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Nitrogen-vacancy (NV) centers are spin-triplet systems with a fine structure that can be manipulated using
microwave pulses. These centers can be studied through optically detected magnetic resonance (ODMR), which
enables the control and detection of their spin states. To achieve this, efficient microwave pulse delivery via an
antenna is crucial. This work introduces an antenna design tailored to NV centers, enabling ODMR across the
relevant frequency range. The antenna is capable of operating at a single frequency or simultaneously at two
frequencies. It is constructed using an FR4 board and copper. The efficiency of this antenna is demonstrated
through simulations using Ansys High-Frequency Structure Simulator (HFSS).

I. INTRODUCTION

A. Nitrogen-Vacancy Centers

Nitrogen-vacancy (NV) centers are defects within the dia-
mond crystal lattice that possess unique quantum properties.
NV centers are particularly interesting for applications under
ambient conditions. These centers form when a nitrogen atom
replaces a carbon atom in the diamond lattice, with a neigh-
boring vacancy forming adjacent to the nitrogen. NV centers

FIG. 1: NV center in diamond crystal lattice from [1].

function as spin qutrits with four molecular energy levels, two
of which correspond to a spin-1 system. Each spin-1 energy
level has three possible spin states: 0, +1, and -1. A notable
characteristic of NV centers is their zero-field splitting at ap-
proximately 2.8 GHz for the lowest triplet state, 3A2. When
a magnetic field is applied, the excited state of the NV center
splits into the -1 and +1 states, for a field of 6 mT the tran-
sition frequencies for these states are at 2.7 GHz and 3 GHz,
respectively. Upon transitioning from the 3E levels to the 3A2

levels, NV centers emit red light with a wavelength of 637 nm.
The intensity of this fluorescence depends on the population

of spins in the spin-0 state, as spin-0 states decay through a
non-fluorescent intermediate state resulting in a dip in fluo-
rescence intensity and spin-1 states decay directly and yield
stronger fluorescence than the spin-0 states.

FIG. 2: Molecular energy levels for NV centers from [1] including
transition frequencies.

B. Optically Detected Magnetic Resonance

Optically detected magnetic resonance (ODMR) is a tech-
nique used to study the spin properties of materials, such as
NV centers in diamonds. ODMR combines optical and mi-
crowave methods to manipulate and detect spins. In this pro-
cess, the spins of NV centers can be optically polarized using
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a laser with energy at least equal to that of the lowest triplet
levels of the NV centers. In our setup, the ground S = 0 state
is optically pumped with a green laser with a wavelength of
532 nm to fully polarize the defect spin [4].

NV centers behave like atoms that are held in place and can
be manipulated using microwave pulses, which drive transi-
tions between spin states. By measuring the fluorescence in-
tensity of the NV centers, we gain insights into the spin state,
particularly the population of the spin-0 state. The fluores-
cence intensity is maximized when the spin is in the zero state
and minimized in the +1 and -1 states. A drop in fluorescence
intensity also occurs when the frequency of the microwave
pulses is on resonance with the transition frequencies of the
NV centers.

FIG. 3: On resonance fluorescence intensity dip, a magnetic field is
applied to split resonance into the transition frequencies. Approxi-
mate magnetic field values from bottom to top are as follows: 0 mT,
0.3 mT, 2 mT, 4 mT, 6 mT.

C. Rabi Oscillations

All microwave pulses in ODMR are built from Rabi oscilla-
tions. Rabi oscillations are fundamental to quantum comput-
ing and pulsed magnetic resonance, as they describe the os-
cillation of quantum states induced by a fluctuating magnetic
field. These oscillations are triggered when a time-dependent
magnetic field, such as a microwave pulse, drives transitions
between different energy levels.

In our experiments, we begin by optically pumping the
spins in the spin-0 state using a 532 nm laser, then we apply
a microwave field at specific transition frequencies, which are
near 2.8 GHz and correspond to the energy level transitions
of the NV center. This microwave field initiates transitions
between the spin-0 and target spin states, causing the spins to
oscillate between these two states. This oscillation, known as
a Rabi oscillation, occurs at a characteristic frequency called
the Rabi frequency. In our setup, the Rabi frequency is 4 MHz.
These Rabi oscillations can be observed for the lower transi-
tion frequency f1, the upper transition frequency f2, or for
both simultaneously in a double quantum experiment, where

microwave pulses at both f1 and f2 are applied. The ability to
control these Rabi oscillations using an antenna is critical for
manipulating the quantum states of NV centers.

