
 

 

ABSTRACT 

RABE, JONATHAN CLIFFORD. Compact Quantum NVC Magnetometer: Design, 

Optimization, and Validation. Under the direction of Dr. John Muth. 

The purpose of this thesis was to investigate the prospect of developing a low-cost magnetometer 

by measuring the changes in fluorescence from negatively charged nitrogen vacancies in 

diamond in the presence of an external magnetic field ï commonly called the Zeeman effect. 

This is achieved by continuous wave optically detected magnetic resonance (CW-ODMR). 

Great Lakes Crystal donated a diamond sample which is a Nitrogen doped CVD layer with 

~5ppm substitutions, that was grown on a Nitrogen doped HPHT substrate. The CVD layer is 

714um thick, while the HPHT substrate is 450um thick. The majority of the CVD substitutions 

are NV0, evident from the brownish color. After the CVD growth, the sample was irradiated 

with electrons and annealed. This sample is the center piece of the design and allows for the 

magnetometry. 

At first, an optical bench setup was built to obtain an understanding of the required system 

performance, and to gain experience of measuring florescence. This was done with a set of optics 

components, an ocean optics spectrometer, and a custom Django interface. After this, work 

began on the final system ï which underwent three revisions. The final system includes all the 

required components to perform the tests. 

Some key components include a PCB antenna and RF circuitry (including a phase locked loop 

integrated circuit), 3D printed optical mounts for a 520nm laser diode, lenses, and filter; a 

photodetector module, integrated power management, a 24-bit ADC, a microcontroller with USB 

interfacing for system control, and thermal management. 



 

 

The firmware that runs the system (comprising ~2900 lines of micro python code) includes 

modulating algorithms to improve the signal to noise ratio of the florescence contrast, a 

proportional-integral-differential (PID) control loop to stabilize the laser power, self-calibration 

loops for balancing RF and optical power, and various testing algorithms. Final output data is the 

ODMR spectrum along with metadata such as standard deviation of each datapoint, sampling 

period, and localized sensitivity. 

The total size is 117mm x 75mm x 90mm with a total weight of 181.6 grams consuming ~8 

watts during an ODMR measurement, and less during idle. It was found that using the 

microcontroller to independently control the RF, laser power and data sampling greatly improved 

the performance of the magnetometer allowing signal processing techniques to enhance the 

observable signal contracts, allowing one to clearly observe the Zeeman splitting, hyperfine 

splitting and other fundamental parameters of interest. 

The small size, ability to connect to a laptop and send commands through any common terminal, 

and low cost of the magnetometer makes it very suitable for educational purposes. Due to its 

small size, it is also practical for experiments such as vector magnetometry in a set of Helmhotz 

coils. 

The performance of the magnetometer is comparable to others in literature with a sensitivity of 6 

‘ὝȾЍὌᾀ, however the small size, low cost, and low power consumption far outperform typical 

literature setups.  
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CHAPTER 1: INTRODUCTION  

Consider a world where magnetic and electric fields can be measured or manipulated at the 

atomic scale. The possibilities are endless. Tools such as instant medical diagnostic devices, 

quantum communication networks, and quantum enabled navigation can be brought to life. This 

is the promise of quantum sensing, an emerging technology where fields can be probed at the 

sub-nm resolution [1a]. 

Building on this promise, the purpose of this thesis is to investigate the miniaturization of 

traditional quantum sensors. At the core of the developed sensor are the quantum mechanics of 

the Nitrogen Vacancy Center (NVC) ï a color-center defect in diamond, which can be used to 

sense fields at room temperature.  

Typical NVC setups require laboratory grade equipment such as large and expensive microwave 

sources, laser systems, optical spectrum analyzers, lock-in amplifiers, to name a few. These 

setups can cost upward of $20,000 and are not easily transported. Furthermore, the large size 

means that the sensors are confined to the research laboratory and will likely never be installed in 

a real-world system. 

The sensor developed in this thesis costs less than $450 (excluding the diamond sample), 

consumes only 8W of power, is only 36 cubic inches, and is fully self-contained. It can be set up 

to operate as a óblack boxô where the only input is DC power, and a request for the magnetic 

field value. The output can be set up to be a field value, or a detailed report of the spectral 

response of the diamond, including statistical values such as standard deviation, SNR, and 

contrast. 
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THESIS MOTIVATION 

Magnetic sensing has seen a lot of development in recent years, most notably with the 

widespread availability of the Hall-Effect magnetic sensor solutions compiled into a single 

Integrated Circuit (IC) chip. However, resolution, temperature range, dynamic range, robustness, 

and sensitivity remain challenges [1b]. The Nitrogen Vacancy Center (NVC) platform has risen 

as a promising solution for magnetic sensing. With some small additions and modifications, 

these centers can also be used as optical quantum storage devices [1c]. NVCs can provide nano-

scale resolution ï down to the molecular level, where tiny magnetic fields can be measured [1d] 

or even mapped, which has promise for application in many fields. 

Furthermore, the NVC approach is shown to be able to measure electric fields with some authors 

reporting sensitivity in the 100s of electrons, and some even down to single elementary charges 

spaced as far as 150nm from an NVC [1e] [1f]. This fundamentally comes from the Stark effect, 

whereby the energy levels of atoms are split as a function of electric field strength.  

Traditionally, these sensors are built using ólab-gradeô equipment ï which is not only expensive, 

but is also physically large, and consume a lot of power. Required systems include precision 

arbitrary waveform generators, bench lasers, optical spectrum analyzers, and DC power supplies. 

Additionally, this setup is typically done on an optical table, which requires expensive optical 

equipment such as beam-splitters, lenses, objectives, filters, etc. not to mention the cost of the 

optical ñbreadboardingò components themselves, such as precision ground standoffs, optical 

mounts, rail systems, etc. 

Various authors have shown that some of the required sub-systems can be miniaturized [1g] [1h], 

and the goal of this work is to show that the entire system can be miniaturized at the same time ï 
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providing a single solution that can be hand-held. Furthermore, the final design consumes 

considerably less power than typical setups, such that it could be powered from a battery. 

Future work could include full integration ï to the point where the entire system is built into a 

single IC, similar to existing Hall Effect sensors. This would not only offer a competitive 

approach to measuring magnetic fields but could offer various other sensing capabilities in a 

single solution. Additionally, systems that already use Hall Effect sensors could integrate NVC 

sensors as a form of data validation (the value that is determined by the Hall Effect sensor could 

be compared with that of the NVC sensor as a form of assurance of data validity). 

As a further motivation for the work done in this thesis, various types of magnetometry 

technologies can be compared, to show that NVCs are a promising platform. Table 1 highlights 

various advanced sensors that have been developed recently. 

Table 1 - Comparison of different magnetometer platforms. 

 SWAP of 

Sensor 

Sensitivity Self-

Calibration  

Cost Complexity 

Current JPL 

SiC Mag 

 

Potentially 

High Temp. 

10 nT  

@ 1 Hz 

 

No Drift 

Yes, proved in 

lab, with 

improvements 

anticipated to 

be flown by 

NASA. 

N/A 

Custom 

production 

Low, 

All Electrical 
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Table 1 ï Continued. 

Fluxgate 

Magnetome

ters 

 

(Flown on 

Spacecraft) 

 

Best in Class 

are 

10ôs 

pT/sqrt(Hz)  

@ 1Hz         

No. Imposes 

operational 

limitations. 

Such as rolling 

space craft to 

different 

orientations. 

Low 

precision 

~ $1k- 3K 

Higher 

precision 

~ $12K-

$20K  

High, 

Precision 

Mechanical 

complexity, 

often custom 

assembly.  

Optically 

Pumped 

Gasses 

 

(Flown on 

Spacecraft) 

 

Usually 10ôs 

nT @ 1Hz for 

small form 

factor but can 

be higher. For 

example, He 

Magnetometer

s have 

sensitivity of 

~ 50 fT.     

Some systems. $10K to 

$100K or 

more. 

Relatively 

expensive, 

higher power, 

larger 

footprint, 

complex, RF 

and optical 

components 

Diamond 

Color 

Center 

ODMR 

 

(Active 

research 

area, 

including 

previous 

work by 

Lockheed) 

Potentially 

Low in 

photonic IC 

format, 

but currently 

limited by 

RF/optical 

system.  

Shoebox size 

(Lockheed) 

with 

photonics/ 

electronics 

demonstrated. 

~ 0.1 nT 

@1Hz 

 

(Potential for  

~ 1 pT @ 1 

Hz) 

Yes. But a 

little more 

complicated 

due to multiple 

orientations of 

defects.  

High, ~ 

$2000 per 

high NV 

density 

ODMR 

chip 

 

High, ODMR 

requires 

Optical 

Sources and 

Detectors, RF 

sources. 
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Table 1 ï Continued. 

Anisotropic 

Magneto-

resistance 

(AMR) 

 

COTS 

 

Limited to  

-40°C ~ 85°C 

~ 0.1 to 0.5 

nT  

@ 1 Hz 

No  ~$30/chip 

Need 3 

chips for 

3- axis. 

Low, all 

electrical. 

Requires 

supporting 

electronics.  

Magneto-

Inductive 

 

COTS 
 

Limited to: 

-40°C ~ 85°C 

~ 13 nT  

@ 1Hz 

No ~$30/chip Low, all 

electrical. 

Has SPI 

digital 

interface 

The performance can also be compared on a chart, where sensitivity is interrogated as a function 

of range [1i]. Here, it is shown that NVCs might be comparable in performance if not better to 

the many existing technologies.   
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Figure 1 - Comparison of sensitivty and range of various magnetometer technologies [1i] . 

Alternatively, a comparison chart can be drawn up for sensitivity vs power. In this case, the NVC 

platform again seems like a reasonable mid-level sensor. 
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Figure 2 - Comparison of various magnetometer sensitivity and power consumption ranges [1j]. 

As a final comparison, and arguably as the most important comparison, the sensitivity can be 

compared with the sensor scale. This is a very important aspect, since small fields are often more 

important on small scales. Thus, if a sensor technology offers a high sensitivity, but cannot scale 

its physical sensing scale, it may lose a large opportunity. This comparison shows that NVCs 

offer a great trade-off. These sensors can be made in the nanometer scale but offer nano-tesla 

sensitivity at the same time. 
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Figure 3 - Comparison of magnetometer sensitivity and minimum dimensions, showing that NV centers offer the best trade-off 

[1j]  

In this work, the sensor technology is made practical and affordable by scaling the entire system 

down to a single device. The only inputs are power and commands, and the only output is 

information and heat. By comparison, the majority of other sensors built, still rely on expensive 

third-party system blocks, which are not only large, but are more expensive too.  

By eliminating all the external blocks, and combining the system into a fully integrated sensor, 

the final sensor costs a mere $450, is relatively light, and can be held in the palm of oneôs hand. 

THESIS STRUCTURE 

The thesis spans multiple fields of engineering and science, organized into chapters focusing on 

distinct areas. The initial chapters cover the literature review and design goals. This is followed 
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by an exploration of the physics of the NV center, highlighting critical considerations for the 

design. Subsequent chapters delve into software and hardware development, with sub-sections 

dedicated to mechanical, optical, and electrical design. 

