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A tightly linked dual ring antenna is designed, and it is specifically tailored for uniformly coupling the microwave
magnetic field to the nitrogen-vacancy (NV) center. The designed antenna operates at a center frequency of about 2.87 GHz,
with a bandwidth of around 200 MHz, allowing it to address multiple resonance peaks in the optically detected magnetic
resonance (ODMR) spectrum in an external magnetic field. Moreover, the antenna generates a fairly uniform magnetic
field in a range with a radius of 0.75 mm. High resolution imaging of the magnetic field distribution on the surface of the
antenna is conducted by using a fiber diamond probe. We also investigate the effect of magnetic field uniformity on the
linewidth of ODMR, so as to provide insights into reducing the inhomogeneous broadening of ODMR.

Keywords: nitrogen vacancy (NV), microwave (MW) imaging, inhomogeneous broadening
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1. Introduction
The center of diamond nitrogen vacancy (NV) is a lu-

minous point defect in diamond crystal, which is formed by
combining a carbon atom replaced by a nitrogen atom with an
adjacent vacancy.[1] Recently, diamond NV center has gradu-
ally become a research hotspot in the field of quantum preci-
sion measurement due to its excellent quantum characteristics,
including stable crystal structure, long coherence time, good
biocompatibility, and being initialized and read out by opti-
cal means. This technology is known as the optically detected
magnetic resonance (ODMR) technique.[2–7]

The electron spin of diamond NV centers can be manip-
ulated by microwaves at around 2.87 GHz under zero field
conditions at room temperature, and quantum state-dependent
photoluminescence can be generated.[8–11] There are many tra-
ditional methods of generating microwaves, such as thin and
straight conducting wires and circular multi turn coils. How-
ever, the former’s microwave field strength rapidly decreases
with the increase of distance from the wire, resulting in poor
uniformity. The latter has good uniformity but weak strength,
and both structures will create shielding for the test sample.
Therefore, designing near-field radiation antennas that can
generate uniform microwaves is particularly important.

In this paper, we design a linked dual ring antenna by us-
ing CST Microwave Studio software (Version 2019) and the
antenna possesses the following properties: (i) having a cen-
tral resonant frequency of 2.87 GHz with a bandwidth of about
200 MHz. (ii) Generating a uniform magnetic field within a

small ring of 0.75 mm in radius. Then, a fiber optic diamond
probe is used to perform high-resolution imaging of the mag-
netic field in the antenna radiation area.

2. Antenna design analysis
In order to achieve accurately manipulate the central

quantum state of diamond NV, the resonant frequency of the
antenna should be set to about 2.87 GHz, and the field strength
and bandwidth should be as large as possible. Figure 1(a)
shows the whole structure of the antenna. It is mainly com-
posed of two closely placed rings, and a small ring in the mid-
dle of the narrowest part, which is the working area, and the
microwave field will radiate from the inside of this ring.

In order to better adjust parameters according to require-
ments the simulation process, it is necessary to perform circuit
equivalence on the antenna, by equating the irregular patch
shape to the most basic resistor–inductor–capacitor (RLC) cir-
cuit, and thereby determining the influence of each parameter
on the various performance indicators of the antenna.[12–14]

The equivalent resistance R0 of the antenna is directly propor-
tional to the radius of the big ring R: R0 ∝ R. The small ring
contributes to the equivalent inductance: L0 ∝ r, where r is
the radius of the small ring.[14] The gap between the two rings
contributes to the equivalent capacitance: C0 ∝ (πR−2r)/d2,
where d2 is the gap width. As the radius of the small ring is
fixed at r = 0.75 mm, we can deduce that C0 ∝ R/d2. Although
the actual equivalent RLC circuit of the antenna is more com-
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plex, we can still perform simple derivations and analysis to
aid in designing the antenna for achieving the desired resonant
frequency and bandwidth.

Then, the RLC resonant frequency equation gives

f0 =
(

2π
√

L0C0

)−1
(1)

and the quality factor (Q) formula

Q = 2π f0L0/R0. (2)

By substituting the derived relationships, the resonant fre-
quency can be expressed as

f0 ∝

(
2π
√

rR/d2

)−1
(3)

and the quality factor (Q)

Q ∝

√
rd2/R3. (4)

Here, the size of r is fixed (r = 0.75 mm), representing the
desired size of the uniform circular magnetic field. For this
tightly linked dual ring antenna, to achieve a large bandwidth,
a low Q is desirable.

