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Given the limitations in payload capacity and power availability on spacecraft, magnetometers capable of measuring
both the vector and total magnetic fields are especially valuable for their compact and versatile design. Nitrogen-vacancy
(NV) center ensembles offer precise vector magnetic field measurement capabilities, making them promising candidates
for spaceborne magnetic sensing technologies. Here, we develop a technique to validate the vector–total field measurement
accuracy performed by NV center ensembles. The validation procedure employs a turntable to simultaneously calibrate
the bias magnetic field and quantify the uncertainty associated with total magnetic field measurements. Validation tests
conducted in a geomagnetic field environment reveal a measured standard deviation of 0.1 µT, which is 0.2% relative to
the geomagnetic field. With further refinement, the accuracy of total magnetic field measurements may improve to better
than 0.01%. These results provide a valuable reference for the further development of vector–total field magnetometers and
hold potential for applications in spacecraft.
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1. Introduction

Magnetometers are widely incorporated into spacecraft,
supporting essential functions such as attitude determina-
tion[1] and navigation.[2,3] In particular, research satellites uti-
lize them to investigate variations in the geomagnetic field[4]

and to monitor solar activity.[5] For such applications, accu-
rate magnetic field measurements are critical to ensuring reli-
able aerospace detection and analysis. Over the years, vec-
tor fluxgate magnetometers[6] have remained the preferred
choice for satellites due to their low power consumption,
lightweight design, and exceptional reliability.[7] By employ-
ing a three-component system, vector magnetometers can re-
construct the complete information of the field. However, in-
consistencies such as offset errors, scaling factor discrepan-
cies and assembly misalignments among the three axes in-

evitably result in measurement inaccuracies.[8] To address
these, scalar atomic magnetometers[9,10] are often deployed
as secondary instruments to support the calibration of vector
magnetometers.[7,8,11,12]

Magnetometers based on nitrogen-vacancy (NV) centers
promise to define the next generation of satellite magnetic
sensors.[13] Compared to traditional vector magnetometers,
the intrinsic lattice structure of diamond provides NV cen-
ter ensembles with exceptional stability and uniformity as
probes for vector magnetic fields.[14] This inherent crystallo-
graphic coordinate system also facilitates precise reconstruc-
tion of the total magnetic field, eliminating the need for ad-
ditional calibration. Furthermore, their atomic-scale dimen-
sions and long coherence times at room temperature[15] enable
them to function as sensitive magnetic probes with nanoscale
resolution.[16,17] Crucially, the entire probe is compatible with
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compact CMOS integration,[18] significantly reducing spatial
and weight constraints.

In this work, we employ the ground-state Hamiltonian of
the NV center to extract the absolute vector magnetic field, and
introduce a technique for quantifying the uncertainty associ-
ated with total magnetic field measurements, alongside simul-
taneous calibration of the bias field. By rotating the magne-
tometer probe and sampling the magnetic field in different ori-
entations, we obtain a set of vector measurements that are sub-
sequently fitted to a sphere in three-dimensional space. The
center of the fitted sphere corresponds to the bias magnetic
field. Vectorial subtraction of the bias field from each mea-
surement yields the true magnetic field. Subject to environ-
mental disturbances, the reconstruction of the total magnetic
field exhibits a deviation of 0.2%. This approach enables more
compact spacecraft sensor architectures and facilitates higher-
precision magnetic field characterization.

2. Materials and methods
The NV center is a defect in the diamond lattice that oc-

curs when a nitrogen atom substitutes for a carbon atom, ac-
companied by a vacancy at an adjacent lattice site. In dia-
mond, NV centers are oriented along four distinct crystallo-
graphic directions, as illustrated in Fig. 1(a). The NV cen-
ter can exist in an electrically neutral state or possess either
a single positive or negative charge.[19] Among these, NV−

centers are preferentially utilized for quantum sensing due to
their unique properties.[20] This configuration involves an ad-
ditional electron being captured at the vacancy site, resulting
in a spin S = 1 system. The ground state of the NV− center is a
spin triplet state, 3A2, in which the energy of the |ms = 0〉 state
is separated from that of the |ms = ±1〉 states by a zero-field

splitting Dgs, as illustrated in Fig. 1(b). An external magnetic
field 𝐵0 = (Bx,By,Bz) lifts the degeneracy of the |ms = ±1〉
states via the Zeeman effect. The electron-spin Hamiltonian
for each of the four NV orientations i = 1,2,3,4 in the ground
state can be approximated as[21]