The final chapters detail the testing setup, present sensor performance metrics, and provide 

comparisons. Appendices include user interface commands and supplementary images. 
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CHAPTER 2: LITERATURE REVIEW AND DESIGN TARGETS  

This chapter highlights the key work done by other researchers relevant to this work. 

Furthermore, a list of design metrics is formulated which would measure the success of the 

project. These metrics are derived from typical performance specifications achieved by other 

researchers, with a margin to account for the óless than idealô components used in this case. 

LITERATURE REVIEW 

R. L. Patel, et al. [2a] 

From the work done by R. L. Patel, et al. [2a], a couple of important specifications of the final 

design can be summarized. The microwave power used in their work was ranged from 17.8dBm 

to 35dBm, although the authors fail to determine the actual microwave power delivered to the 

load (which would be the antenna). Furthermore, the authors do not mention any impedance 

matching, and simply employ a microwave circulator to ñreduce microwave reflectionò. This 

means that the majority of the microwave power could be reflected from the antenna, sent back 

into the circulator, and then terminated. Thus, the realistic power delivered could possibly be in 

the region of -10dBm to 25dBm (losses are not included by the authors, and microwave amplifier 

gain is simply quoted and added to the source output power). The microwave sweep range is set 

from 2.76GHz to 2.94GHz in 20kHz steps. 

The employed light source by the authors above is the Laser Quantum Gem-532, which claims a 

maximum optical output power of 2W, although the authors operate it at 1W. The RMS stability 

of the laser is 0.8%, which is notably much more stable than typical cheaper lasers. Furthermore, 

the authors use a beam sampler to determine the light intensity and cancel out ólaser intensity 

noiseô. This may be an important step to consider for the final design, since the light source used 
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in this work will likely be a laser diode, driven with discreet integrated circuit components 

(which will have considerably worse performance than lab grade lasers). 

It is worth noting that the above paper aimed to perform sub-nanotesla resolution, which is why 

the high optical and microwave power might have been necessary. Furthermore, this might be 

why their design employs laser sampling, and microwave circulators.  

F. M. Stürner, et al. [2b] 

This work has been a significant step towards miniaturization of NVC sensors. Notably, the 

authors achieved a compact system, with the entire optical system included ï LED, lensing, and 

photodetection. However, the system seems as if it still requires significant support electronics, 

with the largest one being an external microwave source. 

The authors employed a high-power LED from Cree LED (C527EZ500), which outputs up to 

70mW of optical power. Their circuits can control the output from 0mW to 64mW. The 

fluoresced light was focused onto the sensor through a grin lens (GRINTECH GT-LFRL-180-

025-50-NC). The system uses a short-pass filter to remove any red light from the LED, and then 

a long-pass filter before the photodiode to remove any of the green light from the sensed 

spectrum. The short-pass filter serves to purify the green light, but to also reflect the red 

fluoresced light to increase the collection efficiency. 

The authors calculate an average resulting optical density of 0.31W/cm^2 on the diamond for an 

optical power of 64mW from the LED. The florescence contrast reported (between resonant and 

non-resonant microwave frequencies) ranges from 0.3% to 0.04%, with the weaker values for 

higher Zeeman splitting. 
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The authors used an external microwave source, and the tested output power ranges from 0dBm 

to 10dBm. The final design consumes ~1.5W of DC power, however it is not mentioned if this 

includes the estimated DC power to generate the RF power (it is unlikely given a benchtop RF 

source). 

Furthermore, the authors explored the sensitivity of their system as a function of averaging time. 

Their system achieves a sensitivity limit of around 2 ‘ὝȾЍὌᾀ 

D. Plitt [2c] 

The work done by D. Plitt [2c] offers many important insights for this project. Firstly, the optical 

setup is of note, where a high degree of separation of stimulus light and florescence light can be 

achieved. Their optical setup is shown in Figure 4. 

 

Figure 4 - The optical paths of the work done by D. Plitt [2c], showing how a high separation of stimulus vs florescence light can 

be achieved. 
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The author shows that various excitation wavelengths can be used, through means of a tunable 

dye laser, with a range of 570nm to 591nm. The author also shows that an ODMR measurement 

can be made with the 1042nm emission wavelength, instead of the typical 637nm, while 

achieving similar performance. The 1042nm emission wavelength corresponds to the singlet-

singlet optical transition, whereas the 637nm corresponds to the triplet-triplet transition. 

A. Laraoui, et al. [2d] 

A. Laraoui et al. [2d] shows that a nano-scale resolution temperature probe can be built using the 

NVC. At room temperature, the typical peak between the two energy states is at 2871MHz, with 

a splitting of ~6MHz due to internal strain. This peak shifts left or right on the frequency axis, as 

a function of the temperature of the diamond. Figure 5 from the work done by A. Laraoui et al. 

[2d] shows three example temperature plots of the florescence (with a 1mT magnetic field 

applied) as a function of the microwave frequency, where the center peak can be seen to move, 

along with a separate plot of this center frequency as a function of temperature. 

 

Figure 5 - Left: the ODMR spectrum of the NVC under various operating temperatures, showing how center frequency is 

affected. Right: Center frequency of the ODMR spectrum as a function of temperature [2d]. 
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H. Zhang [2e] 

Perhaps the most impactful reference for the work done in this thesis is the paper published by 

Haimei Zhang et al. The authors show a complete system including details on the microwave 

source used, the optical source used, and many useful notes that are obvious in hindsight but can 

easily be forgotten during the design process. Such notes include for example the avoidance of 

use of any magnetic ï or ferromagnetic ï materials in the system. The authors provide a 

complete system component table and costs for the parts, which can then be used to calculate the 

estimated total cost of their design. The total comes out to around $6581 ï which also sets a 

target max cost for this thesis. By principle, this thesis should offer some benefit over previous 

work, and ideally this benefit should not only include size, but also competitive cost.  

Some other notes can be taken from this reference, including the photon collection band used 

(600nm to 750nm), microwave power (20dBm), and laser power (20mW ï 50mW). 

S. Toural [2f] 

Some of the key notes that Sánchez et al. write about are that the three types of nitrogen 

impurities have different optical properties. For our purposes, we are interested in the negative 

NV center, due to its spin-optical properties (which ultimately allows for magnetic sensing). 

However, there will exist NV0, and NV+ centers in any reasonable ensemble of centers. The 

NV+ center is non-fluorescent (good) and the NV0 center is reportedly a lower luminescence 

than that of the NV-.  

DESIGN TARGETS FOR THIS SENSOR 

The following list shows the performance characteristics that would define whether or not this 

project was successful. The project would be considered successful if each of these metrics are 
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met or exceeded. The list is compiled from various journal articles, conference papers, and other 

thesis documents.  

Design Goal 1 ï Zero Field Splitting 

The first design goal is to be able to measure the zero-field splitting. This would be considered as 

met if the ódipô (signal) contrast is of sufficient quality, such that it can be clearly distinguished 

with the naked eye in the CW ODMR spectrum. More technically, if the dip SNR is at least 4, 

this metric would be considered met. 

Design Goal 2 ï Zeeman Effect 

The next design goal is to be able to measure the movement of the energy levels as a function of 

magnetic field. The SNR as formed in the first design goal is to be met or exceeded for magnetic 

fields from 0mT through 2mT. The goal would be considered achieved if a suitable heatmap is 

generated with various magnetic field strengths between 0mT and 2mT, showing the contrast as 

a function of microwave frequency.  

Design Goal 3 ï Compactness  

The final design should be fully self-contained and compact. The final design should be no larger 

than 30cm X 30cm X 30cm (roughly a cubic foot). The only inputs/outputs to the system would 

be control inputs, DC power input, and information output. 

Design Goal 4 ï Cost 

The final design should cost less than $5 000 to build (excluding the diamond sample). This 

includes the physical cost of materials, components, 3D printed parts, and assembly. 
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Design Goal 5 ï Accessibility  

As there is good pedagogical value in the NVC platform, the final design should be accessible in 

the sense that no specialized manufacturing, component, or equipment will form part of the final 

design. The design should be manufacturable in a typical electronics laboratory, or through 

commonplace manufacturers such as 3D printing services, or PCB houses. 

Design Goal 6 ï Power Consumption 

The final design should consume less than 10W, such that it could be powered from a 12V 

battery if needed.  

Design Goal 7 ï Weight 

The weight of the final system should be reasonable such that the average student can carry the 

device without strain. Thus, the weight target is set as less than 1kg (2.2lbs). 

Design Goal 7 ï Controllability  

As part of the educational value of the sensor, the laser power and microwave power ratio should 

be controllable. This not only allows for calibration, but for investigations into the trade-off of 

the spin initialization effect of the laser, and the spin cycling effect of the microwave power. This 

would also allow for system optimization such that the sensor operates at a good trade-off 

between the two powers. 
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Design Goal 8 ï Observe Hyperfine Splitting 

The final design should be able to show the observation of Hyperfine Splitting of the energy 

levels. No particular value is assigned to this goal; however, the hyperfine dips should be visible 

without requiring post processing of data. 

DESIGN TARGETS FOR FUTURE WORK 

The final design, if meeting the above requirements, would offer a platform to perform CW-

ODMR experiments. However, with only a couple of modifications and improvements, the 

system could be enabled to perform more advanced scientific experiments. Thus, some potential 

future goals could be setup to enable: 

- Pulsed ODMR 

- Qubit control 

- Han Echo pulses 

- Magnetic field mapping 

- Rabi-oscillations measurements 
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CHAPTER 3: THEORETICAL FRAMEWORK  

The Nitrogen Vacancy Center (NVC) in diamond, which is categorized as a ñcolor centerò, 

induces a characteristic pink or yellow color to the crystal. This is due to the absorption of 

shorter wavelengths of light, which is re-emitted as longer wavelengths. This effect is not only 

appealing to the senses, but it offers an opportunity to employ optical techniques to excite and 

measure the spin states. A typical system requires three key blocks for operation: an optical 

source to excite the electrons, a microwave source to manipulate the spin states, and an optical 

collection system to detect red florescence intensities. If these components are of good quality, 

well controlled, and balanced then the triplet energy levels of the NVC can be accurately 

determined, which is directly proportional to the magnetic field strength.  

An example image in Figure 6 shows a pink-colored diamond with NV Centers. 

https://doi.org/10.1119/1.5023389
https://doi.org/10.3390/c9010016
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Figure 6 - A pink colored, nitrogen doped diamond used for quantum sensing [3a]. 

Physical Operating Principle 

The underlying principle which is exploited to build a magnetometer using the NV center is 

based on the spin dependence of optical transitions of the electrons in these centers. In short, the 

measured red fluorescence of the NV centers would reduce if the center were being spin-cycled. 

This only happens if the microwave frequency matches the energy level transition of the triplet 

spin state ï often referred to as óresonanceô. This means that the microwave frequency can be 

swept, and the relative fluorescence intensity would ódipô in the regions where the microwave 

magnetic field is coupling onto the energy level transitions of the spin state. In other words, there 

is the opportunity to infer the magnetic field based on the measured florescence.  

