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[bookmark: _Toc437483758]1.0 Executive Summary

[image: http://butane.chem.uiuc.edu/pshapley/GenChem2/A3/electromagnetic-spectrum.jpg]
Figure 1. This figure represents a portion of the electromagnetic spectrum. The colored portion represents what we can see as humans. (Reprinted with permission from XXXXXXX)
Light harbors a lot more to it than what meets the eye, literally. Our eyes can only receive three colors and what we interpret is a combination of these three color receptors. Most people interact with this idea constantly without ever questioning why it is. Like when at a sporting event and checking the score or a replay on the large LED (light emitting diode) screens that have a group of three LED lights for each pixel consisting of red, green, and blue. Or maybe when using a color selector on a photo editing software like Adobe Photoshop. One can select between a mixture of red, green and blue in different doses to get any color. 

[image: http://www.jameco.com/Jameco/workshop/puzzler/puzzler14-Fig2.jpg]
Figure 2. Spectrum of a white LED light source (BLUE) and an incandescent lamp source (RED) (Reprinted with permission from XXXXXXX)
The combination of these three colors can trick our brain into thinking it sees only one true color because it does the same process but in reverse. The problem with this technique is the fact that we don’t see a sources “true” color. Our eyes only see the light reflected from an object and this light is often very complex with several peaks all over the light, or electromagnetic, spectrum. This information is lost by our eyes because we simplify these spectrums into a simple combination of three broad receptors that our brain breaks down and associates with a single color. The light coming from an incandescent light bulb and a white LED bulb might look identical to our eyes but could have a vastly different spectrum. 

Our eyes can only see a very small portion of the whole electromagnetic spectrum. Life would be blindingly bright if we could see all the light that existed in our universe. We would be able to observe all the signals being sent to our radios, cell phones, laptops, televisions and would be able to see through people, buildings and potentially whole planets. We could see heat signatures of people and machines in the dark, much like some animals already do. If our eyes had high spectral resolution, or the ability to distinguish a certain wavelength of light from another, we could potentially identify the composition of a material by purely observing the light scattered by it or the light transmitted through it. 

Being humans, we do not possess these abilities but we do possess tenacity and creativity. Throughout our history, we have been attracted to the allure and mystery of light and what we can and can’t see. This has pushed us to innovate and develop methods of measuring light itself. While light can be measured in several different ways, spectroscopy is the measurement of the power of light at different points on the electromagnetic spectrum. 

Our Senior Design project is a step towards higher resolution spectroscopy. We have coined our project the Bragg Optical Spectrum Analyzer. Our approach to creating an optical spectrum analyer is a novel method to spectroscopy. While most optical spectrum analyzers use a combination of diffraction gratings, mirrors and slits or some sort of new take on interferometry, the measurement of the interference of light, our spectrum analyzer uses a special type of grating called Volume Bragg Gratings to measure the power of the input light at a small wavelength range intervals. Volume Bragg Gratings are a type of grating that use refractive index modulation inside of a transparent material to reflect a narrow bandwidth of light at a certain angle. While our design has never been done before, the idea for a type of spectrometer using Bragg gratings was independently developed by a person at our sponsor company, Optigrate™. 
[image: http://www.cisco.com/c/dam/en/us/products/collateral/interfaces-modules/transceiver-modules/white_paper_c11-463661.doc/_jcr_content/renditions/white_paper_c11-463661-07.jpg]
Figure 3. Spectrum of loss experienced in fiber optic cables made from silica glass. Highlighted are the 3 "windows" that have been used for data transfer. These "windows" are used because of the low loss experienced at the associated frequencies. (Reprinted with permission from XXXXXXX)

We plan on having this machine operate specifically around the third telecommunications window, which is around 1550 nanometers. While the design could technically be used for almost any range of frequencies, our sponsor company told us to focus around the third telecommunications band because to date it is the most widely used range of light in the industry. This is because of many reasons but mostly from the low losses experienced at the third window in silica glass optical fibers which act as information pipelines for the signals sent in light and the maturation of the technology associated with telecommunications.

We plan on creating a table top machine that is portable can be connected to an external computer for data acquisition. This machine will take an optical fiber cable as an input and collimate, or make all the wavefronts of the light parallel, and reflect or transmit through a Volume Bragg Grating, depending on whether we choose a Reflecting Bragg Grating or a Transmitting Bragg Grating, and be the power of this light selected light will be measured with a highly sensitive photodiode. The signal from this photodiode will be amplified by a circuit and sent to an on-board computer which will turn this analog signal into a digital signal sent out to a computer. We hope to have time to build in some onboard computational analysis like measuring the full width at half maximum of the input beam and other standard measurements. The trick for this machine to sweeping across certain ranges of frequencies is that the wavelength of light either transmitted or reflected from Volume Bragg Grating related to the angle that that the grating is to the input light beam. So by rotating the grating in respect to the input beam we can measure across a range of frequencies. This idea will be elaborated in more detail throughout this document.
http://www.cisco.com/c/en/us/products/collateral/interfaces-modules/transceiver-modules/white_paper_c11-463661.html 
http://butane.chem.uiuc.edu/pshapley/GenChem2/A3/3.html
http://www.jameco.com/Jameco/workshop/puzzler/puzzler14correct.html 
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[bookmark: _Toc437483760]2.1 Motivation and Purpose

There’s a wide range of optical spectrum analyzers on the market today. They come in all shapes and sizes with all sorts of specifications and requirements. One problem is that the actual use of the optical spectrum analyzers is never known by the manufacturer who creates them seeing as a lot of these machines are being used in a research environment. 

Our sponsor company, Optigrate™, is one of the world leaders in manufacturing Volume Bragg Gratings. These gratings are very complex and expensive to manufacture. While there are some standard specifications that they offer, many of the gratings are custom-made to the customer to fit into whatever application they plan on using the grating for. As one could imagine, being one of the world leaders in spectral selectivity of Bragg gratings requires a lot of fine tuning and measurements to assure quality and that there is no speculation in the operation of the gratings. So top of the line testing equipment for the company is a necessary expense to expedite the manufacturing process and overall quality. 

Our sponsor wanted our group to explore creating an optical spectrum analyzer with a Volume Bragg Grating as the operating mechanism for frequency selection. Optigrate™ currently uses several techniques for testing their manufactured products for correctness. One of the most important techniques involves the use of an optical spectrum analyzer to measure the spectrum of transmitted light around the resonant frequency for Reflecting Bragg Gratings. As Optigrate™ refines their fabrication techniques and increases the spectral selectivity of their products, their current measuring techniques become obsolete because the resolution of the current optical spectrum analyzers are larger than the width of the spectrum of the reflected light so they essentially become immeasurable. They have reached out to companies for a product with higher resolution in their area of interest but no one offers an optical spectrum analyzer with the exact specifications that they need in order to keep striving for monochromatic light selection.

We hope to solve the issue by creating an optical spectrum analyzer that exactly meets their specifications so that they can continue to innovate. Optigrate™ also hopes to possibly sell this machine in their future. 

[bookmark: _Toc437483761]2.2 Objectives and Goals

Optical spectrum analyzers are typically not cheap. They cost in the tens of thousands of dollars for a decent product. They are fairly complicated machines with high levels of accuracy and precision. We do believe that these machines can, however, be made better and for much cheaper. We are looking to create a comparable machine at a much lower cost. 

A big problem with the current optical spectrum analyzers that Optigrate™ uses is that they are far too slow at higher resolution settings. This issue seems to stem from a fundamental problem with grating spectrometers. As you increase the resolution, you lower the amount of light taken in by the photodiode because the slit size decreases. This is from the fact that diffraction gratings spatially separate the constituent frequencies in an optical input source. 

We look to have a constant resolution across for any sweep size because the grating reflects the whole beam size when at an operating angle thus allowing more light to flood the photodiode. The resolution is thus set by the fabrication of the Volume Bragg Grating used as the active mechanism in our optical spectrum analyzer not by a slit, so it is the same regardless of sweep size and we can have a constant sweep velocity compared to the sampling points. If the operator of the machine wanted to increase sweep speed he or she would only need to lower the number of sampling points but could rest assured knowing that the resolution of each individual sampling point is still relatively high.

Due to the simplicity of our design in comparison with other optical spectrum analyzers, we hope to have a small yet robust machine. Besides the optics involved in the collimation of the input light, our design has relatively few optical components and the electronic components are small as well. 

Our last objective is to have a machine that is relatively easy to use and not as complicated as rival machines in the market. Some optical spectrum analyzers offer too many features that get lost in the overly confusing menu and highly technical jargon. While we understand the machine will most likely be used by someone who has a firm understanding of optics and electronics, we’d like to create something that gives the usability and ease that would be preferred by a technician that might acute understanding of the physical properties and terms associated with these devices.

[bookmark: _Toc437483762]2.3 Specifications and Requirements

[bookmark: _Toc437483763]2.3.1 Sweep size/Bandwidth

As previously stated, our biggest measuring stick is the competition in the market for optical spectrum analyzers. We are looking to what is the norm with other companies like Agilent and Yokogawa for what specifications and requirements we should hit. It is best to list what is the standard in a table.

	Specifications
	Agilent “86146B Benchtop High Performance Optical Spectrum Analyzer”
	Yokogawa “Telecom Optical Spectrum Analyzer AQ6370D”
	Bragg Optical Spectrum Analyzer

	Wavelength Range
	600 – 1700 nm
	600 – 1700 nm
	600 – 1700 nm ideally

	Wavelength Accuracy (Highest)
	±0.01 nm
	±0.02 nm
	≤±0.02 nm

	Wavelength Resolution (Highest)
	0.06 nm
	0.02 nm
	≤0.02 nm

	Minimum Span
	0.2 nm
	0.1 nm
	≤0.2 nm

	Maximum Span
	full range
	full range
	full range

	Sensitivity
(Highest)
	-90 dBm
	-90 dBm
	-90 dBm

	Wavelength Repeatability
	±0.002
	±0.005
	≤±0.005

	Wavelength Resolution Settings
	0.06, 0.1, 0.2, 0.5, 1, 2, 5, 10 nm
	0.02, 0.05, 0.1, 0.2, 0.5, 1, 2 nm
	One resolution at ≤0.02 nm



Some of the requirements would be:
· Single mode and multi-mode fiber optic cable input.
· USB output to computer for data acquisition or straight to USB flash drive.
· Portability.
· Compact design.
https://www.yokogawa.com/pdf/provide/E/GW/Bulletin/0000028273/0/BUAQ6370SR-20EN.pdf
http://literature.cdn.keysight.com/litweb/pdf/5980-0177E.pdf?id=1627506

[bookmark: _Toc437483764]2.3.2 Sampling Speed and Number of Points

Traditional optical spectrum analyzers often take minutes to do a single, full, high-resolution sweep.  We want to build ours to sweep in less than 60 seconds.  This should be achievable due to the use of a Bragg grating in our design.  Also, we want at least 1000 sample points per sweep.  This will require the use of a high-torque geared precision stepper motor.


