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Quantum Physics

[Submitted on 8 May 2025]

Enhancing the Dynamic Range of Quantum Sensing via Quantum Circuit Learning

Hideaki Kawaguchi, Yuichiro Mori, Takahiko Satoh, Yuichiro Matsuzaki

Quantum metrology is a promising application of quantum technologies, enabling the precise measurement of weak external fields at a local scale. In typical quantum sensing
protocols, a qubit interacts with an external field, and the amplitude of the field is estimated by analyzing the expectation value of a measured observable. Sensitivity can, in principle,
be enhanced by increasing the number of qubits within a fixed volume, thereby maintaining spatial resolution. However, at high qubit densities, inter-qubit interactions induce complex
many-body dynamics, resulting in multiple oscillations in the expectation value of the observable even for small field amplitudes. This ambiguity reduces the dynamic range of the
sensing protocol. We propose a method to overcome the limitation in quantum metrology by adopting a quantum circuit learning framework using a parameterized quantum circuit to
approximate a target function by optimizing the circuit parameters. In our method, after the qubits interact with the external field, we apply a sequence of parameterized quantum
gates and measure a suitable observable. By optimizing the gate parameters, the expectation value is trained to exhibit a monotonic response within a target range of field
amplitudes, thereby eliminating multiple oscillations and enhancing the dynamic range. This method offers a strategy for improving qguantum sensing performance in dense qubit
systems.
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Wide variety of applications for magnetic field sensors

X1

Migcrostrip

f !" \ Sample

A

de-SQUID Sample 0 5 mm
H. Toida, etal., APL 108.5 (2016): 052601.

Magnetoencephalography (MEQG)
» Measurement of electrical activities of brains
* Determining functions of brains

N. F. Ramirez, et al. Deelopmental Science 20.1 (2017).

1 Electron spin resonance:
* Determine the energy of electron spins
- Useful to study materials

Magnetic resonance imaging (MRI)
* Imaging internal structure of human
= Widely used for medical diagnosis

B 3 Hydrocarbon @ g
x‘r 4
PN,
447
Sample % 1 P‘ Detection volume

~ (5nm)?

~5nm

Microwave NV center \.:C
d

T. Staudacher, et al. Science 339.6119 (2013): 561-563.
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