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This paper presents a compact broadband antenna that overcomes bandwidth limitations in a diamond nitrogen-
vacancy (NV) center-based quantum magnetic sensor. Conventional antennas struggle to achieve both broadband operation
and compact integration, restricting the sensitivity and dynamic range of the sensor. The broadband antenna based on a dual-
frequency monopole structure achieves a bandwidth extension of 777 MHz at the Zeeman splitting frequency of 2.87 GHz,
with the dual resonant points positioned near 2.87 GHz. Additionally, high-resolution imaging of the microwave magnetic
field on the antenna surface was performed using a diamond optical fiber probe, which verified the dual-frequency design
principle. Experimental results using the proposed antenna demonstrate the outstanding performance of the NV center-

based magnetic sensor: a sensitivity of 55 nT/Hz!/?

and a dynamic range of up to 54.0 dB. Compared to sensors using

conventional antennas, the performance has been significantly improved.
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1. Introduction

With the advancement of modern quantum technology,
quantum computing, quantum communication, and quantum
precision measurement all rely on qubits, a novel comput-
ing paradigm distinct from classical bits.['! The diamond
nitrogen-vacancy (NV) center possesses a unique electronic
energy level structure and, owing to its exceptional optical
properties and strong coherence, has been highly acclaimed
and widely recognized in both the physics and engineering
communities as an outstanding qubit carrier.[*"!

In the fields of quantum computing, quantum communi-
cation, and quantum precision measurement, the mainstream
technological route for the diamond NV center involves the
initialization, manipulation, and readout of spin states. [0:71
Among these, microwave manipulation techniques include
optically detected magnetic resonance (ODMR),®! electron
spin resonance (ESR),M Rabi oscillations, %! and spin echo
techniques.!!!! In sensor applications, the antenna’s magnetic
field must resonate with the NV center’s energy transitions to
precisely manipulate its atomic-scale electron spins and quan-
tum states.

Currently, microwave resonators, patch antennas, copla-
nar waveguides (CPW), and copper wires are commonly used
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for the microwave transmission and radiation components of

[12-141 1n 2014, Bayat, et al. proposed a struc-

sensing systems.
ture of a double split-ring resonator,!'>! with a resonant fre-
quency close to 2.87 GHz at room temperature. However, due
to its narrow bandwidth, it can only handle ODMR spectra
measurements with a single resonant peak, making it diffi-
cult to observe multiple resonances in the range of 10 MHz—
100 MHz under weak external magnetic fields. Additionally,
changes in the external magnetic field can cause a mismatch
between the resonant frequencies of the microwave source and
the NV center. This mismatch can decrease power applied
to the NV center by the microwave source, reducing fluo-
rescence contrast and sensitivity. In severe cases, the sensor
may be unable to detect the fluorescence signal radiated by
the NV center.!'% In 2017, Polina Kapitanova et al. proposed
a dielectric resonator antenna (DRA) consisting of the hollow
cylinder dielectric resonator excited by a symmetric microstrip
loop,!'” which can provide a uniform three-dimensional (3D)
microwave field for spin manipulation of ensembles of the
NV center in bulk diamond. However, with the develop-
ment of modern sensing technologies, a tapered fiber diamond
probe has been introduced. Compared to bulk diamonds, these
probes do not need direct contact with RF equipment and can
match smaller diamond samples (down to micron sizes), en-
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hancing spatial resolution in measurements while minimizing
interference with RF devices.!'®!

In this paper, we designed a dual-frequency broadband
antenna (DBA) suitable for quantum magnetic sensors based
on micron-sized NV center samples using Ansys HFSS 19.1.
Our work is developed through the following points:

(i) Design a broadband antenna based on a dual-frequency
monopole structure, where the dual resonant points are close
to the Zeeman splitting frequency of 2.87 GHz, to achieve a
bandwidth extension of 777 MHz.

(i)) Employ an optical fiber diamond probe to perform
high-resolution imaging of the microwave magnetic fields on
the antenna surface at frequencies of 2.75 GHz (low fre-
quency), 2.87 GHz (the zero-field splitting value of NV cen-
ter), and 2.98 GHz (high frequency), to verify the design prin-
ciple of dual-frequency points with extended bandwidth.