To understand the Nitrogen Vacancy Center (NVC), it is important to first examine the physical 

structure of the diamond crystal and the associated electron spin levels. The diamond crystal 

consists of carbon atoms arranged in a Face-Centered Cubic (FCC) lattice, leading to a 

tetrahedral configuration with bond angles of approximately 109.5 degrees. 
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Figure 7 - The FCC unit crystal structure of diamond, with each carbon atom covalently bonded to four other carbon atoms. 

This diamond lattice offers four possible orientations for covalent bonds between the carbon 

atoms. If a carbon atom is replaced by a nitrogen atom, and a neighboring carbon is also 

removed from the lattice, an NV center is formed. This removed carbon atom is referred to as a 

óvacancyô, hence the name Nitrogen-Vacancy centers. 

Considering this nitrogen and vacancy duo, the electronic bonding can be examined. From the 

five electrons in the valence band of the nitrogen, three are used to bond covalently with the 

lattice, leaving a lone pair of electrons on the side of the vacancy. Additionally, since the 

vacancy still has neighboring carbon atoms, three dangling bonds are left where the carbon 

bonds used to be. From these three dangling bonds, two of them will join together as their own 

covalent bond, leaving a single unpaired electron in the center. This state is neutral, in that it is 

the default state of the center. If a nearby donor (usually a nearby nitrogen [3b]) offers up its 

spare electron, then the centerôs electron can bond with it, leaving a negatively charged NV 

center. This leaves no spare unpaired electrons around. Figure 8 shows how this is achieved, 

starting from a plain carbon crystal. 
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Figure 8 - The formation of the NVC. Starting with a plain carbon crystal structure (a), a carbon is replaced by a nitrogen, and a 

nearby neighboring carbon is removed (b), leaving three dangling bonds and a lone pair (from the nitrogen side). Two of the 

dangling electrons form a covalent bond, which leads to the NV0 state (c). If an additional electron is introduced from a nearby 

donor, the spare electron can bond and form a pair. This is the NV- center (d) 

Thus, there are three charge states of the NV center: NV+ (positive), NV0 (neutral) and NV-. 

The NV- has been shown to exhibit the effects of interest here and will be simply referred to as 

the NVC going forward. This electron pair that is formed from the spare dangling bond and the 

donated electron can take up the following possible spin states: 

 

Figure 9 - The possible spin states of the NV center. 
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Taking each of the possibilities from these spin states, the total spin of the NVC can be: 

 

Figure 10 - The possible total spin values of the NVC, where it can be seen that two of the spin states reduce to the same spin 

value of 0. 

Since there are these three spin states, it is classified as a óspin tripletò type, which can be written 

as S=1. This leads to two energy states (in the case of no external magnetic fields, electric fields, 

or crystal strain present), where the ground state (ms=0) is the lowest, and the two aligned states 

(both spins up or both spins down) is a more energetic state. Now if an external magnetic field is 

present, the energy level of the ms=±1 states will be different from each other ï if the total spin 

is aligned with the magnetic field, this will correspond to slightly lower energy, and if the total 

spin is anti-parallel to the magnetic field, the spin energy will be slightly higher. This energy 

difference between the ms=±1 spin states is thus a function of the magnetic field strength and 

direction, which is known as the Zeeman effect. For simplification purpose, the magnetic field is 

considered as parallel to the NV axis for the time being, however, this chapter later addresses the 

case of non-parallel fields, and ensembles of NVCs. 
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Figure 11 - A diagram representation of the electron spin states in a magnetic field. The two electron spins can be in the ground 

state (opposite directions of each other) as in (a) where the energy level is agnostic to the magnetic field strength, aligned with 

the magnetic field as in (b), or aligned against the magnetic field (c). For small magnetic fields, the energy levels will be 

arranged from low to high as (a), (b), (c); but for large magnetic fields the energy level of (b) may become smaller than that of 

(a). 

Thus far, the only energy levels considered have been those that are electron spin based. 

However, there is another energy level difference that can be considered ï the ground and 

excited state. When these electrons absorb a photon, they can transition from the ground state 

into the excited state. Similarly, by emitting a photon (or photon and phonon combination), they 

can drop down to the ground state. A simplified version of this transition is shown in Figure 12, 

for a generic case, which will be refined into the specific case of NVC diamond. 
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Figure 12 - A simplified energy diagram of photon and phonon interactions of the NVC. 

In the specific case of NVC in diamond, the required photon energy to excite the electrons is a 

minimum of 637nm ï which is known as the Zero Phonon Line (ZPL). This is because if a 

photon of 637nm is absorbed, it would exactly match the energy level difference between the 

ground and excited state, and as such would not contribute to any phonon interactions. However, 

if a higher energy photon (with a wavelength < 637nm) is absorbed, the electrons can transition 

from the ground state to a higher energy state, dissipate energy through phonon interactions 

(heat) and drop to the excited energy state. In NVCôs, this excited state quickly decays again, 

emitting a red photon of 637nm, and is thus ready to absorb a new photon. 

Now, in order to combine the effects of the energy levels contributed by spin and photon 

absorption, a more detailed picture of the energy diagram is needed. Considering the starting 

state of a specific center to be in the ground state, it can be spin cycled into the ms=±1 states, if 

resonant microwave is applied (which is really just low energy photons). Now, if a photon is 
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absorbed, the center would jump to the excited state (which may involve a phonon interaction to 

drop to the excited state) ï but the beauty of the NVC is that this jump is generally spin 

conserving. In other words, if the spin is in the ms=±1 state before absorbing the photon, it 

would likely be in the same state after the jump. The more complete excitation diagram can now 

be represented as follows (and the same would go for emitting a red photon). 

 

Figure 13 - The three excitation mechanisms of the NVC showing the spin-state conservation. 

Now, the final key piece to the puzzle to enable NVC ODMR magnetometry is that there is 

another singlet shelving state that exists. This is an alternative path that the excited electrons can 

take down to the ground state, and if this alternative path is taken, the 637nm red photon is no 

longer emitted. Instead, this path consists of a phonon interaction, followed by emission of a 

1042nm infrared photon, followed by another phonon interaction, which finally leaves the center 
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in the ground state. Additionally, the decay from the excited state through this singlet state is 

largely not spin conserving, which means that the final state would be in the ms=0 state. The key 

to NVC ODMR is that this alternative decay path is much more likely to be taken by centers if 

they are in the excited ms=±1 state, than if they are in the ms=0 state. In other words, if the 

original ground state is being spin-cycled, and currently populating the ms=±1 states, then the 

emitted photon (after absorption of a high energy photon) is significantly less likely to be red, 

and has an increased likelihood of being in the infrared (by taking the alternate decay path). This 

means that if the microwave frequency matches the energy level transition from the ms=0 state 

to the ms=±1 states, there would logically be a reduction in the emitted red florescence than if 

the microwave frequency is non-resonant. The final complete energy level diagram can be 

represented as in Figure 14. 

 

Figure 14 - The full energy band diagram of the NVC. Note that the thicker grey lines represent a higher probability path than 

the narrow lines ï in other words, the decay is more likely to be non-red-radiative if the spin is up or down. 

In summary, if the red florescence is being carefully observed, and the applied microwave 

frequency is swept through the resonant values, there should exist two dips where the microwave 

frequency corresponds to the energy difference between the ms=0 and ms=±1 states. Thus, the 



28 

 

energy difference can be measured by this means, and is commonly referred to as Optically 

Detected Magnetic Resonance (ODMR). More specifically, since the microwave and applied 

light is not being pulsed, the test would be referred to as Continuous Wave ODMR, or just CW 

ODMR for short.  

The ODMR spectrum from one of the datasets are shown in Figure 15 (rotated by 90 degrees), 

along with a simplified version of the derived energy diagram from Figure 14. This shows what 

each dip represents in the spectra that will be analyzed throughout this thesis. Note that the 

singlet state is not shown here, but still exists. 

 

Figure 15 - NVC energy diagram with an ODMR spectrum showing what each dip corresponds to on the energy diagram. Note 

that the ODMR spectrum was mirrored in this figure. 

In conclusion, the important points to understand from the theory to ensure successful sensor 

operation (specific to the case of CW ODMR) are: 

¶ The total spin is largely conserved during optical excitation.  

¶ Although the energy difference between the ground and excited state corresponds to 

637nm, there exists sidebands up to around 800nm due to phonon vibrations. 
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¶ If the spin state is in the ms=±1 states, a significant possibility exists for intersystem 

crossing (ISC), whereby the path through the singlet state is taken back down to ground. 

This is non-spin conserving. 

¶ If the singlet state path is taken (ISC), the measured red florescence would reduce due to 

the photon energy now corresponding to 1042nm instead of 637nm. 

¶ The spin state can be driven from the ms=0 state to the ms=±1 state with a microwave 

frequency of ~2.87GHz. A value slightly lower than 2.87GHz will correspond to the 

ms=-1 state, and a frequency slightly higher than 2.87GHz will correspond to the ms=+1 

state. 

By combining these effects, a system can be built which performs the following: 

1. Optically initialize the NVC through 532nm light ï leaving the majority of the spin states 

in the ms=0 ground state. 

2. Drive the NVC into the ms=±1 state with resonant microwave radiation at ~2.87GHz. 

3. Measure the florescence. If the microwave radiation frequency matches the energy 

difference between the ms=0 and ms=±1 states, the more ISC decay will happen, leading 

to a reduction in the measured red florescence. 

Due to there being four different NVC orientations, a magnetic field will have up to four 

different projected field strengths as seen by a cluster of NVCs, which may lead to four dips 

nearby each other. It is possible to perform these experiments on a single NVC, however, this 

work is focused on cluster measurements. 

Mathematical Description of the Quantum Mechanics of the NVC 

Neglecting spin-spin interactions, the Hamiltonian of the NVC can be written as: 
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Figure 16 - The Hamiltonian of the NVC. 

The portion that each of these terms contributes to the energy level of the NVC spin can be 

summarized as being: 

1. The zero field splitting energy level of the spin. This is the energy level of the spin up 

and spin down states if there is no external field applied, and no strain being present. 

2. The term contributing an energy proportional to the parallel component of the magnetic 

field to the spin axis. This is the term that causes the Zeeman splitting. 

3. The energy contribution due to spin-strain interaction, which is usually small. 

Each of the symbols in the Hamiltonian are briefly described below. 

¶ D = zero-field splitting parameter, which is equal to 2.871GHz in this case. 

¶ S = (Sx, Sy, Sz) which are the Spin projection operators, however, in this case only the 

Pauli matrices are used to keep the units as frequency. 

¶         = the electron gyromagnetic ratio which is equal to 2.00232. 

¶         = the Bohr magneton, which can be calculated as: 

o  

¶       = External magnetic field vector in Tesla. 

¶ E = Strain splitting parameter due to lattice distortions (this can be measured when there 

is no external field applied). 
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However, this only considers a single NVC. To consider an ensemble of NVCs, it is clear that a 

set of vectors need to be set up, where each vector is of magnitude one (a unit vector), and points 

in the direction which the NVC axis can lie upon. This can be set up as: 

 

Figure 17 - The NVC orientation matrix. 