H i/h =
(
Dgs +Mi

zi

)
(Si

zi
)2 + γ𝐵0 ·𝑆𝑖+Mxi(S

2
yi
−S2

xi
)

+ Myi(SxiSyi +SyiSxi). (1)

Here Dgs is the zero-field splitting parameter, which is approx-
imately 2.87 GHz at room temperature.[14] γ ≈ 28.03 GHz/T is
the gyromagnetic ratio of the NV center.[22] 𝑆𝑖 = (Si

xi
,Si

yi
,Si

zi
)

is the electronic spin-1 operator. (Mi
xi
,Mi

yi
,Mi

zi
) are the spin–

strain coupling parameters along xi-, yi-, zi-directions. The set
(xi,yi,zi) defines the Cartesian coordinate axes of NV centers
with orientation i, where zi is aligned with the principal axis
of NV center structure.

NV centers in the ground state 3A2 can be optically
pumped to the excited state 3E using a 520-nm laser. The
subsequent decay process is spin-selective.[23,24] Under con-
tinuous laser irradiation, the NV ensembles become polarized
into the |ms = 0〉 spin sublevel of the ground state after several
excitation-decay cycles.[24] Population distribution among the
ground-state sublevels can be manipulated by applying mi-
crowaves (MW).[25] In the continuous-wave optically detected
magnetic resonance (cw-ODMR) method, the resonant fre-
quencies are extracted from the ODMR spectrum.[14] The vec-
tor magnetic field 𝐵0 is reconstructed by inverting the mea-
sured frequencies using the Levenberg–Marquardt algorithm,
according to Eq. (1). Since the system is under-constrained,
the spin–strain coupling parameters (Mi

yi
,Mi

zi
) are set to zero

throughout the calculation.
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Fig. 1. (a) Four crystallographic orientations of NV centers in diamond. “V” represents a vacancy in the diamond lattice, while a nitrogen atom is situated
in one of four adjacent positions, which are labeled by 1–4. (b) Energy level structure of NV center. A 520-nm pump laser excites the ground state 3A2 to
excited state 3E. The excited NV centers either directly return to the ground state, emitting red fluorescence, or undergo a non-radiative transition via the two
intermediate states 1A1 and 1E. (c) Schematic diagram of the sensor. A 520-nm laser beam is generated by a laser diode (LD) and split into two paths. One is
focused onto the diamond sample, while the other is directly collected by a photodiode (PD) and utilized for noise cancellation via destructive interference. A
microwave source, controlled by a lock-in amplifier (LIA), manipulates the spin states of NV centers. The resulting fluorescence is converted to a digital signal
and recorded by the lock-in amplifier.
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Fig. 2. (a) Total internal reflection (TIR) in diamond sample. (b) Comparison of signal intensity under TIR and non-TIR conditions. (c) The ODMR spectrum.
The resonant frequencies are identified from the zero-crossing points of the frequency-modulated MW signal.