FIG. 4: (a) Rabi Oscillations fluorescence intensity. (b) Rabi oscilla-
tion fluorescence intensity for double quantum on and off resonance.

II. CURRENT ANTENNA

A. DC Antenna

Our current antenna is a DC antenna constructed from a
glass plate with a copper loop on top, within which the dia-
mond sample is placed. This antenna is equipped with a sin-
gle port that is accessible through an SMA connector. The
magnetic field and current generated by this antenna are very
small; the magnetic field averaged over the area where the
diamond sample is placed, is only 17 A/m. Despite these lim-

FIG. 5: DC Antenna current and magnetic field profile.

itations, we can still conduct experiments by using longer mi-
crowave pulse lengths. However, the pulse lengths required
with this antenna are very long, which is problematic because
we want to be able to apply shorter, more efficient pulses. NV
centers have a decoherence time of only 2 µs, giving us a very
limited time frame for operations. To effectively communicate
with the NV centers, we need to input a significant amount of
power into the antenna, but much of this power is not reaching
the NV centers, making our current antenna inefficient.

Given the substantial power input, it is likely that the power
is radiating out of the cable junction. We analyze this power
loss by examining the S-parameter plots.
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B. S-Parameters

To evaluate our antenna designs, we use scattering param-
eters (S-parameters). S-parameters provide a way to ana-
lyze a system by examining the input, reflected, and transmit-
ted voltages. These parameters are organized into a matrix,
where each element represents the ratio of output power to
input power along a specific path within the system. For in-
stance, S11 represents the reflected power that enters and exits
through port 1, while S21 represents the transmitted power
that enters at port 1 and exits at port 2.

By examining S-parameter plots, we can identify the reso-
nant frequencies of our antennas, which are indicated by peaks
in the plots. A strong resonance is typically characterized by
a peak that dips to at least -12 dB, indicating effective energy
transfer at that frequency.

Since our current DC antenna has only one port, we are
only concerned with the reflected power. This antenna has a
resonant frequency just below 10 GHz, which is significantly
higher than the transition frequencies of NV centers. When
we examine the S11 parameter at the relevant transition fre-
quencies, around 2.7 GHz and 3 GHz, it measures at 0 dB.
This indicates that all the power is being reflected, with none
being transmitted to the NV centers.

To effectively interact with the NV centers, we need a deep
resonance at their transition frequencies. To achieve this, we
develop a new antenna that is specifically tuned to match the
transition frequencies of NV centers in diamonds.

III. ANTENNA DESIGN

The new antenna design incorporates two primary compo-
nents: a coplanar waveguide and split-ring resonators. By uti-
lizing the coplanar waveguide to excite the resonators, we can
engineer the antenna to exhibit specific resonant frequencies
that match the resonances of NV centers.

A. Split-Ring Resonators

Split-ring resonators (SRRs) are ring-shaped structures de-
signed to exhibit magnetic resonances. Typically fabricated
from metallic materials such as copper, SRRs consist of two
concentric rings with gaps aligned 180º apart. In our de-
signs, the SRRs are constructed from copper. The resonant
frequency of SRRs is influenced by several geometric param-
eters shown in FIG. 7, including the radius of the rings (r1 and
r2 ), the width of the rings (w), the width of the gaps (d0), and
the separation between the two rings (d1). For design simplic-
ity, the width and gap of the rings is kept the same for both
rings. At resonance, these structures support circulating cur-
rents within the rings, resulting in a magnetic response char-
acterized by negative permeability. The magnetic field gen-
erated by SRRs resembles the field of a magnetic dipole, as
depicted in FIG. 8 (b), with a strong field component directed
through the center of the SRR. Split-ring resonators (SRRs)
can be effectively modeled as an RLC circuit, which includes

FIG. 6: Split ring resonator geometry from [2].

resistive, inductive, and capacitive components. The resistive
component is due to the metallic material of the SRR, typi-
cally copper. The inductive component is created by the loop
of the rings; as current flows through the loop, it generates a
magnetic field, creating an inductance. The capacitive compo-
nent is due to the gap in the rings where charges will accumu-
late on either side of the gap, effectively serving as a capacitor.
The capacitance of the SRRs is influenced by the gap size, the
dimensions of the rings, and the permittivity of the material
between the rings. A smaller gap size results in higher capac-
itance. For excitation, SRRs require a transmission line; in
our new antenna design, we utilize a coplanar waveguide to
achieve this.