Additionally, in order to calculate the Hamiltonian as the field (or the crystal) rotates, the classic 

rotation matrices can be employed. These are defined as a function of theta (the angle by which 

to rotate the vectors), and are rotations around the X, Y and Z axes respectively: 

 

Figure 18 - The rotation matrix used to rotate the vectors of the spins about the X-axis. 

 

Figure 19 - The rotation matrix used to rotate the vectors of the spins about the Y-axis. 
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Figure 20 - The rotation matrix used to rotate the vectors of the spins about the Z-axis. 

These can be multiplied by the field vector, or by the set of vectors describing the NVC 

orientations. An example diagram in Figure 21 shows the simple case where the field is along the 

+Z direction, and the NVC orientations are aligned to a special case, where each different 

orientation of the NVC would experience the same parallel magnetic field component. 

 

Figure 21 - The four NVC axes (Red) in a magnetic field (Blue). Notice that this orientation offers the same parallel component 

of the field on each spin vector. 

Setting the magnetic field to an example value of 1mT, and by sweeping the rotation of the NVC 

about the X-axis (which was arbitrarily chosen at the start of the calculation), we can see that 

there will be a sinusoidally varying energy level. Here, the aforementioned special case would be 



33 

 

at the very left of the plot, where the rotation angle is 0 degrees. Note at this point that there are 

only two distinct energy levels. 

 

Figure 22 - Calculated energy levels (in MHz) as a function of rotation angle. Notice that symmetry is preserved for two spin 

vectors. 

Now, repeating the same calculations, but for a re-oriented NVC (rotated about the Y axis by 30 

degrees), we can see that there are eight distinct energy levels. 



34 

 

 

Figure 23 - The four NV vectors (Red) in a magnetic field (Blue), where the parallel component of the field is no longer the same 

for each. 

 

Figure 24 - The resulting energy levels (in MHz) as the sample is rotated about one axis. 
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It can still be seen that there exist two special cases, where all the energy levels converge onto 

the same value (where the magnetic field component parallel to the spins are of the same 

magnitude). However, if we apply a second rotation about the Z axis of 20 degrees, we can see 

that no special cases exist any longer where all the energy levels converge. 

 

Figure 25 - The four NV vectors (Red) in a magnetic field (Blue), where the parallel component of the field is no longer the same 

for each. 
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Figure 26 - The resulting energy levels (in MHz) as the sample is rotated about one axis. 

NOISE AND SENSITIVITY LIMITS 

If the device is operated as a continuous wave optically detected magnetic resonance sensor, the 

shot noise limited sensitivity has been well studied and can be given as [3c]: 

 

Figure 27 - The shot noise limited sensitivity of the NVC. 

Here, R is the photon detection rate, is the linewidth, and Ccw is the ODMR contrast. 

This assumes only shot noise presence; however, the final system will contain noise sources of 

many kinds. Each noise source will independently reduce the final signal-to-noise ratio (SNR) 
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and may be complicated and tedious to calculate. Possible noise sources to keep in mind during 

the final design include: 

- Thermal noise due to operating at room temperature   

- Mechanical induced noise due to vibration (on-board fan, sound, etc) 

- EM coupling of noisy traces onto signal traces 

- Noise output of microwave source 

- Noise output of laser source 

- Environmental noise (EMC) 

- ADC discretization noise 

- Power regulation supply noise 

This list is not comprehensive but is sufficient to motivate an alternative approach to measure the 

final sensor performance, rather than predict it. 

The definition of sensitivity (in the case of magnetometers) is the minimum detectable field 

change, for a given measurement frequency f. Or, put another way, if a measurement takes time 

T to integrate and average, we can write:  

 

Figure 28 - Deriving the sensitivity formula A. 
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In other words, the sensitivity is the resolution of the sensor, normalized to measurement time. 

Bmin is not easy to simply ñknowò, and in order to practically determine the device sensitivity, a 

more tangible equation is needed. The next couple of paragraphs aims at deriving such an 

equation, so that the sensitivity can be calculated from only a few parameters that are readily 

available during scans. 

Starting with an example spectrum of two different magnetic fields (B1 and B2), the spectra can 

be overlaid as follows: 

 

Figure 29 - Deriving the sensitivity formula B, showing a section of the ODMR spectrum used where sensitivity would be 

maximum. 

If the absolute value of the first derivative of the ODMR spectrum is calculated and plotted, the 

highest value would determine the frequency at which the sensitivity is best. If only this area is 

considered, and if the assumption can be made that the difference between the two field strengths 

is very small, then it is safe to assume that for a small region the two curves can be approximated 

by two parallel lines. Thus, looking at only this local small region, the following diagram can be 

generated: 
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Figure 30 - Deriving the sensitivity formula C - showing a infinitesimal view of the previous ODMR spectra. 

Here, the horizontal separation between the two lines would be equal to the gyromagnetic ratio 

multiplied by the field difference. Furthermore, measuring the two contrast values for both lines 

at a given microwave frequency, these can be called M1 and M2. Additionally, since the two 

lines are parallel, the slope of one line would be equal to the slope of the other. Additionally, the 

slope S of the lines can then be said to be equal to the difference between M1 and M2, divided 

by the horizontal separation (Bmin multiplied by the gyromagnetic ratio). 

 

Figure 31 - Deriving the sensitivity formula D. 

Now, if it is assumed that the sensitivity is to be measured at the point where the signal to noise 

ratio is 1, i.e. the signal magnitude is equal to the noise magnitude, and if the noise is equal to the 

standard deviation of the samples collected, then the following holds true: 
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Figure 32 - Deriving the sensitivity formula E. If the SNR is equal to one, then the noise distribution and signal peaks are equal. 

Using the visualization in Figure 32, the following can then be derived: 
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Figure 33 - Deriving the sensitivity formula F. 

Given this final form, only the following need to be measured to determine sensitivity:  

- Time taken for sampling and integration of datapoint (T) 

- Standard deviation of datapoint sample set (SD) 

- Slope between two neighbouring datapoints (S) 
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CHAPTER 4: SAMPLE CHARACTERISTICS AND EARLY DESIGN  

The most important component in the system is the diamond sample. As such, a good amount of 

time is spent studying the sample and building a simple optical table ODMR setup. By running 

experiments on this setup (which is easy to modify), many lessons can be learned, and later 

leveraged, for the final design. This chapter highlights some of these. 

SAMPLE CHARACTERIZATION 

The image in Figure 34 shows the diamond sample, as viewed through an optical inspection 

microscope. Since the sample used is a non-optimal diamond, some small defects can be seen. 

However, these defects did not seem to have any impact on the performance of the system. 

  

Figure 34 ï A microscopic image of the diamond sample showing surface defects due to a chamber leak during CVD growth. 

Using an early optical breadboard type setup (see the next sub section), the diamond sample was 

characterized. This is done by stimulating the sample with a continuous wave 532nm laser and 

measuring the resulting red florescence. This also allows investigating the required integration 

time to get reasonable signal values, with low enough noise. The spectrum in Figure 35 shows 

the results of the test, where the 637nm peak can clearly be seen. This peak is the fundamental 

energy transition from the optically excited state to the ground state, or more commonly referred 

to as the Zero Phono Line (ZPL). Further note the ótailô trailing behind the fundamental, which is 

a result of phonon interactions, which reduces the photon energy. 



44 

 

 

Figure 35 - Florescence spectrum of the NVC sample. Note that the zero-phonon peak at ~637nm is clearly visible, which is 

evidence that the sample contains a significant amount of the NV defects. 

 

INITIAL EXPERIMENTAL SETUP 

Before miniaturization was attempted, an NVC sensor was built using common photonics lab 

equipment. The goal of this exercise was to get familiar with the requirements, and to have a 

benchmark for later comparison. In order to miniaturize, it is possible to then replace one 

component at a time and compare the performance. This helps with debugging of the system and 

allows for setting up some target performance specifications of the miniaturized subsystems. For 

example, using the optical table setup, one can experiment with the effect of the laser spot size 

on the diamond sample, which aids in building intuition on what the final design requirements 

are in terms of light stimulus. 

The final design would then be distilled down to a single óboxô, which contains the entire system. 

Data can then be read out using a USB cable, through a serial connection. The approach is to first 

replace the RF source with a PLL integrated circuit, then the laser with an LED (or laser diode), 
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then the optical spectrum analyzer with a photodiode and filter combination, and finally the 

optical table setup with an optical 3D printed stack.  

The initial optical design is shown in Figure 36, in a conceptual block diagram.  

 

Figure 36 ï A block diagram of the early experimental setup used. 

The principle of operation, and use of each component is: 

1. The laser light source is transmitted towards the sample through an objective. This 

focuses the light onto a spot, and the spot size can be changed by moving the sample back 

and forth (this can aid in balancing the microwave and optical intensities). 

2. A chopper disk is driven with a stepper motor, which can then be used to óturnô the beam 

on and off, without electrically turning it off and on. This helps to keep the beam at a set 

intensity, rather than an unknown intensity after a warmup time. This is mostly used for 

capturing dark reference spectrums. 

3. The sample is stimulated with a microwave source, which drives an antenna. The antenna 

has a strong local magnetic field, which couples onto the NVCôs. 
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4. The sample fluoresces red, and this light is sent in all directions. A cone of this light is 

captured by the objective and is then turned into a wide beam by the objective. This beam 

is then passed through a long-pass filter, in order to reject any remaining (or 

backscattered) green light from the laser. 

5. The red light is focused onto a spot using a lens and is then coupled into a fiber optic 

cable.  

6. The fiber optic cable is connected to an optical spectrum analyzer, which can then be 

used to integrate the red florescence. 

Figure 37 shows part of the setup described above.  

 

Figure 37 - A photograph of the early experimental setup. 

In order to run a test, a python program is called, which opens a Django based interface, that then 

commands the system. This program sends commands to two systems ï the spectrometer, and a 

Raspberry Pi Pico microcontroller. The microcontroller is then used to control the microwave 

source and chopper disk.  
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The components used for this óbenchtopô setup are listed in Table 2, along with their supplier and 

estimated cost. These are considered generic, and do not form part of the final design, and as 

such no specific part numbers are listed for all components. It is not a comprehensive list but is 

intended to provide an estimate of the cost of manufacturing an NVC sensor of this type. 

Table 2 - Bill of materials for the early experimental setup. 

Component Purpose Est. 

Cost 

Supplier 

Ocean Optics 

USB4000 

Spectrometer 

Collection of emitted spectra to 

measure florescence 

$1100 Ocean Optics (no 

longer sold) 

DRV8825 Stepper 

Driver Module 

Control of stepper motor $15 Amazon 

Raspberry Pi Pico General control of RF source, 

stepper motor, and fans 

$5 Amazon 

LMX2581 Module Generation of microwave signal $75 JLCPCB, Digikey, 

self-assembled 

Generic 532nm Laser 

Module 5mW 

Excitation of electrons $65 Amazon 

XYZ Stage Sample 

Mount 

Adjusting sample alignment, and 

spot area 

$1200 Thorlabs 

10x Objective Focus of light on sample; 

collection of red florescence 

$150 Thorlabs 

Laser Line Filter 

532nm 

Filter of laser light $200 Thorlabs 

30mm Optical Cage 

kit 

Holding all the optical 

components in place 

$1000 Thorlabs 

Dichroic beam splitter 

and mount 

Separating green and red light $500 Thorlabs 
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Table 2 ï Continued. 