The overall system configuration of the magnetometer is
illustrated in Fig. 1(c). It achieves a total magnetic field sen-
sitivity of 2.5 nT/Hz1/2.[26,27] The sensor probe is a square,
thin-plate diamond sample with an angled cutout, as depicted
in Fig. 2(a). A 520-nm laser beam is directed through the
cut face, which undergoes total internal reflection within the
sample,[28] significantly improving the laser utilization effi-
ciency, as shown in Fig. 2(b). The laser polarization is finely
tuned using a half-wave plate to optimally excite all four ori-
entations of NV centers.[29] The MW module is specially de-
signed to manipulate the spin state of NV centers. It consists
of four channels, each generating MW signals with distinct
frequencies to scan specific ranges around the resonant fre-
quencies, which are separated by the applied bias magnetic
field.[14] In the cw-ODMR method, the laser remains contin-
uously on, and the fluorescence intensity drops at MW res-
onances. To simultaneously read out four resonant frequen-
cies while improving the probe’s sensitivity, MW signals are
frequency modulated,[30] amplified and then delivered to the
diamond sample. The emitted red fluorescence of NV cen-
ters is detected by a PD and subsequently processed through
a PD bias circuit to optimize signal-to-noise ratio. Finally,
the resulting digital signal is demodulated by a home-built
LIA to extract four resonant frequencies corresponding to four
NV center orientations. Given that eight resonant frequencies
are involved, two scanning iterations are required to obtain
the complete ODMR spectrum, as demonstrated in Fig. 2(c).
Within each scanned frequency range, the frequency at the
central zero-crossing point (the red point in Fig. 2(c)) is se-
lected to compute the vector magnetic field via the Levenberg–
Marquardt algorithm.

The resultant measurement is a superposition of the envi-
ronmental magnetic field and the bias magnetic field. To iso-
late the latter, the probe is mounted on a turntable that allows
it to rotate within a plane. Figure 3(a) illustrates the experi-

mental process, where the rotating turntable allows the probe
to record the vector magnetic field at different angles in a sin-
gle plane. In the experiments, the cw-ODMR method is em-
ployed at each 30◦ rotation interval to acquire the eight reso-
nant frequencies and compute the corresponding vector mag-
netic field. The set of vector measurements forms a circular
distribution in three-dimensional (3D) space. By adjusting the
probe’s orientation relative to the turntable, the data points in-
stead trace out a sphere,[12] whose center corresponds to the
vector of the bias magnetic field. Consequently, both the bias
field and the deviation of the total environmental field can be
resolved through spherical fitting of measurements acquired at
varied probe orientations.

3. Results and discussion
Total geomagnetic field measurements were performed

in an environment with minimal magnetic perturbations that
were maintained below 1 nT. The environmental magnetic
field under analysis matched the geomagnetic field, and a bias
magnetic field was generated using eight permanent magnets
arranged in a Halbach configuration.[26,27]

The magnetic field measurements are represented in a 3D
vector coordinate system. As the probe is reoriented, the re-
sulting vectors trace trajectories on the surface of a sphere.
The sphere’s center corresponds to the bias magnetic field,
which is considered static relative to the probe, whereas the
sphere’s radius equals the scalar magnitude of the geomagnetic
field. Figure 3(b) illustrates a representative measurement out-
come, where each data point denotes a discrete magnetic field
reading. Each fitted circular trajectory corresponds to mea-
surements acquired as the probe is discretely rotated within a
single plane across a set of predefined angular orientations. A
sphere is then fitted to all data points, and its center coordi-
nates provide the calibrated bias field.

070706-3



Chin. Phys. B 35, 070706 (2026)

Fig. 3. Calibration method and the measurement results. (a) Schematic diagram of the experimental process. The probe is mounted on a turntable, which
rotates along the spindle to perform magnetic field measurements at different orientations. Four sets of experiments are performed, with the turntable spindle
aligned parallel to either the z- or x-axis of the diamond coordinate system. (b) Spherical fitting in vector space. For each experimental set (see panel (a)),
the turntable rotates the probe within a single plane. The measurement data points are used to fit four red circles accordingly. A sphere (gray) is fitted to
the complete dataset, where its center represents the bias field vector and its radius equals the magnitude of the environmental field. (c) Distribution of the
measured total geomagnetic field. All test results are fitted to a normal distribution curve (red curve). The standard deviation of the fitted distribution is 0.1 µT.
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Fig. 4. The simulated errors of the total field measurements under a
50-µT geomagnetic field. The spin–strain coupling parameters are set
to Mx = {2.9,1.7,2.0,3.3} MHz, My = {2.1,2.2,1.6,1.6} MHz, Mz =
{4.0,5.4,6.0,4.7}MHz based on the measured stress tensor.[32,33] The bias
magnetic field is fixed at (664,1627,4526) µT. (a) Error distribution due to
uncalibrated spin-strain coupling. Each point on the sphere represents a vec-
tor measurement at a distinct probe orientation. The color mapping on the
sphere surface indicates the relative error in the measured geomagnetic field
magnitude. The simulation yields a standard deviation of 0.07 µT for the
total geomagnetic field. (b) Residual error after calibrating the spin–strain
coupling parameters. Random perturbations within the reported uncertainty
ranges of the stress tensor components are introduced (e.g., σxx ≤ 5 MPa
and σzz ≤ 2 MPa). The maximum relative error remains below 0.01% of the
total geomagnetic field.

