions typically follows a near-linear dependence on incident optical
power [9].
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Fig. 4. (A) Photocurrent at 300 K and 55 K at 8 GHz modulation frequency, showing
reduced photocurrent of 6micro amps at cryogenic temperatures. (B) RF output power
at 300 K and 55 K, highlighting a 12 dB drop under cryogenic conditions.



Under cryogenic conditions (55 K), the photocurrent decreases across all bias volt-
ages. For example, at a laser current of 35 mA, the photocurrent at 55 K is approxi-
mately 6 pA lower than at 300 K. Despite this reduction, the linear relationship with
laser current is preserved, indicating that the photodetector maintains predictable oper-
ation at extremely low temperatures. The reduction in responsivity at cryogenic tem-
peratures can be attributed to intrinsic semiconductor effects, including reduced carrier
mobility and changes in the absorption coefficient, which lower the internal quantum
efficiency. The retention of linearity is critical, as it ensures that the system can still
operate within a predictable regime, allowing calibration and compensation via control
or software algorithms. The observed behavior confirms that photonic downlink chan-
nels can reliably deliver microwave signals in cryogenic quantum systems. This ad-
dresses a key challenge in scaling quantum computers, enabling precise, low-heat, and
low-noise control of qubits at millikelvin temperatures. The bias-dependent photocur-
rent characteristics align with known photodiode performance, demonstrating their
suitability for scalable, high-speed quantum control applications.

5.2 RF output power as a function laser input current (300K vs. 55K)

The results in Figure 4(B) compare RF output power as a function of laser input
current across bias voltages ranging from 0.25 V to 1.0 V, at a fixed modulation fre-
quency of 8 GHz. Two temperature conditions are shown: room temperature (300 K,
red box) and cryogenic temperature (55 K, blue box).

Temperature Impact on RF Output: A significant drop in RF output power is
observed at 55 K compared to 300 K. At a laser input current of 35 mA, the RF output
power decreases by approximately 12 dB, indicating a strong thermal dependence of
the photodetector’s conversion efficiency or a potential impedance mismatch under
cryogenic conditions. At both temperatures, RF output power increases with laser cur-
rent up to 35-40 mA, beyond which it begins to saturate or slightly decline. This satu-
ration suggests that the photodetector is approaching its optimal operating range or that
thermal and electrical effects start to influence performance.

Bias Voltage Dependence: Across both temperature ranges, higher bias voltages
(0.75 V and 1.0 V) consistently produce stronger RF output. This supports the earlier
observation that increasing bias improves carrier extraction efficiency, an effect partic-
ularly critical in cryogenic operation.

Cryogenic Behavior and Stability: Although overall RF output is lower at 55 K,
the response curves remain stable and predictable, confirming that the system continues
to function reliably. The observed 12 dB reduction at 35 mA underscores the im-
portance of optimization in cryogenic tuning and impedance matching to maximize
system performance.

5.3  Photocurrent response as a function bias voltage at fixed laser current

The experimental investigation shown in Figure 5 characterizes the photocurrent be-
havior of high-speed photodetectors (HSPDs) under varying bias voltages while main-
taining a constant laser current of 35 mA. Measurements were performed at two



temperatures, 300 K and 55 K, across four modulation frequencies: 6 GHz, 8 GHz, 10
GHz, and 12 GHz. These results provide key insights into the effects of temperature
and electric field strength on carrier transport efficiency and device responsivity, both
critical parameters for photonic control systems in quantum computing environments.

As shown in Figure 5(A), at room temperature, the photodetectors exhibit a non-
linear increase in photocurrent with applied bias voltage, eventually saturating at higher
voltages. This saturation indicates full depletion of the photodiode’s intrinsic region
and efficient carrier collection. The maximum observed photocurrent under these con-
ditions was approximately 10 pA. In contrast, at 55 K, the photocurrent is significantly
lower, plateauing near 2.5 pA. The reduction is especially pronounced at lower bias
voltages; for instance, at 0.25 V and 8 GHz, the photocurrent decreases by about 8 pA
compared to room temperature.

At cryogenic temperatures, this reduction is attributed to decreased carrier mobility,
altered recombination dynamics, and increased activity of deep-level traps, common
effects in semiconductors at low thermal energy. These observations underscore the
importance of precise bias tuning in cryogenic photonic systems. Despite the reduced
responsivity, the photodetectors maintain a flat frequency response from 6 to 12 GHz,
demonstrating a high modulation bandwidth suitable for broadband quantum control.
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Fig.5- (A) Photocurrent at 300 K and 55 K across 6—12 GHz, showing reduced respon-
sivity at cryogenic temperatures. (B) RF output power at 300 K and 55 K, highlighting
a 14 dB drop under cryogenic conditions

5.4 RF output power as a function photodetector bias voltage

This test further evaluates photodetector performance by analyzing RF output power
as a function of bias voltage under a fixed laser current of 35 mA and a constant RF
modulation frequency of 8 GHz. The RF output was recorded at both 300 K and 55 K,
providing a comparative assessment of signal demodulation efficiency in room-tem-
perature versus cryogenic conditions.



As shown in Figure 5(B), at 300 K, the RF output power increases steadily with bias
voltage, eventually stabilizing near -65 dBm at higher voltages. This behavior reflects
enhanced carrier drift velocities and reduced transit times due to stronger internal elec-
tric fields, resulting in efficient optical-to-RF signal conversion. At 55 K, the maximum
RF output power drops to approximately -80 dBm, a 14 dB reduction at 0.25 V bias.
This attenuation highlights the challenges of signal recovery at cryogenic temperatures,
where altered semiconductor properties, such as junction capacitance and carrier dy-
namics, reduce the photodiode’s ability to generate strong RF signals. Despite the lower
absolute output, the cryogenic measurements show a consistent, monotonic increase in
RF power with bias voltage, mirroring the trend at room temperature. This consistency
indicates that the fundamental RF generation mechanisms remain intact, albeit with
reduced efficiency, under cryogenic conditions. The maintenance of linearity across the
operating range confirms the device’s reliability in preserving signal fidelity, which is
critical for quantum control operations.