Optical Breadboard Mounting of components $250 Thorlabs 

Multi -mode Fiber 

Optic Cable 

Waveguide transmission of red 

florescence to spectrometer 

$40 Thorlabs 

Miscellaneous Cables, RF antenna PCB, screws, 

tools, etc. 

$75 Various 

Thus, to build an optical breadboard-level NVC setup, the total cost can be as low as $4675. This 

excludes any time value of money for building the system and aligning the optics, which can 

take days. 

Early tests required a lot of calibration and trial and error. The following list includes some of the 

key challenges to getting initial results: 

¶ The optical alignment, including the laser spot alignment on the sample, along with the 

return of the red florescence, must be done as perfectly as possible. The red light must be 

coupled into a fiber optic cable, and any lost light is a penalty paid in the form of SNR.  

¶ Laser stability was an early issue. It was found that the laser can change its intensity by 

up to 20% over the course of a single test. In comparison to the florescence intensity 

wanting to be measured being around <1%, this is a big problem. It was noted that the 

variation is slow, thus this problem was solved by running rapid scans through the 

frequency range, and then repeating this before averaging. This is more resilient to the 

laser drift than the first approach tried, which was to integrate at each frequency point for 

a while, before moving to the next. 

¶ The balance between optical intensity and microwave intensity must be just right for best 

results. If either one overpowers the other, the double dip will not appear. 
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During alignment, a phone camera was used to ólookô into the optical fiber. An image in Figure 

38 shows this, for interestôs sake. The true color is redder than the imageôs pinkish hue (in a dark 

environment, the red can be shone onto a white paper to see its color, but it is very faint). 

 

Figure 38 - A photograph of the end of the fiber optic cable showing the red florescence. The true color is red, although the 

camera detected it as pink. 

As a starting point for system tests, the goal is to simply measure the double dip of the two 

ground states of the NVC. Once the system has been calibrated for this measurement, tests can 

be done to measure magnetic fields. The results of one of the first successful tests is shown in 

Figure 39, where it can be noted that the system has a lot of noise ï this is addressed as the 

design evolves into the final system. The data is plotted on the same graph, with an artificially 

added DC offset so that the curves can be separated. 
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Figure 39 - The first observed energy level splitting of the ODMR spectrum using the early setup. Note that an artificial offset 

was applied to each of the curves to separate them. 

It can be seen from the graph in Figure 39 that as a magnet is brought near, the double dip (due 

to the Zeeman splitting) spreads out. Furthermore, due to the nature of the scanning algorithm, 

the laser drift can be noted ï in some cases the laser tended more downwards as time progressed, 

and in other cases flatter. Other tests showed an upwards drift. After some further improvements 

to the testing procedure (see the sub chapter on testing algorithm), the results showed a huge 

improvement, as shown in Figure 40. The graph on the left shows the raw data collected, where 

the graph on the right shows the result after a form of convolution filtering was applied. In this 

test, the RF power was set to 20%, with the laser in normal operation (full power, not 

modulated). 
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Figure 40 - The first high quality ODMR spectrum measured (left), and the same ODMR spectrum after applying a convolution 

filter (right). 

TESTING ALGORITHM 

The testing algorithm is one of the most important aspects of the sensor. This can impact final 

sensitivity, accuracy, and testing time. A couple of different approaches were tested, and the best 

aspects of each were combined into a distilled final algorithm. Parameters of the algorithm can 

still be changed, and can have a large impact on the results, but the order in which things are 

done has been found to work best. The flow chart in Figure 41 shows the procedure of 

performing a measurement for the initial experimental setup (on the optical table).  
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Figure 41 - The flow chart of the first program used to measure the ODMR spectrum. 

In the way that measurements are taken in Figure 41, the effect of laser drift is reduced. By 

sweeping through the frequency range as quick as possible and taking only a single measurement 

at each frequency point, the laser drift can be minimized for that single scan. The DC offset is 

then removed, such that the effective laser drift over multiple measurements become zero. After 

this single scan, a next scan is performed, with the same procedure of removing the DC offset of 

its own dataset. This is repeated a number of times (as much as is set by the averaging). These 

multiple arrays are then finally averaged together, which produces a graph that is less likely to be 

affected by the laser drift. The loop also allows for sweeping the power setting, which in turn 

allows running a single set, and obtaining the best RF/Optical power ratio. 
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It is worth noting that scans in this configuration can take long. All the communication and 

averaging can lead to scan times up to 10 minutes for a single power setting. This is addressed in 

the final version as will be discussed in the following chapters. 
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CHAPTER 5: HARDWARE DESIGN AND IMPLEMENTATION  

A large portion of the design time was spent refining the hardware. Multiple test and iteration 

cycles were required to reach the point where the system delivered reasonable results. Additional 

refinements resulted in an even better system, with signal to noise ratios up to around 30. The 

Figures 42, 43, 44, and 45 below show photographs of the final system. 

 

Figure 42 - The final design with various parts labelled. 
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Figure 43 - A different view of the final design with various parts labelled. 
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Figure 44 ï A view of the final design optics with various parts labelled. 
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Figure 45 ï A different view of the final design optics with various parts labelled. 

MICROWAVE SOURCE AND ANTENNA 

As early as the initial experimental setup was built, the microwave source used was a discreet 

circuit, rather than a laboratory grade source. This was to allow easy direct control over the 

microwave frequency and intensity, from the control loop. The discreet IC chosen for this task 

also offers a couple of other benefits which help to improve the system performance. Some of 
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the most notable of these include a pinout of a ñlock detectò signal, which allows the 

microcontroller to verify that the RF frequency being generated has locked on. Additionally, the 

IC offers a register to disable the output buffer with a single bit ï allowing a quick comparison 

between the fluorescence with and without microwave stimulation. This produces the contrast 

value which is ultimately refined and averaged into the ODMR spectrum. 

Antenna Choice and Design 

The antenna chosen is based on a design originally by K. Sasaki, et al. [5a]. A few modifications 

made it suitable for this project, of which the matching network and size are the most important. 

Due to the clamped down 3D printed stack-up, the effective permittivity as seen by the 

microwave source is increased, which in turn requires the antenna to be physically smaller (as 

the wavelength is reduced).  

The antenna was designed in Cadence AWR, and then manufactured. Additional input networks 

are included in the final circuit, which offers the opportunity for post-manufacture matching or 

attenuation of the power. There are effectively two of these networks, one being a Pi network, 

close to the antenna (mainly intended for possible matching), and an additional T network further 

from the antenna (mainly intended for possible attenuation). An image of the circuit and relevant 

section on the PCB is shown in Figure 46. 
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Figure 46 - The microwave antenna schematic diagram (left) and PCB layout (right). 

A cut and stripped piece of coaxial cable was soldered on at the antenna input, in order to 

measure its input reflection coefficient (S11). The file was exported, and then imported into 

SimSmith (an open-source RF tool). A simple Pi-network matching was synthesized and 

implemented (and the coaxial cable was desoldered). After matching and tuning the antenna, the 

following S11 is measured, with the 3D printed stack attached. 
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Figure 47 - The antenna resonance with the entire optical stackup assembled. Markers 1, 2, and 3 are at the low, middle, and 

high frequency values (respectively) of the expected final scan range. 

Figure 48 shows the same S11 without the 3D printed stack being attached, and it can be seen 

that the resonant frequency is near ~2.95GHz, which is an increase of ~80MHz. It can also be 

noted that the lowest point is at -26dB, instead of the -8dB in Figure 47. This is likely due to the 

3D printed stack being a lossy material (with a low quality factor). 
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Figure 48  - The antenna resonance without the optical stackup, showin the reduced effective permittivity. 

Given the original effective permittivity of the substrate being 4.0, and given the new resonant 

frequency, the new effective permittivity of the entire stackup can be calculated as: 

 

Figure 49 - The effective permittivity as seen by the antenna. 

Microwave IC Choice and Design 

The microwave source is that of a Phase Locked Loop (PLL), packaged in a discreet Integrated 

Circuit (IC). The component is manufactured by Texas Instruments and has been designated part 

number LMX2581. Other PLL ICs are offered in this family by TI, and might offer performance 

improvements, but these were not explored.  

The architecture of the PLL is shown in the block diagram in Figure 50. 
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Figure 50 - The PLL core block diagram [5b] of the microwave source. 

The choice of PLL was made on the following criteria: 

1. The output frequency should be configurable from 2500MHz to 3200MHz, with at least 

2MHz resolution. 

2. Ideally, the PLL should include a buffer, such that it can directly drive the antenna, 

without the need for an additional Power Amplifier (PA). This buffer should be capable 

of output powers up to 8dBm.  

3. The PLL should have a reasonable noise phase, especially if the frequency resolution is 

on the higher end (> 1MHz).  

4. The output should be disable-able, such that the microwave stimulus to the Diamond can 

be turned off. 
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5. The cost should be reasonable (<$20), including the additional required circuitry. 

The LMX2581 was found to fulfil these requirements, with additional features that make the 

system easier. The final circuit diagram is shown in Figure 51. 

 

Figure 51 - The microwave circuitry with the LMX IC in the center. The antenna matching and attenuation networks are shown 

on the left side of the figure. 

Using the TI PLLatinum Sim software, the following loop filter components were chosen: 

¶ R2_LF: 82Ohm 

¶ R3_LF: 820Ohm 

¶ R4_LF: 0Ohm (Short) 

¶ C1_LF: 10nF 

¶ C2_LF: 1500nF 



64 

 

¶ C3_LF: 3.3nF 

¶ R2PLF: 820Ohm (Switched in parallel with R2_LF during FastLock). 

The output was tested using a Signal Hound USB-SA44B Spectrum Analyzer, and the phase 

noise is reported as shown in Figure 52. This phase noise is relatively high for the given 

frequency, however, the solution for improved phase noise would be to change the IC used to a 

different one (see Chapter 9 ï Future Work for more information). 

 

Figure 52 - The phase noise of the PLL showing a relatively high phase noise for the given frequency. 

As part of the design, an SMA connector is included for software testing. A simple resistor 

switch is added, so that in the correct combination the SMA connector can be used to: 

¶ Send the output RF signal from the PLL to the SMA connector. 

¶ Send an external RF source to the antenna (not using PLL), for comparison of 

performance. 



65 

 

¶ Or solder on a wire, bend it such that it is near to the RF trace (but not too close, it is 

recommended to have it around 4x the trace width away), which will then couple onto the 

RF trace weakly.  

These allow for a wide combination of connections so that different components can be tested. 