FIG. 7: (a) Split ring resonator circuit equivalent from [3] (b) SRR
magnetic field profile from [3].

B. Coplanar Waveguide

A coplanar waveguide (CPW) is an electrical transmission
line designed for the transmission of microwave frequency
signals. It consists of a central conductor trace positioned
between two ground planes, all situated on a dielectric sub-
strate. In our new antenna design, the dielectric substrate is
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FR4 board, which has a dielectric constant ranging from 3.8
to 4.8. The effective permittivity and impedance of the CPW
are influenced by several factors, including the dielectric con-
stant of the substrate, the width of the conductor trace, the
spacing between the ground planes, and the thickness of the
substrate When designing a coplanar waveguide, it is essen-

FIG. 8: Coplanar waveguide geometry.

tial to ensure that the impedance is 50 Ω. This is achieved by
carefully adjusting the geometry of the CPW. In HFSS simu-
lations, we excite the CPW using two wave ports. To verify
that the waveguide is operating properly, we analyze the S-
parameter plots by focusing on the transmitted power. For
an ideal waveguide, there should be no power loss between
the two ports. The S21 and S12 parameters should measure
close to 0 dB across a broad frequency range, indicating per-
fect transmission and zero reflection.

C. Antenna Geometry

Coupling the split ring resonator to the coplanar waveguide
by placing it on the side of the CPW opposite to the conductor
allows us to excite the SRR using the CPW. With this design,
we can create an antenna with a resonant frequency of our
choosing. The geometry of our antenna is optimized using
of parametric sweeps. By systematically varying the parame-
ters of the antenna, we analyze the corresponding S-parameter
plots to refine its design. Specifically, we perform sweeps on

FIG. 9: Outer ring radius parametric sweep from 4 mm to 7 mm in
steps of 1 mm with constant parameters w = 1.4mm, d0 = 0.4mm,
d1 = 0.6mm and r1 is adjusted based on the outer radius, r1 =
r2 − d1 − w. The green line corresponds to r2 = 4mm, the blue
line corresponds to r2 = 5mm, the orange line corresponds to r2 =
6mm, and the purple line corresponds to r2 = 7mm

parameters such as the outer ring radius of the SRR, the width

of the rings, and the gap between the rings. Our analysis re-
veals that increasing the outer ring radius leads to a decrease
in the resonant frequency. Through these parametric sweeps,
we are able to hone in on separate antenna designs with reso-
nant frequencies that match the transition frequencies of NV
centers.

Altering the geometry of the split-ring resonator primarily
affects the resonant frequency of the antenna but has minimal
impact on the amplitude of the resonance peak. To achieve
a strong resonance, where the peak depth is at least -12 dB,
we adjust the dimensions of the coplanar waveguide, focus-
ing on the substrate thickness. Reducing the thickness of the
FR4 board enhances the magnetic field strength generated by
the resonator, leading to a deeper resonance peak. As the sub-
strate thickness decreases, we also modify the geometry of the
CPW to maintain its characteristic impedance of 50 Ω. Our
design focuses on the fundamental mode of excitation, which
is represented by the first peak in the S-parameter plots. Af-
ter adjustments to both the SRR and CPW, we observe pro-
nounced resonance dips at our desired frequencies.

FIG. 10: Single SRR antenna transmitted power for an antenna tuned
to 2.7 GHz.

FIG. 11: Single SRR antenna transmitted power for a separate an-
tenna tuned to 3 GHz.
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IV. RESULTS AND DISCUSSION

A. Single Split Ring Resonator Antenna

The current and magnetic field distributions created by the
antenna can be simulated using HFSS. For the antenna de-
sign with a resonant frequency of 2.7 GHz, we generate plots
of the current distribution on the split-ring resonator and the
magnetic field in a plane intersecting the center of the SRR.