These findings emphasize the importance of electrical bias optimization to mitigate
cryogenic-induced performance losses. They also confirm that, while absolute RF
power levels are lower at 55 K, the photodetectors retain functional integrity and can
operate across the GHz regime with acceptable linearity and frequency response. Col-
lectively, these results validate the feasibility of deploying RF-over-Fiber (RFoF) links
in photonic control systems for large-scale quantum computing, where operation inside
cryostats at deep cryogenic temperatures is essential. Overall, the data empirically sup-
ports the design principles of cryogenic-compatible, high-speed photonic control archi-
tectures, demonstrating that strategic bias voltage management and thermal calibration
enable photodetectors to meet the stringent performance requirements of next-genera-
tion quantum processors.

5.5 RF output power as a function RF input power at 8 GHz modulation.

Test results shown in Figure 6(A) examine the photodetector’s linearity and RF
gain characteristics by analyzing RF output power as a function of RF input power at a
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modulation frequency of 8 GHz. The experiment was conducted at varying bias volt-
ages (0.25V,0.5V,0.75V, and 1.0 V) and under two thermal conditions, 300 K and
55 K, with the laser current fixed at 35 mA. This test provides insight into the photode-
tector’s behavior under dynamic power conditions, which is critical for evaluating its
suitability in scalable and power-efficient quantum control systems.

At 300 K, the results show a near-linear increase in RF output power with rising RF
input power across all bias voltages. The slope of the curves indicates consistent gain
and minimal distortion over the tested dynamic range. As expected, higher bias voltages
produce stronger RF output, due to improved carrier sweep-out efficiency and reduced
transit-time effects. This linear behavior highlights the device’s robustness in transmit-
ting modulated signals without introducing nonlinear artifacts, thereby preserving sig-
nal fidelity.

At 55 K, the RF output exhibits an ~8 dB reduction compared to room temperature,
with losses most pronounced at low input powers, reflecting increased threshold sensi-
tivity and higher minimum power requirements. Despite this attenuation, the output
maintains linearity at higher bias voltages, indicating preserved intrinsic gain but re-
duced efficiency at cryogenic temperatures. This behavior arises from reduced carrier
mobility, suppressed recombination, and altered photodiode impedance. While output
power decreases, the sustained linear response confirms suitability for cryogenic RF-
over-Fiber applications, provided sufficient input levels and optimized biasing, which
is critical for deterministic qubit manipulation in photonic quantum computing.

5.6  RF output power as a function of RF input power at 12 GHz modulation.

This section builds upon the findings from Figure 6(A) by reanalyzing RF gain and
linearity at a modulation frequency of 12 GHz. This test is critical for assessing the
photodetector's bandwidth limitations and its ability to handle high-frequency modula-
tions required for fast qubit gate operations. As in the previous test, measurements were
conducted across multiple bias voltages (0.25 V to 1.0 V), with the laser current held
constant at 35 mA, under both 300 K and 55 K conditions. As shown in Figure 6(B), at
300 K, the results demonstrate strong RF output power scaling with increasing RF input
power across the entire tested range. Like the 8 GHz case, the curves maintain excellent
linearity, and higher bias voltages yield improved output strength. These results con-
firm the detector's ability to operate efficiently at frequencies up to 12 GHz without
encountering saturation or bandwidth roll-off, which is essential for high-speed quan-
tum control systems.

Under cryogenic operation at 55 K, the output power exhibits a notable reduction,
approximately 10 dB below room-temperature performance at equivalent input levels.
This reduction is slightly greater than that observed at 8 GHz, indicating modest fre-
quency-dependent sensitivity when the device is cooled. Nevertheless, the linear trend
of RF output versus input power is preserved, and higher bias voltages continue to pro-
duce superior output levels. This consistent behavior demonstrates that the photodetec-
tor remains effective for high-frequency operation in cryogenic conditions, albeit with
slightly reduced gain. The observed 10 dB loss highlights the need for thermal com-
pensation techniques, such as increased laser power, optimized biasing, or post-



demodulation signal amplification. However, the absence of signal compression or non-
linearity at higher input levels confirms that the photodetector preserves signal integ-
rity, a crucial requirement for precision-driven quantum computing systems.

Overall, the results in Figure 6 validate the operational linearity and frequency re-
sponsiveness of the photodetector across a broad RF input power range and under ex-
treme temperature conditions. These characteristics are instrumental in enabling scala-
ble, low-noise, and high-fidelity photonic control systems for large-scale quantum com-
puting architectures.

6. Conclusion

The experimental results demonstrate how operating parameters influence the per-
formance of our PCS in controlling solid-state qubits. Optimal operation was achieved
with a laser current near 60 mA, consistent with Menthor’s default configuration, and
a photodetector bias voltage around 0.75 V, balancing efficiency and thermal consider-
ations. The system tolerated RF inputs up to +16 dBm without distortion, highlighting
the robustness and linearity of the photonic control platform.

This work validates Viqthor’s cutting-edge photonic control system built around
Menthor and IceQube, capable of transmitting and demodulating high-frequency RF
signals with minimal loss and excellent stability down to cryogenic temperatures as low
as 55 K. Beyond simple signal conversion, the PCS provides a modular, scalable, low-
noise, and thermally efficient foundation for quantum control. The experimental results
establish a practical roadmap for integrating photonic control into next-generation
quantum computing systems, representing a significant step toward modular, high-fi-
delity, and scalable quantum processors.
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1 Introduction

The field of electrical metrology has long relied on quantum-based standards such as
the Josephson DC voltage standard [1] and the quantum Hall DC resistance standard
[2], along with single-electron tunneling pumps [3,4]. Meanwhile, even with the avail-
ability of quantum electrical standards, practical current metrology often requires pre-
cise comparison between currents rather than absolute current alone. In several appli-
cations such as current transformer calibration, bridge circuits for fundamental re-
sistance measurement, current comparators play a crucial role. These devices allow for
precision current scaling, filling a gap between quantum standards and practical instru-
ments.

Traditionally, alternating current (AC) measurements have relied on inductive cur-
rent transformers and their calibration using current comparator systems that operate at
power-line frequencies (50/60 Hz). These devices have achieved impressive accuracy
on the order of 107¢ [5, 6], thereby underpinning much of the infrastructure required for
electric power distribution, grid stability, and industrial metering. In parallel, direct cur-
rent (DC) ratio measurements have been indispensable for resistance bridge circuits,
which ensure the traceability of resistance standards derived from the quantum Hall
effect. In this context, SQUID-based [7] current comparators have delivered extreme
accuracy down to 107°, but only at the cost of cryogenic operation [8, 9]. Such low-
temperature requirements increase complexity and cost, limiting accessibility to a small
number of national metrology institutes. This dichotomy between AC and DC compar-
ators illustrates a broader challenge: while existing technologies are highly specialized,
they lack a unified platform that can address both regimes with comparable perfor-
mance. Moreover, emerging applications in modern power electronics, smart grids, and
electric mobility demand measurement solutions that combine high accuracy with com-
pactness, portability, and robustness under real-world conditions.

