
1558-1748 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2020.2974275, IEEE Sensors
Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

  

Abstract—A microwave (MW) resonator to provide frequency-

tunable and circularly polarized MW fields is proposed. This 

technology enlarges the range of application in optically detected 

magnetic resonance (ODMR) systems based on the diamond 

negatively charged nitrogen-vacancy (NV) center and enable the 

selective excitation of its electronic spins. The characteristics of 

this resonator are simulated and discussed via a series of 

experimental studies. An adjustable MW frequency (fMW) can be 

provided in the 2.5-3.1GHz range and the value of the input return 

loss (S11) corresponding to fMW measures < -15dB which mean at 

least 96.84% coupling efficiency between the microwave resonator 

and the microwave source. When fMW is equal to the resonance 

frequency of the NV center (fNV) for different external magnetic 

fields (B), the results of the ODMR experiment indicate that the 

fluorescence increases upon an increase in |B|. Finally, the 

resonator provides a circularly polarized MW output with a purity 

of 97.17%. This study paves the way to novel applications and to 

the development of magnetic sensing devices based on the NV 

ensemble in diamond.  

 
Index Terms—magnetic sensing, microwave field, circular 

polarization, microwave frequency, nitrogen-vacancy center  

 

 

I. INTRODUCTION 

agnetic field sensors have been widely applied in 

various fields such as military, navigation, medical and 

biological applications. [1] Hall effect based magnetic 

field sensors are easily built using mixed signal CMOS 

processes. Therefore, they are commonly used whenever there 

is need for a low cost magnetic field sensor with moderate 

performance.[2] Anisotropic magnetoresistive (AMR) sensors, 

giant magnetoresistive (GMR) sensors and spin-dependent 

tunneling (SDT) sensors have become standard off-the-shelf 

devices for use in medium-accuracy applications; fluxgate 

sensors measure DC and low-frequency AC fields up to 

approximately 1 mT with a resolution of 100 pT and with 
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linearity-error less than 10 ppm. The best fluxgate 

magnetometers use a Compact Spherical Coil (CSC), and the 

disadvantages of CSC are as follows: large volume, high price 

and the sensors cannot be removed without breaking the coils.[3] 

Compared with traditional measurement methods, quantum 

sensors based on atomic spin resonance effect have become one 

of the most promising research in the field of sensing and 

measurement. The negatively charged nitrogen-vacancy (NV) 

center [4] in diamond is widely used in quantum sensing, [5], 

[6], in metrology applications [7]-[9] which require a high 

optical stability, [10], [11], in spin state manipulations via 

mi33crowaves (MWs), [12], [13], and in preserving quantum 

coherence at room temperature [14], [15]. In the domain of 

vector magnetic field sensing—ranging from DC to MW 

field—a sensitivity of up to sub-picotesla has been achieved 

using the NV center ensemble within an effective volume of 

sub-milliliter range. [16]-[19] Magnetic sensor based on spin 

ensembles of NV centers has great potential in applications 

involving miniaturization and integration, while its 

comprehensive performance is expected to be comparable with 

currently the recent most advanced superconducting quantum 

interference device (SQUID) magnetometer and vapor cell 

magnetometer [20]-[22].  

The NV center has C3v symmetry in the diamond crystal 

lattice, as is shown in Fig. 1(a). Since the number of active NV 

centers enhances the sensitivity of the measurements, NV 

ensembles are used for high-precision measurements [23], [24], 

[25] via a MW field within the NV ensembles plays a key role 

in the measurement of the magnetic field [26]. The NV spin 

manipulation techniques for improving the practicability of 

such sensors has drawn great attention. However, the spin state 

manipulation relies on an applied bias magnetic field provided 

by Helmholtz coils in general, which is difficult to reduce the 

volume of magnetic sensor. Aim at this problem, the spin 

transition selection rule, which states that electrons belonging 

to the ms = 0 sublevel can be excited into ms = ± 1 sublevels by 

σ± circularly polarized MW fields, has been verified [27], [28], 

as shown in Fig. 1(b). This facilitates the study of spin state 
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manipulations within the NV without the influence of magnetic 

fields [29]. However, the major drawback of the currently used 

circularly polarized MW resonators is their narrow bandwidth 

[30]-[32], which influences the MW frequency (fMW) when the 

near field couples to the adjacent components of the system [33]. 