(iii) Apply DBA as a microwave source for NV center-
based magnetic sensor, and conduct ODMR experiments
to determine that the maximum detectable magnetic field
strength is 1.39 x 1072 T. Under these conditions, the sensi-
tivity of the magnetic sensor is 55 n'T/Hz'/2, and the detected
dynamic range reaches up to 54.0 dB.

2. Basic theory and experimental setup

When a nitrogen atom replaces a carbon atom in the di-
amond crystal structure, and an adjacent C atom is missing,
creating a vacancy that traps an electron, we call this type of
defect structure an NV structure, '] as shown in Fig. 1(a). The
NV center in diamond exhibits Cs3y symmetry, with their sym-
metry axes (NV axes) having four distinct and fixed crystal-
lographic orientations, designated as NV, NVﬁ, NV,, and
NVs. The NV center we studied is the NV~ center, which
contains 6 electrons in 4 orbitals. Each orbital can hold two
electrons with opposite spins, resulting in a total of eight dif-
ferent electron states. Through optically detected magnetic
resonance (ODMR) experiments, these eight different elec-
tron states can be easily observed. Among the six electrons,
two pairs are paired up, leaving two unpaired electrons due to
spin—spin coupling, forming a spin triplet (with spin S = 1) in
the ground and excited states, with spin levels of m; = 0 and
mg = £1, forming two quantum two-level systems.>]

The energy level structure of the diamond NV center is
shown in Fig. 1(b). Due to the presence of electron spin and
nuclear spin, the NV center has a complex energy level struc-
ture, including the triplet ground state (CAy), the triplet excited
state CE), and the metastable state (\E).

When there is no external magnetic field, the NV cen-
ter is in its ground state triplet, with the m; = 0 state and the
degenerate doublet states with m; = 41, separated by a zero-
field splitting of 2.87 GHz. The energy difference between

my; = 0 and my = £1 arises from the interaction between elec-
tron spins within the N'V center, a phenomenon known as zero-
field splitting (ZFS). At room temperature, the energy level
difference caused by this splitting corresponds to a frequency
of 2.87 GHz, which is determined by the crystal structure of
the NV center and is independent of the external magnetic
field. The zero-field splitting frequency serves as a critical
benchmark for microwave-driven spin manipulation, enabling
precise control of the quantum states of the NV center. When
an external magnetic field is applied, the degenerate doublet
states with m; = £1 will undergo a Zeeman splitting into two
sublevels with my; = +1 and my; = —1. The Hamiltonian of the
NV center under the influence of an external static magnetic

field can be written as the following formula:?!!

H=DS!+E(S:-5;)+v-B-S, (1)

where D = 2.87 GHz is the zero-field splitting value of the
ground state at room temperature, S = {Sx,Sy, SZ} is the spin
matrix of the electron, E is the horizontal zero-field splitting
coefficient representing the electric field strength, ¥ is the elec-
tron gyromagnetic ratio of the NV center, with a value of
28 GHz/T, and B represents the magnitude of the static mag-
netic field.

Using optical detection of magnetic resonance (ODMR),
we can probe the transitions from my; = 0 to m; = +1 and
mg = —1, and measure the resonance frequencies f; corre-
sponding to the four axes of the NV center, where i represents
the four axes of the NV center. These appear as eight peaks
on the ODMR spectrum. For a given axis, the strength of the
external magnetic field and the resonance frequencies can be
obtained from%?!

Bi = (fir — fi-) /2. @

Figure 1(c) is a schematic diagram of the experimental
system, which consists of three main modules: the optical
module, the microwave pumping module, and the scanning
module. 23]