Recent advances in room-temperature quantum magnetometry using nitrogen-va-
cancy (NV) centers in diamond offer a promising pathway to address these limitations.
NV centers allow for the optical detection of magnetic fields with sub-nanotesla sensi-
tivity and a wide dynamic range, simultaneously covering both AC and DC regimes
[10-13]. Unlike conventional pickup coils or SQUIDs, NV sensors operate at ambient
conditions, provide inherent electrical isolation, and can be engineered into miniatur-
ized and scalable devices. These features open the possibility of developing a unified
current comparator architecture—one that seamlessly supports both AC and DC current
ratio measurements within a single, solid-state sensing platform.

In this paper, we present the design concept of such a comparator system based on
NV-diamond magnetometers. The proposed approach eliminates the need for complex
windings or cryogenic environments, while enabling broadband magnetic field detec-
tion through an optically read-out sensor placed in the air-gap of a magnetic core. We
focus on the design strategy, sensor requirements, and theoretical feasibility, supported
by recent modeling efforts and advances in high-purity diamond engineering. Experi-
mental implementation is currently underway, and results will be reported in a separate
publication [14]. By bridging practical metrological requirements with cutting-edge



quantum sensing technology, this work aims to contribute to the next generation of
electrical standards and to provide a scalable route toward international standardization.

2 Measurement principles

2.1 Quantum Magnetometry Using NV Centers in Diamond

Nitrogen-vacancy (NV) centers in diamond have gained significant attention as ver-
satile quantum magnetometers and represent one of the most mature solid-state quan-
tum sensing platforms available today. An NV center consists of a substitutional nitro-
gen atom adjacent to a vacancy in the diamond lattice, forming a point defect with an
electronic spin triplet ground state (S = 1). The spin sublevels (ms; = 0 and ms = +1)
experience Zeeman splitting in the presence of an external magnetic field, with the
splitting magnitude being directly proportional to the field strength [10].

Optically detected magnetic resonance (ODMR) provides a powerful mechanism to
initialize, manipulate, and read out these spin states. When the NV center is illuminated
with green laser light, it exhibits spin-dependent fluorescence in the red spectral region.
The application of a resonant microwave field modulates the fluorescence intensity,
giving rise to characteristic ODMR spectra. These spectra display sharp resonance dips
that shift linearly with magnetic field, thereby enabling precise and quantitative mag-
netic field measurements. By carefully monitoring these shifts, one can resolve both
AC and DC magnetic components with remarkable sensitivity.

NV centers offer several advantages compared with other magnetometer technologies.
They function robustly at room temperature, and coherent spin control has been demon-
strated even near 1000 K [11], highlighting their remarkable thermal stability. They
achieve sensitivity levels down to the pico-tesla (10~ T) regime for both AC and DC
fields [12, 13], and due to their crystallographic orientation, they can provide vector
magnetic field information [15], which is difficult to obtain with many other sensors.
Moreover, the solid-state nature of diamond allows compact device integration, long-
term stability, and the potential for large-scale sensor arrays, making NV centers scal-
able for both laboratory and industrial applications [16].

Recent engineering advances have further pushed the performance limits. High-purity,
isotopically engineered diamond samples combined with optimized optical and micro-
wave control have demonstrated sensitivities below 10 pT/Hz!/? [17, 18]. Such perfor-
mance enables the detection of extremely weak residual magnetic fields, including
those encountered in precision metrology devices, resistance bridge circuits, and cur-
rent comparators. Taken together, these attributes position NV centers as one of the
most promising platforms for bridging the gap between quantum physics and practical
measurement standards.

2.2 Conceptual Integration of NV Sensors into Current Ratio Measurement

The proposed architecture leverages NV-diamond magnetometry to overcome the
inherent limitations of conventional current comparators and to provide a unified plat-
form for precision AC and DC measurements. In this scheme, the magnetic core of the
comparator is intentionally designed with an air-gap, into which the NV sensor is either



embedded or externally aligned in close proximity. This configuration enables the sen-
sor to optically detect the residual magnetic flux arising from even very small current
imbalances. The principle is thus conceptually simple yet powerful: when the primary
and secondary currents are perfectly balanced, the net flux through the core vanishes,
whereas any deviation produces a detectable magnetic leakage field at the air-gap.

For AC applications, the system functions in a manner closely analogous to tradi-
tional inductive comparators. The NV sensor is able to track oscillating magnetic fields
at standard power-line frequencies, thereby supporting feedback control schemes that
null the flux in real time. The resulting balance condition provides the desired current
ratio, while maintaining full electrical isolation between the sensing unit and the cur-
rent-carrying windings. Importantly, this approach extends naturally beyond 50/60 Hz
operation, suggesting applicability to a broader frequency range relevant to modern
power electronics.

In the case of DC measurements, where conventional comparators encounter funda-
mental challenges due to the limited sensitivity of pick-up coils, the NV sensor intro-
duces a qualitatively new detection principle. By directly measuring the static magnetic
field generated by current imbalance, the system establishes a null-detection method
for resistance bridge circuits and DC ratio standards without recourse to inductive com-
ponents or cryogenic devices such as SQUIDs. This eliminates many of the operational
constraints that have historically restricted DC comparator deployment to specialized
laboratories.

Beyond the immediate metrological benefits, the use of NV centers also simplifies
both mechanical and magnetic design. The absence of pick-up coils reduces the com-
plexity of winding arrangements and allows the magnetic core to be made smaller,
lighter, and more compatible with modular instrumentation. Optical read-out further
enhances robustness against electromagnetic interference, while enabling straightfor-
ward electrical isolation and safe operation in complex environments such as high-volt-
age laboratories or industrial substations. These characteristics naturally support min-
iaturization, portability, and potential integration into embedded systems.