FIG. 12: Single SRR antenna magnetic field profile at 2.7 GHz, for
an antenna tuned to this frequency.

FIG. 13: Single SRR antenna magnetic field profile at 3 GHz for a
separate antenna tuned to this frequency.

The magnetic field exhibits a dipole-like behavior, consistent
with our expectations, reaching a maximum value of approxi-
mately 28 A/m. We perform the same simulations for the an-
tenna design with a resonant frequency of 3 GHz, observing
similar current and magnetic field profiles, with the magnetic
field reaching a maximum value of around 35 A/m. Note that
in this work, single split ring resonator antennas are only be-
ing tuned to one frequency, thus two of these antennas was

designed, one tuned to 2.7 GHz and a second antenna tuned
to 3 GHz.

When looking at NV centers, we want an antenna that cou-
ples to both transition frequencies, rather than employing sep-
arate antennas for each frequency. Split-ring resonators are
capable of supporting multiple resonant frequencies, with the
separation between these frequencies being influenced by the
size of the gap in the rings. For NV centers, the separation
between the two transition frequencies is 0.3 GHz, which is
relatively narrow and challenging to achieve with a single res-
onator.

B. Double Split Ring Resonator Antenna

To achieve the small frequency separation required for NV
centers, we position two split-ring resonators next to each
other on a coplanar waveguide, with each resonator tuned to
one of the transition frequencies. Placing the resonators in
close proximity allows them to maintain strong current dis-
tributions at their respective resonant frequencies. The in-
teraction between the two resonators gives rise to two dis-
tinct modes: in-phase and out-of-phase. These modes can
be conceptualized as two oscillating swings connected by
springs, where the coupling between the inductive compo-
nents of the SRRs determines the characteristics of these os-
cillatory modes. To optimize the size of the resonance peaks

FIG. 14: Double SRR antenna transmitted power.

and their frequency values, small adjustments to the outer ra-
dius of each split-ring resonator and the separation between
the two resonators were made. In the final design, the reso-
nant peaks are observed at 2.7 GHz and 3 GHz, with mag-
nitudes just above 12 dB, meeting the requirement for strong
resonant frequencies. When examining the field distribution
for the double SRR antenna at these frequencies, we note that
the field patterns differ slightly between the two frequencies.

At the lower frequency, the SRRs oscillate in phase with
each other, while at the higher frequency, they oscillate out
of phase. This phase difference is evident when comparing
the direction of the magnetic field within the SRRs. Specif-
ically, the direction of the magnetic field at the center of the
resonators reveals strong field regions oriented either upward
or downward at both frequencies.
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FIG. 15: Double SRR antenna H field profile at 2.7 GHz and (b) 3
GHz.

FIG. 16: Double SRR antenna H field profile at 3 GHz.

Identifying regions of strong magnetic field is crucial for
determining the placement of our sample on the antenna. The
sample will be positioned on the same side of the antenna as
the split-ring resonators. For the new antenna design, the mag-
netic field averaged over the area of our diamond sample mea-
sures approximately 28 A/m. This represents an improvement
compared to our current antenna, which only provides a field
strength of 17 A/m. If we consider a scenario with zero losses,
the magnetic field strength could theoretically be even higher,
potentially reaching values above 28 A/m depending on the
design efficiency and materials used.

V. CONCLUSIONS AND FUTURE WORK

In this work, we have developed an antenna design tai-
lored to the specific requirements of NV centers, focusing on
achieving strong resonance at the target transition frequencies
of 2.7 GHz and 3 GHz. Through precise adjustments to the
split-ring resonator (SRR) geometry and the coplanar waveg-
uide (CPW) configuration, we optimized the resonance peaks
and magnetic field distribution. The new antenna design sig-
nificantly enhances the magnetic field strength across the dia-
mond sample, improving the efficiency of NV center manipu-
lation.

Future work will involve fabricating and experimentally
validating the antenna design. We will also adjust the design
to accommodate resonances for other crystals, broadening the
potential applications of the antenna. The design will be sent
to PCBWay for fabrication, after which we will proceed with
testing and further optimization.
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