According to Eqs. (3) and (4), d2 and R have the greatest
influence on the performance of the antenna, and we will fo-
cus on analyzing these two parameters. Parameter d2 affects

the equivalent capacitance of the antenna, which in turn sig-
nificantly influence the S11 at the resonant frequency. When
d2 = 0.1 mm and R = 10.55 mm, a very low S11 of approxi-
mately−18 dB can be achieved. However, d2 = 0.1 mm is the
maximum manufacturing accuracy for the product available
from many PCB manufacturers (Here, PCB stands for printed
circuit board), and a small manufacturing error can have a sig-
nificant influence on the antenna performance. Therefore, us-
ing d2 = 0.15 mm with R = 10.55 mm can reduce the risk of
production errors. The simulation shows that there is still an
S11 of about−11.5 dB, which is sufficient for the experimental
requirements. In accordance with Eq. (3), a larger value of R
leads to a smaller resonant frequency. The simulation results
in Fig. 1(c) also confirm this relationship. Since NV centers
are used for ODMR, it is necessary to adjust the resonant fre-
quency of the microwave antenna to match the electron spin
resonance (ESR) frequency of the NV center.

Table 1 displays the design parameters of the tightly
linked dual rings antenna in Fig. 1(a), and the main param-
eters of the PCB in Fig. 1(b). Based on these parameters, the
designed antenna exhibits a resonant frequency of 2.87 GHz
and a bandwidth of 200 MHz.

10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9
R (mm)

2.80

2.85

2.90

2.95

R
e
so

n
a
n
t 

fr
e
q
u
e
n
c
y
 (

G
H

z
)

Measurement data
Linear fit

Y

r
X

R

d2

d3

d1

d4

d5

d6

d7

d8

R

(b)
(c)

(a)

Fig. 1. (a) Antenna design parameters and XY coordinate axis; (b) cross-section diagram of antenna, with NV center particle (red ball) placed above antenna;
(c) variation of antenna resonant frequency f0 with R.

Table 1. Antenna design parameters and main parameters of PCB.

Variable Parameter Value

R the radius of the large ring 10.55 mm
r the radius of the small ring 0.75 mm

d1 the width of the ring 1 mm
d2 gap width between the two rings 0.15 mm
d3 coupling gap width 0.15 mm

d4,d8 thickness of the solder mask 0.025 mm
d5,d7 thickness of the copper layer 0.035 mm

d6 thickness of the epoxy glass 1.6 mm
εr relative dielectric constant of PCB 4.3

3. Antenna characterization experiment
3.1. Measuring S11 of antenna

Figure 2(a) shows the fabricated tightly linked dual ring
antenna, which is 55-mm long and 40-mm wide. The mi-
crowave power is input from the SMA connector on the
left. The antenna is connected to a vector network analyzer

(Ceyear-3276D, 10 MHz–50 GHz) to measure the S11 data.

The measured S11 value can provide important information

about the antenna’s performance and suitability for microwave

imaging experiments. Figure 2(b) displays the collected data,

with the blue line representing the simulated data from CST

and the red line denoting the measured data from the vector

network analyzer. The measured data indicate that the reso-

nant frequency of the antenna is about 2.87 GHz, which aligns

with the simulation expectation. The simulated reflection co-

efficient S11 at the resonant frequency is about −11.5 dB.

However, due to factors such as the PCB material, machin-

ing errors, and other uncertainties, the actual measurement of

S11 may not be so ideal, but it is still about −8 dB, which has

met the experimental requirements. The subsequent experi-

mental results also suggest that the antenna’s performance is

acceptable for the intended magnetic imaging experiments.
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Fig. 2. (a) Tightly linked dual rings antenna on PCB; (b) simulated and
measured curves of S11 versus frequency.

3.2. Magnetic imaging on antenna surface

Figure 3 shows the schematic diagram of the magnetic
imaging experimental setup. The NV center particle is at-
tached to a tapered fiber and placed as close as possible to the
antenna surface. The antenna is affixed to a stepping platform
that can be precisely controlled by a computer, allowing the
scanning of a specified area in a controlled manner. This setup
enables magnetic imaging experiments to be performed on the
surface of the antenna.