[bookmark: _Toc437483765]2.3.3 Operation Requirements

[bookmark: _Toc437483766]2.3.5 Signal Processing

The primary objective of the BOSA in terms of signal processing is to achieve a quality signal to noise ratio (SNR) while maintaining the desired degree of wavelength resolution. This end is achieved by manipulation of the signal in both analog and digital space. The following block diagram outlines the sequence of key functional procedures within the signal processing protocol:


[image: C:\Users\home-i5\Downloads\Untitled Diagram (1).png]
Figure 4 Key Signal Processing blocks of the BOSA’s design
The first block of the diagram is representative of the optical manipulation network consisting of the lens system and collimating connector. The next function consists of analog filtering through the use of a tunable bandpass filter known as a Bragg grating, which acts as the main and most crucial signal filtration method in analog space. Because the diffraction based grating fulfills the Bragg condition, the BOSA is able to achieve a greater degree of wavelength separation in addition to a drop in attenuation. 
The continuous signal is then fed into a power detection mechanism, utilizing the operation of a photodiode, which then outputs an electrical current based period power measurement. In order for the remainder of the signal processing to take place, this current is now inputted into a transimpedance amplifier, which serves to not only contribute a gain factor to the signal, but also to convert its measure into voltage in order to be further manipulated by the remaining electronics. This block within the diagram also acts as the most significant source of internal noise.
 
After the signal is subsequently digitized in the following block (Analog to Digital Conversion), the digital signal processing operations begin. The primary digital filter applied to the encoded signal is known as the video bandwidth filter (VBW) which acts as the primary normalizer within the system as it eliminates the discrete-time signal of noise, smooths the trace of it, and affects the sensitivity of the instrument as well by controlling the rms value of the noise. 

Finally, the system then undergoes a logarithmic conversion apparatus for the purpose of display.

[bookmark: _Toc437483767]2.3.6 Graphical User Interface

The user should be able to view a line graph detailing power vs. wavelength which will be gathered from the embedded device that will sample the optical source.  The user should be able to specify a starting wavelength to sweep from, as well as an ending wavelength to sweep to.  The user should also be able to view the maximum peak and minimum peak in the spectrum as well as their power values.  The user should be able to calibrate the spectrometer with a known wavelength value.


[bookmark: _Toc437483768]3.0 Research

Since this project relies heavily on physical phenomena that are a result of a large body of research, a lot must be said of the previous technologies and discoveries that make the Bragg Optical Spectrum Analyzer possible.

[bookmark: _Toc437483769]3.1 Spectroscopy

The word spectroscopy can be broken down to its root word “spectro” which comes from the word spectrum that is the full range of electromagnetic frequencies and its suffix “-scopy” meaning the examination of. 
http://medical-dictionary.thefreedictionary.com/-scopy

[bookmark: _Toc437483770]3.1.1 Optical Spectrum Analyzers

Optical spectrum analyzers (OSAs), also referred to as spectrometers or spectrographs, are machines intended for spectroscopy. While there are several different designs, all designs measure something called optical power spectral density versus specific wavelengths emitted, transmitted, or reflected from a source. The sources can be lasers (in the form of solid state, gas, or semiconductor), LEDs, lamps, etc. Power spectral density, when it comes to spectroscopy, can be divided into two types. Optical power spectral density and noise power density. Optical power spectral density is the power in Watts versus the point in the spectrum it relates to which could be its wavelength or its frequency, the two are related by the equation 
,
where λ is the wavelength in meters, f is the frequency in Hertz and c is the speed of light in the medium. 

There are two main styles of optical spectrum analyzers. The different styles exploit specific physical phenomena in order to measure optical power at a specific wavelength. Both methods exploit the fact that light travels as a wave through space meaning that it can constructively and destructively combine. This interference comes from Huygens’ Principle, or the idea that each point along a wave can be seen as source of a new wave. This would mean that as a wave interacts with a relatively small object, the wave actually bends around the object. Thomas Young took this idea further by creating the double slit experiment in which he imaged a periodic interference pattern by applying light through two fine slits which were placed very closely together. Eventually, it was discovered that using this periodicity in the opposite manner (by lighting an object with a similar period) we could separate light into its constituent frequencies separated axially. The object created with this period is referred to as a diffraction grating. There are different styles of gratings like reflecting gratings and transmitting gratings. Reflecting diffraction gratings work just as one would expect by reflecting the diffracted light off the surface. Transmitting diffraction gratings have the diffracted light on the opposite side of the input beam.

The first style of optical spectrum analyzers, called grating spectrometers, rely on the implantation of a diffraction grating to separate, or disperse, the input light radially from the grating. There are several different designs using this idea, both with transmitting and reflecting diffraction grating but ultimately there is a corresponding frequency with a position and a power output is taken when swept across the range of positions for the grating. Thus, the resolution of the system comes down to the slit size that the grating spectrometer uses in front of the photodiode to select the range of wavelengths at a single point. The range of frequencies for a single sample point is then seen as proportional to the grating separation, the distance that the photodiode is from the grating and width of the exit slit. 
https://www.rp-photonics.com/spectrometers.html?s=ak 

[bookmark: _Toc437483771]3.1.1.1 Czerny-Turner Monochromators


Figure 5. The Czerny-Turner Monochromator design. A) Broadband light is used as an input as it travels through a small slit. B) The light is then collimated and reflected with a curved mirror. C) The collimated light hits a diffraction grating which separates the light radially into its constituent frequencies. D) The collimated light is then focused and reflected using another curved mirror. E) The focused frequency is then selected with a small slit.

One type of design for a grating spectrometer, or monochromator, is a Czerny-Turner Monochromator. This offers a simple and robust design that has stood the test of time for over 80 years. The design was invented by M. Czerny and A. F. Turner, a graduate student of his. Other designs has spun off the idea of the Czerny-Turner Monochromator like the Ebert-Fastie or Littrow design but they all have the same basic components and work essentially the same way. This design is referred to as a single monochromator because of the use of a single grating but there is a design that uses two gratings referred to as a double monochromators. 
http://artdavis.wdfiles.com/local--files/optics-papers/Stray-light-in-Czerny-Turner-monochromators_Davis.pdf 
http://www.horiba.com/us/en/scientific/products/optics-tutorial/ 

The Bragg Optical Spectrum Analyzer works much like a grating spectrometer. It measures wavelength of input light versus the optical power. Most grating spectrometers, like the Yokogawa AQ6317B, operate using a design very similar to the Czerny-Turner monochromator but include a few more additions. These optical spectrum analyzers have adjustable parameter to help ease certain measurements for certain situations. 

Some adjustable parameters would be resolution, sampling points, number of averaging, sweep size, sensitivity, type of sweep, data reading (like maximum and minimum power, notch size, full width at half maximum), a built in calibration source and many more features. These features would be scalable onto the Bragg Optical Spectrum analyzer as well if time permits. Companies that make optical spectrum analyzers gets their tunability for features by implementing multiple slit sizes, different electrical settings, rotating the grating and adjusting sampling points. The resolution of the optical spectrum is directly related to the slit size. The spectrometer can change to a smaller slit to get a higher resolution image, meaning that each sampling point represents a smaller bandwidth of light, but the disadvantage is that a narrowing slit means less light gets to the photodiode and it takes longer to take each data point and the noise can increase on low input power.

Figure 6. This figure represents light that has been diffracted from a diffraction grating and is now propagating through a slit.
https://www.yokogawa.com/pdf/provide/E/GW/Bulletin/0000028273/0/BUAQ6370SR-20EN.pdf
http://literature.cdn.keysight.com/litweb/pdf/5963-7145E.pdf?id=1000000274:epsg:apn

[bookmark: _Toc437483772]3.1.1.2 Interferometers 

Interferometry explicitly exploits the wave nature of light using several different techniques. The word interferometry literally means the measurement of interference. Since the wave equations and physical properties of light have been solved and are an unchanging constant, we can solve for the frequency of the input light using some interference techniques. The disadvantage of such systems, though, is typically the operating bandwidth is narrow. But the resolution can be far greater than in grating spectrometers. 

The work of Huygen, Young, and Fresnel paved the way for scientist later on to develop on the wave nature and interference of light. These pioneers, though, only worked with the class of “division of wave front” for interference. Albert A. Michelson used the case of “division of amplitude.” He used the same input beam, divided into two equal beams and recombined them to interfere with themselves, which sheds light on a special type of interference. This sort of design exposes longitudinal modes, or “fringes” existing along the path of the beam of the input light after the beam is separated and recombined. These fringes also extended radially on the final screen, and Michelson found out that the wavelength of the input light could be calculated from knowing the distances and angle created. And so now he created a tool for measuring the wavelength of input light, or a spectrometer. 

Several methods of interferometry have been invented. Some of which are the Mach-Zehnder interferometer, which uses two mirrors and two beam splitters to create two output beams, the Fabry-Pérot interferometer, which creates a cavity with two parallel partially transmissive mirrors to output light in discrete frequencies separated by a distance proportional to the distance of the mirrors, or the Sagnac interferometer which uses a beam splitter and 3 mirrors and is used in inertial guidance systems. These designs each offer a sort of measurement but ultimately work off the same principle of interference. 

[bookmark: _Toc437483773]3.1.1.3 Non-Linear Spectroscopy

A large field of optics and photonics is non-liner optics. It can simply be put as a system that which the input light of the system does not vary linearly with the output light. A lot of these non-linear phenomena come from the interaction of light with particles at a quantum scale. These physical interactions can be measured and are predictable so can offer very deep views into spectroscopy and chemistry. One of the most used nonlinear effects for spectroscopy is that of Raman Scattering. Describing Raman Scattering fully is a physics intensive process and gets into higher end math and science proofs and theories. 

[bookmark: _Toc437483774]3.2 Relevant Technologies

[bookmark: _Toc437483775]3.2.1 Bragg Gratings
[image: http://optigrate.com/images/grph_bragglass.gif]
Figure 7. Absorption of BragGlass from 0 - 4200 nm (Reprinted with permission from Optigrate)
The Bragg condition is:

where Λ is the periodicity of the refractive index, λ is the wavelength of the reflected light, n is the average refractive index, and θ is the angle of incidence from the perpendicular of the refractive index modulation propagation. All Bragg gratings are based off the Bragg condition. The gratings we’re using for the Bragg Optical Spectrum Analyzer are from our sponsor company, Optigrate™. 