Furthermore, the resonance frequency of the NV center (fNV) 

changes when an external magnetic field, B, is applied: this 

results in a mismatch between fNV and fMW [34]. The large 

frequency shift (fMW ≠ fNV) brings out the off-resonance between 

the MW field and the ensembles, decreasing the variations in 

the fluorescence process. In serious cases, this will result in the 

magnetic sensor being unable to make magnetic measurements. 

Moreover, this phenomenon generates instabilities in the 

magnetic sensing system by introducing noise under the form 

of static magnetic fluctuations, mechanical vibrations, and 

thermal expansion [33].  
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Fig.1.  (a) The atomic structure of the NV center. (b) Energy levels of NV– 

center and selective excitation of the circularly polarized MW field. The ground 

state of the NV center is an S = 1 spin triplet (3A2) with the ms = ±1 sublevels 
lying D = 2870 MHz above the ms = 0 sublevel under zero magnetic field. An 

external magnetic field B split the ms = ±1 sublevels by 2γeB. 

 

Aiming at the above problems, the main innovation of this 

work was proposed frequency-tunable and circularly polarized 

microwave resonator for magnetic sensing with NV ensembles 

in diamond. The MW provided by resonator can achieve 

frequency matching between fMW and fNV. Moreover, with this 

system, the S = 1 characteristic of the NV spin can be used to 

develop novel quantum sensing and metrology applications. 

The fMW of the resonator is adjustable upon a change in the 

voltage. Moreover, the characteristics of the resonator are 

discussed via a series of experimental studies based on NV 

centers. The design of the frequency-tunable and circularly 

polarized resonator has important significance to 

miniaturization of magnetic sensor and advances the state of 

investigations on NV ensembles in diamond for quantum 

sensing in a wide range of magnetic resonance experiments. 
 

 

II. METHODS 

A. Experimental Setup 

The magnetic sensing system in Fig. 2 was built based on the 

optical polarization and detection properties of the NV centers. 

The performance of the resonator was tested via optically 

detected magnetic resonance (ODMR) [35] on the NV 

ensembles. The MW signal is generated via a MW signal 

generator with a maximum output power of +10 dBm. 

Moreover, the MW signal is split into two signals by employing 

a splitter. A programmable phase shifter is inserted in one of the 

electrical lines after the splitter to obtain two MW signals with 

a phase offset, ∆φ. These two MW signals are connected to the 

port 2 and 3 of the resonator, respectively. The other two ports 

are connected to two 50 Ω terminators. The NV center 

ensemble generates a red fluorescence when the 532 nm green 

laser illuminates the diamond sample. The intensity of the red 

fluorescence is measured by using an avalanche photodiode to 

detect the electron spin ensemble population distribution. To 

obtain the maximum fluorescence contrast (Fcon), the resonator 

frequency matching condition fMW = fNV has to be obtained by 

adjusting the DC voltage source. 
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Fig.2.  Schematic of the experimental system. The green and red lines represent 

the 532 nm green laser and the 637nm red fluorescence, respectively. The 
orange rectangle represents the resonator and both the two blue rectangles 

represent DC voltage sources. And the avalanche photodiode is defined APD 

in this figure. The DC source controls the varactor diodes to generate different 
fMW in the resonator.  

 

B. Resonator model 

This resonator was built based on the results of a series of 

simulations using the High Frequency Structure Simulator 

(HFSS) software for printed circuit boards (PCB). Figure 3(a) 

and (b) show the photography of the resonator and a sketch with 

its dimensions, respectively. The varactor diodes C1 and C4 are 

controlled by a voltage, which is can be adjusted in the 0 ~15 V 

range by varying the direct current (DC) source Ⅰ. The varactor 

diodes C2 and C3 are controlled via an identical mechanism by 

using the DC source II. The capacitance C0 plays the role of a 

DC block in the resonator circuit. The resonator has four ports, 

named ports 1 ~ 4, to provide the circularly polarized MW field 

and impedance matching. Ports 2 and 3 are used to generate a 

phase difference to adjust the MW polarization, whereas the 

other two ports are connected to 50 Ω terminators. 

 

 
(a)                                                     (b) 

 

Fig.3.  (a) Photograph of the proposed resonator; (b) Sketch of the resonator 

with its geometrical dimensions: The length of the resonator is L = 57 mm, the 
width of the resonator is W = 40mm, the width of the microstrip line are Ls = 

3.7 mm, and d = 0.2mm. The capacitance measures C0 = 10 pF (SN: ATC600S) 
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and the value of varactor diodes C1–C4 (SN: SMV1234) is 9.63 pF when no 
voltage is applied. 