Antenna

Dichroic mirror

Objective

Optical filter

Avalanche 
photodetector

Laser (532 nm)

APD

Circulator

Microwave 

(2.87 GHz)

Diamond

Tapered fiber

Antenna

DAQ

Data acquisition

Fig. 3. Schematic diagram of measuring device, including microwave power
control circuit, avalanche photodetector, data acquisition system, and com-
puter that controls the sensors and records the data, with green arrows denot-
ing laser used to excite NV center, and red arrows representing fluorescent of
NV centers.

The magnetic imaging experimental setup involves
computer-controlled modulation of the green laser (532 nm)
by using an acousto–optic modulator (AOM). The pulsed laser
used to excite the NV center is focused on the tapered fiber.
The microwave source generates a microwave signal at about
2.87 GHz, and the computer controls a microwave switch to
convert the microwave signal into a microwave pulse signal.
Then, the NV center is excited to generate red fluorescence,
which is transmitted through the fibers to an avalanche pho-
todetector (APD). The electrical signals from the APD are col-

lected by a data acquisition card (DAQ) and transmitted to the
computer for further analysis and processing.

In order to achieve magnetic imaging of the microwave
antenna surface, we start with ODMR experiments. At room
temperature, the ground state sub-sate level of the NV cen-
ter are ms = 0, ms = ±1, with an energy difference of
2.87 GHz.[15] When an external static magnetic field is ap-
plied to the NV center, the ground state levels ms = ±1 split
into ms =+1 and ms =−1 states due to the Zeeman effect.[16]

The energy level difference increases with the strength of the
applied static magnetic field. When the microwave frequency
resonates with the transition from ms = 0 to ms = ±1, a de-
crease in fluorescence intensity can be observed.[17] As the
NV center has four axes, each with its own two-state transi-
tions, a total of eight non-overlapping peaks are observed in
the ODMR spectrum.[10,18,19] Figure 4(a) shows the ODMR
spectrum obtained after a static magnetic field has been ap-
plied to the microwave antenna. The data in the figure are
the modulation depth of the sideband signal, and eight distinct
peaks can be observed.[20]

After conducting the ODMR experiment, we proceed
with the Rabi oscillation experiment in the center of the small
ring. The microwave frequency used for the Rabi oscillation is
set to 2.89 GHz, which corresponds to one of the peak frequen-
cies observed in the continuous wave ODMR spectrum. Due
to the good bandwidth of the antenna, we are able to achieve
an S11 of about−8 dB, indicating a strong magnetic field in the
region of the small ring of the antenna. By accurately aligning
the NV center particle in the center of the small ring, we mea-
sure and record the Rabi oscillation data. The original data,
along with their fitting curve, are shown in Fig. 4(b). The am-
plitude of the Rabi oscillation follows an exponential decay
and its frequency is proportional to the applied magnetic field.
We can use the following expression to fit the Rabi oscillation
spectrum[18]

A = A0 + kA0 sin(2πγBMWt)exp(−t/τ) , (5)

where A0 is the fluorescence intensity at the carrier frequency,
k is the coefficient related to the depth of modulation, A0 is the
fluorescence intensity at the sideband frequency, γ is the gy-
romagnetic ratio of electron spin, BMW is the amplitude of the
applied microwave magnetic field, t is the pulse duration of the
microwave, and τ is the Rabi dephasing time due to the limited
spin lifetime and non-uniformity in static field and microwave
field.

The frequency of the fitted curve in Fig. 4(b) is 1.74 MHz,
which corresponds to a microwave magnetic field intensity
(BMW) of 0.62 Gs (1 Gs = 10−4 T). A complete Rabi oscilla-
tion can be obtained by scanning each position of the antenna,
so as to obtain the microwave field intensity at this position.[21]

However, it takes a lot of time to do so. According to Eq. (5),
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we can find that when the pulse duration of the microwave is
very short, the Rabi oscillation curve can be regarded as a di-
rect proportional function. This is also verified by the Rabi
oscillation curve (Fig. 4(b)): when t is very small (the blue
line, t = 50 ns), the Rabi oscillation curve can be regarded as
a straight line. At the same time, there is a linear relation-
ship between Rabi frequency and microwave magnetic field
according to the following equation:

γBMW = h̄wR, (6)

where γ is the gyromagnetic ratio of electron spin, h̄ is the
reduced Planck’s constant, and wR is the Rabi oscillation fre-
quency. According to formulae (5) and (6), we can conclude
that when the microwave action time t is very small, the in-
tensity of fluorescence is proportional to the intensity of mag-
netic field. Therefore, in the later magnetic imaging experi-
ments, we set the microwave pulse duration to about 50 ns to
ensure a linear response of fluorescence intensity to the mag-
netic field intensity. This allows for more efficient and faster
imaging of magnetic fields without spending excessive time at
each location.[21–24]