The optical module primarily integrates a laser generator,
a mirror, a dichroic mirror, objectives, and an avalanche photo-
diode (APD) for laser pumping and fluorescence signal collec-
tion. A 532-nm laser with adjustable and continuous emission
power is selected for generating green lasers and focused onto
the fiber-optic quantum probe via the objective. This excites
the NV center, which emits 637-nm red fluorescence during its
transition back to the ground state. The APD collects this flu-
orescence and converts the optical signal into an electrical sig-
nal. The microwave pumping module consists of an arbitrary
sequence generator, a microwave source, an RF microwave
switch, and a power amplifier. By configuring three output
pulse signals, precise microwave signal control is achieved,
enabling the manipulation of the quantum state of the diamond
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NV center. The scanning module is divided into scanning and
software-controlled imaging sections. The scanning section
utilizes a motorized displacement stage and a tapered fiber di-
amond probe. By controlling the step diameter of the displace-
ment stage, the device under the test is scanned point by point,

and a two-dimensional (2D) array of fluorescence signal data
is obtained to create the microwave field imaging of the de-
vice under the test. The software-controlled imaging section
employs a LabVIEW program to configure experimental pa-
rameters, facilitating data processing, display, and storage.
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Fig. 1. (a) Diamond NV center structure, (b) diamond NV center energy level diagram, (c) schematic diagram of the experimental setup.

3. Dual-frequency broadband antenna design

The zero-field splitting frequency (2.87 GHz) of the NV
center serves as the reference frequency for microwave-driven
spin transitions. However, under an external magnetic field,
the resonance frequencies of the my = 1 states shift due to the
Zeeman effect. To accommodate such shifts, the antenna must
provide a broadband response centered at 2.87 GHz, ensuring
its frequency range covers the intrinsic zero-field splitting fre-
quency and the shifted frequencies induced by the magnetic
field. This enables stable quantum state manipulation across
a wide dynamic range. To achieve this, we have incorpo-
rated a dual-frequency resonance mechanism into the antenna
design, ensuring that both resonance frequencies are closely
centered around 2.87 GHz, thereby significantly enhancing
the operational bandwidth. Unlike conventional dual-band de-
signs that merely combine two isolated frequency bands,?*!
our dual-frequency antenna achieves continuous broadband re-
sponse through precisely engineered coupling between asym-
metric monopole arms, representing an innovative application

of dual-band antenna technology. Figure 2 shows the overall
structure of the antenna, which consists of five parts: substrate,
high frequency (2.9 GHz) monopole antenna, low frequency
(2.8 GHz) monopole antenna, microstrip feedline, and refer-
ence ground.

The antenna is based on the design of a dual-frequency
monopole antenna, which is an antenna that can operate in
two different frequency bands.>* This is achieved by adjust-
ing the physical size and structure of the antenna to resonate at
two specific frequencies. The short and long arms on the left
and right sides of the antenna’s front patch correspond to the
high and low frequencies of the dual-band system. The lengths
of the long and short arms can be calculated as 1/4 wavelength
monopole antenna according to Egs. (3) and (4).

When propagation in free space:

Ly, =c/4f. 3)
When propagation in a medium:
Ly sub = C/4f\/5e7 4
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where c is the speed of light in a vacuum, and &, is the effective
dielectric constant, determined by the following Eq. (5) (when
W; > h).

&+l g—1 B\ 2
= 1+12— 5
& > + 3 ( + Wz) , Q)

where €, is the dielectric constant, & is the thickness of the
substrate, and W, is the width of the feedline.

| R,

| —o—]

Fig. 2. Schematic diagram of antenna design parameters.

As shown in Fig. 2, the antenna uses the cost-effective

and widely available F4ABM?220 substrate, which has a relative
permittivity & of 2.2, a loss tangent tan § of 0.001, and a sub-
strate thickness % of 1.5 mm. The stable dielectric constant of
the substrate ensures minimal frequency drift under tempera-
ture fluctuations. Additionally, the low-loss tangent reduces
energy loss during signal transmission, thereby minimizing
the impact of external electromagnetic interference on the an-
tenna’s performance.[25J According to Egs. (3)—(5), for the
high-frequency band with a center frequency of 2.9 GHz, if the
wave transmits in free space, the length of the 1/4 wavelength
monopole antenna is 25.9 mm,; if it transmits in a medium, the
length is 17.9 mm. Similarly, for the low-frequency band with
a center frequency of 2.8 GHz, the antenna length is 26.8 mm
in free space and 18.5 mm in a medium. For a microstrip
monopole antenna on a PCB, the wave transmission must pass
through both the substrate and free space, so the actual wave-
length should fall between the two. Therefore, for the 2.9-
GHz resonant frequency, the antenna size should range from
17.9 mm to 25.9 mm; for the 2.8-GHz resonant frequency, it
should range from 18.5 mm to 26.8 mm. These are the calcu-
lated initial size ranges for the two 1/4 wavelength monopole
antennas. However, in practical simulations, even though the
size range is known, continuous adjustment and optimization
are required to determine the final dimensions. The optimized

antenna sizes are shown in Table 1.