The total magnetic field measurement result for each ob-
servation is expressed as

|𝐵|2 = (Bx− cx)
2 +(By− cy)

2 +(Bz− cz)
2, (2)

where 𝐵 represents the target total magnetic field, (Bx,By,Bz)

are the measured magnetic field vector components of 𝐵0, and
(cx,cy,cz) denotes the coordinates of the fitting sphere’s center
in vector space.

As illustrated in Fig. 3(c), the geomagnetic field measure-
ments follow a normal distribution, as anticipated. The fitted
distribution yields a central value of 50.6 µT and a standard de-
viation of 0.1 µT, corresponding to 0.2% of the total geomag-
netic field. The maximum observed deviation is 0.3 µT. These
deviations originate from several factors. The primary source
is the fluctuation of the bias magnetic field, which exhibits a
temperature dependence of−0.85 µT/K. Additional contribut-
ing factors include magnetic interference from the turntable

and spatial inhomogeneity of the environmental magnetic field
(see Appendix A).

To improve measurement accuracy, the spin–strain cou-
pling parameters (Mi

xi
,Mi

yi
,Mi

zi
) should be determined by mea-

suring the stress tensor inside the diamond sample.[31,32] For
the present error analysis, we adopt the experimentally mea-
sured stress tensor values from Ref. [33] as follows:

↔
σ =

290(5) 90(0) 6(0)
90(0) 758(0) 45(0)
6(0) 45(0) −14(2)

MPa. (3)

Simulations show that neglecting the spin–strain coupling in-
troduces a standard deviation of 0.07 µT in the total geomag-
netic field measurements, as depicted in Fig. 4(a). Assuming
prior calibration of the stress tensor as described above, ran-
dom perturbations within the reported uncertainty range are
introduced to model variability.

As shown in Fig. 4(b), the resulting error of the total geo-
magnetic field remains below 0.01% after such calibration.

4. Conclusion
In this study, the vector magnetic field is inferred from the

resonance frequencies of NV center ensembles based on the
system Hamiltonian. A bias field calibration method is intro-
duced, in which the probe is reoriented to measure vector-total
magnetic fields in multiple orientations. This method serves
both to calibrate the bias magnetic field and to independently
verify the accuracy of the total magnetic field measurements.
The precision is primarily constrained by fluctuations in ambi-
ent temperature and the magnetic perturbation from the testing
equipment. Future implementations could benefit from inte-
grating a temperature control device to minimize fluctuations
in the bias magnetic field and from calibrating the stress tensor.
These enhancements are expected to suppress environmental

070706-4
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noise and Hamiltonian-related errors, thereby improving mea-
surement fidelity and potentially achieving an accuracy better
than 0.01%.

Magnetic sensing techniques based on NV center ensem-
bles have emerged as pivotal tools in advanced research, in-
cluding magnetic field imaging,[34–36] bio-sensing,[37–39] and
condensed matter characterization.[40,41] Recently, compact
integrated magnetometers based on NV centers have been ap-
plied in scenarios beyond the laboratory.[42] In 2021, a quan-
tum diamond-based magnetometer known as OSCAR–QUBE
was installed aboard the International Space Station, where it
successfully generated geomagnetic maps throughout its op-
erational lifespan.[43] In the future, this magnetometry has the
potential for effective deployment across various applications.