Figure 5(a) shows the region of interest (ROI) for mag-
netic imaging, delineated by the dashed box. A stepping plat-
form is utilized to accurately control the position of the mi-
crowave antenna, enabling scanning within the ROI. The scan-
ning area spans a width of 2000 µm and a length of 2000 µm,
in steps of 25 µm between each scanned point. Figure 5(b)
shows the microwave antenna surface magnetic field distribu-
tion mapping obtained by CST software simulation, and the
data are normalized for visualization and analysis. Figure 5(c)
shows the measurement results of the distribution characteris-
tics on the surface of the microwave antenna, with microwave
power of 30 dBm. The diameter of the diamond particle used
in our study is about 15 µm. The distance between the dia-
mond particle and the PCB surface is kept at around 200 µm.
We employ industrial-grade diamond powder characterized by
its smooth surface. The single-crystal diamond powder is syn-
thesized by using the high-temperature high-pressure (HPHT)
method. This synthesis involves irradiating the diamond pow-
der with 3-MeV H+, causing carbon atoms to gradually devi-
ate from their equilibrium positions, thus generating vacancies

in the diamond structure. Nitrogen atoms are likely to be cap-
tured by these vacancies, forming NV centers. Subsequently,
the diamond sample undergoes a vacuum annealing process at
around 800 ◦C for about 2 h to enhance the nitrogen concen-
tration and vacancy concentration. The comparison between
Figs. 5(b) and 5(c) reveals that the measured magnetic field
distribution of the microwave antenna surface is in good agree-
ment with the simulation data. The magnetic field is mainly
distributed in the ring with a radius of 0.75 mm.

Figures 6(a) and 6(b) show comparisons of the data ob-
tained along two different directions (line I and line II in
Fig. 5) on the ring of the microwave antenna. It should be
noted that there may be some errors in both the simulation
results and experimental data due to factors such as the dif-
ference between the simulated antenna material and the actual
antenna material, and the errors in the distance between the
scanning plane and the antenna surface. Despite these poten-
tial sources of errors, it can be observed that the mean error
between the simulation results and experimental data is 2.5%
and exhibits the same distribution trend, which further verifies
the good consistency between simulation results and experi-
mental data.
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Fig. 4. (a) ODMR spectra of NV center after applying static magnetic
field, and (b) measurement data and fitting curves of typical Rabi oscil-
lations at MW frequency of 2.89 GHz.
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Fig. 5. (a) Area inside red dashed box is the area to be imaged; (b) simulation results and (c) experimental scanning results of magnetic field
distribution on the antenna surface, respectively.
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Fig. 6. Comparison between simulation data (red line) and measure-
ment data (blue line) along (a) dotted line I and (b) dotted line II in
Fig. 5, respectively.

In order to assess magnetic field fluctuations, the mean
value and standard deviation of the magnetic field in different
radius ranges are calculated by using Matlab. The results are
listed in Table 2. The analysis of the data in Table 2 shows
that the magnetic field tends to weaken as we get closer to the
center of the circle, although the amplitude will be weakened
slightly. Moreover, the fluctuations in the magnetic field dis-
tribution are smaller as we approach the center of the circle.

Table 2. Mean value and standard deviation of magnetic field in differ-
ent radius ranges.

Radius value (mm) Average value Standard deviation (%)

0.1 0.67 0.5
0.2 0.68 1.2
0.3 0.70 2.3
0.4 0.72 3.8
0.5 0.75 5.8
0.6 0.79 7.7
0.7 0.81 8.3

4. Investigation of inhomogeneous broadening
in ODMR
From our previous magnetic imaging experiments, we

have observed that this antenna can produce a fairly uniform
magnetic field. In order to further analyze the magnetic field
distribution, we calculate the absolute value of the magnetic
field gradient along the X direction, and the results are shown
in Fig. 7(a). The results reveal that the magnetic field in the
center of the small ring exhibits a remarkably uniform distribu-
tion, with an almost negligible gradient (indicated by point D).
However, when we move from the center towards −0.5 mm

(indicated by point A), the gradient of the magnetic field in-
creases gradually, indicating that the non-uniformity of the
magnetic field increases.