These volume Bragg gratings are thick holographic gratings recorded in photo-thermo-refractive (PTR) glass or BragGlass™. BragGlass™ is a doped silicate glass that has cerium, silver, and fluorine. It is photosensitive in the range of 280 to 350 nanometers, which means the refractive index modulation must be made with light in this range. After this range, it is transparent from 350 to 2700 nanometers, meaning the absorption of light in this spectrum is nearly zero. The refractive index of this glass is 1.49, which is very near typical glass. The periodicity can be up to 10,000 m-1.

There are two types of Bragg gratings that we are considering for the project and we’ll make the decision based on performance of the system when both are implemented. Luckily enough, interchanging the two types of gratings will be fairly simple. 
http://Optigrate.com/bragglass.html 

[bookmark: _Toc437483776]3.2.1.1 Reflecting Bragg Gratings (RBGs)

[image: RBG figure 1]
Figure 8. A reflecting Bragg Grating operating at the resonate wavelength. (Reprinted with permission from Optigrate)

The first style of volume Bragg gratings is referred to as Reflecting Bragg Gratings or RBGs. When the periodic refractive index is recorded into these gratings, it is done perpendicularly to the angle of propagation for the input light. This sinusoidal periodic refractive index modulation is selected based off of the wavelength of operation for each specific application of the Reflecting Bragg Grating. Due to coherent and incoherent combination of light, much like interferometry, from this periodic refracting index, we get a different angle at which the gratings operate at based on the input wavelength. This can be proven by simply solving for λ in the given equation above for the Bragg condition.
 


Given that once the period is recorded into the glass it is constant and that the average refractive index stays the same, the only parameter that the wavelength for operation is dependent on is the angle at which the input light is in respect to the perpendicular of the periodic propagation vector. When solving for the zero angle, one can see that cosine becomes one and the equation becomes just 



and here λ0 is referred to as the resonant wavelength. At this condition the reflecting light would travel back along the axis of the input light, which could be useful for some situations but for the purpose of this project it is actually a physical limitation that must be noted. Ideally, the periodic propagation vector should be perpendicular to the front surface of the Reflecting Bragg Grating but due to manufacturing processes and the all too common human error there can be a small difference in the two. For some applications a tilt can be induced so that the propagation vector of the periodic refractive index is purposefully not perpendicular to the front surface. This could prove to be useful to our optical spectrum analyzer so we can get a larger bandwidth and a better quality of signal, this topic will be elaborated in more detail in later sections. The Bragg condition with tilt included becomes



where θ is the tilt in the medium. This comprehensive equation helps us design a grating that can operate in a specific region. This equation is also essential to our data processing and computation to help assess what angle we are currently measuring and the wavelength of the reflected light given the known periodicity of the grating. 

The change in refractive index works much like a mirror does. When a light beam encounters an index change a portion of it gets reflected back. This is how the Bragg grating can reflect light with a change in period inside the grating. There are a few other parameters that are very important for our calculations for correctly computing wavelength and frequency of input light. Knowing the diffraction efficiency and spectral selectivity of the grating we use is crucial for knowing the resolution of our system and power of the output light. 
	
Diffraction efficiency is a measurement of the percentage of light that is reflected of the intended spectral bandwidth against what is unaffected by the grating, or essentially what is transmitted. Diffraction efficiency is raised or lowered by increasing the difference in periodic refractive index amplitude. This is achieved by developing the samples in a furnace with a specific timing to achieve the desired diffraction efficiency. Diffraction efficiency is typically given as just a percentage number but can sometimes be very near 100%. In the cases of high diffraction efficiencies, the diffraction efficiency is given in optical densities which is a way of stating how many nines follow the decimal point. So, if 99.99% of the light is reflected at the operating wavelength that means 4 zeros follow the decimal point which means that it has an optical density of 4, or OD4. This jargon is used quite often for the Band Notch Filters that Optigrate™ makes.

Additional development of the samples will also increase the spectral bandwidth of the transmitted or, in the case of a Reflecting Bragg Grating, the reflected light. This means that the gratings become less selective with filtering and filter out more light which, in the case of the Bragg Optical Spectrum Analyzer, would not be ideal. In order to have the highest spectral resolution for our spectrometer, we need to have a highly selective grating. So, this effect of spectral broadening can be combated with a thicker grating (one with more periods of refractive index modulation), less development cycles, and a slightly lower diffraction efficiency (a larger diffraction efficiency does not drastically effect the spectral selectivity compared to the other issues.)  
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Values for specifications and parameters taken from Optigrate™’s website.

BragGrate™ Mirror – A standard Reflecting Bragg Grating with a moderate spectral selectivity and a can be made in a large range of diffraction efficiencies.
Specifications – 
· Diffraction Efficiency: 3 – 99.7%
· Spectral Bandwidth: 20 pm to 20 nm
· Wavelength Range: 320 – 2700 nm
· Grating Thickness: 0.50 – 20 mm
· Apertures: up to 35 x 35 mm2
· Angular Selectivity: 1 – 100 mrad
· Incident/Output Angles: 0 – 45 degrees
· Grating to Surface Tilt Angle: 0 – 10 degrees
· Absorption/Scattering Losses: <2%

BragGrate™ Notch Filter – These notch filter gratings are more standard and have less design aspects to them which would make them harder to work with but the filters have a much higher spectral selectivity compared to the BragGrate™ Mirrors.
Specifications – 
· Achievable attenuation: >99.99% (OD4+)
· Spectral bandwidth (FWHM): ~ 5 cm-1
· Operating range: 400 – 2500 nm 
· BNF Thickness: 2 – 4 mm
· Apertures: up to 25x25 mm2
· Angular selectivity: 2 – 10 mrad
· Incident/Diffracted Angles: 0 – 45 degrees
· Transmittance: up to 95%
· Transmission ripple: <1% at ± 0.5 nm from laser line (@633)

BragGrate™ Bandpass Filter – Bandpass filters are used specifically to clean up the signal from a laser source and could be useful in the Bragg Optical Spectrum Analyzer given their robust nature.
Specifications – 
· Diffraction Efficiency (DE): >90%
· Spectral Bandwidth: 50 pm to 0.5 nm
· Operating Range λ: 350 to 2700 nm
· Grating Thickness: 0.5 – 15 mm
· Apertures: 1 – 10 mm2
· Deflection Angles: 5 – 90 degrees

BragGrate™ Spatial Filter – This spatial filter is similar to the bandpass filter but spatially cleans up the input beam by having a very narrow acceptance angle which filters out side fringes and varying intensities, this could be used to make the output light for the Bragg Optical Spectrum Analyzer more exact and filter out any extra noise in our system.
Specifications – 
· Diffraction Efficiency (DE): 90 – 95%
· Spatial Noise Suppression: up to 30 dB
· Center Wavelength Range: 400 – 2300 nm
· Center Wavelength Tunability (angle tuning): up to 50 nm
· Filter Thickness: 2 – 5 mm
· Deflection Angles: 5 – 90 degrees
· Lateral Dimensions: up to 25x25 mm2
http://www.optigrate.com/BragGrate_Mirror.html 
 Since every one of these gratings are Reflecting Bragg Gratings the ultimate layout of the design would be the same if we decided to go with any specific type of grating. Each grating offers its own advantages and drawbacks. A combination could be used for future scalable designs in order to increase their overall benefits and minimize their drawbacks. Something like a BragGrate™ Spatial Filter could be used in conjunction with a BragGrate™ Mirror in order to clean up the overall signal spatially before it hits the grating and thus creating a more stable output. 
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Transmitting Bragg Gratings are created and recorded almost identically to Reflecting Bragg Gratings. The only difference between the two is relative light propagation angle to the refractive index modulation.


Figure 9. This figure represents the difference between a Transmitting Bragg Grating (left) and a Reflecting Bragg Grating (right).
Transmitting Bragg Gratings offer a great deal of advantages and disadvantages to Reflecting Bragg Gratings for our design. While both Volume Bragg Gratings largest theoretical operating wavelength is limited by their geometry (they cannot operate passed ±90 degrees because then the input beam would pass through the side of the grating), Transmitting Bragg Gratings typically have a much larger bandwidths of operation and can actually operate above their resonate frequencies. This is because when a beam of light is diffracted from a Reflecting Bragg Grating its forward Bragg order and backward Bragg order of the beam angle in respect to the front surface of the grating are always opposite of the input beam and transmitted beam where Transmitting Bragg Gratings’ diffraction is on the opposite side as the input beam with respect to the transmitted light for the forward order and on the same side for the backward order.
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There are two types of gratings that Optigrate™ offers for Transmitting Bragg Gratings. One, called the BragGrate™ Deflector, has a high spectral selectivity and can operate at a relatively large angle without a degradation of spectral selectivity, which would be advantageous to our design because a large angle of operation would mean that we can have a larger bandwidth of operation. The other grating they offer is used as a beam combiner for several sources and is of little use to our design.
 
BragGrate™ Deflector Specifications – 
· Diffraction Efficiency (DE): 5 – 99%
· Spectral Bandwidth: 0.5 nm to 100 nm
· Operating Range λ: 400 – 2700 nm
· Grating Thickness: 0.50 – 10 mm
· Apertures: up to 50 x 50 mm2
· Angular Selectivity: 0.1 – 100 mrad
· Total Deflection Angles: <120 degrees

While Transmitting Bragg Gratings don’t offer the same spectral selectivity as Reflecting Bragg gratings, they do offer a much higher potential for angular selectivity which is very important in our design.
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Photodiodes are as important to this project as the Volume Bragg Gratings are. A photodiode is, as its name suggests, a diode for receiving an optical signal and converting it to an electronic signal. They work on the opposite principle that Light Emitting Diodes (LEDs) work on. Where a light emitting diode takes an electrical signal and converts it to an optical signal (a photon). 

Photodiodes are built much in the same way semiconductors are. They have electrodes surrounding a region where you have current diffusion and drift. They differ from conventional by having an intrinsic region. The intrinsic region is where the photon from the input source is absorbed which creates electron-hole pairs. This creation of electron-hole pairs leads to current drift and diffusion which can be measured in order to tell the power of the input source light. 