3 Sensor design and Feasibility

3.1 Conceptual Architecture

The proposed current comparator architecture is centered around a magnetic core
equipped with multiple windings and an intentionally introduced air-gap, within which
an NV center—based diamond magnetometer is carefully positioned. This structural ar-
rangement enables the sensor to directly probe the local magnetic field in the vicinity
of the air-gap, allowing for the detection of the net magnetic flux that arises from even
a slight imbalance between the currents flowing through the windings. By converting
this residual flux into an optically detectable signal, the NV sensor serves as the key
element that bridges conventional electromagnetic comparator principles with modern
quantum magnetometry.



Figure 1 illustrates the simplified structure of the system. The primary and secondary
currents, driven through separate windings, produce opposing magnetomotive forces in
a high-permeability core. Under ideal balanced conditions, the net magnetic flux
through the core is zero. Any residual flux arising from a mismatch between the cur-
rents escapes through the air-gap, where it is detected by the NV sensor. The NV sensor
is optically interrogated using a green laser and microwave excitation, with red fluores-
cence intensity being monitored to extract the local magnetic field via optically detected
magnetic resonance (ODMR). This optical readout provides complete electrical isola-
tion from the current-carrying paths, enhancing measurement safety and robustness
against electromagnetic interference. To evaluate the feasibility of the proposed ap-
proach, we estimate the magnetic field that will be detected by the NV sensor in a typ-
ical comparator configuration. Finite element simulation of magnetic flux distribution
in a toroidal core with and without an air gap. The flux is significantly decreased due
to high magnetic reluctance of the air gap. The presence of the gap causes local flux
leakage into the surrounding space, enabling detection by a magnetic sensor such as the
NV center. These sensors are thus well positioned to achieve the necessary performance
for detecting small residual flux levels in both AC and DC conditions. Moreover, the
absence of detection windings significantly simplifies the magnetic design, allowing
for reduction in core size and may faster dynamic response. This is especially advanta-
geous for time-sensitive calibration systems. It is also worth noting that even if the
sensitivity of the NV magnetometer does not meet the required threshold, longer inte-
gration times can reduce random noise. This trade-off between measurement time and
precision may allow practical use of metrology.
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Fig. 1. (a) Schematic drawing of the proposed current comparator architecture using NV centers
in diamond as a magnetic flux detector. (b) A photograph of the proposed current comparator
architecture. (¢) Simulated magnetic flux density in a toroidal core without any gap. The magnetic
field remains uniformly confined within the core material, resulting in negligible external flux
leakage. (d) Simulated magnetic flux distribution in the same toroidal core after introducing an
air gap. The presence of the gap causes local flux leakage into the surrounding space, enabling
detection by a magnetic sensor such as the NV center.



3.2 Optical and Electromagnetic Considerations

The NV magnetometer requires direct, line-of-sight optical access to the sensing vol-
ume in order to achieve efficient excitation and readout of the spin states. In our design,
laser light is introduced laterally through the side of the diamond chip or coupled via
an optical fiber, providing flexibility in integration and allowing compact packaging of
the sensor head. The resulting red fluorescence is collected either along the same axis
or through an orthogonal optical path, then spectrally filtered before reaching a photo-
diode or avalanche photodiode, ensuring high signal-to-noise detection. The microwave
field necessary for spin manipulation is delivered by a coplanar waveguide patterned in
close proximity to the sensing region, which ensures homogeneous excitation and min-
imizes unwanted reflections.

To further enhance sensitivity, the air-gap in the magnetic core is deliberately de-
signed to be narrow and positioned precisely along the anticipated flux leakage path,
thereby maximizing the magnetic field concentration at the diamond sensor. Careful
attention is paid to the geometry of the sensor head, as a compact form factor is essential
to minimize magnetic perturbations and to preserve the intended flux distribution. In
addition, multilayer magnetic shielding surrounding the sensor head is considered to
suppress environmental magnetic noise and to reduce the influence of mechanical vi-
brations. Such shielding not only improves measurement stability in laboratory condi-
tions but also enhances robustness for potential deployment in industrial environments,
where electromagnetic interference is more severe. Collectively, these optical, micro-
wave, and shielding strategies provide a practical foundation for achieving high-fidelity
NV-based current comparator measurements.

3.3 Limitations and Ongoing Work

While initial feasibility studies are promising, several engineering challenges remain
to be addressed before the NV-based comparator can be realized as a practical standard.
In particular, DC operation may be influenced by leakage flux arising from geometric
asymmetries in the magnetic core or from magnetization hysteresis associated with the
presence of the air gap. These effects, although less prominent in inductive or SQUID-
based comparator architectures, can degrade measurement accuracy if not carefully
modeled and compensated. Ongoing efforts therefore focus on accurate finite-element
simulations and the development of active compensation techniques to suppress such
parasitic flux contributions.

Another critical requirement is the use of homogeneous NV-diamond sensors with
minimal device-to-device variation. Inhomogeneities in crystal quality, defect density,
or orientation distribution can lead to variability in sensor performance, complicating
calibration and long-term reproducibility. Equally important are the engineering as-
pects of optical alignment, thermal management, and microwave field homogeneity, all
of which directly impact the achievable sensitivity and stability. For example, slight
drifts in laser coupling or temperature fluctuations can introduce baseline shifts over
long measurement times, an issue of particular relevance to metrological applications
that demand repeatability at the 107® level or below.



In addition, practical DC operation often requires the use of auxiliary coils wound
around the magnetic core to provide controlled DC offsets for balancing purposes.
While such coils are indispensable for fine adjustment, they may themselves act as
sources of electromagnetic noise. Careful design of the coil geometry, shielding, and
filtering circuitry is therefore essential to suppress these noise contributions and to pre-
vent them from limiting the ultimate sensitivity of the NV read-out.

4 Conclusions

This work presents a conceptual architecture for a novel current comparator system
based on nitrogen-vacancy (NV) centers in diamond. The proposed design offers sev-
eral attractive features, including room-temperature operation, complete electrical iso-
lation, compactness, and compatibility with modern measurement requirements such as
portability and broadband functionality demanded by power and energy industries. By
eliminating the dependence on bulky pickup coils and cryogenic components, the NV-
based approach also simplifies the overall system design, paving the way for instru-
ments that are easier to manufacture, deploy, and maintain. Although the proposed
comparator has not yet been fully implemented experimentally, the preliminary design
considerations and feasibility analysis strongly suggest that its realization is within
reach of currently available NV sensing technologies. Continued improvements in dia-
mond material quality, sensor integration, and optical read-out techniques are expected
to further enhance sensitivity and stability, thereby supporting long-term reproducibil-
ity essential for metrological applications. Moreover, the architecture is inherently scal-
able, making it adaptable not only for laboratory-grade standards but also for embedded
systems in industrial or grid-level monitoring environments.