In experiments, achieving a narrow ODMR linewidth is
often desired. A narrower linewidth presents a higher resolu-
tion, enabling more accurate detection and analysis of subtle
differences among different spin systems. Additionally, a wide
linewidth results in a fuzzy line shape, making it challenging to
accurately measure peak positions and characteristic parame-
ters. A narrow linewidth enhances measurement accuracy and
improves the reliability of experimental results.[25,26] Next, we
will further investigate the influence of magnetic field unifor-
mity on the broadening of ODMR.

To investigate the effect of magnetic field non-uniformity,
it is important to minimize the influence of static magnetic
field non-uniformity. This can be achieved by aligning the
axis of the magnet with the NV center particle, which helps to
reduce the gradient of the static magnetic field so as to min-
imize the influence of non-uniformity of the static magnetic
field.[27] At the same time, it is important to consider the in-
fluence of power broadening in our experiments. Since the
magnetic field gradient in the center of the ring is nearly zero,
we can use this as a reference point. Referring to Fig. 4(b),
we observe that the action time of the π pulse is about 175 ns.
To maximize the spin reversal efficiency and obtain stronger
ODMR signals with a narrower linewidth, we conducte the
ODMR experiment again, by setting the microwave pulse du-
ration to 175 ns. It can be seen from Fig. 7(a) that the absolute
value of the magnetic field gradient increases gradually from
D to A. Also, the magnetic field strength gradually increases
from point D to point A, causing the Rabi oscillation frequency
to increase, as shown in Fig. 7(b). Therefore, when repeating
the experiment with different magnetic field intensity gradi-
ents, it is crucial to carefully adjust the microwave power to
maintain a constant Rabi oscillation period. This ensures that
the action time of the π pulse is kept at 175 ns. By doing so,
we can eliminate the influence of power broadening and focus
solely on investigating the effects of magnetic field inhomo-
geneous on the broadening of ODMR. We conduct the afore-
mentioned experiments at point D to point A respectively. By
performing Lorentz fitting on the single peak near 2.89 GHz
(the selected peak frequency in the Rabi experiment) within
the ODMR spectrum, its half-height width can be calculated.
The obtained results are presented in Fig. 7(c).

The experimental results show that the non-uniformity of
the magnetic field indeed influences the linewidth of ODMR.
Specifically, it is observed that a decrease in the magnetic field
gradient corresponds to a smaller broadening of the ODMR
linewidth. In the scenario that high uniformity of the mag-
netic field is needed, such as in an atomic clock where mag-
netic field is applied to atoms, minimizing the inhomogeneous
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broadening of ODMR is important.[28] That is the purpose of
designing such a antenna: to generate a uniform magnetic
field. By achieving a uniform field, the antenna conduces to
minimizing the inhomogeneous broadening of ODMR lines.
Consequently, this reduction of broadening leads to narrower
ODMR linewidths, thereby enhancing the sensitivity and ac-
curacy of the experimental measurements.
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Fig. 7. (a) Absolute value of magnetic field gradient varying along the
dotted line I direction in Fig. 5(c); (b) Rabi oscillation fitting curves at
points A, B, C, and D, respectively; (c) Lorentzian fitting of ODMR
spectra at points A, B, C, and D, with inset showing their respective
half-height widths (in unit MHz).

5. Conclusions
In this work, we have successfully designed a tightly

linked dual ring antenna that is capable of coupling a large
area of uniform magnetic field to the NV center. The resonant
frequency of the antenna is about 2.87 GHz, with a wide band-
width that allows for addressing multiple peak frequencies in
the ODMR spectrum. Furthermore, the antenna generates a
fairly uniform magnetic field in a small ring region, which is
confirmed by both experimental results and simulation data.

We utilized an optical fiber scanning probe with an NV
center particle to characterize the magnetic field distribution

on the antenna surface. The experimental results obtained
closely match the simulation data, validating the performance
of the antenna. The experimental results demonstrate that the
magnetic field distribution on the antenna surface is highly
uniform, with a normalized standard deviation of less than 6%
in the circular region with a radius of 0.5 mm. These excel-
lent characteristics make the tightly linked dual rings antenna
suitable for scanning imaging and wide field of view imaging.
Experimentally, we also explored the influence of magnetic
field non-uniformity on the linewidth of ODMR. These find-
ings provide some ideas for mitigating inhomogeneous broad-
ening in ODMR and enhancing the device’s sensitivity and
accuracy.
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