[image: p–i–n photodiode]
Figure 10 Side view of a P-I-N photodiode.
https://www.rp-photonics.com/photodiodes.html 
The p region is made of a material that is transparent at the desired bandwidth of operation for the photodiode. This double heterostructure configuration (an intrinsic region between p and n doped region) lowers diffusion time which in turn increases the speed of photodetection. Increasing speed for detection is critical in lowering measurement time. For each sampling point in our design, we must confidently have enough time for the carriers created by the light on the photodiode to travel across the depletion region. If we don’t wait for enough time for this phenomena to occur then our measurements will be inaccurate and the whole project was for not. For overall performance of the photodiode, we look to a characteristic called responsivity. This is given to us by the equation:

where I is the photocurrent generated by the optical power, P, hitting the photodiode. This value is so important because it tells us a ratio of how much current we get out of a photodiode when we place it in our optical path. Ideally, we’d want as much current as possible so that we wouldn’t have to amplify the electrical signal by too much to be read. Amplifying the signal introduces noise to our signal which, when working with such small amounts of power, can be significant in skewing our data. 

We are looking to operate our photodiode specifically in a photoconductive mode. We wouldn’t use it in a photovoltaic mode because it is both slower and the range for the output signal is relatively small. In a photoconductive mode, the diode is reverse biased and when a photon hits the detector and a current is made it raises the signal to a measurable number and it eliminates some noise. The voltage magnitude of the reverse biased diode can affect the speed of response but can also heat the photodiode. 
Some typically materials for photodiodes are either single elements or 3-5 compounds. Single element photodiodes have an indirect bandgap when speaking of electron and carrier recombination. This essentially means that the recombination of the electron and carrier is less efficient than that of a direct bandgap semiconductor. Compounds of the groups three and five on the periodic table create direct bandgap semiconductors. These compounds allow for efficient electron and hole movement across the semiconductor but also are typically much more expensive. This due to the rarity of certain elements in the groups three and five compared to the abundance of some elements used for photodiodes.

Photodiodes are usually made from Silicon (Si), Germanium (Ge), Indium Gallium Arsenide Phosphide (InGaAsP), and Indium Gallium Arsenide (InGaAs). A factor we must also look at while selecting a photodiode for our project is noise. We need to introduce as little noise in the system at every step we can. Since we will be dealing with values that could potentially range in several orders of magnitude for a single sweep, the less noise we have the better quality measurements our device can achieve.

There are a few types of noise to consider from a photodiode in our optical spectrum analyzer. The first is called shot noise, also referred to as quantum noise. Shot noise exists because electrons and photons are discrete particles. Electron-hole pairs fluctuate with a statistical nature and are in accordance with a Poisson distribution. So, at its very core, the number of electrons excited is statistical and constantly fluctuating so it is impossible to eliminate this sort of noise. For a photodetector, they can have mean-square value for shot noise, mean square dark current noise, and mean square surface leakage current noise, all stemming from the statistical nature of an electron and a proton. 

The last type of noise important for our application is thermal noise, also referred to as Johnson noise or Nyquist noise. Both the photon and electron are affected by thermal noise when referring to thermal noise. At telecommunications frequencies and at room temperatures, though, the thermal noise of the background makes the thermal noise of the photon negligible in comparison. The thermal noise associated with the electron’s thermal distribution, however, is significant and cannot be ignored.

Mean square value for shot noise for a P-I-N photodiode can be calculated by:

where mean square dark current noise is:

and where surface leakage current is:

and finally where thermal noise is:

For our design, the photodiode will be ran off the same stepper motor that the Bragg grating is in order to keep the two mechanically together and to allow for the least amount of calibration issues. This means having the photodiode extend on an arm out from the axis of rotation that the Bragg grating is on to keep the optical alignment intact. This is elaborated in more detail in section 6.2, Photonic Subsystem.
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Here are some parameters for typical photodiodes.

	Parameter
	Symbol
	Unit
	Silicon
	Germanium
	InGaAs

	Wavelength Range
	λ
	nm
	400-1100
	800-1650
	1100-1700

	Responsivity
	R
	A/W
	0.4-0.6
	0.4-0.5
	0.75-0.95

	Dark Current
	ID
	nA
	1-10
	50-500
	0.5-2.0

	Rise Time
	tr
	ns
	0.5-1
	0.1-0.5
	0.05-0.5

	Modulation (Bandwidth)
	Bm
	GHz
	0.3-0.7
	0.5-3
	1-2

	Bias Voltage
	VB
	V
	5
	5-10
	5


Fiber-Optics Communications sasan fathpour
Silicon is wrong for our applications just for its operating wavelength alone. It only covers one telecommunications window which leaves out the most important application for our optical spectrum analyzer. While Germanium offers a larger span for wavelength operation, it is disadvantageous in practically all other applications. It has a slower responsivity, higher dark current (meaning more noise), and a slower rise time which is why it has a lower modulation bandwidth. 

We will be looking into InGaAs photodiodes and variations of three-five photodiodes. From OSI Optoelectronics we looked at two of the high-speed photodiodes they offer. Their Indium Gallium Arsenide photodiodes operate in the wavelength range of 900 to 1700 nanometers, with a high responsivity in the range of 1100 to 1620 nanometers. That means that they have the highest resolution around the most crucial area for our optical spectrum analyzer, the second and third telecommunications windows. 

Their photodiodes are said to be high speed and low noise, which is exactly what our optical spectrum analyzer needs to be competitive with similar devices on the market. One of the item specifications crucial to our design is operating temperature. On their website they have a minimum operating temperature of -40 degrees Celsius which certainly will not be a problem for our uses of this device but that may be of importance if Optigrate™ was to market this device in the future, however. 

The maximum operating temperature is 75 degrees Celsius. That temperature could pose a problem in our use of the device though. With laser and high powered LEDs as input sources, raising the temperature of the photodiode is certainly possible. Out of the five different sized apertures for photodiodes that OSI Optoelectronics offers I chose to include only the largest and smallest in order to have a good comparison for price versus the operation specifications. Unfortunately, OSI Optoelectronics has not currently answered our requests for quotes for these devices. The advantages of the larger device versus the smaller device would be the fact that at a constant input optical power between the two photodiodes, the larger device would heat up less. It’s the same phenomena that allows you to start a fire with a magnifying glass on a sunny day.

	PARAMETERS
	SYMBOL
	CONDITIONS
	FCI-InGaAs-75
	FCI-InGaAs-500
	UNITS

	
	
	
	MIN
	TYP
	MAX
	MIN
	TYP
	MAX
	

	Active Area Diameter
	AAφ
	---
	---
	75
	---
	---
	500
	---
	µm

	Responsivity 
(Flat Window Package)
	Rλ
	λ=1310nm
	0.8
	0.9
	---
	0.8
	0.9
	---
	A/W

	
	
	λ=1550nm
	0.9
	0.95
	---
	0.9
	0.95
	---
	

	Capacitance
	Cj
	Vr = 5.0V
	---
	1.5
	---
	---
	20
	---
	pF

	Dark Current
	Id
	VR = 5.0V
	---
	0.03
	2
	---
	0.5
	20
	nA

	Rise Time/Fall Time
	tr/tf
	Vr = 5.0V, Rl=50Ω, 10% to 90%
	---
	---
	0.2
	---
	---
	10
	ns

	Max. Reverse Voltage
	---
	---
	---
	---
	20
	---
	---
	15
	V

	Max. Reverse Current
	---
	---
	---
	---
	1
	---
	---
	2
	mA

	Max. Forward Current
	---
	---
	---
	---
	5
	---
	---
	8
	mA

	NEP
	---
	---
	---
	3.44E- 15
	---
	---
	8.42E- 15
	---
	W/√Hz


http://www.osioptoelectronics.com/Libraries/Datasheets/High-Speed-InGaAs-Photodiodes.sflb.ashx 

3.2.3.2 Input Signals vs. Output Signals

Our project works on the integration of optics and electronics. From this interaction, there are some losses and some additions of noise. Our input signal would be from either a laser source, LED light, or lamp. This input signal would be reflected off the Bragg grating and the sample point would be taken by the photodiode which turns the electric signal to an analog signal. This analog signal needs to be amplified by a circuit to be able to be recognized by the microcontroller. These sampling points would be correlated with the position of the grating and photodiode radially around the beam axis to make calculations on the wavelength. This digital signal is then sent out to the computer from which the user is operating the machine. 
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In order to construct a transimpedance amplifier with a proper gain, we not only must deliberate upon values of capacitances, resistances, and circuit layout, but also the actual operational amplifier intended for use. When searching for the ideal voltage feedback amplifier for utilization in our TIA, we tend to avoid an operational amplifier with a high voltage noise, a high current noise, and a large input capacitance. Taking into account these specifications and more, we came across the AD8615 operational amplifier provided by Analog Devices. Below are all relevant specifications of the op-amp as acquired by Analog Device’s data sheet:
· Vs = 5V, RL = 1 kΩ
· Input Offset Voltage = + 23 µV
· Rail-to-Rail Output
· Slew Rate = 12 V/µs
· GBW = 24 MHz
· Input Voltage Noise = 7 nV/√Hz
· Input Current Noise = .05 pA/√Hz
· Input Capacitance = 9.2 pF
To predict optimum capacitor values, we will use the following formulas. 
Optimum Feedback Capacitor Value:
if ) ≥ 2
and
if ) < 2
To calculate the noise in the transimpedance amplifier, we must first identify the main sources of noise in the device being the input voltage noise, input current noise, and the feedback resistor’s thermal noise. In order to calculate each of these both quickly and accurately, we must first determine the equivalent noise bandwidth, which is equal to:

Calculating the ENBW allows us to now discover the noise value (in RMS) of both the current noise of the op-amp and the feedback resistor. The operational amplifier’s current noise will materialize as a Vout after traveling through the feedback resistor while the resistor’s thermal noise will present itself directly at the output. The equations for both anticipated noise levels are as follows:



and

Where IN is the input current noise, T is the temperature (in kelvin), and k is Boltzmann’s constant.
Calculating the degree of noise attributed to the op amp’s input voltage noise, we simply multiply this value by the noise gain of the circuit. Essentially:

or more simply

Where Zf is the combination of the feedback capacitor and resistor in parallel and Zi is the parallel aggregate of operational amplifier’s input capacitance and both the photodiode’s resistance and capacitance. So, in VRMS units, the total noise is equal to:

This noise can further be reduced by adding a single pole RC filter with a bandwidth equal to the TIA’s closed loop bandwidth which is determined by the feedback capacitance
Now, because we are seeking a constant gain factor of 1, it is necessary for us to include a rudimentary programmable-gain amplifier, which also includes a bandwidth equal to the TIA’s closed loop bandwidth, to the output of the AD8615. Henceforth, the total noise of the system is equal to the root-sum-square of the noise contributions from both the PGA and TIA.
Choosing a value of 1 MΩ for the feedback resistor and predicting a photodiode capacitance and resistance of 150 pF and 600 MΩ, respectively, the anticipated values of the TIA system with gain factor = 1 are as follows:
	Feedback Capacitance
	4.7 pF

	Closed-loop Bandwidth
	34 kHz

	TIA NRf
	30 µVRMS

	TIA Ncurrent
	12 µVRMS

	TIA Nvoltage
	254 µVRMS

	TIA with RC filter Ntotal
	52 µVRMS

	PGA w/34 kHz BW Ntotal
	2.3 µVRMS

	Nsystem_total
	52 µVRMS
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Another crucial part to our design is the stepper motor. Our resolution, speed of the device, and repeatability ultimately rest in the stepper that we choose. With so much riding on the device, we took care in picking out the part.