Table 1. Main parameters of the dual-frequency broadband antenna.

Parameter Description Value (mm)
tcu patch thickness 0.018
S the width of the microstrip feeder 35
L the length of the microstrip feeder 19
w The width of the metal sheet of the monopole antenna 0.5
a the length and width of the PCB 38
b the width of the GND 11
Teut the radius of the fillet at the corners of the patch 0.85
L, the length of the first segment of the high-frequency monopole antenna 35
L, the length of the second segment of the high-frequency monopole antenna 12
L3 the length of the third segment of the high-frequency monopole antenna 5
Ry the length of the first segment of the low-frequency monopole antenna 1
R the length of the second segment of the low-frequency monopole antenna 19
R3 the length of the third segment of the low-frequency monopole antenna 0.5

4. Antenna characterization experiment
4.1. Measure the S1; parameters of the antenna

The S parameter is an important index representing the
transmission performance of the antenna, and the S;; param-
eter is defined as the reflection coefficient of the input end of
the antenna, which is the ratio of the reflected power and the
incident power between the signal source and the antenna. Fig-
ure 3(a) shows the DBA after processing. Microwave power
is input from the SMA connector on the left. Connect the an-

tenna to a vector network analyzer (Ceyear-3672D, 10 MHz—
50 GHz) to measure S1; and record data. Figure 3(b) shows
the collected data; the blue line is the simulation data from
Ansys HFSS 19.1, and the red line is the data measured by
the vector network analyzer. When the frequency range is
set to 2.1 GHz-3.5 GHz, the simulation results show a good
agreement with the experimental data. The bandwidth ob-
tained by simulation is approximately 880 MHz, while the

bandwidth obtained by experimental measurements is approx-
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imately 777 MHz. The deviation between the simulation and
experimental measurement is caused by the mismatch between
the laboratory interface and the antenna interface, so the mea-
sured data is S; combined with the antenna and interface. At
the same time, due to uncertainties such as the material of the
PCB and the processing error (the line error of £0.02 mm), the
actual measurement of S;; will also lead to deviations from the
simulation. It can be seen from the measurement results that
the minimum value of Sy is —36.395 dB, indicating that the
antenna has achieved good matching impedance and low re-
turn loss.

(b) — Measured
— Simulated

~10.000

——————————————— (2.976, 3*34.576)
""" (2.753, ~36.395 :
o439 ! : 13216
22 24 26 28 3.0 32 34
Frequency (GHz)

Fig. 3. (a) The dual-frequency broadband antenna on a PCB and (b) simula-
tion data and measurement data of Sy;.

4.2. Magnetic imaging of the antenna surface

High-resolution imaging of microwave magnetic fields
has been primarily constrained by the size of the NV cen-
ter and the distance between the NV center and the device
under test. We employed a fiber diamond probe to achieve
high-resolution imaging of the microwave magnetic field dis-
As detailed in Fig. 5(a),

the selected NV center size was 6 um, and the vertical dis-
26]

tribution on the antenna surface.

tance between the NV center and the antenna was 30 pm.!
While bulk diamond configurations eliminate the need for
electric displacement stages and point-by-point scanning, they
require direct contact with the antenna, which may perturb
the target microwave field and degrade antenna transmission
performance. '8! Therefore, to enable precise microwave mag-
netic field mapping while preserving the antenna’s transmis-
sion characteristics, we adopted the fiber-integrated diamond
probe architecture.