Taken together, these advantages indicate that the NV-based current comparator
concept represents a promising path toward next-generation current ratio standards. In
addition to advancing measurement science, this work may contribute to the broader
field of quantum sensing by demonstrating a concrete, application-driven implementa-
tion. Experimental validation is currently underway, and results will be presented dur-
ing the conference presentation.
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Abstract. Grinding burns alter the hardness and mechanical properties of steel
components and can result in cracks or failure. Nital etching is widely used in the
industry to detect grinding burns, but it poses environmental and safety risks and
requires visual detection. Alternative techniques such as magnetic Barkhausen
noise inspection have been developed, but automation is hindered by calibration
drifts and by the sensor dimensions. Here, we introduce a novel non-destructive
approach based on nitrogen-vacancy center in diamond to detect leakage mag-
netic field from grinding burns. This technology enables quantitative vector mag-
netic field measurement, is contactless and does not require calibration. Grinding
burns with different sizes were successfully detected with a high spatial resolu-
tion and sensitivity.

Keywords: NV Diamond Quantum Magnetometry, Non-Destructive Testing,
High-Resolution Sensing

1 Introduction

Some essential metallurgic elements such as gears or bearings are machined in high
quality steel to resist extreme operational requirements [1-3]. To maintain expected
tolerances and high surface quality, a rectification stage is performed to guarantee per-
formance, durability and optimal security [4]. This processing step is the trickiest one,
potentially leading to a heating of the material. Excessive heat can alter the material
microstructure and bring reduced hardness and intrinsic strain formation [5,6]. With
time, such defects, called grinding burns (GB), can result in cracks or failures in the
material [7].

Detection methods exist to detect GB. These include chemical detection or magnetic
non-destructive testing (NDT). Because most ground steel possess ferromagnetic
phases, magnetic NDT is well-suited for detecting defects. Destructive methods also



exist offering high precision, but present excessive cost, and are not suitable on pro-
duction lines due to the invasive inspection [8].

Among chemical methods, nital etching is the most common in industry [9—11]. This
method consists of applying a chemical etching component on the sample surface. Ma-
terial grain (crystalline structure), phase (ferrite, martensite, ...), and defect on surface
are made visible to the naked eye, becoming darker as usual. While this process is ef-
fective and inexpensive, it usually requires an operator to visualize defects, therefore it
is difficult to fully automate [12,13] Moreover, it requires the use of toxic chemical
products.

Magnetic NDT has advantages of being non-invasive, inexpensive, and make possi-
ble integration and automation in a product line, conversely to chemical etching.
Among them, the magnetic Barkhausen noise (MBN) analysis can detect grain, texture,
phase, or impurities in the material [14—16]. The difficulty is to differentiate all these
magnetic phenomena. These can be differentiated by combining MBN with other mag-
netic methods but require a lot of data for a specific products line and is not easily
transposable for another one [17,18].

In this study, a novel approach of magnetic NDT is proposed. This method, based
on Nitrogen-Vacancy (NV) center technology, exploits the quantum properties of NV
color centers in diamonds to achieve precise and reliable magnetic field measurements
[19-21]. Due to its quantum nature, this technology is highly sensitive and does not
require calibration, while providing digital measurement with a high resolution. Addi-
tionally, the probe is small enough (sub-mm) and is suitable to access difficult geome-
tries, such as gear teeth for instance.

2 Implementation of a stray field measurement setup

The Nitrogen-Vacancy (NV) center is a defect in the crystalline lattice of a diamond,
where two adjacent carbon atoms are substituted by a nitrogen atom and a vacant site
respectively. Due to its configuration, the NV center diamond absorbs green light, and
reemits red fluorescence. The negatively charge NV~ center presents an electronic spin
triplet characterized by the projection number mg = 0, £1. Due to spin-spin interaction,
the singulet state my = 0 and doublet states m; = +1 are energetically separated of
D =~ 2.87 GHz.Under green light excitation, the NV is pumped into the m; = 0 and
the red fluorescence rate from the mg = 0 state is higher than from the my; = +1 states,
enabling optically detected magnetic resonance (ODMR), by collecting photolumines-
cence (PL) over a MW frequency sweep [22]. Furthermore, with the Zeeman effect, the
degeneracy of the my = +1 states is lifted when a magnetic field is applied, and the
transition frequencies between the ground state and both excited states are given by
[21]:
V11=Diy2N_:B'ﬁNVs €))

where Uy is the NV center axis, and yyy is the gyromagnetic ratio of the NV center,
with 2 = 28.035 MHz.mT".

Because of the crystal structure, there are four possible orientations of the NV center,
allowing vectorial measurements of the magnetic field. These exceptional spin



properties have attracted much interest for the NV center in diamond as a quantum
sensor for magnetometry but also electric field sensing and thermometry [19-21].

Inhomogeneous magnetization in ferromagnetic materials results in leakage mag-
netic field outside the sample. In a magnetized material, these inhomogeneities can oc-
cur at cracks, inclusions, corrosions, or grinding burns for instance. The principle of the
NV magnetometer measurement is to provide stray field cartography at the sample sur-
face, as depicted in Fig. 1 (a).

The NV diamond is integrated into an endoscopic sensor, glued at the tip of an opti-
cal fiber. The diamond is of 500 um cubic shape, and highly doped with NV center (~
0.3 ppm). Additionally, a microwave (MW) antenna is localized near to the diamond,
to excite the NV magnetic resonances. The antenna is a thin copper coil, connected to
an amplified MW synthesizer via an SMA connection. A photograph of the tip of the
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Fig. 1. (a) Schematic representation of inhomogeneous magnetization due to cracks or phase
changing in a steel sample resulting in leakage magnetic field. The measurement is performed
with a diamond NV center-based endoscope, with a photograph of the tip on the right-hand side.
(b) Schematic representation of the gearwheel with grinding burns of different lengths, widths,
and depths. Different cartographies of defects presented in this study are emphasized in dashed
square regions. A photograph of the gearwheel is provided at the right-hand side.



endoscope is given in Fig. 1 (a). The green laser of 520 nm wavelength couples into the
optical fiber from free space. The red PL goes back into the fiber and is separated from
the green one thanks to a dichroic mirror. Then, the red light is collected on a photodi-
ode which converts the signal into voltage.