Owing to the rigid crystallographic structure of diamond,
NV center ensembles are capable of measuring both the vec-
tor magnetic field and its total magnitude. The bias field cal-
ibration method introduced in this study corrects zero-offset
errors without relying on auxiliary magnetometers, offering
a clear advantage over conventional vector fluxgate sensors.
With its remarkable sensitivity and suitability for compact sys-
tem integration, the NV center-based magnetometry emerges
as an optimal choice for spacecraft instrumentation. This tech-
nique enables meaningful reductions in payload mass and op-
erational costs, while contributing to extended mission dura-
tions.

Appendix A: Environmental perturbations
The accuracy of the total magnetic field measurements is

affected by environmental perturbations, including tempera-
ture fluctuations, magnetic interference from the turntable, and
spatial inhomogeneity of the ambient field. Temperature fluc-
tuations predominantly alter the bias magnetic field. To char-
acterize this effect, total magnetic fields were measured us-
ing the NV probe under varying environmental temperatures.

The results indicate a linear dependence with a coefficient of
−0.85 µT/K, as shown in Fig. A1(a).

The magnetic interference from the turntable was char-
acterized by placing an atomic magnetometer at its center to
record the magnetic field during rotation. The maximum dis-
turbance observed was 0.06 µT, as illustrated in the following
Fig. A1(b).
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Fig. A1. Disturbances in total magnetic field measurements under different
conditions. (a) Temperature dependence. The total magnetic field is recorded
by the NV probe as a function of ambient temperature, which is simultane-
ously measured by a thermometer. A linear fit reveals that the bias magnetic
field varies at a rate of approximately −0.85 µT/K. (b) Magnetic interference
from the turntable. An atomic magnetometer continuously measures the total
magnetic field while the turntable rotates in 20◦ increments, with a pause at
each position. The maximum magnetic disturbance observed during rotation
is 0.06 µT.

Appendix B: Magnetometers comparison
A comparative overview of this work and other magne-

tometers deployed on spacecraft is presented in Table B1.
While fluxgate magnetometers are the most prevalent tech-
nology in space applications, the present setup demonstrates
better performance in total field reconstruction compared to
uncalibrated fluxgate devices.[44]

To date, the OSCAR–QUBE remains the only NV cen-
ter magnetometer operated on a spacecraft.[43] The setup pre-
sented in this work exhibits enhanced sensitivity, albeit at the
cost of increased power consumption. With further optimiza-
tion, this technology is suitable for vector–total magnetic field
measurements in future space missions.

Table B1. Magnetometers on spacecraft[7,43] compared with this work. FGM: fluxgate magnetometer; SHM: scalar helium magne-
tometer; B: biaxial; T: triaxial; S: scalar; *: using sensitivity.

Mission Launch year Magnetometer Dynamic range (nT) Resolution (pT) Mass (kg) Power (W)

GOES-1-3 1975–1978 FGM (B) 50–400 – – –

GOES-4-7 1980–1987 FGM (B) ±400 200 – –

GOES-I-M 1994–2001 FGM (T) ±1000 100 – –

Cassini 1997 FGM (T) ±40 4.9 0.44 7.5 (sleep)

SHM (S) ±10000 1200 0.71 12.63 (FGM + SHM)

GOES-N-P 2006–2010 FGM (T) ±512 30 – –

Juno 2011 FGM (T) ±1600 (nominal) 48 5 > 4.5

±1638400 (max.) 5000 – –

MAVEN 2013 FGM (T) ±512 15 – > 1

±2048 62 – –

GOES-R 2016 FGM (T) ±512 16 2.5 4

OSCAR-QUBE 2021–2022 NV (T) ±1860000 300000∗ 0.42 5

This work – NV (T/S) ±1000000 2500∗ 0.5 50
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