We started with optical detection magnetic resonance ex-
periments to achieve magnetic imaging of the microwave an-
tenna surface. Before initiating the ODMR experiment, we
first applied an external modulation method to the microwave
signal fed into the device, using quantum state pulse side-
band modulation. The microwave pulse acted on the NV
center, converting the measurement of the fluorescence main
frequency signal into the measurement of the fluorescence
sideband signal, thereby achieving high signal-to-noise ratio
measurements. (>}

Under an external magnetic field, the diamond NV cen-
ter undergoes Zeeman splitting, which appears in the ODMR
spectrum as an increased separation between resonance peaks,
meaning a single peak splits into multiple peaks. Due to the

four possible NV axes, each with distinct spin-state transitions,
the ODMR spectrum displays a total of eight non-overlapping

(23] By adjusting the relative position of the permanent

peaks.
magnet and the diamond sample, an ODMR spectrum with
eight well-separated peaks can be obtained. To analyze the
data, we fitted the raw data points using a Lorentzian function

and represented them as
Aw?
(f = fo)* +w?

where S is the actual detected fluorescence intensity signal, A

S(A,w, fo) = (6)

is the maximum fluorescence intensity signal of each spectral
peak, 2w is the full width at half maximum, f is the frequency
of the microwave, and fj is the center frequency of the reso-
nant peak.

Figure 4(a) shows the ODMR spectrum obtained after ap-
plying a static magnetic field with the microwave antenna, and
eight distinct spectral peaks can be observed, and also defines
the NV axis corresponding to four pairs of symmetrical res-
onance peaks respectively as NV symmetry axis-o, axis-f3,
axis-7y, and axis-8. The blue data points in the figure represent
the actual measured data, while the red curve is the fitted curve
using a Lorentzian function.

After performing the ODMR experiment, we continued
with the Rabi oscillation experiment on the surface of the
DBA. The Rabi oscillation frequency was set to 2.77 GHz,
corresponding to one of the peak frequencies observed in the
ODMR spectrum. At this frequency point, dual pumping was
applied to the diamond NV center, and the pulse microwave
interaction time was varied. The measured fluorescence signal
was then plotted as the vertical axis, with the microwave in-
teraction time as the horizontal axis, allowing us to obtain the
Rabi oscillation curve, which was subsequently fitted using!>”!

S (Bumw,T) = Iy — igsin (27yBuyt ) - ¢ /7, @)

where S represents the actual detected fluorescence amplitude,
B is the intensity of the microwave magnetic field, ¢ is the
microwave excitation duration, 7 is the decay time of the Rabi
oscillation, Iy is the fluorescence intensity of the NV center
polarized to the ground state my; = 0, iy is the amplitude of
the Rabi oscillation, and 7 is the gyromagnetic ratio of the NV
center electron spin.

By scanning each position of the antenna, complete Rabi
oscillations can be obtained to determine the local microwave
field strength.
consuming. Therefore, instead of executing a full Rabi se-
quence to extract the oscillation frequency at each position,
we employ a pulsed Rabi sequence with a fixed and relatively

However, this process is extremely time-

short microwave pulse duration. When the microwave excita-
tion duration ¢ is short (¢ < 7), 2xyYBmwt in Eq. (7) approaches
0. According to the properties of the sine function, at this
point, sin (2XYBmw?) is approximately equal to 27yBpywt, and
the term e /7 approaches 1. Therefore, the Rabi oscillation
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curve can be considered a direct proportional function and
simplified to the following equation:

S (BmW7 ’L’) =1y —27YBmwt - ip- (8)

We performed data fitting of the actual measurement points
using Matlab, with the results shown in Fig. 4(b). The blue
data points represent the measured values, while the red curve
shows the fitted results. Atz = 200 ns (blue dashed line), the
amplitude increases significantly with the microwave excita-
tion duration, and the red fitting curve exhibits no oscillation
characteristics, conforming to a linear response.>”] Further-
more, based on the fitting results, we obtained a Rabi oscilla-
tion decay time T = 636 ns with the decoherence attenuation
factor e /7 (~ 0.73) approaching 1 at this stage. At the same
time, according to Eq. (9), the microwave magnetic field By,
of the device under test is proportional to the Rabi oscillation
frequency w.

Buw = . ®)

According to Egs. (7)—(9), when the microwave excitation du-
ration ¢ is very short, the fluorescence intensity is proportional
to the magnetic field strength. Therefore, in the magnetic
imaging experiment, we set the microwave duration to 200 ns
to ensure that the fluorescence intensity changes linearly with
the magnetic field strength, thereby enabling faster and more
efficient microwave magnetic field imaging.

