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This paper presents a compact broadband antenna that is used in
the spin-state-based magnetic field quantum sensor. In the diamond
nitrogen-vacancy (NV) centre system, the qubit resonance is excited
by the microwave signal, and the frequency shift is proportional to the
external magnetic field strength. Conventional narrow-band antennas
or single resonators are not able to match the resonance frequency of
the NV centre over a wide bandwidth, resulting in degraded sensitivity
and dynamic range of the sensor. Here, the authors designed a compact
broadband antenna, which achieves a fractional bandwidth of 71.43%
at the Zeeman splitting frequency of 2.87 GHz. With the introduced slot
structure on the antenna, a higher microwave near field strength can also
be achieved, which improves the magnetic field sensitivity and dynamic
range. By applying our design antenna, the experimental results indi-
cate that the NV-based quantum sensor achieves a sensitivity of 3.07
uT/Hz"? and a dynamic range up to 44.9 dB, which are both greatly
improved compared to sensor that uses a conventional antenna.

Introduction: The diamond nitrogen-vacancy (NV) centre has become
an excellent quantum sensor for measuring magnetic field, due to its
high-resolution and non-invasive detection [1]. Its structure (Figure 1a)
is that one carbon atom in diamond is replaced by a nitrogen atom, and
another adjacent carbon atom is missing. Under the excitation of green
laser and microwave field, the qubit resonance [3] of the NV centre can
be obtained by receiving the optically detected fluorescence generated
by the electron spin transition. The Zeeman splitting [1] can also be
observed from the fluorescence spectrum, which magnetic field can be
measured (Figure 1b). This usually used the optically detected magnetic
resonance (ODMR) [3] method for the diamond NV centres-based mag-
netic field sensor.

Currently, microwave resonators [2], patch antennas [3], coplanar
waveguide (CPW) [4], or copper wires [5] are usually used as the mi-
crowave delivery and radiation components in the sensing system. How-
ever, these microwave components suffer narrow operating bandwidths
and low radiation efficiency [6]. Moreover, when the external magnetic
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Fig. 1 (a) Structure of NV colour centre in diamond. (b) Energy levels of the
NV centre. NV, nitrogen-vacancy.
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Fig. 2 (a) is the front and background view of the broadband antenna. The
yellow parts are the feeder line and ground plane, covered with copper, (b)
(c), and (d) are the current distribution of antenna at 2.0, 3.0, and 4.0 GHz.

Table 1. Filtering antenna dimensions

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)

L 44.55 D, 16.12 Ls 12.32
w 13.76 D, 25.25 ws 0.86
Ly 29.49 Ly 12.32 D3 6.26
Wy 1.71 W, 291

field varies, the qubit resonant centre frequency of the NV colour cen-
tre shifts, and thus a narrow frequency band device would cause mis-
match between the microwave source and the NV colour centre. This
decreases the microwave power exerted on the NV centre, reducing fluo-
rescence contrast and sensitivity, or even making the sensor fail to detect.
Although there are resonators with variable centre frequency [7] and uni-
form microwave field distribution [8], they still have the disadvantages
of poor frequency matching accuracy, complex circuits, and narrow op-
erating bandwidth.

Herein, a broadband antenna is designed. The dual-mode res-
onant broadband response can be achieved using a slot structure
on the microstrip, which allows for an improved magnetic sensing
range up to 9.43 x 1072 T, corresponding to the dynamic range
of 449 dB. Additionally, due to the slot structure, a strong elec-
tromagnetic intensity can also be achieved over a square-millimetre
area, resulting in a significantly improved sensitivity of the quantum
Sensor.

Broadband antenna design: There are two resonant modes used in the
antenna. The dipole-like mode generates a low-frequency resonance
point and is determined by the ground plane length. The open-slot mode
generates two high resonance points, and the highest resonance fre-
quency is determined by the vertical slot length [9]. The resonant fre-
quencies f; and f, can be estimated by

c
~
)
2Lg /¢

Ja fo

c
~~ 1
4L, /€. M

where L, is the length of the ground plane, L; is the length of the vertical
slot, &, is (when W) > h)

e+1 8—1[ h]71/2 2

e = 14+ 12—
82+2+Wl

where ¢ is the dielectric constant, /4 is the thickness of the media sub-
strate, and W, is the width of the feeder.