In addition to the endoscope, a static magnetic field is applied - using a permanent
magnet - to split the ODMR resonances. The frequency position of one of these reso-
nances is tracked [23]. When an unknown magnetic field occurs from the sample, its
projection along the NV center axis shifts the resonance. The tracking is performed
using the modulation and demodulation method. The applied MW is typically modu-
lated at the kilohertz range around the center frequency of the resonance v,. Hence, the
PL signal is also modulated at the MW modulation frequency. After demodulation us-
ing a lock-in amplifier, the output signal obtained is similar to a derivative of the reso-
nance curve. This output signal presents a linear region around the center frequency. In
this region, the amplitude is directly proportional to the MW frequency, hence to the
magnetic field from the defect and cancels at the resonance.

To track the resonance, a proportional-integral-derivative (PID) feedback controller
is implemented. The PID adjusts the synthesizer frequency to maintain the demodu-
lated signal at zero. To obtain a cartography of the leakage field, the sample is mounted
on a XY translation stage, and the endoscope is fixed above the sample, with a lift-off
distance of about 100 um to prevent physical contact and potential damage. A two-
dimensional map is obtained by storing the instantaneous resonance frequency at each
pixel. Using the transition frequencies formula given in Eq. (1), the leakage magnetic
field is retrieved from the measured instantaneous resonance frequency at each pixel.

In this study, only one resonance is tracked, but it can be generalized to vectorial
measurement by tracking simultaneously the four different resonances.

3 Experimental results

In this study, the NV magnetometer is tested on GB detection. For this purpose, a gear-
wheel made of 16NiCrMol3 with a diameter of 20 cm is used, as illustrated in Fig. 1
(b). Burns were reproduced with laser-treatment and resulting defects are like those due
to thermal effects of grinding process. A temper etching process allows to make defects
visible to the naked eye.

The defects were previously calibrated with a twin sample using destructive metal-
lographic analysis. The gearwheel presents 15 laser burns of different lengths (4, 8, 12,
and 16 mm) along and perpendicular to the radial axis of the gearwheel. The defects
are categorized according to either their depths or their widths: the defect depth is either
of 60 pm and considered as weak, or of 180 pm and considered as strong; similarly, the
width is either of 580 pm (weak) or of 1050 um (strong). Note that detecting weak
burns is not straightforward with standard visual inspection [24].

A ferromagnet has a magnetic history, and the magnetization homogeneity around a
defect is not guaranteed. In the case of inhomogeneous magnetization, the leakage mag-
netic field related to the laser burn would be quasi-inexistant. To overcome this issue,
material magnetization preprocessing is necessary. Before each measurement



campaign, the sample is magnetized around the defect under test with a high amplitude
in-plane magnetic field using an electromagnetic yoke. Poles of the yoke were sepa-
rated of 7 cm and placed at each side of the defect, applying a magnetic field up to 30
mT.

3.1 Influence of the magnetization direction

To detect the defect, the pre-processing step of magnetization needs to be performed
properly. Indeed, as shown in the following of this study, the defect detection is directly
linked to the magnetization direction. Fig. 2 (a) illustrates a cartography of the magnetic
field probed with the NV diamond-based endoscope. The range of cartography is 30
mm in X and Y direction, and the pixel size is 200 um. These directions are quasi
equivalent to the azimuthal and radial directions respectively. The cartography area is
emphasized by the square red region in Fig 1 (b), which includes two medium defects
with a length of 16 mm in the azimuthal (X-axis) and radial (Y-axis) directions. Addi-
tionally, the magnetic field is applied along the X-axis, therefore perpendicular to defect
along the Y-axis. A smooth magnetic field gradient of about 15 mT originates from
sample localization beneath yoke poles throughout the magnetization processing. The
defect along the Y-axis is visible with an amplitude contrast of about 65 puT whilst the
defect along the X-axis is not. In Fig. 2 (b) the Laplacian of the magnetic field is com-
puted, given by:
0°Byy(x,y)  0°Byy(x,¥) (1)
AByy(x,y) = 2 9y

The Laplacian cartography reveals fast spatial magnetic variation, i.e. the default, and
suppresses slow variations, i.e. the slow magnetic gradient between the yoke’s poles.

In Fig. 2 (c) and (d) the map from the magnetic field and from the corresponding
Laplacian are represented, with a magnetization orientation at 45 degrees from the X-
axis direction. With this magnetization orientation, both the defects in the azimuthal
and radial directions are visible. In the perpendicular direction of a defect, the magnet-
ization divergence occurs in a shorter distance as in its parallel direction. Therefore, the
resulting leakage magnetic field is higher when the sample is magnetized along the
perpendicular direction to the defect than along its parallel direction.
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Fig. 2. Measured magnetic field along X and Y axis with a magnetization along X-axis in (a),
and at 45° from X-axis in (c). Mapping around two medium defects with a length of 16 mm. In
(b) and (d) are depicted the Laplacian of the magnetic field of respectively (a) and (c).

3.2  Weak grinding burns detection

In the previous section, we demonstrated detection with NV magnetometry on medium-
intensity GB. In this section, we tried to assess the limit of GB detection with this tech-
nology. After performing a setup’s parameters optimization with strongest defects to
maximize the signal-to-noise ratio, i.e. laser and microwave power, PID loop settings,
frequency modulation, scan parameters, and magnetization amplitude, cartographies of
weak burns were conducted. Fig. 3 (a) and (b) show the Laplacian map for two different
weak burns of respective lengths 4 mm and 8 mm. The pixel size is 125 um, and the
cartography range of 15 and 10 mm, respectively. As mentioned earlier, the magneti-
zation has been performed along the perpendicular direction of the defect to better vis-
ualize it. As observed, the NV magnetometer has successfully detected all the weak
burns. Due to their dimensions, the weak burns are barely visible to the naked eye.
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Fig. 3. Measured magnetic field along X and Y axis with a magnetization along X-axis. Maps
obtained around a weak defect with a length of 8 mm in (a), and of 4 mm in (b).