(a) N - Raw data points
. 7T /" —— Fitted curve i
> 6
7
'§ 4T NVs NV, Ny, NV,
£ 3} AL I
=) NV, y
g 2r
<
1 -
0fng mm? © R e
2700 2800 2900 3000 3100
Frequency (MHz)
3.0 T " —
(b) - Raw data points

—— Fitted curve

Amplitude (10=3 V)

0 500 1000 1500 2000

Microwave pulse length (ns)
Fig. 4. (a) The ODMR spectrum of the NV center is under the influence

of a static magnetic field. (b) Measurement data and fitted curve of a
typical Rabi oscillation at a microwave frequency of 2.77 GHz.

The magnetic field simulation shows weaker field
strength at the ends of the long and short arms compared to
the region near the microstrip line, making the latter ideal for
verifying their relative strengths. To enhance measurement ac-
curacy, we defined the dashed box in Fig. 5(b) as the desired
imaging area (DIA) of the magnetic field, with both the length
and width of the scanning area set to 9100 um. In Ansys HFSS
19.1 software, the data point interval was set to 200 pm, and
figure 5(c) presents the simulated surface magnetic field dis-
tribution of the microwave antenna at the resonance frequency
of 2.87 GHz. The data are normalized for visualization and
analysis. To obtain a more accurate characterization of the
microwave magnetic field distribution on the antenna surface,
an LabVIEW program was used for precise control to scan
the DIA region. Figure 5(d) shows the measurement results
of the distribution characterization on the surface of the mi-
crowave antenna corresponding to the frequency 2.87 GHz at
a microwave power of 30 dBm. The comparison of Figs. 5(c)
and 5(d) indicates that the experimental findings are in good
agreement with the simulation results.

@ o] sy ‘ +
Tapered fiber I
» NV center

¥ 6 pm

[
[
. | ‘ l
30 pm| 9.1 mm
I I ‘|
Substrate |
Antenna Patch I “ ‘|
[ Y
S g
9.1 mm 1.3 mm
c (d)
27.1 ) 1.0 27.1 1.0
E E
E £
8 05 5 0.5
) @
o} o}
2 1 a
>~ 3 >
18 0 18 0
—=5.55 —1.75 0

—5.55 —1.75 0 1.75 3.55
X position (mm)

1.75 3.55
X position (mm)

Fig. 5. (a) Schematic diagram of the antenna and fiber diamond probe place-
ment. (b) The area inside the blue dashed box is the area to be imaged.
(c) Simulation result of the microwave magnetic field distribution on the an-
tenna surface at the Zeeman splitting frequency of 2.87 GHz. (d) Experimen-
tal scanning result of the microwave magnetic field distribution on the antenna
surface at 2.87 GHz (the zero-field splitting value of NV center).

After analyzing the microwave magnetic field distribution
at the resonant frequency of 2.87 GHz, we further examined

its distribution at 2.75 GHz and 2.98 GHz.
ures 6(a) and 6(c) show the surface magnetic field distribution

Similarly, fig-

diagram of the microwave antenna obtained by simulation at
the frequency of 2.75 GHz and 2.98 GHz, respectively. Fig-
ures 6(b) and 6(d) show the experimental results of the distri-
bution characteristics of the microwave antenna surface at the
frequencies of 2.75 GHz and 2.98 GHz. Figures 6(a) and 6(c)
present the simulated surface magnetic field distributions at
the frequencies of 2.75 GHz and 2.98 GHz, while figures 6(b)
and 6(d) show the corresponding experimental results. The
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comparisons demonstrate strong agreement between simula-
tion and experiment, validating the design principle of our
DBA. Specifically, at 2.98 GHz, the short arm plays a dom-
inant role, as indicated by its relatively higher magnetic field
intensity compared to the long arm. Conversely, at 2.75 GHz,
the long arm is the primary working component. By bringing
the high-frequency and low-frequency points closer together
to enhance the bandwidth, the magnetic field intensities of the
long and short arms become comparable at the desired res-
onance frequency of 2.87 GHz, as shown in Fig. 5(c). This
indicates that at 2.87 GHz, both the long and short arms con-

tribute to the operation.
. b) 1.0
0.5 . 0.5
18 18 0
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Fig. 6. (a) Simulation result of the microwave magnetic field distribution on
the antenna surface at 2.75 GHz (low frequency). (b) Experimental scanning
result of the microwave magnetic field distribution on the antenna surface at
2.75 GHz. (c) Simulation result of the microwave magnetic field distribution
on the antenna surface at 2.98 GHz (high frequency). (d) Experimental scan-
ning result of the microwave magnetic field distribution on the antenna surface
at 2.98 GHz.