The implementation of the stepper motor gives us the ability to choose the angle at which the Volume Bragg Grating is rotated. This angle is directly related to the wavelength we are measuring by the Bragg condition. This means that for a Reflecting Bragg Grating that has a refractive index modulation period of roughly 587.4 nm-1, which would give it a resonant wavelength of about 1750 nanometers, and with a sweep starting at 10 degrees from the perpendicular and ending at 75 degrees this grating alone could sweep 1394.8 nanometers to 1738.1 nanometers.

We decided to choose a bipolar stepper motor from StepperOnline Motors and Electronics. They offer a stepper motor with a 100:1 gear ratio, given us an astounding resolution of 0.018 degrees for a single step angle. Specifications straight from their website:

Electrical Specification
	Manufacturer Part Number
	11HS12-0674D1-PG100

	Motor Type
	Bipolar Stepper

	Step Angle
	0.018°

	Holding Torque
	4Nm

	Rated Current/phase
	0.67A

	Phase Resistance
	5.6ohms

	Recommended Voltage
	12-24V

	Inductance
	4.2mH±20%(1KHz)



Gearbox Specifications
	Gearbox Type
	Planetary

	Gear Ratio
	99.05:1

	Gear Efficiency
	73%

	Backlash at No-load
	<=1°

	Max.Permissible Torque
	4Nm(566oz-in)

	Moment Permissible Torque
	6Nm(850oz-in)

	Shaft Maximum Axial Load
	5N

	Shaft Maximum Radial Load
	25N



Physical Specifications
	Frame Size
	30 x 30mm

	Motor Length
	31.5mm

	Gearbox Length
	42.7mm

	Front Shaft Diameter
	Φ6mm

	Front Shaft Length
	18mm

	Front D-cut Length
	12mm

	Rear Shaft Diameter
	3.9mm

	Rear Shaft Length
	12mm

	Number of Leads
	4

	Lead Length
	300mm

	Weight
	200g



This device offers very high stepping resolution at a reasonable cost. Their website has one unit priced at $32.68. With this device, we would need a mount from their website also, priced at $5.36, they convenience of buying these parts outweighs the money saved by creating mounts ourselves. 
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Theoretically, given a radially resolution of 0.018 degrees, our machine could have a maximum spectral resolution of only about 0.04 nanometers. In order to have a spectral resolution on par with some other optical spectrum analyzers on the market we need further step down our single degree steps. A modest gear train ratio of 10:1 raises our resolution ten times to 0.004 nanometers which is much higher than the competition. While this resolution may be higher than what our Volume Bragg Gratings can actually achieve, it will mean that the resolution cap won’t be on the end of the stepper motor. 

In order to step down ten times, we would only need to connect the stepper motor to a gear that rotates the grating that has ten times the amount of teeth as the one connected to the stepper motor. A basic configuration is depicted below. The numbers of teeth is set by the ratio between them so any scalable amount of teeth with the same ratio would work with the same principle.


Figure 11. Gear configuration for the Bragg grating and photodiode.
The reason the gear rotating the photodiode has to have half the amount of teeth as the gear rotating the Bragg grating is because when the beam of incident light on the grating reflects, it comes in with one theta and doubles it with another theta. This concept is easy to understand with a graphical representation.


Figure 12. Input beam (A) is reflected off of the Reflecting Bragg Grating (B) at an angle θ and measured by the photodiode (C).
When the grating is rotated by one degree, the photodiode must be moved by two degrees because it has θ2 associated with it’s position twice. 
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Considering the fact that an optical spectrum analyzer operates its optical power detection protocol through the use of a photodetector, in this particular case in the form of a photodiode light sensor, the signal amplification procedure elected to be implemented is that which includes a transimpedance amplifier (essentially a current-to-voltage converter with gain) due to the photodetector’s conversion of the photonic signal into an electrical current that is corresponding to the incident optical power. The following figure shows a rudimentary design of such amplifier:

[image: ]
Figure 13. A simple transimpedance amplifier design containing one feedback resistor

Inherently, in its most crude form a transimpedance amplifier (TIA) is an operational amplifier connected to a high valued feedback resistor Rf. Accordingly, the gain of this op-amp is determined by the value of said resistor and due to the amplifier’s inverting design by nature, is equal to a value of –Rf.  Needless to say, the output voltage would conclusively be:

In order to maintain stability, a quality gain, an acceptable amount of noise, and an adequate amount of bandwidth, however, many considerations must be taken into account. 

Not only do photodiodes output current at a sizable impedance, but they typically hold a large capacitance value as well. So, allowing its current to be fed into a simple load resistor, we would be faced with either a small gain and small time constraint (if the sense resistor has a low resistance) or a decent gain but unacceptably large time constraint (if the sense resistor is high valued). In order to deviate from this predicament, we could merely supply the output current straight into a transimpedance amplifier’s summing point, allowing the op-amp’s internal capacitance to contribute to the stability of the system, improving the response time, diminishing the incident signal to noise ratio, and even allowing for a more considerable gain. Typically, the addition of a feedback capacitor in parallel with the TIA’s feedback resistor is necessary to stabilize the system. The following figure shows a slightly more enhanced TIA circuit, with capacitive elements shown:

[image: ]
Figure 14. A more in depth TIA design
Where CPD is equivalent to the capacitance of the photodiode and CIN refers to the operational amplifier’s internal capacitance. The sum of two, which equals the total capacitance CT on the inverting terminal is crucial in determining the stability and noise gain of the circuit, with the latter being equal to:

The theoretical formula to calculate the feedback capacitance that will yield the optimum amount of response from the operational amplifier is equal to:
		if	 ) ≥ 2
and
		if	 ) < 2
Where GBW is equal to the gain bandwidth product of the op-amp.

In practice, albeit, the value of the feedback capacitor will be adjusted in response to experimental procedure. This is simply due to the fact that when dealing with a complicated system such as that of a multiple constraint oriented transimpedance amplifier, there is no clear method of formula to maximize amplifier performance which, with respect to overshoot or peaking, noise gain, frequency response, stability, and bandwidth, is an immeasurably complex, intricate, multivariable, greatly volatile function of the value of the feedback capacitance, sought out gain factor, current and voltage noise values of the operational amplifier, the value of the feedback resistance, desired bandwidth, the value of the input capacitance of the operational amplifier, and much more.
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In practically all modern applications of electrical engineering, a proper signal to noise ratio is not only necessary, but also the primary cause for concern when developing a particular instrument or device. As such, the input signal of the BOSA is filtered in both analog and digital space in order to realize an acceptable signal to noise ratio and subsequently, an accurate and reliable product. 

While the main source of optical spectrum analyzer noise is attributed to the transimpedance amplifier, the output of which is immediately digitized and sequentially filtered through the use of digital filters, another cause for concern with respect to achieving a quality signal to noise ratio is rooted in the issue of spectral broadening. 

Unlike most diffraction based optical spectrum analyzers which employ, for good reason, the use of mirror alignment and aperture work as a means of developing a resolution bandwidth filter, the BOSA’s use of Bragg gratings is so advantageous from an optical standpoint that it is more than satisfactory in sifting through unwanted noise, accomplishing a revolutionary level of wavelength selectivity, and combating light dispersion, eventually leading the team to believe that the BOSA will achieve a never-before-seen degree of spectral resolution. 

Quite obviously, the use of optical fiber is another source of analog filtration. In its most simple form, an optical fiber is a long lens. A cylindrical, narrow strip of glass material surrounded by a coat of secondary glass cladding (typically germanium based), an optical fiber contains the laser input signal through the utilization of internal reflection as to prevent leakage of the signal before being measured by the photodetector. Without the fiber, an enormous spectral broadening issue is present. In order to maintain the purity of the input signal and prevent leakage, the fiber must have as great of a difference in refractive indexes between the core glass and the cladding as possible. In order to reduce said refractive index, multiple techniques may be used. 

The addition of marginal amounts of boron or fluorine to the cladding may improve signal transmission. In addition, the acquisition of silica glass containing the highest possible degree of purity will ensure the least possible caliber of light loss. 

Another element of filtration in analog space applied by the BOSA is the optical apparatus consisting of the collimator and lens system. This optical scheme is put in place as a means of focusing the signal. Once again, this proves useful in opposing the threat of spectral broadening, the primary agent of signal to noise ratio diminution. Not any more complicated than it sounds, the collimating and focusing optics system serves to converge the input signal as to prevent as much light dispersion as possible. 
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To view the calculated output of the optical spectrum analyzer in a clear and concise manner, not to mention viewing it at all on a monitor display, the input signal must first be discretized and digitized. Essentially, we must migrate the signal from analog space to digital space. 

The initial stage in the analog to digital conversion (ADC) process is known as sampling. In order to formulate the message and information contained in the continuous signal produced as a result of the transimpedance amplifier’s gain driven current-to-voltage conversion into a language that computers and digital control systems will understand, we must first discretize the signal into equidistant intervals of time. That is, we must measure and record the amplitude of the input signal at a specified frequency or sampling rate, which refers to the intervallic relationship between the instances in time during which a sample of the signal’s amplitude is taken. The following figure demonstrates the procedure: 
[image: ]
Figure 15. An elementary demonstration of the sampling procedure
An ideal sampling rate is one that satisfies the Nyquist theorem, which states that if a continuous-time function of measurable bandwidth x(t) contains no frequencies higher than B Hz, a satisfactory sampling rate (one that allows a discrete series of samples to essentially capture a computationally sufficient amount of data from said signal), should be no less than 2B samples/second. 

The following step in the ADC protocol is the signal quantization, which serves to discretize the amplitude values recorded and stored by the sampler. Seeing as how there are an infinite number of amplitude values that the quantizer can discretize, there would naturally be some degree of quantization error which is equal to:

where  is equal to the magnitude of the interval between quantized amplitude values, and N is the number of bits used for quantization.