4 Conclusion

In this study, we proved the ability of the NV-based magnetometer to detect success-
fully grinding burns on steel surfaces. With preliminary applying a weak magnetic field
of about 30 mT along the perpendicular direction of the defects, all the defects were
observed, even the weakest ones. This study demonstrated quantitative measurements
of the magnetic flux leakage, with high sensitivity and resolution. More generally, it
illustrates the potential interest of diamond quantum sensors for NDT, as a technique
combining high spatial resolution, sensitivity and quantitative measurements.

Beyond grinding burns in steel, NV diamond sensors improve existing magnetic
NDT, either by increasing resolution or by providing quantitative measurements that
do not suffer from calibration drifts.
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Abstract. This work presents an overview of our fully open-source,
hackable quantum sensor platform based on nitrogen-vacancy (NV) cen-
ter diamond magnetometry. This initiative aims to democratize access
to quantum sensing by providing a comprehensive, modular, and cost-
effective system. The design leverages consumer off-the-shelf (COTS)
components in a novel hardware configuration, complemented by open-
source firmware written in the Arduino IDE, facilitating portability, ease
of customization, and future-proofing the design. By lowering the bar-
riers to entry, our sensor serves as a compact platform for education,
research, and innovation in quantum technologies, embodying the ethos
of open science and community-driven development.

Keywords: Quantum sensing - Open Source

1 Introduction

Quantum technology needs an ‘Apple II’ moment. By this, we refer to the impor-
tance that the Apple II holds in the history of the desktop/personal computer.
From the first spreadsheet, VisiCalc, to the first graphical adventure game Mys-
tery House, the Apple II was a consumer-grade platform that enabled much of
the modern technological world we are now so familiar with [16].

In a similar vein, the release of the Raspberry Pi was viewed as a key enabling
technology in the development of the Internet of Things, driving the decentral-
ization of compute in society even further and giving prominence to the Single
Board Computer (SBC) [10]. Our work has taken inspiration from this concept
and applied this reasoning to Quantum Technologies, and sensing in particu-
lar. How can we push the boundary of what is conventionally considered to be
possible?

Open Source software has, in the first quarter of the 21st Century, formed the
bedrock of much of our technology stacks and infrastructure. Hoffman et al. [8]
determined that companies would spend around 3.5x more on software annually
if open-source options did not exist. With this, the importance of open sourcing
the key parts of the quantum technology stack become apparent - it drives
adoption upwards whilst driving costs down [8]. This sentiment of increasing
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Fig. 1. Energy Level diagram for NV Centre Magnetometry, detailed in section 1.1.
NB - the intersystem crossing (ISC) shelf involving two singlet states with an infrared
(IR) transition occurring at 1042 nm, but this is not relevant to our magnetometry.

openness, interoperability, and institutional momentum is echoed by other open
source projects and studies in quantum technology, see [2,19].

Stegemann et al. [20] managed to get the overall cost of an NV Centre dia-
mond experimentation platform down to under €200, utilising COTS parts and
a 3D printer. This made our challenge apparent - could we reduce this cost down
even further? And could we fill in some of the gaps and create a full-stack de-
vice that is fully open-source, moving away from the optics table and towards a
hand-held form factor?

We first began designing and developing devices for quantum sensing and
magnetometry back in 2023, and this project has been the culmination of 2
years of work towards making at least part of the quantum technology space
truly open.

1.1 Brief Overview of NVC Magnetometry

The best surveys of the physics behind Nitrogen-Vacancy (NV) centre diamond
magnetometry are [18] for detailed theory, and [7] for a high-level overview.

A Nitrogen Vacancy Centre (NV Centre) is the replacement in a diamond
lattice of a single carbon (C) atom with a single Nitrogen (N) atom. In lab-grown
diamonds this replacement is typically done through electron bombardment [13].
The mismatch in atomic valencies (4 for C to 3 for N) means that a vacancy is
introduced. This defect essentially acts as a virtual atom contained within the
lattice structure that has a strong zero-phonon line at 1.945 eV (Azpr, = 637nm)
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between the excited states >F and ground states >G. The hyperfine structures at
both these levels yield sub-levels that are split into a lower singlet state mg =0
and two upper states m; = £1 separated by a difference of D = 2.87GHz with
no magnetic field present [18]. The vacancy also has no Doppler shift relative
to any interacting photons, which is why its effects may be utilized at room
temperature.

The ground states Hamiltonian of this, ignoring the hyperfine interactions,
is given in [20] and [18] as:

H = hDS? + hE(S2 — S2) + gupB - S (1)

where z is the parallel axis to the NV centre, D and FE are the Zero-Field Splitting
parameters, 52, Si, and S? are the spin operators, g is the Landé g-factor, and
up is the Bohr magneton. D arises via spin-spin interaction between the two
uncoupled electrons in the defect, and F is proportional to the internal strain
within the lattice. The resulting resonant frequency v (see [20]) for the applied
microwave field at frequency D is given by

v=D+ /B2 + (y-By)? 2)

with v = gug/h ~ 28GHzT~! [18]. The important takeaway here is that un-
der this simplified regime, provided E is much less than By, the main variable
regarding the splitting is the magnetic field B and its orientation to the NV
centre axis.

The Energy-level scheme found in figure 1 summarizes the key physical con-
cepts. We can excite these NV centres with green light Ag ~ 532nm. The NV
centres then relax into the upper excited states > E, and will become magnetosen-
sitive under the application of microwaves. In practice, we sweep the microwave
spectrum surrounding 2.87GHz, utilizing a similar sweep to the sweep in [20] by
starting at 2.614GHz and sweeping up to 3.126GHz in discrete steps of 4MHz.

2 Gap Analysis

Many possible design options were reviewed, including the designs and build
characteristics from [4,5,9,12,17,20,21]. The most complete guide was from
Stegemann et al. [20], which provided a basis for our final design.

Upon analysis, however, we found a number of key things were missing from
the available designs; The firmware used in NV Center diamond experiments
is generally not available. Likewise, a reliable photodetector design schematic is
generally not available, with most examples in the literature not always accurate
to best electronic design principles. There are few easily configurable diamond
mounts, as most require specialist optical mounting apparatus. Lastly, none of
the solutions were designed to be ‘hackable’ for rapid deployment or prototyping,
with little to no reconfigurable electronics and software. Similarly, none of the
designs were geared to being ruggedized towards real world deployment.
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3 Design Overview

In order to remediate these gaps, we came up with an initial design that made
the following key decisions:

1. Use off the shelf components - the only specialist part should be the
diamond material and any custom PCBs.

2. Make as many things ‘software problems’ as possible - by careful
hardware design we can relinquish most control to a single software source.
This massively improves debugging, maintenance, and updating a device.