 

 

III. RESULTS AND DISCUSSIONS 

A. Frequency measurement 

The adjustable DC voltage sources Ⅰ and Ⅱ regulate the value 

of the varactor diode to generate different fMW and their 

corresponding input return loss (S11). S11 represents the 

reflections induced in the system due to the impedance 

mismatch at the cable connection, and it can be expressed in a 

logarithmic form as follows: 

S11 = -10 | log10(P1 / P2) |. (1) 

Where, P1 and P2 corresponds to the reflected wave power and 

the incident wave power, respectively. As shown in Fig. 4(a), 

which presents the measurements performed with a network 

analyzer, the fMW and S11 values of the resonator change upon a 

variation in the voltage of the DC sources. Figure 4(b) and (c) 

show the variation range of fMW and S11 upon a change in the 

voltage, respectively. 

The fMW can be adjusted in the 2.5~3.1 GHz range by 

changing the value of the DC sources. The network analyzer 

displays the S11 value corresponding to the fMW of the designed 

resonator. The values of S11 corresponding to fMW are all lower 

than -15 dB, implying that a minimal coupling efficiency of 

96.84% between the microstrip antenna and the MW source can 

be achieved. 

 
(a) 

 
(b)                                                     (c) 

 
Fig.4.  (a) Variation of fMW and S11 of the resonator as a function of the voltages. 

The x-coordinate and the y-coordinate correspond to the voltage value of the 

DC source Ⅰ and Ⅱ, respectively. The z-coordinate corresponds to the fMW. The 
color represents the value of S11 corresponding to fMW. (b) Variation of fMW as a 

function of the voltages. (c) Variation of S11 as a function of the voltages. 

B. Frequency matching 

The ground state electron spin sublevels (ms = ±1) of each 

NV center are subject to the Zeeman split in the presence of an 

applied magnetic field. The magnetic field B is applied along 

the [100] crystal axis and the magnetic field along the NV axis 

is indicated as B0. The value of fNV can be adjusted via the 

applied magnetic field, B0, whereas different resonance 

frequencies, fMW, are obtained by adjusting the values of the DC 

voltage sources. This results in the generation of frequencies in 

the spin levels of values fNV = D ± γB0. The values of fNV were 

extracted in ODMR experiment under different magnetic fields, 

and figure 5(a) shows the relation between fNV (corresponding 

to ms = +1) and the applied magnetic field, B0. Points are 

measured data and black line is fitting curve, and the fitting 

function is fNV = 2.798 MHz/G × B0 + 2870 MHz.  

To demonstrate that the resonator can provide frequency- 

tunable MW fields, fMW was adjusted to match fNV in the 

presence of different applied magnetic field during the ODMR 

experiment. The condition ms = +1 corresponds to the 

resonance peak shifts induced by B0, as shown in Fig. 5(b). By 

sweeping of the applied magnetic field, B0, ms = +1 corresponds 

to a change in Fcon. Upon frequency matching (fMW = fNV), the 

changes in the fluorescence increase with the increase of |B|. 

The value of changes in the fluorescence was extracted under 

different magnetic fields, and this changes upon a variation in 

B0, as reported in Fig. 5(c). The blue filled circles and the red 

filled squares represent the experimental values of Fcon 

corresponding to B0 = -30 ~ -5G and B0 = +30 ~ +5G, 

respectively. The curves are fitted with Gaussian functions, and 

its expression is 

                            𝐹𝑐𝑜𝑛 = a × 𝑒(−((𝐵0−b)/c)2
+ 𝑑. (2) 

 

Here, a, b, c, and d are parameters. 

The experimental results show the values of Fcon increase 

upon an increase in |B0| when fMW matches fNV. The fMW of the 

designed resonator is adjustable and this implies that the NV 

ensemble works around the envelope peak. Moreover, the 

measurement accuracy for magnetic sensing with NV 

ensembles in diamond increases since the possibility of errors 

within the frequency range is decreased. Therefore, by 

calibrating fMW to fNV, the application scope of the microstrip 

resonator in a magnetic sensing system increases. 
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                   (a)                                                                                       (c) 

     (b) 

Fig.5.  Demonstration of the generation of frequency-tunable MW fields. (a) The fNV as a function of B0. The fitting function is fNV = 2.798 MHz/G × B0 + 2870 

MHz. (b) ODMR shifts upon the application of a magnetic field B0 swept in the -30 – +30 G range. The value of B0 is shown in the legend. The scattered data 
points correspond to the experimental results after averaging 32 sweeps. The curves are fitted with Gaussian functions. (c) Fluorescence contrast (Fcon) of the 

resonance peaks as a function of B0. The top and bottom x-axes correspond to the red and blue curves, respectively. The fitting function are Fcon = 59.18 × exp (-

(( B0 -0.2896)/285.6)^2) - 62.99. 