4.3. Application of dual-frequency broadband antenna in
NV center-based magnetic sensor

The NV center is widely used for nanoscale magnetic
field measurements due to its sensitivity to magnetic fields via
its electron spin. The my; = %1 state of the ground state en-
ergy level of the NV center undergoes energy level splitting
due to the Zeeman effect in a magnetic field, and the energy
level difference caused by the splitting is proportional to the
magnetic field strength. Furthermore, as described by Eq. (2),
when an external magnetic field of varying intensity is applied,
the energy level splitting of the NV center causes its resonance
frequency to shift accordingly.

As a critical component of NV center-based magnetic
sensors, the antenna is responsible for delivering microwave
signals and continuously pumping the NV center during the
low-level phase of the pulsed laser to manipulate its quantum
state. The bandwidth of the antenna determines the range of
microwave frequencies it can provide, thereby affecting the
resonance frequency coverage of the NV center. A broadband
antenna can deliver a continuous and wide frequency range,

effectively covering the resonance frequency shifts caused by
Zeeman splitting under varying external magnetic fields. This
ensures that an appropriate matching frequency can always be
found, enabling strong magnetic field characterization based
on the NV center while enhancing the sensitivity and dynamic
range of the sensors.

The sensitivity of the antenna for measuring the magnetic
field is equal to the measured noise spectral density (NSD, in
units of V/Hz!/?) divided by the sensor responsivity (in units
of V/T). The sensor responsivity is equal to the microwave
frequency responsivity m (in units of V/MHz) multiplied by
the electron gyromagnetic ratio y (with a value of 28 GHz/T),
where the sensor responsivity represents the conversion re-
lationship between fluorescence intensity and magnetic field.

This can be expressed by the following equation: [*8]
NSD
n=—. (10)
ym

The noise floor in the experiment is measured by mon-
itoring the NSD read from the sensor. By simultaneously
scanning the modulation frequency and monitoring the noise
readings from the lock-in amplifier, the output voltage noise
spectral density is measured to be ~ 2.27 x 107 V/Hz!/2.[28]
Meanwhile, the antenna designed in this paper and the dia-
mond NV center sample are placed in a controllable magnetic
field. A pulse generator produces laser and microwave modu-
lation pulses, with the reference frequency of the phase-locked
amplifier set to the external reference, a cutoff frequency of
1 Hz, and demodulating the APD output signal. By differen-
tiating the data near the zero point of the ODMR resonance
curve, the absolute value of the microwave frequency respon-
sivity |m]| is calculated to be 1.4623x10~% V/MHz.[?8] From
this, the sensitivity of the magnetic sensor using DBA as the
microwave source was estimated to be 55 n'T/Hz'/2. The dy-
namic range of the sensor can be determined by the ratio of
the maximum detectable magnetic field to the minimum de-
tectable magnetic field, which is defined as the ratio of the
bandwidth divided by the value of twice the gyromagnetic ra-
tio to the sensitivity. Table 2 presents a comparative analysis
of NV center-based magnetic sensors in the existing literature,
focusing on designs that employ different types of antennas as
microwave sources. Compared to the resonator,[!! broadband
patch antenna,? and filtering antenna,®”! the sensor using
DBA as the microwave source demonstrates significant perfor-
mance improvements, achieving a sensitivity of 55 nT/Hz'/2
and a maximum dynamic monitoring range of 54.0 dB.

To further verify the superiority of the DBA as a mi-
crowave source for NV center-based magnetic sensors, we
conducted additional performance tests on both the CPW and
flexible antenna under identical experimental conditions. In
the experiment, the diamond sample of the CPW is located in
the microwave uniform distribution area in the center of the
waveguide, while the sample of the flexible antenna is located
near the microwave’s strongest point at the edge of the ring
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hole.?! Table 3 summarizes the key parameter comparisons
among the DBA, CPW, and flexible antenna.