3. Simplify the design as much as possible.

4. Make the device ‘hackable’ - by this we mean that the device should be
fundamentally and easily reconfigurable and/or extendable in both software
and hardware.

3.1 Microcontroller & Firmware

We wrote the source code for this device as Arduino IDE code - this taps into
a large user base, with lots of help and built-in support for 26 native Arduino
boards and hundreds of derivative boards [1]. This does two things; first, it
immediately makes the design much more accessible to more people who are
familiar with Arduino, over using an IDE or development tool-chain that is
manufacturer specific.

Second, it allows the design to be ported to other chips through Arduino’s
universal hardware abstraction layer. This future-proofs the design, as any issues
affecting the availability of one microcontroller means another more available one
may be substituted with ease.

To this end, we used an ESP32 microcontroller - this is very well supported by
Arduino IDE, has high quality 12-bit ADC inputs, is cheap and widely available,
and has built-in WiFi and Bluetooth Low Energy (BLE) for future connectivity.

The default software libraries for driving an ADF4351 chip (see below) use a
short calculation loop to generate the input values for the chip based off the input
of a desired frequency. However, the sensitivity of the electronics (see below)
means that this interferes with measurements significantly. To mitigate this, we
pre-computed all of the desired sweep values and store them in firmware. This
only consumes around 30 bytes per frequency at most, and practically eliminates
the noise from the microcontroller interfering with the measurement operations.

3.2 Electronics

We made use of off-the-shelf operational amplifiers that are in a standard tran-
simpedence configuration. We use the BPW34 photodiode as the main detection
part as it has a large detection area - 3 x 3mm - and is widely available. This is
then amplified by a TL082 dual op-amp, a common low-noise dual operational
amplifier.
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To minimize the parts required and to only require one 5V power input, we
utilize a voltage divider formed from two 1,000 Ohm resistors in series from 5V to
Ground. This gives us a floating 2.5V which we utilize as a ‘fake ground’ to which
the non-inverting inputs (‘+’ pins) of the operational amplifiers are tied. This
achieves two things - firstly, it means we can do away with additional inverting
voltage regulators, and secondly means this guarantees that that output will be
below the 3V limit on the ESP32’s ADC input, without needing level shifting.

An ADF4351 PLL signal generator was chosen as a microwave generator as
it allows control via SPI bus with a range of 35MHz to 4.4GHz. The output of
this is then amplified by two monolithic microwave RF amplifiers, specifically
GALI-84+ (or compatible) amplifiers providing ~ 16dB amplification each.

The PCBs were designed to use single-sided soldering and assembly of surface
mount components, reducing cost and complexity of production. The PCBs also
use top and bottom layer ground planes to reduce parasitics and noise.

Additionally, to make the device hackable beyond just giving full software
access, we also incorporated a small prototyping area. These generally consist
of 1.0mm copper (Cu) plated holes, spaced 2.54mm apart in a grid array. This
allows the incorporation of any device which has output pins with this standard
pitch, which is historically derived from the DIN 41612 standard, see [6].

3.3 Light Source

Canonically, 525-532nm light is sourced from a laboratory laser, however these
may sometimes prove to be problematic, especially where there is little to no
guarantee of adequate laser safety protocols.

One of the main advantages of lasers is the generation of phase coherent
photons. This is something we do not utilize for our magnetometry (see equation
1), so it suffices to use any source with the correct frequency output. ‘Superbrite’
LEDs were sourced that emit the correct frequency, and were found to perform
on par with laser sources. This significantly reduces cost and power consumption,
whilst also increasing the safety of the device.

3.4 Diamond and Photodiode Encapsulation

We make use of fast-UV curing epoxy to encase the photodetector, a microwave
aerial, and NV centre diamond samples. As pointed out in [20], we can omit
the need for a dichroic mirror and instead place a square of easily available red
lighting filter gel between the photodiode and diamond to act as our primary
optical filter.

The epoxy prism is created during a 3-step layering process, corresponding to
the diagram in figure 2; Layer 1 is a base layer of epoxy upon which the diamond
and microwave aerial are placed after it is cured. A second layer of epoxy is then
applied to fix the diamond and aerial in place. A third layer that fixes in place
the filter, photodiode, as well as any mechanical fixing parts.

The density of diamond means that it will naturally sink in most epoxies,
hence a layering approach is used. Even for fast UV curing epoxy, the excellent



6 Carney & Kumaran

Photodiode

Structural Support

Layer 3
Layer 2 ;

Layer 1 \ MW Antenna Loop

NVC Diamond

Red filter gel

Fig. 2. Left: A diagram depicting the constructions layers of the diamon epoxy prism
mount. Right: A mounted sample of diamond.

optical properties of clear epoxy are not compromised by the layering technique.
It is also easy to reconfigure, as most epoxies only need to be heated to ~ 200C
in order to delaminate. The diamond is completely unaffeced by this heating,
and so can be retrieved for subsequent encapsulation. In particular, this move
away from the optics table towards very low cost epoxy mounting is a key part
of the fast iteration and innovation potential for this design.

4 Testing

Although full characterization of the quantum sensor is still yet to be performed,
we have managed to get some preliminary checks and estimates of sensitivity.
In figure 3 we can see the output from the sensor both with and without the
presence of a small magnet placed on top of the diamond prism. These are in line
with the measurement of the magnetism of a small bar magnet, ~ 0.005 — 0.01
Teslas, found in figure 7 in [20] and figure 3 in [18], by rough approximation.

5 Conclusions and Future Work

On April 14th 2025 we released the full stack as open source on GitHub in [3]. To
this end, the schematics, PCBs, parts lists, software code, and build instructions
are all fully available, free and open source. We hope to build on this success
with future releases and updates to both the hardware and base software to
enable more people to learn about and practice with quantum sensing. Table 1
details the Bill of Materials (BoM) for the first release of the device, detailing a
total cost that should not exceed £120. In Aug 2025 we released a single-board
variant at DEF CON 33 [11, 15] with a lower total price of just under $100. With
our subsequent version releases we expect this cost to fall even further.

5.1 Future Work

Firstly, a full and accurate characterization should be performed on multiple
diamond samples in order to gather data for both assessing the direct measure-
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