The structure of the broadband antenna is shown in Figure 2a. Ac-
cording Equations (1) to (2), the original dimensions of the antenna can
be calculated. After optimized geometries of the antenna are given in
Table 1, the substrate used is RT/5880 with a dielectric constant & of 2.2
and a thickness 4 of 1.575 mm.

To verify the resonant mode of the antenna, we simulate the current
distribution on the antenna surface at the three resonant points. The cur-
rent is distributed at the side of the ground plane at 2.0 GHz (Figure 2b),
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Fig. 3 Simulated and measured S11 of patch antenna and broadband an-
tenna
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Fig. 4 Simulated and measured radiation pattern of broadband antenna at
2.87 GHz with (a) H-plane (XOZ) and (b) E-plane (YOZ)
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Fig. 5 Schematic diagram of the experimental system

while the current is distributed near the edge of the slot at 3.0 and 4.0
GHz (Figures 2c, 2d). The distribution of the surface current verifies the
existence of two resonant modes.

To make a comparison, the conventional patch antenna that
is usually used in the diamond quantum sensor is also manu-
factured. The simulated and measured S;; of patch antenna and
broadband antenna are shown in Figure 3. The bandwidth of the
antenna is 1.71 to 3.76 GHz. The radiation pattern of broad-
band antenna at 2.87-GHz Zeeman splitting frequency is shown in
Figure 4.

NV-centres-based quantum sensing system using the broadband an-
tenna: The experimental system setup is shown in Figure 5. A 532-nm
wavelength laser is used to pump the diamond NV centres from the >A,
ground state to the 3E excited state. The ground state of NV centres in-
cludes a triplet |ms = 0, £1) state, which includes [ms = £1) and |ms =
0) states. There are radiative transition and non-radiative transition from
the 3E excited state to the *A, ground state. The |m, = £1) states of NV
centres contain a non-radiative transition, while the [mg = 0) states of NV
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Fig. 6 ODMR curves of (a) broadband antenna and (b) patch antenna mea-
sured under the same magnetic field. ODMR, the optically detected magnetic
resonance.

centres perform a radiative transition. For the radiative transition, the NV
centres can emit 600-nm red fluorescence, which can be collected by the
photodiode and readout.

The measured ODMR spectrum curve is shown in Figure 6a, where
Zeeman splitting can be clearly observed. As a comparison, the mea-
sured ODMR spectrum of the patch antenna, which is conventionally
used in previous studies, is shown in Figure 6b. The magnetic field com-
ponents projected on the NV axes corresponding to Af; (i =0, 1, 2, 3)
can be calculated by

Afi
Ve

Bi=

3)

where y, is the gyromagnetic ratio, 28 GHz/T.
The antenna magnetic measurement sensitivity can be calculated by
[10]

o
Yem

“)

where o (unit: V/Hz"?) is the measured noise floor, given by 2.62
wV/Hz!? (broadband antenna) and 0.65 wV/Hz"? (patch antenna). m
(unit: V/MHz) is the maximum slope of the ODMR curve given by 3.05
1 V/MHz (broadband) and 1.54 ;£ V/MHz (patch). Accordingly, the sen-
sitivity of magnetic sensor with broadband antenna is 15.04 uT/Hz!?,

which improves about five times of the conventional patch antenna of
3.07 wT/Hz"?. A comparison of NV-based magnetic field sensors is
presented in Table 2. Compared with [7, 8, 11], our proposed sensor
also has a great improvement in operating bandwidth, corresponding to
a maximum detection dynamic range of 44.9 dB.

Conclusion: This article reports a novel broadband antenna that is used
for diamond NV centre-based magnetic field quantum sensor. The sensi-
tivity and the dynamic range are improved due to the introduced antenna.
This broadband antenna or other microwave circuits allow us to envi-
sion potential low-cost, flexible, and practical quantum-based sensing or
other applications.
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Table 2. Comparison of NV-based magnetic field sensors

Ref. Microwave delivery Operating bandwidth Sensitivity Maximum detection range Dynamic range
This Broadband antenna 2.64 GHz 3.07 uT/Hz'? 943 x 1072 T 44.9 dB

Work Patch antenna 0.13 GHz 15.04 1 T/Hz"? 464 x 1073 T 24.9 dB

[7] Freg-tunable resonator 0.6 GHz N/A 3x1073T 7.8 dB

[8] Split-ring resonator 0.04 GHz ~fT/Hz!"? 559 x 1074 T 0.7dB

[11] Open-loop ring filtering antenna 0.73 GHz 8.52 uT/Hz'"? 15.93 x 1073T 32.73 dB
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