This also allows for tuning of the antenna, and verification that the S11 parameter of the antenna 

is lowest at ~2.87GHz ï in other words, the antenna is matched and resonating at our operating 

frequency. The last option allows for monitoring of the RF signal qualitatively, during tests. 

Since the wire is only weakly coupled with the RF trace, only a small amount of power is sent to 

the SMA connector, but it is still enough to see a spike above the noise floor on a spectrum 

analyzer. This makes software debugging much easier and helps during tests to confirm that the 

RF is sweeping as intended (since at least frequency and on/off information can be read out). 

OPTICAL SOURCE, OPTICAL SENSING, AND CONTROL CIRCUITS 

The optical stackup consists of a light source, focused onto the diamond, and a lens on the 

opposite side to focus the red florescent light onto a light sensor. An optical filter is used to 

remove the stimulus light from the collected light. The image in Figure 53 shows the final 

assembled light source section of the sensor. 
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Figure 53 - A view of the optical stackup with the laser heat sinks and focus optics housing visible. 

The sub sections below detail the design of each part of the optics. 

Optical Source Driver Circuit  

For optical stimulation, a circuit is chosen that can vary its intensity. Typical light sources such 

as LEDs or Laser Diodes require a constant current to operate, rather than a constant voltage. A 

specialized IC was chosen for this task, which is designed to output a constant current, regardless 
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of the output voltage (within limits of course). For this task the LM3410X is chosen, which is a 

constant current boost converter, with PWM control of the output current. 

The circuit uses a small value series resistor to measure the current in the return path of the load. 

The current flowing through this resistor generates a voltage, which is then fed to an internal 

control loop. The duty cycle is adjusted accordingly, to keep the output current close to a target 

value. The PWM input temporarily disables the output switching, which (if done at a high 

enough frequency) results in a lower current, which is still smooth. Additionally, large output 

capacitance helps to smooth the output voltage further. The schematic is shown in Figure 54. 

 

Figure 54 - The laser driver circuit using the LM3410X. 

Laser Diode 

Various lasers were used in the development of the sensor. The first laser was a complete 

module, which was powered by an external 5V DC supply. This served as a reasonable light 
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source for the optical breadboard version, but was not sufficiently affordable, controllable, or 

compact enough to be considered for the final design.  

The first laser used for the compact version of the sensor was an unknown part number. The laser 

was purchased from an online retailer for $19. This laser worked for some early tests but proved 

to be too noisy. Furthermore, this laser exhibited mode hoping, which was unpredictable (see 

Chapter 6: Hardware Control Blocks ï Laser Control). During some tests, the laser would be 

stable at a given intensity, but during other tests the same target intensity would lead to mode 

hoping, and the PID control loop would become unstable. 

The final design uses the PLT5 520B laser diode by Osram. This laser produces an output power 

of up to 110mW, a center wavelength of ~520nm, with a Full Width Half Maximum (FWHM) of 

1nm. An additional benefit of this laser diode is that it does not use a photon doubling crystal, 

which leads to lower noise. The forward drive voltage of the diode is also above 5.9V, which is 

above the minimum output voltage of the constant current driver (3.3V). The previous laser was 

not, which meant that an additional silicon diode was needed for sufficient voltage drop (which 

adds noise). The image in Figure 55 shows a microscope view of the diode within the package 

with the gold bondwires visible (estimated width of 50um).  
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Figure 55 - A microscope image of the Osram laser. 
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Figure 56 - A view of the optical stackup with the heatsinks. 

Optical Sensor 

To sense the red florescent light, a photodiode is used. The chosen photodiode is the FDS100 by 

Thorlabs. The output current is fed through a high value resistor (megaohms), and then buffered 

before being passed to a data converter. The buffering is done through a low input leakage 

operation amplifier, namely the LMP7721MA, which has leakage currents in the low femto-

Amperes region. After this buffering, data is recorded through an ADC (MCP3561T) which has 

24-bit resolution, along with some other desirable features (such as oversampling). 

Before being fed into the data converter, the signal needs to traverse around 15cm, since the 

photodiode assembly is on the optical stackup, but the ADC is on the main board. This originally 
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contributed a significant amount of noise, and as such the final wire harness uses a twisted pair, 

along with copper foil shielding to reduce interference. 

Other Optics Hardware 

The final design uses a 3D printed optical stack, which consists of a stimulus side, and a 

collection side. On the stimulus side, there is the laser diode, in a brass housing, followed by a 

collimating lens, and finally followed by a focus lens. On the collection side is a focus lens, 

followed by a bandpass filter, and finally a photodiode. The optical stack is shown in Figure 57. 

 

Figure 57 - The (simplified) final optical stackup block diagram. 

In order to allow adjustments, the whole stack is assembled onto three brass threaded rods. This 

allows for adjustments to the focus (spot size), and position on the sample. This is the case for 

both the laser and the collection stack. Thus, the laser spot (and corresponding florescence spot) 

can be moved around by some small amount, and the collection spot can be aligned to match. 
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Additionally, the linear alignment can be offset such that the reflected green laser light from the 

bandpass filter would not re-enter the laser diode. 

The entire optical stack is enclosed to reduce ambient light entering the system. The only 

exception is at the sample, where there is a small pinhole on both the stimulus and collection side 

stack up for light to enter.  

POWER MANAGEMENT 

Power flows into the board through a single 12V supply, however, the various subsystems have 

specific requirements in terms of noise, voltage, current, isolation, etc. This leads to a power 

supply scheme consisting of dedicated subcircuits to supply each subsystem with power 

optimized for its application. For example, noise is the most important consideration for the 

ADC supply, and thus a high isolation, low noise LDO is chosen. Another example may be the 

laser, which requires a constant current supply ï for which a constant-current boost regulator was 

chosen. The block diagram in Figure 58 provides an overview of the power management scheme. 
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Figure 58 - A block diagram of the power management and flow of power. 

General Notes on Power Management 

The bulk of the voltage step-down is done through two buck regulators. This power bus is then 

branched into various subsections, where further dedicated linear regulators step the voltage 



74 

 

down to lower levels where required. A primary concern was noise, and as such sufficient 

filtering is implemented where possible. Additionally, decoupling capacitors are oversized to 

reduce switching ripple further. The schematic in Figure 59 shows the input filtering and reverse-

polarity protection. 

 

Figure 59 - The main input protection circuit. 

Microwave Power Supply 

The choice was made to provide the power to the microwave source (PLL) through a dedicated 

power plane, mainly due to the high-power demand and to reduce microwave coupling back into 

the rest of the system. This power is drawn from the input 12V bus, which is stepped down to 5V 

through the AP63205WU-7 PMIC, a buck regulator which ensures high efficiency for this large 

voltage step. Then, the 5V is stepped down to the required 3.3V through a linear, low dropout 

regulator which improves the noise of the microwave output. During early prototyping, only a 

buck regulator was used as a source, and as a result, this produced an upconverted translation of 

the switching frequency, at 1.1MHz above and below the center frequency of the PLL. This 

would reduce system performance, since the microwave frequency needs to be highly selective, 

and therefore the choice was made to use an additional LDO. 
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The AP63205WU-7 offers a compact size with only 6 pins, fully integrated switches, internal 

compensation, and peak mode current control. For all operating conditions in this design, the 

switching regulator efficiency is above 90% (and above 95% during scans) [5e], which helps to 

reduce the thermal noise present in the system. The schematic diagram in Figure 60 shows the 

circuit implemented for the buck regulator. 

 

Figure 60 - The step-down buck regulator used to convert the input 12V down to 5V. 

The schematic in Figure 61 shows the circuit implemented for the linear regulator that follows 

the buck regulator in Figure 60. 
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Figure 61 - The linear regulator used to step 5V down to 3.3V. 

Laser Power Supply 

The laser is supplied through a series of regulators. The first in line is the 12V to 5V step down 

buck regulator (which is shared between all other systems excluding the microwave), followed 

by a dedicated 3.3V, 1A, linear, low dropout regulator. This avoids any of the switching noise 

from the buck regulator reaching the light source. 

This 3.3V bus can then be supplied to the laser in two ways. The first is if a laser is used with an 

existing control circuit, in which case it simply requires 3.3V. In this case, a MOSFET is used as 

a switch in order to control when the light source is on, but no control is offered over the laser 

beam intensity. I.e. it is either on or off. 

The second option for a laser is if only a diode is used. In this case, a constant current module is 

used as the power source, which in turn can be controlled by a PWM signal. In this way the laser 

output power can be modulated, and any thermal change in the V-I curve will be accounted for 

by the fact that it is a constant current scheme, rather than a constant voltage scheme. 
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Furthermore, since the constant current supply is a step-up regulator (a boost type), efficiency is 

kept high. Large output capacitance is used to reduce any switching noise reaching the diode, but 

the capacitance is kept reasonable to improve loop response in the control firmware.  

The efficiency of the driver circuit is typically above 85% for most operating cases [5c]. The 

schematics in Figures 62, and 63 show the implemented circuits for the described laser driver. 

See Chapter 5 ï Optical Source Driver Circuit for a detailed schematic of the LM3410X. 

 

Figure 62 - The power supply circuit for the laser. 

 

Figure 63 - The module mount of the laser driver. 
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Figure 64 - The PMOS switch as an alternative on/off laser control. 

Cooling Fans 

The cooling fans are supplied by switched access to the 12V and 5V shared buses. Furthermore, 

the fans chosen are such that a PWM signal can be used to run fans at lower power. Integrated 

MOSFET and gate driving circuits are used to control these fans. In the final system, only the 

12V fan is used. The power MOSFET used is the DMP2305U-7 which can handle a continuous 

current of 4A. The Rds_on value for this switch is on the order of 20mɋ, which would make the 

max power dissipated around <1mW if the fan was drawing 200mA. The circuit used to 

implement switching of the fans is shown in Figure 65, which includes a freewheel diode and 

simple gate driving circuit. 
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Figure 65 - The cooling fan control circuit. 

ADC and Photodiode Power Supply 

The ADC is fed through a dedicated 3.3V, ultra-low noise, linear, low dropout regulator. The 

output is further filtered before supplying the ADC. The same circuit is used on the optical 

pickup module to supply 3.3V to the photodiode and gain stage. These two regulators are 

supplied from the 5V shared bus. The NCP161ASN330T1G was used which is a regulator 

designed for RF and Analog applications. The output current limit is 450mA, which is more than 

enough for the application. More importantly, the Power Supply Rejection Ratio (PSRR) is 98dB 

at 20mA and 1kHz. Furthermore, the output noise is only 10 uVrms, which is orders of 

magnitude smaller than the voltage resolution of the expected values from the photodiode 

circuitry. The efficiency is fixed at 66% due to the regulator being linear, however the current is 
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low for these cases, and noise is the key metric of choice. The circuit used for these low noise 

cases is shown in Figure 66. 

 

Figure 66 - The ultra low noise linear regulator for analog circuit power. 