The results demonstrate that the DBA exhibits signifi-
cantly higher sensitivity (55 nT/Hz!/?) compared to the CPW
(87.7 nT/Hz'/?) and flexible antenna (83.1 nT/Hz'/?), high-
lighting its superior competitiveness in high-precision mag-
netic field measurements. Furthermore, the dynamic range of
the DBA (54.0 dB) shows an improvement of approximately
20% over the flexible antenna (44.8 dB), enabling detection
across a broader range of magnetic field strengths. Although
the CPW’s bandwidth (0 GHz-50 GHz) far exceeds that of the
DBA (0.777 GHz), the microwave responsivity of the DBA
(1.4623x10~* V/MHz) is 58% higher than that of the CPW
(9.2464x 107> V/MHz). This enhancement directly reflects

the DBA’s capability to efficiently couple microwave energy
to the NV center, thereby improving fluorescence signal con-
trast and establishing a foundation for high-sensitivity mag-
netic sensing. In contrast, the DBA’s dual-frequency structural
design achieves an optimal balance between responsivity and
dynamic range within its limited bandwidth, making it better
suited for quantum sensing applications involving the NV cen-
ter. When integrated with the literature data from Table 2 and
the experimental comparisons in Table 3, the DBA demon-
strates comprehensive performance advantages in sensitivity,
dynamic range, and energy coupling efficiency, conclusively
validating its superiority as a microwave source for quantum

magnetic sensors.

Table 2. The comparison of NV center-based magnetic sensors in existing literature.

Operati Maxi
Ref. Microwave delivery p.era e .ax1mum Sensitivity Dynamic range (dB)
bandwidth (GHz) detection range (T)
. dual-frequency 5 12
This 0.777 1.39x10 55 nT/Hz 54.0
broadband antenna
[15] split-ring resonator 0.04 5.59x107* ~fT/Hz!/? 0.7
[29] broadband antenna 2.64 9.43x1072 3.07 uT/Hz'/2 44.9
-1 i
[30] Openi-ioop rifig 0.73 15.93% 102 8.52 WI/Hz!/? 32.73

filtering antenna

Table 3. The comparison of antenna performance under the same experimental conditions.

Parameter This

CPW Flexible antennal3!]

Microwave f're'quency 14623 10~* V/MHz
responsivity
55 nT/Hz'/?

54.0 dB

Sensitivity
Dynamic range

9.2464% 107> V/MHz 9.755x 107> V/MHz

83.1 nT/Hz!/?
44.8 dB

87.7 nT/Hz!/2
N/A

5. Conclusion and perspective

In this study, we successfully designed a novel broadband
antenna for NV center-based quantum magnetic field sens-
ing. The dual-frequency broadband antenna (DBA) is suit-
able for submicron diamond NV center samples, enabling pre-
cise manipulation of quantum states. The antenna is based
on a dual-frequency monopole structure design and achieves a
bandwidth extension of 777 MHz around the zero-field split-
ting value of NV center (2.87 GHz).
experimental results are in excellent agreement, demonstrat-

The simulation and

ing that the antenna has good matching impedance and low
return loss. We used an optical fiber scanning probe with
NV center to probe the microwave magnetic field distribu-
tion on the antenna surface, validating the antenna’s design
concept of bandwidth extension through dual-frequency prox-
imity. The experimental data obtained closely matched the
simulation results. Compared with existing NV center-based
magnetic sensor designs, the magnetic sensor employing DBA
as the microwave source significantly improves magnetic field
measurement sensitivity and dynamic range. This design pro-
vides critical support for precise magnetic field characteriza-

tion techniques based on the diamond NV center while offer-
ing new perspectives for the development of future quantum
magnetic sensors. Although the current configuration demon-
strates excellent performance in laboratory settings, practical
applications require further investigation into environmental
factors affecting antenna performance. Additionally, the scal-
ability of fabrication processes and feasibility of mass produc-
tion demand thorough optimization. Future work will focus
on enhancing the environmental robustness of the DBA and
exploring cost-effective, large-scale manufacturing solutions
to advance the practical implementation of quantum magnetic
sensing technologies.
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