The conclusive stage in ADC is the encoding process. In order for the signal to be interpreted by the instrument’s signal processing protocol and microcontroller, the sampled, quantized, now fully discrete time signal must be converted from decimal to binary. 
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While the operation of optical spectrum analyzers can be considered quite similar to those of spectrum analyzers involved in the measurement of different varieties of signals (e.g. microwave or acoustic pressure signals), some of the most notable differences between the operational analyses within these pieces of equipment lie in the manipulation of the signal in digital space. Accordingly, these differences manifest themselves in the level of sensitivity seen in the respective analyzers.

In order to analyze the spectrum of the signal in a resolution with respect to wavelength as opposed to time, we must first perform discrete Fourier transform operations on the signal after it has been discretized and encoded in order to convert it into a representation within the frequency domain. The discrete Fourier Transform (DFT) of a periodic signal x(nT) where N is an integer is defined as:

where

and
,

The functions and  are widely specified as the amplitude spectrum and phase spectrum of the signal x(nT), respectively. Thus, using the DFT we are able to compute the magnitude and phase of our optical signal source. Nevertheless, the phase spectrum data outputted by the DFT is usually discarded as it presents no fruitful information. Although, because our desired result is a power spectrum, a common method we can implement is the essential averaging of the magnitude components of several DFT’s performed on the signal. This method is also advantageous in the fact that it will in essence reduce the variance in the spectrum given the likely possibility of noise or volatility (randomness) present in the signal. Afterwards, we are able to easily convert our power spectrum from intensity vs. frequency to intensity vs. wavelength by a simple factorization using a multiple equal to the speed of light.

Unfortunately, however, the meaning of a large number of discrete Fourier transforms requires a vast amount of computational power and bandwidth which could prove to be problematic in the output of real-time calculations. While the speed of digital filtering through the use of DFT’s is significantly greater than the processing of signals otherwise (due to the fact that processing the signal at hand is more swift in frequency blocks rather than time block analysis), this could still prove to be problematic in terms of outputting real-time calculations for the user to see. As such, many modern computational approaches put into action the use of what are known as fast Fourier transforms.

The medley of algorithmic procedures known as fast Fourier transforms (FFT’s) had their groundwork laid out on the basis of observations that pointed out the large quantity of redundancy that arrives with computing a sizable number of DFT’s, which resulted in a colossal degree of diminution in both the amount of time and computational power that arrive as a result of these transforms. Because our input signal is originally a function of time, we will define what is referred to as the decimation-in-time FFT, with the assumption that N=2r, where r is an integer. When dividing the DFT sigma into two summations, n odd and n even, we can express the discrete Fourier transform of a signal x(n) with n=2r (even) and n=2r+1 (odd) as:

and because

We can express  as

After determining the power spectrum of the input signal, the noise must be addressed. Unlike most instruments which experience the bulk of their noise level at the front-end of signal capture, optical spectrum analyzers encounter the most significant source of internal noise after the signal travels through the analog filtering process and subsequently the photodetector, in the transimpedance amplifier. As such, once the amplified signal is digitized, a video bandwidth filter is applied to the internal noise. Essentially, the VBW filter is a first order low-pass configuration that is implemented to eliminate the discrete-time signal of noise and also acts as a tool to smooth the trace that is ultimately revealed to the user, stabilizing the display.

Due to the fact that the degree of noise experienced by the OSA is not impacted by the photodetector, the average noise level persists as 0 V. While the VBW filter influences the value of the internal noise in terms of root mean square, the average remains zero, or rather -∞ dBm. Therefore, the noise floor of an optical spectrum analyzer differs from other spectrum analysis machines which in turn affects its sensitivity, defined as 6 times the rms, which is ultimately determined by the video bandwidth.
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In order to express and conclusively display our desired output, power intensity, in a demeanor in which the user can both understand in the most feasible way possible and be able to apply in the most practical manner, we must climactically perform a logarithmic conversion on the already digitized, filtered signal before expediting its value to the apparatus’s serial protocol and subsequently, its display.
Essentially, logarithmic scales are used to diminish broad scoped values into smaller, more measurable scales. Being the inverse mathematical operation of exponentiation, a number’s logarithm is by definition, the exponent to which a second established quantity, known as the base, is raised to in order to generate the original quantity. For our purposes, the base of subsequent logarithmic work will have a value of 10.
While logarithmic scales are utilized in a huge variety of scientific and mathematical applications, such as the pH scale of acidity/basicity, the measure of entropy in thermodynamics, and even the relative pitch designation of notes in music, we in particular will be employ the logarithmic unit known as the decibel. 
The decibel most commonly is used in order to express calculations of power quantities, which is consistent with the design’s specifications and ultimate anticipated output. In order to realize a satisfactory yield and achieve the desired reduction effect of the logarithmic operation, we employ the formula:

Where Pout is equal to output power in decibel units, Pmeasured is equal to the digitized and filtered signal power that is measured by the photodetector, and Po is equal to a reference power level (typically holding a value of 1).
This operation is done very simply and doing so greatly enhances both the readability and practicality of the analyzer display. Below is a figure illustrating the substantial effect on quality power/intensity expression that the implementation of logarithmic conversion would potentially provide.
[image: ][image: ][image: ]
Figure 16. An example graphical representation of logarithmic conversion
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The Texas Instruments Tiva C Series of microcontrollers use a high-performance, 32-bit ARM Cortex-M architecture.  The chosen microcontroller, the TM4C123GH6PM, is extremely convenient for our purposes since it has built-in USB support and has a very affordable developer kit called the TIVA C Launchpad.  Below is a list of some of its features and specifications:

	Feature
	Description

	Performance

	Core
	ARM Cortex-M4F processor core

	Performance
	80-MHz operation; 100 DMIPS performance

	Flash
	256 KB single-cycle Flash memory

	System SRAM
	32 KB single-cycle SRAM

	EEPROM
	2KB of EEPROM

	Internal ROM
	Internal ROM loaded with TivaWare™ for C Series software

	Communication Interfaces

	Universal Asynchronous Receivers/Transmitter (UART)
	Eight UARTs

	Synchronous Serial Interface (SSI)
	Four SSI modules

	Inter-Integrated Circuit (I2C)
	Four I2C modules with four transmission speeds including high-speed mode

	Controller Area Network (CAN)
	Two CAN 2.0 A/B controllers

	Universal Serial Bus (USB)
	USB 2.0 OTG/Host/Device

	System Integration

	Micro Direct Memory Access (μDMA)
	ARM® PrimeCell® 32-channel configurable μDMA controller

	General-Purpose Timer (GPTM)
	Six 16/32-bit GPTM blocks and six 32/64-bit Wide GPTM blocks

	Watchdog Timer (WDT)
	Two watchdog timers

	Hibernation Module (HIB)
	Low-power battery-backed Hibernation module

	General-Purpose Input/Output (GPIO)
	Six physical GPIO blocks

	Advanced Motion Control

	Pulse Width Modulator (PWM)
	Two PWM modules, each with four PWM generator blocks and a control block, for a total of 16 PWM outputs.

	Quadrature Encoder Interface (QEI)
	Two QEI modules

	Analog Support

	Analog-to-Digital Converter (ADC)
	Two 12-bit ADC modules, each with a maximum sample rate of one million samples/second

	Analog Comparator Controller
	Two independent integrated analog comparators

	Digital Comparator
	16 digital comparators

	JTAG and Serial Wire Debug (SWD)
	One JTAG module with integrated ARM SWD

	Package Information

	Package
	64-pin LQFP

	Operating Range (Ambient)
	Industrial (-40°C to 85°C) temperature range
Extended (-40°C to 105°C) temperature range



The 32-bit ARM microcontroller architecture provides us with 80 MHz of horse power and a mature architecture that can easily execute whatever code we want on it without any limitations on throughput.  The architecture is a Harvard architecture where there are separate memory buses for instructions and data.  It has 256 KB of memory, which can provide more than enough space for our program.  It also features 32 KB of SRAM, which is more than enough to fit an entire sweep of points at full steps using the onboard 12-bit analog to digital converter.  This gives us a huge amount of flexibility with digital filtering and post-processing tasks that will require a lot of RAM.  It includes 2 KB of EEPROM, a few bytes will be used to store the calibration settings.  It has four SSI modules.  This is TI’s proprietary name for SPI, which we can use to talk to an external analog to digital converter if necessary and other peripherals.

One of the most beneficial and advanced features of a higher-end microcontroller like this is the built in Direct Memory Access (DMA) peripheral.  This device allows automatic transfers between the memory and other peripherals.  For instance, we can assign an array to be a buffer for the samples and set up a DMA channel to automatically transfer the contents of the array to the computer through USB.  While setting up direct memory access properly can be challenging, once it is set up, we can achieve an extremely reliable transfer method that will not use interrupts or CPU cycles.  This could also be used when interfacing to an external device via the SPI bus; such as the external analog to digital converter.

Lastly, this microcontroller contains more GPIO pins than we could ever need and comes in a 64-pin LQFP package which is surface mount and hand-solderable.  Since we are trying to go for all surface mount parts in our design, this package would be ideal.  Also, we can use the Launchpad as a JTAG programmer and debugger for the chip mounted on the PCB.


[bookmark: _Toc437483794]3.2.8.2 Analog to Digital Conversion

Once we receive an amplified analog electrical signal, it must be converted to digital so that our microcontroller can process the data.  Our chosen microcontroller, the TI TM4C123GH6PM microcontroller, or TIVA for short, has two 12-bit analog to digital converters built in as a peripheral to the microcontroller.  The built-in ADC has many convenient features such as automatic DMA (Direct Memory Access) channel transfers, hardware sample averaging of up to 64 samples, and a maximum sample rate of 1 Msps.  However, there are some considerations.

The 12 bit precision which provides 4096 quantization levels may not be precise enough for our purposes.  Moreover, there may be a relatively long cable traveling from the photodiode to the main PCB board.  Because a low voltage signal is being carried through a relatively long line, it may be subject to noise if the cable is not properly shielded.  One solution could be to amplify the signal near the photodiode and then transmit the amplified analog signal through the long cable to the mainboard.