 

 

C. Microwave polarization 

To verify that the designed resonator provides circularly 

polarized MW fields, a magnetic field, B, was applied along the 

[111] crystal axis. The fluorescence decreases when the MW 

field and the NV ensemble are in resonance. Four resonance 

peaks can be observed in the ODMR spectra of the NV 

ensemble, as shown in Fig. 6. Two external peaks were chosen 

to observe the effect of the circularly polarized MW fields. The 

black line indicates the ODMR spectrum for ∆φ = 0°, whereas 

the red and the blues line indicate the ODMR spectra for ∆φ = 

90° and ∆φ = -90°, respectively.  

The Figure 6 clearly shows that the resonator can provide σ+ 

(σ−) circularly polarized MW fields when ∆φ = 90° (-90°). The 

electrons of ms = 0 sublevel are excited to ms = ± 1 sublevels by 

σ± circularly polarized MW fields. The changes in the 

fluorescence detected via the two external resonance peaks  

 

 

 

 

produced by the σ+ and σ− circularly polarized MW fields 

indicate the purity of the MW polarization, which can be 

expressed as: 

                                    ρ= (r+ − r−)/(r+ + r−). (3) 

Here, 𝑟± defines the change in the fluorescence corresponding 

to the mS = ± 1 sublevels. The calculated purity of the circularly  

polarized MW, ρ,  is 97.17%. These results prove that the 

resonator provides circularly polarized MW fields by 

controlling the phase shifter. 

By changing the interaction time between the MW field and 

the electron spin, Rabi oscillations are produced. These results 

were obtained by calibrating the MW pulse width to excite the 

electrons to different spin states. When the MW power of the 

signal generator measures +6 dBm, the Rabi oscillations can be 

recorded by varying the MW pulse time, TMW, as shown in Fig. 
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7. The black and blue lines indicate the Rabi oscillations curves 

for ∆φ = 0° and ∆φ = -90°, respectively. Moreover, the Rabi 

frequency, fRb, measures 9.26 MHz for ∆φ = 0° and 12.5 MHz 

for ∆φ = -90°. Considering the resonator with different phase 

difference, the MW pulse width required to excite electrons to 

different states can ensure the measurement accuracy of the 

ODMR experiment, which can accurately verify the resonator 

to provide circularly polarized MW fields. 

 

 
 

Fig.6.  Circularly polarized MW fields. The scattered data points correspond to 

the experimental results. The curves are fitted by using Gaussian functions. 

 

 
Fig.7.  Rabi oscillations. The scattered data points correspond to the 

experimental results and the solid lines show the fitting curves. 

 

The proposed resonator provides circularly polarized MW 

fields and the purity of circularly polarized MW is 97.17%. The 

circularly polarized MW fields release the NV sensing system 

from the bias magnetic field provided by Helmholtz coils, 

which makes it useful for miniaturized magnetic field sensors. 

 

IV. CONCLUSION 

In summary, a resonator providing frequency-tunable and 

circularly polarized MW fields has been demonstrated. The fMW 

of the resonator is adjustable in the 2.5 ~ 3.1 GHz range by 

varying the capacitance value of the varactor diode. Moreover, 

the values of S11 corresponding to fMW are lower than -15 dB, 

ensuring a minimal coupling efficiency of 96.84% between the 

MW resonator and the MW source. Different values of the 

external magnetic fields, B, are applied to generate a variation 

in fNV during the ODMR experiment. Upon frequency matching 

(fMW = fNV), the changes in the fluorescence increase with the 

increase of |B|. In addition, the resonator provides a circularly 

polarized MW signal with a polarization purity of 97.17%. The 

frequency-tunable and circularly polarized resonator paves the 

way to further applications and to the development of novel 

magnetic sensing devices based on diamond NV ensembles. 
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