Microcontroller and Other Control Logic Power Supply 

The microcontroller and all other logic circuits are supplied through a dedicated 3.3V, low 

dropout regulator, capable of 1A output current, which is drawn from the main 5V bus. Given 

that the circuit is a linear regulator, the efficiency is fixed at 66% (ignoring the quiescent current 

drawn by the regulator itself), however the current drawn is typically ~20mA for most of the 

time, making the power wasted around 34mW. The circuit implemented for this purpose is 

shown in Figure 67. 
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Figure 67 - The linear regulator for supplying power to the logic circuits. 

SYSTEM CONTROL (MICROCONTROLLER) 

The system is controlled by a Raspberry Pi RP2040 (which is the same chip as used on the 

Raspberry Pi Pico). This microcontroller (MCU) allows for programming in micropython, which 

enables rapid development of firmware, as compared to alternatives such as C/C++.  

Furthermore, the microcontroller offers two cores, which allows the potential for task splitting ï 

such as having one core dedicated to readout and data processing, and another dedicated to 

communicating with the outside world. The MCU chosen can also be overclocked ï up to 

250MHz, which allows for faster scan times and data processing (but this is not typically 

needed). 

The MCU is paired with a flash memory which allows file storage. Multiple different data files 

are collected during development, such as spectra, heatmaps, SNR data, etc. This can then be 

extracted for detailed analysis. 
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EXTERNAL HELMHOLTZ COILS CONTROL 

The external Helmholtz coils are driven with an external LM298N Linear H-Bridge motor driver. 

This module has two outputs, and they are parallel in order to double the output current. This is 

not recommended for two separate modules, but since the module is on the same IC die, the 

temperature effects should be relatively uniform. A large custom copper heatsink and 12V fan 

are also installed in order to remove the heat generated (since it is a linear driver). Around up to 

16W of heat is generated in the driver. 

THERMAL CONSIDERATIONS 

Thermal consideration is an important aspect of sensor design, since the heat generated by 

system components may be detrimental to measured results. Additionally, heat should be kept 

away from the NVC sample itself, since higher temperatures lead to shorter coherence times, and 

more noise. Furthermore, if heat flux is kept away from the sensor itself, it offers the opportunity 

to measure temperature with the sensor as well. This means that the sensor can be both a 

magnetometer and a temperature sensor at the same time. Reported sensitivities for NVC based 

thermometers are in the 41mK/sqrt(Hz) range (albeit for pulsed ODMR) [5d]. 

The largest source of heat in the final design is the microwave PLL circuitry. Power consumption 

is dependent on the output buffer power level but can be considered to be in the range of 4.2W to 

5W based on tests. This power consumption includes the dissipated power of the nearby LDO, 

which works by dissipating heat to drop the voltage to the desired value. This power needs to be 

extracted and dumped into the ambient air, so that the sensor can operate in a reasonable 

temperature range.  
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To this aim, the design includes an axial flow fan, and a copper heatsink. Furthermore, to reduce 

heat flux towards the sensor, the board design includes cutouts such that the substrate can carry 

less heat to the sensor. The image in Figure 68 shows the source of major heat generated near the 

sensor, with the cutouts visible to reduce heat flow toward the sensor. 

 

Figure 68 - The largest sources and locations of heat in the system. 

The original laser that was used (the one from Amazon) required an operating duty cycle of 75% 

(with 45 seconds on time and 15 seconds off time), according to the data provided on the 

purchase site. However, it was found that the laser would become unstable if this duty cycle was 

used, and so to use this laser, a duty cycle of around 30% was adopted, with around 10s on time. 

The result was that ODMR spectrum scans took longer but produced lower noise results. With 
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the later Osram laser, this was no longer required, and the laser could be operated continuously 

without any concern of instability or noisiness.  

The PCB went through 3 versions. The first was designed to test some subsystems. The second 

was focused on mount ability to the 30mm optical cage system, and the final version was 

focused on being a complete system. At each step, the thermal performance was improved, such 

that the final system operated with no section higher than 50 degrees Celsius. This was a major 

improvement from the original, which suffered occasional thermal shutdown issues. Figure 69 

shows some thermal camera images of the final design, where the operating temperatures can be 

seen in the bottom left corner of each photograph. 
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Figure 69 - The thermal camera photographs of various angles of the system while at steady state showing that the final version 

no longer operates at elevated temperatures. 
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Figure 70 - Photographs of the final heatsink to extract the power dissipated by the PLL IC. 
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SENSOR COST ANALYSIS 

Given the educational potential of the sensor, cost is a significant consideration. Undergraduate 

physics laboratories often face budget constraints that limit their capacity to conduct advanced 

quantum experiments, resulting in a focus primarily on theoretical instruction. By developing a 

complete quantum system at a reduced overall cost, there is hope that such a system can be 

integrated into educational settings. 

The system was predominantly assembled by hand, which contributed to cost reduction in this 

case. However, an estimated cost for assembly and other manual labor is provided at the end. 

Additionally, the costs of individual system-level components are detailed, along with a 

comprehensive bill of materials for the electronic components. This bill of materials is included 

as a line item in the total cost estimate, which represents the aggregate of the individual 

component costs. 

The component bill of materials for the main control PCB are as follows (all prices quoted from 

Mouser at the time of writing, and will likely change as time moves on): 
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Table 3 - The bill of materials for all electronic components used, showing the individual cost and total cost. 

Description Part Number Cost/Item Quantity Total Cost

P Channel Mosfet Discreet DMP2305U-7 $0.40 3 $1.20

Diode Schottky SS36A $0.49 8 $3.92

Inductor 4.7uH VLS5045EX-4R7M $0.30 2 $0.60

NPN BJT 60V 200mA MMBT3904 $0.10 3 $0.30

Switching Voltage Regulator AP63205WU-7 $0.87 2 $1.74

RF Inductor LQW18AN18NJ10D $0.17 4 $0.68

PLL Frequency Synthesizer LMX2581SQE $12.36 1 $12.36

LDO 3.3V LM1117MPX-3.3/NOPB $1.09 3 $3.27

Hall Effect Sensor TMAG5170A1QDGKT $3.60 1 $3.60

ADC SPI MCP3561T-E/ST $3.48 1 $3.48

LDO 3.3V NCP161ASN330T1G $0.63 1 $0.63

Oscillator Clock 12MHz AWSCR-12.00CELA-C10-T3 $0.39 1 $0.39

Button PTS820_J25KP $0.53 2 $1.06

Microcontroller RP2040 SC0914 $0.70 1 $0.70

ESD Diode ESD351DPYR $0.39 2 $0.78

SPI Flash Memory W25Q16JVUXIQ_TR $0.57 1 $0.57

USB Connector 10118193-0001LF $0.46 1 $0.46

100MHz Oscillator KC2520Z100.000C15XXK $1.13 1 $1.13

4.7uF 10V 0603 NA $0.26 7 $1.82

4.7uF 50V 1206 NA $1.29 4 $5.16

2.2uF 25V 0603 NA $0.26 4 $1.04

470uF 16V Radial NA $0.43 2 $0.86

10uF 25V 1206 NA $0.75 4 $3.00

1uF 10V 0603 NA $0.10 10 $1.00

22uF 25V 1206 NA $1.22 6 $7.32

$57.07Grand Total:  

The additional smaller modules have the following parts (again quoted from Mouser, except the 

FDS100 PD, which is from Thorlabs): 
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Table 4 - The additional modules used bill of materials and costing. 

Description Part Number Cost/Item Quantity Total Cost

Constant Current LED Driver LM3410X $2.50 1 $2.50

Inductor 4.7uH VLS5045EX-4R7M $0.30 1 $0.30

Schottky Diode VS-10BQ015-M3/5BT $0.33 2 $0.66

1/4W 1206 Power Resistor 0.2Ohm NA $0.77 2 $1.54

10uF 25V 1206 NA $0.75 2 $1.50

22uF 25V 1206 NA $1.22 2 $2.44

1uF 10V 0603 NA $0.10 10 $1.00

OpAmp 3fA input current LMP7721MA/NOPB $5.43 1 $5.43

LDO 3.3V NCP161ASN330T1G $0.63 1 $0.63

Si Photodiode 3.6mm X 3.6mm FDS100 $16.40 1 $16.40

$32.40Grand Total:  

Finally, the additional components needed to complete the sensor are: 

Table 5 - The final total cost calculation of the NVC sensor. 

Description Part Number Cost/Item Quantity Total Cost

Laser Diode 520nm Osram 110mW PLT5 520B $37.05 1 $37.05

Laser module (only Laser Mount is used) NA $19.95 1 $19.95

Thorlabs Bandpass Filter 10nm FLH05635-10 $131.73 1 $131.73

N-BK7 Plano Convex Lens 6mm Dia LA1116 $24.12 2 $48.24

12V Fan 4010 NA $2.00 1 $2.00

M4x80 Brass Threaded Rod pack of 5 NA $8.99 1 $8.99

M4 Brass Nuts pack of 100 NA $8.65 1 $8.65

M4 Brass Washers pack of 100 NA $7.99 1 $7.99

Pure Copper Heatsink (pack of 2) NA $13.49 1 $13.49

M3 Brass Standoffs kit NA $14.99 1 $14.99

JLCPCB Order (incl. shipping costs) NA $50.60 1 $50.60

Components on BOM 1 Above NA $57.07 1 $57.07

Components on BOM 2 Above NA $32.40 1 $32.40

3D printed parts NA $6.00 1 $6.00

PCB Assembly Estimate (JLCPCB) NA $16.00 1 $16.00

$455.15Grand Total:  

Thus, the total cost to build the sensor (excluding the diamond itself) comes out to $455.15. This 

cost represents the total for a single unit, however, if multiple units were built at the same time, 

the cost could be reduced by 30% to 50% per unit. For example, ordering PCBs for 10 units 
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would cost a total of around $60 ï now only $6 per unit vs the previous $50 per unit if only one 

was built. Another example are the excess brass threaded rods, standoffs, nuts, bolts, and 

washers ï which could translate to another large saving if a larger number of sensors are built. A 

ballpark cost per unit, if built as a set of 10, is around $300 per unit. 

The final cost of ~$450 compares favorably to the optical breadboard setup first built (which cost 

$4675), coming in at around only 10% of the cost. Additionally, this includes the full cost of the 

system (assembly, etc.). If multiple units were built, and if the optical breadboard setup cost were 

to take into account the build and alignment time, the ratio could come down to around ~5%.  
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CHAPTER 6: FIRMWARE , ALGORITHMS , OPTIMIZATION, AND SIGNAL 

ANALYSIS  

A large amount of work was dedicated to getting the most out of the physical hardware. Due to 

the fact that the whole setup is built using relatively cheap and commercially available 

components, noise was a big challenge. Finding any useful signal at all to begin with took 

months of testing, tweaking, and iterating. Loops, algorithms, and calibration tests were 

implemented in order to find the operating point where the system performed at its best. 

Furthermore, the firmware was developed to be modular, such that sections of code could be 

tested in an isolated environment, before being integrated into the larger firmware. In total the 

firmware comprises some 2980 lines of code. 

The diagram in Figure 71 shows a map of the abstraction levels of the firmware, starting from 

the hardware, and going up. At the base is the level which handles direct writing of ones and 

zeros to the peripherals, followed by a layer to abstract the peripherals. Such an abstraction 

might include peripheral ñgettersò and ñsettersò to initiate, change settings, read values or write 

values in human-readable form, or calculate required register values for any of the peripherals. 