Perhaps a more elegant solution would be to design a board that contains the amplification stages as well as a discrete 20-bit analog to digital converter.  The benefits of this solution would be that it would be transmitting a few digital lines which will not be prone to external noise instead of an analog line which could always be prone to noise.  Also, it has a significantly larger resolution of 20 bits which provides a staggering 1,048,576 quantization levels.  This would certainly be overkill for an application such as ours, but it would provide an unprecedented amount of precision to our design.  Further testing will be necessary to determine which route will be more suitable.  In the meantime, we will consider both options.
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Our chosen external analog to digital converter is the Linear Technology LTC2378-20.  It is a 20-bit ADC with a 1 Msps maximum bandwidth, a fully differential voltage range, and it communicates via the SPI protocol.  Below is a table of its pins and its functions:
	Pin
	Name
	Description

	1
	CHAIN
	When set to high, it operates in daisy-chain mode so the user can string multiple analog to digital converters together.  When set to low, the device operates normally.

	2
	VDD
	2.5 V input power supply.

	3
	GND
	Ground.

	4
	IN+
	Positive differential analog input

	5
	IN-
	Negative differential analog input

	6
	GND
	Ground.

	7
	REF
	Reference input pin.  A reference voltage between 2.5 V and 5.1 V relative to ground must be supplied.

	8
	REF/DGC’
	When connected to REF, the digital gain compression feature becomes disabled.  When it is at a ground potential, then digital gain compression becomes enabled.

	9
	CNV
	When a rising edge is detected on this pin, the analog to digital converter initiates a new conversion.

	10
	GND
	Ground.

	11
	BUSY
	When a new conversion is begun, this pin goes HIGH.  When the conversion is finished, it goes LOW.

	12
	RDL/SDI
	When daisy chain mode is disabled, the pin is used to enable the SPI bus.  When daisy chain mode is enabled, the pin accepts the serial output of the other analog to digital converters in the chain.

	13
	SCK
	Clock input from master device.  When the analog to digital converter is clocked, the output will be shifted out on the rising edge.

	14
	SDO
	This pin outputs the serial data from the SPI port on the analog to digital converter to the SPI port on the microcontroller.  The data is in two’s complement format and it is sent out with most significant bit first.

	15
	OVDD
	This supplies power to the SPI interface.  It will run at the same voltage level of the SPI logic

	16
	GND
	Ground.



As one can see, driving an analog to digital converter is not a difficult affair.  The first order of business would be to assign the SPI bus on the microcontroller.  Then, sample the analog signal by creating a rising edge on the CNV pin.  Next, an interrupt would be enabled for the BUSY pin.  Once the BUSY interrupt is triggered, a clock signal would be fed into the SCK pin of the analog to digital converter and the resulting value would be retrieved serially from the SDO output pin and stored in a shift register within the microcontroller.


[bookmark: _Toc437483796]3.2.9 Data Output

[bookmark: _Toc437483797]3.2.9.1 USB Connection

The primary limit on the communications protocol will be the bandwidth.  This bandwidth is determined by two factors: the bit resolution for each sample and the sampling rate.  In a previous section we outlined two choices for the analog to digital converter: one with a 12 bit resolution, and the other with a 20 bit resolution.  We will refer to these as option A and option B respectively.  Next, we can enable one-sixteenth microstepping with our stepper motor driver.  This feature will increase the number of samples per sweep, however it is unclear whether it will affect the time it takes to sample a full step.  We assume the worst case in this instance and create options C and D, which are just options A and B with microstepping enabled.  Below is how we’ll calculate the bandwidth:



When we apply this formula to the different possibilities that we’ve outlined, we receive a table like the following:

	Configuration
	Bit Resolution
	Microstepping
	Data Bandwidth

	A
	12 bit
	Full Step
	25.5864 kbps

	B
	20 bit
	Full Step
	42.6439 kbps

	C
	12 bit
	1/16 Step
	409.382 kbps

	D
	20 bit
	1/16 Step
	682.303 kbps



If we assume that microstepping increases the number of samples, but does not decrease the time it takes for each sample, then the bandwidth will be multiplied by a factor of sixteen in our case.  This causes the bandwidth to skyrocket and is a primary reason why we’ve chosen to develop using the USB standard rather than using the UART serial port for data transfer.  We know that RS-232 baud rates go up to 115200 baud, which will exceed the bandwidth required for cases C and D.  If UART were to be used in those cases, we would be forced to sample at a lower sampling rate which would slow down the sweep time of the motor.  Choosing this would be a poor engineering design decision especially since we only want to be limited by the speed of the motor and not the bandwidth of the communications protocol.  However, if we only care to sample at full steps, then a baud rate of 38400 would be sufficient for option A and a baud rate of 57600 would be enough for option B.

The Low Speed USB 1.1 protocol supports a maximum bandwidth of 1.5Mbits per second which is more than enough for even the worst case scenario which is why we’ll be using it.
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To control the spectrometer, a host application will need to be designed.  This application would run on a modern desktop environment and communicate to the embedded device via USB.  The application would not only indirectly control the rotation of the Bragg grating, but also receive and display the results from the samples taken.  A large portion of the design of this end-user application will be the graphical user interface.

The main feature of this interface will be a line graph which shows the output optical spectrum of the light source being measured.  The two axis will be power vs. wavelength.  The user interface should provide some interactivity with manipulating the graph area by being able to zoom in or out as well as setting the parameters of the graph.  Also, the units of power displayed should be able to be picked by the user with choices between decibels and watts.

We also want to be able to set the starting wavelength and the ending wavelength of the sweep within the user interface.  This will give the user the ability to focus only on a certain relevant area and also give the developer some more control over the operation of the device when testing and developing it.

Many typical optics applications will make use of a minimum and maximum peak, so the graphical user interface must be able to display that data.  Also, the ability to calibrate the spectrometer within the graphical user interface will prove to be crucial.  Without a way to calibrate the spectrometer, there is no way to know whether the readings are accurate or not.

With these ideas in mind, we set out to create a mockup of what a graphical user interface for our spectrometer might look like.  The interface was created within Visual Studio 2015 and please note that the graph is not displaying any sort of typical data and is more of a placeholder.
[image: C:\Users\mrrat\Dropbox\Senior Design\My Project Files\UI mockup.PNG]

Controls for all of the features outlined are present.  There is a graph that clearly displays the output data.  There are textboxes that allow the user to input numerical wavelengths to sweep from.  An improved version may use a combination of sliders and textboxes for both coarse and fine precision settings.  The minimum and maximum peak locations and power are displayed as a text label within the user interface.

The calibration feature has been expanded to allow preset calibrations for typical test input lasers.  It also allows for manual calibration by typing in the wavelength of the test input laser. The calibration feature would work by sweeping across the spectrum and recording the point at which it finds the highest peak value.  It records the point at which this value is found and matches that with the known wavelength.  This allows it to calibrate the wavelengths being recorded with the precise step location of the motor.  Ideally, this calibration value would be recorded within the EEPROM of the microcontroller so that it is preserved when exiting the end user application and also when powering off the embedded system.
With the addition of microstepping support from the stepper motor driver, we can take advantage of that here in the graphical user interface.  As discussed in the stepper motor driver section, the use of microstepping may increase the sweep time.  Also, it may have unforeseen problems perhaps with retaining an accurate calibration.  Because of this, we allow the user to sweep using full steps or with sixteenth steps and that option is show as a set of radio buttons named ‘Quick Sweep’ and ‘Full Sweep’, respectively.  These names were chosen because the actual function of microstepping is far too technical and low-level hardware based for the typical end user.  A more vague title is more appealing to the user and follows graphical user interface conventions.  Full explanations of what all the functions do can be included within a user manual or tooltip.

Last, but not least, we have added an extremely useful export feature.  This feature can be accessed by simply clicking the ‘Export’ button on the bottom right hand corner of the program window.  When clicking this button after a sweep has completed, a save dialog will pop up asking the user for a location and a file name to save a comma separated value (.CSV) file to their desktop.  This file will contain all of the raw data points received by the graphical user interface.  The user can use this to save all of the values and plot them using their own graphs or their own software if they wish.
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Interfacing to the Allegro A4988 is a very simple affair.  It has 8 input lines which are described below:

	Name
	Description

	SLEEP’
	A feature implemented to minimize power consumption.  When driven HIGH, the chip will operate normally.  When driven LOW, it will enter a sleep mode which will disable much of the circuitry inside the chip such as the output FETs, current regulator and charge pump.

	STEP
	The primary means of controlling the motor.  A low-to-high transition will advance the motor by a single step.

	MS1, MS2, MS3
	These three lines determine the stepping mode.  Depending on whether they are set to HIGH or LOW, it will select between microstepping modes.  Their configuration is described in the subsequent table.

	DIR
	Determines the direction of rotation for the motor.  Changes do not take effect until the next step signal edge.

	ENABLE’
	This pin will enable motor output when set to a logic low.  When set to logic high, it disables the outputs but still keeps the internal logic of the chip active.

	RESET’
	When driven low, the system is reset to a known, predefined state and all of the FET outputs are turned off.  It must be driven high again to resume normal operation.



These signals have very generous timing requirements.  They are listed below:

	Signal
	Time requirement

	STEP HIGH pulse
	1 µs

	STEP LOW pulse
	1 µs

	Setup time for other signals
	200 ns

	Hold time for other signals
	200 ns



To configure the microstepping modes, the MS1, MS2, and MS3 lines must be set to certain values.  Below are the configurations necessary:

	MS1
	MS2
	MS3
	Microstep Resolution
	Excitation Mode

	H
	L
	L
	Full Step
	2 Phase

	H
	L
	L
	Half Step
	1-2 Phase

	L
	H
	L
	Quarter Step
	W1-2 Phase

	H
	H
	L
	Eighth Step
	2W1-2 Phase

	H
	H
	H
	Sixteenth Step
	4W1-2 Phase



Any microcontroller is capable enough to provide these signals, as long as it can provide enough pins.  With the 3.3 V or 5 V logic tolerance, an external voltage level shifter will not be necessary for operation.
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The Volume Bragg Gratings that we intend on using in the design are special variable spectral filters that are dependent on angle from incident light. We specifically intend on using a grating that has a resonant wavelength of 1750 nanometers. This will give us an intended spectral range for the single grating of over 300 nanometers. Gratings with periods designed for longer wavelengths have a larger bandwidth of operation. A 1750 nanometer grating can sweep over 300 nanometers from 10 degrees to 75 degree yet a grating with a 500 nanometer resonant wavelength can sweep only about 100 nanometers. This means, however, that the spectral resolution from our 500 nanometer grating would be higher because we cover a shorter bandwidth in the same number of possible steps.