This layer also includes the calculations necessary to take a desired frequency for the PLL, and 

convert it to specific divider, multiplier, VCO select, etc. register values. The third abstraction 

level is that of functional loops ï functions which perform specific tasks of interest such as 

ODMR scans, hardware testing, or calibrations. Finally, the topmost layer is responsible for 

taking in commands from the user such as ñscanò or ñcalibrateò, perform the necessary checks 

https://www.diodes.com/
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for any input arguments, and call the relevant IO abstraction functions. This layer also reports the 

results of the test which was run. 

 

Figure 71 - The abstraction of the firmware through various levels. The top side of the diagram is more abstract firmware, while 

the lower side is closer to the hardware level. 

At a highest level, a user can simply request the current magnetic field value, and the system 

would perform a scan with default settings, and return a printout of the magnetic field strength 

for example: 
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USER INTERFACE 

The firmware is written such that a user can control the entire system through text commands in 

any common serial terminal. Commands can be sent with additional parameters such as start ï 

and stop ï frequencies, power levels, etc. These include commands for direct hardware control 

during hardware testing, such as fan control, laser control, microwave control (power, frequency, 

and output buffers), direct microwave register reads, ADC data request (in the form of raw bytes, 

or equivalent input voltage), and MAG data request (in the form of mT for X,Y,Z, and net field). 

Some simpler, but also useful commands are included such as ping, blink, reboot, and debug 

enable/disable. The debug has two levels, DEBUG, and DEBUG_Detailed. The detailed form 

prints almost every piece of information, and can be an overload, but it is useful for debugging 

when the system runs into deeper bugs.  

Then there are the more useful, abstract commands. These are listed and detailed in Appendix A, 

and their purpose is to perform some specific task on a high level. 

Finally, the commands are collected in a non-blocking manner. In other words, the system does 

not wait for a command but continues executing processes while accepting inputs (except during 

some specific scans or functions). If a command is sent, it will only be executed after the current 

command is complete. Additionally, the firmware includes some basic checks for ensuring that 

the values entered by the user are within range, and of the right type. All of these checks, and 

commands, are wrapped in try-except loops, so that if an exception occurs, it is caught and 

printed to the terminal for user feedback without causing a software crash. 
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HARDWARE CONTROL BLOCKS 

The system consists of many hardware blocks, many of which require active control, or 

calibration. Each block of significance is discussed here. 

Laser Control 

The laser is driven by a PWM control signal, as mentioned in the previous chapter. This PWM is 

a duty cycle as a percentage, which allows arbitrary values to be sent with fine resolution 

(fractional percentages are allowed). 

Controlling the laser was a challenge since natural effects come into play, leading to intensity 

drift, jittering, mode hoping, and noise. Typical open-loop lasers, that are affordable, drift by up 

to 20% during only a few minutes, and the first laser tested for this project drifted by more than 

25%. Given that the signal of interest is a mere 0.3% - 0.8% contrast, the 20% drift can be 

problematic. This is addressed through a couple of combined efforts. 

Firstly, during a scan, the microwave is modulated, and the florescence intensity is measured. 

Both when the microwave is enabled and disabled (i.e. the microwave is square wave modulated) 

and this contrast is averaged over time. Typically, around 2 to 20 square waves are sent, and 

around 20 to 100 ADC samples are taken for each of these steps. 

Secondly, the laser is driven by an active PID loop within the testing algorithm. After taking a 

single period dataset (in other words one set of ADC samples for the microwave on, and another 

set for the microwave off), the set of datapoints for the microwave being off are averaged. This is 

then compared with a target ADC value, and a proportional error is calculated. An integral and 

derivative is also calculated, and finally a correction percentage is added to the PWM duty cycle 

that is used to drive the laser. The PID parameters used in the final design are:  
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- P = 0.3 

- I = 0.2 

- D = 0.1 

However, in early designs the laser exhibited instability, and the parameters were in the region 

of: 

- P = 0.2 

- I = 0.01 

- D = 0.8 

Thirdly, the laser drifts the most during the first 1 to 2 seconds, as it starts up. An example of 

ADC data is shown in Figure 72 for a completely open loop (i.e. just ñonò setting) control of the 

laser. As such, the laser is allowed to ówarm upô for the first 2 seconds of a test. 

 

Figure 72 - The transient startup of the laser showing stabilizing. Note that even after the initial jump, the intensity continues to 

drift which would make sensing difficult. 

Finally, the PID control is modified to avoid steady state micro-oscillation. Since the laser can 

respond quicker than the control loop runs, the integral component of the PID can cause a fixed 

oscillation at the exact control frequency, leading to a fine flicker (error values in the range of 

0.001 to 0.01%). After each loop, before the new integral is calculated, the previous value is 
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multiplied by a factor of 0.9. The integral in PID loop serves as a ñmemoryò of what the error 

has been, and by doing this multiplication, the loop can ñforgetò older integral errors. This leads 

to decay in the steady state oscillation. 

The three PID errors are used to determine stability ï if all three are small, then data collection 

may continue. An example steady state stream of the PID errors is shown in Figures 73, and 74, 

where it can be seen that the final error is less than 0.05%. 

 

 

Figure 73 - The steady-state PID values showing errors of less than 0.05%. 

 

 

Figure 74 - An example period where the PID control corrects for a drift in laser intensity. 

The behavior in Figure 75 was observed at times, where it appears the laser was at a switching 

point between two modes, leading to the type of oscillatory behavior. (This is often referred to as 

mode hoping). One of the primary reasons why mode hoping occurs is related to temperature or 
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optical feedback. One of the solutions which was attempted was to tilt the collection optical 

stack, such that the reflected green light does not re-enter the laser. The mode hoping stopped, 

however it returned at later times after the laser reached a warmer operating temperature. Figure 

75 shows the PID values during mode hoping. 

 

Figure 75 - Mode hoping of the laser before the Osram laser was used. 

This was finally solved by changing the laser diode to the one used in the final design. 

Fan Control 

The fan is controlled with a PWM signal, although the current implementation simply drives the 

fan to full speed all the time (100% PWM duty cycle). Later design improvements could include 

a temperature sensor near the microwave section (where the majority of heat ï around 6W - is 

produced), and a loop to drive the fan with a corresponding inverse of the temperature. 

Helmholtz Coils 

Although the actual hardware is external to the system, the microcontroller is still responsible for 

setting the field value for experiments. The firmware includes a PID loop for setting the field 



98 

 

value, before running a scan. Once the field value is set, the PID is inactive until the current scan 

is completed. 

Microwave Source 

The PLL IC is controlled through writing to various registers. Some registers are simply set at 

startup, and never changed until the system is rebooted. However, various registers that control 

the microwave power, frequency, and output buffers are changed as scans run. 

Furthermore, the PLL includes a ólock detectô output which can be configured onto an output pin 

through a register. This is useful in waiting for the system to lock before beginning a scan at a set 

frequency. 

Communication is through a custom, bit banged, SPI protocol. This allowed for controlling some 

of the nuances of the specific IC. Some of this includes the fact that registers are 4 bytes long and 

begin with the address of the register. Setting specific bits in the register is achieved by storing 

the last written register value, and modifying only the specific bits, then rewriting the whole 

register. 

Since the PLL includes various parameters such as VCO selection, frequency division and 

multiplication, and numerator and denominator (due to the Frac-N architecture) a special 

function is written which calculates the values for each of these variables, rounds to the relevant 

number of bits, and returns the actual frequency that can be achieved. It also sets the relevant 

registers in the IC. 

SWEEP ALGORITHM 

The algorithm used for scanning the florescence as a function of microwave frequency is the 

most important of all the software. In order to optimize performance, the algorithm is written to 
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take in multiple variables and control values, which were later optimized (see the next section). 

The algorithm works through a series of nested loops. These can be summarized in an 

oversimplified stepwise manner as follows: 

1. Startup laser, and allow warmup time 

2. Set the RF frequency for the current data point 

3. Turn the RF output buffer off 

4. Take multiple ADC measurements 

5. Turn the RF output buffer on 

6. Take multiple ADC measurements 

7. If readings are allowed, average the ADC values with and without RF 

8. Take the difference between the data with RF on and off, and set as contrast 

9. Use the average value from the RF off as the next datapoint for the PID loop 

10. Calculate data standard deviation and determine if the datapoint is acceptable. If not, 

return to step 3 and repeat. 

11. Step the RF frequency 

12. Turn off the laser, RF source, and write the data to a CSV file 

The best way to fully understand the loop is to break it into a hierarchy block system. 

FINDING GOOD OPERATING POINTS 

Various parametric sweeps were performed to find good balances between controlled variables, 

to optimize signal to noise ratio, without sacrificing time taken per scan. Due to the co-

dependence of variables, whenever a specific value is changed, the entire system needs to be 

recalibrated. This can be tedious if done manually, but the firmware written includes these 

calibration loops. 
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An example of this type of test is shown in Figure 76, where around 1.6million datapoints were 

collected in total ï and mostly abstracted away. This large number of datapoints allow for 

finding good operating settings, where any variations due to other factors become insignificant as 

compared to the swept variable. In this case, the RF power was swept and everything else was 

kept constant. This allows for some quicker iteration than producing a proper matrix of sweeping 

all the control variables at the same time. Some of these variables include laser power, rf power, 

rf step size, ADC settings, ADC averaging, RF settling times, RF modulation, laser driver PWM 

frequency, and Laser cool time. 

 

Figure 76 - SNR and Signal strength (S) as a function of RF power, showing the best performance with RF power at around 70%. 

Another optimization was done with the RF power vs Optical power ï two key trade off 

parameters since the optical power would ñfightò to re-initialize the centers, and the RF power 
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would fight to populate the ms=+-1 states. The SNR and signal strength for these sweeps are 

shown in Figure 77. 

 

Figure 77 - Signal strength (S) heatmap as a function of optical and microwave power with a higher resolution scan. 
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Figure 78 - SNR heatmap as a function of optical and microwave power with a higher scan resolution. 

CHAPTER 7: EXPERIMENTAL TEST SETUP  

To confirm the Zeeman splitting occurs, a set of Helmholtz coils are used. These coils are 

specially designed to maintain a near-perfect uniform magnetic field in the area between the 

coils. The coils can be controlled with a direct current, and for this task, the L298N H-Bridge 

motor driver is chosen. This driver is a linear H-bridge, with a PWM input to control the amount 

of current. This allows for sweeping of the magnetic field magnitude and measuring the 

corresponding ODMR spectrum.  

The spectrum from each step of the magnetic field sweep is taken and stitched together to form a 

set of 3-dimensional data. Using this data, a heatmap is generated, which turns the third 
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dimension into an equivalent color value. This brings out the evident Zeeman splitting that 

occurs. 
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Figure 79 - A photograph of the sensor within the experimental test setup. 
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Figure 80 - A photograph of the entire experimental setup. 
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Figure 81 - An alternate view of the experimental setup. 






