We are going to be using a grating with a diffraction efficiency of about 20 percent. One would think that a higher diffraction efficiency would be ideal for almost any situation because more optical power would strike our photodiode and make the signal to noise ratio much higher and give us the best data, but more importantly, we need as high of a spectral resolution as possible. Optigrate™ is working on supplying us with gratings that exceed 20 picometer full width at half maximum. Our design incorporates multiple gratings that we can cycle through to reach our bandwidth requirements. We are going to have the user select a wavelength range and internally the machine will decide what gratings the range falls in and automatically switch to the appropriate grating. This gives the machine a user friendly feel and makes it easier to operate. In order to cover our full desired spectral bandwidth for the machine we’re going to need to use five different gratings on a rotational assembly to choose each appropriate grating for the sweep. The gratings will have resonant wavelengths of 1750 nanometers, 1410 nanometers, 1140 nanometers, 920 nanometers, and 745 nanometers. And these five will cover our full range from over 1700 nanometers to just below 600 nanometers with a little overlap from each grating to save from an unnecessary grating change in the middle of a sweep. 
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An alternative design for the optical portion of the Bragg Optical Spectrum Analyzer was proposed in the event that our current design does not work as intended. This design offers to have the photodiode stationary and still be able to sweep across different frequencies by rotating the Bragg grating in the machine. This design uses complex geometrical optic manipulation in order to keep the movement of the detector down. This design is much harder to do the calculations for to get largest sweep size per grating, though and has many more variables to tune in order to get a way that works exactly for the intended use with the least amount of drawbacks. 

The design starts off the same as our current design with a fiber optic cable inputted into the front via a FC connector. This goes through a lens system both collimating the light and removing aberrations. This light is then reflected off of our first grating which sweeps from just above a 45 degree angle to just below it. This light is then reflected back with a mirror facing the opposite direction of the first mirror but with the same tilt. 

Both, the mirror and Reflecting Bragg Grating, are driven by the same stepper motor to ensure timing, position, and alignment is correct. The beam is then made parallel to in the incident beam on the Reflecting Bragg Grating because the mirrors move in tandem. This also means that the output beam is only moving laterally to the optical axis and not radially. This lateral movement is then compensated with a high power lens place in front of the photodiode to bend the beam into the aperture of the photodiode regardless of its lateral position. 


Figure 17. Double reflection design operating at the central wavelength for the grating. A) Input Beam. B) Reflecting Bragg Grating. C) Mirror operating at the same angle as the Bragg grating. D) Lens used to focus the beam on to the photodiode.

Figure 18. Double reflection design operating at the longest possible wavelength for the grating. A) Input Beam. B) Reflecting Bragg Grating. C) Mirror operating at the same angle as the Bragg grating. D) Lens used to focus the beam on to the photodiode.


Figure 19. Double reflection design operating at the shortest possible wavelength for the grating. A) Input Beam. B) Reflecting Bragg Grating. C) Mirror operating at the same angle as the Bragg grating. D) Lens used to focus the beam on to the photodiode.
The sweep size is now a factor of mirror size and distance between mirror and the Reflecting Bragg Grating. This lowers our sweep angle sizes significantly for modest sized mirrors placed at a short distance from each other. This would mean that we would have to implement many more gratings in order to cover the same spectrum. For these reasons, we have decided for this design to be a back-up in case the original one is not feasible after prototyping.
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Exterior design:


Figure 20. Front of the Bragg Optical Spectrum Analyzer. Only connection port is a FC fiber connector.

Figure 21. Rear view of the Bragg Optical Spectrum Analyzer. Connection from top to bottom: DC jack for power, mini USB port for data acquisition.


Figure 22. Design for Reflecting Bragg Grating rotator.


Figure 23. Exaggerated design for to highlight parts in gear assembly.
The gear assembly will have three main components. The long rod will be ran off of the stepper motor directly. The larger gear will have twice as many teeth as the smaller gear. The larger gear will run the Bragg grating where there smaller gear will drive the photodiode arm. 


Figure 24. Full setup of the optical components. A) Input light beam, B) Reflecting Bragg Grating, C) Photodiode collecting light.
Here we have the complete optical setup for the main component of our optical spectrum analyzer. This is neglecting the gear for the Bragg grating and focusing on the arm and assembly of the photodiode setup. 
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Depending on the printed circuit board manufacturer that we choose to go with, they will have different standards that are required to successfully manufacture our design.  We’ve chosen to look at two popular, inexpensive batch PCB manufacturers.  These companies do not own their own board houses, rather they collect several different designs and panelize them into one and send that off to an external board house.  The main benefit is their ease of use and significant reduction in cost.  However, lead time will be significantly longer and customer support will be very limited.  Below are some comparisons:

OSH Park
· Offers a flat rate of $5 per sq. inch for two layer boards and that includes three copies of the design as well as shipping costs.
· Also offers four layer PCB manufacturing at $10 per sq. inch.
· The turn time is 12 days for the design.
· Offers Super Swift Service for an additional $89 per design which shrinks the turnaround time to 5 business days.
· Coated with ENIG gold finish for high environmental resistance and excellent conductivity.
· The boards are 1.6 mm thick with 1 ounce of copper on both sides.
· Design rules
· At least 6 mil minimum trace width
· At least 6 mil minimum spacing between traces
· At least 15 mil of clearance from the traces to the edge of the PCB.
· Hole size must be at least 13 mil
· Annular rings must be at least 7 mil

DirtyPCB
· Offers a flat rate of $14 for 5x5 cm. PCBs for two layer boards including 10 copies of the design and free shipping.
· For designs up to 10x10 cm. the price goes up to $25.
· Also offers four layer 5x5 cm. designs for $30 and four layer 10x10 cm. designs for $50.
· The processing time is 6 to 8 days
· The included shipping option takes 1 to 8+ weeks!  Shipping to the US is estimated to be 1 to 2 weeks though.  DHL shipping will cost an extra $19 and take a much more reasonable 3 to 9 days.
· Offers rush processing which cuts the processing time down to 2 to 3 days for an extra $25.
· Offers emergency processing which cuts the processing time down to 1 to 2 days for an extra $50.
· The boards are 1.6mm thick with Hot Air Solder Leveling (HASL) coating.
· Uses an ounce of copper on both sides.
· Design Rules
· At least 5 mil minimum trace width
· At least 5 mil minimum spacing between traces
· Hole size must be at least 12 mil

Both of these services are very inexpensive but have important differences between them.  DirtyPCB has a lead time that can easily be over 3 weeks, but OSH Park can take less than two weeks.  Both offer rush options with OSH Park’s option being very expensive, but very fast while DirtyPCB is also expensive, but may end up matching OSH Park’s regular shipping speed.  OSH Park’s boards also appear to be of higher quality since they are ENIG gold coated, but Dirty PCB has slightly less restrictive design rules.  A 25 sq. cm. PCB design would only be $14 at DirtyPCB, while it would cost $19.38 from OSH Park.  The difference in turnaround time, however, may make it well worth the extra $5.  The real bargain comes with large designs where a 100 sq. cm. design is only $25 from DirtyPCB, while it would cost a significantly more expensive $77.50 at OSH Park.  Also, take note that DirtyPCB provides 10 prototypes versus OSH Park’s three.  While even just three prototypes would be more than enough, there is still a much greater overall value for DirtyPCB.

We’ve calculated that with a design between 0 and 2.8 sq. inches, OSH Park provides the cheaper option.  Within a small range between 2.8 sq. inches and 3.87 sq. inches, DirtyPCB provides the more economical option.  Then, within 3.87 sq. inches and 5 sq. inches, OSH Park once again provides the cheaper option.  Past 5 sq. inches, DirtyPCB is more affordable.

With the increase in quality and faster turnaround time, OSH Park would still be the preferred of the two.  However, if our design is large enough and we have enough time, DirtyPCB would be the preferred choice.  The most important thing that will add flexibility to choices in PCB manufacturers will be how much time we can spare.  As such, we will need to begin designing the schematic and PCB as soon as possible to take advantage of these options.  Otherwise, the rush processing can get very expensive.
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Choosing the right microcontroller for a project really depends on a handful of different factors.  These days, as microcontrollers are packed with so many features at very inexpensive prices, it’s hard to go wrong.  We will list some important properties of choosing a microcontroller and how they apply to our project and our decisions.  These are factors that are always important when choosing a microcontroller, but they are listed from most important to least important in our particular application.

1. Development Board:  For prototyping, having a development board available can be massively helpful in giving the developer something to get started with.  When the developers are inexperienced, such as ourselves, jumping into a new microcontroller platform and designing a board with a microcontroller on it without ever having tested or used a development board with that microcontroller before; it can be daunting and with the lead time required in PCB manufacturing, it can waste a lot of time especially if things go wrong.  This is also convenient in that it saves the cost of having to buy a programmer for that specific family of microcontroller.  Note that many development boards available are priced in the hundreds of dollars and meant for corporate consumers and not hobbyists or students.  This only includes affordable, sub $100 development packages.  Texas Instruments provide some of the most capable and affordable development boards on the market with the Launchpad series.
2. Peripherals:  Perhaps what truly separates microcontrollers from microcomputers, is that microcontrollers are almost always designed to interface with other electronic devices and peripherals.  To be able to do this, the processor in the silicon must be accompanied with hardware peripherals such as GPIO, UART, SPI, I2C, USB, CAN, and even wireless radios such as Bluetooth and WiFi – and these are just a handful of examples.  Practically all projects that make use of a microcontroller will need to communicate to some external device – even if it’s just a red LED to let the user know the microcontroller finished processing.  For this reason, it is imperative that embedded developers determine what peripherals their project will need and how many of them before picking a microcontroller.  For our project, we were mostly concerned with the built in analog to digital converter and the built in USB support.
3. Code Base: As peripherals and communications protocols get more and more advanced, having access to a library to interface with those peripherals becomes essential.  For example, in our project we needed to use the USB interface.  Developing a USB stack from scratch is an extremely laborious, difficult, and time consuming task that would realistically prevent us from using that peripheral in our project.  Reputable microcontroller vendors will provide extensive libraries with equally extensive documentation to go along with them.  Texas Instruments is such a vendor and their TivaWare library is excellent and extremely well documented with example projects and tutorials.
4. Familiarity: Though often disregarded, previous experience with a line of microcontrollers can count for a lot when choosing a microcontroller.  The developer will know the capabilities of the microcontroller and how to best interface to it.  Moreover, the included libraries of different families of microcontrollers have their own convention of doing things and defining their functions.  Being familiar with them can save time and stress when developing an embedded project.  We chose a TI device because we have previous experience with the TIVA C series as well as the MSP 430 line.
5. Architecture:  The two basic architectures used in microcontrollers nowadays are advanced 32-bit ARM architectures and 8 or 16 bit architectures that are specific to the family of microcontroller and the vendor.  A real life example of this is the TIVA C series and the MSP 430 series.  Often times, the choice between these is due to the peripherals they provide, but the architecture and difference in complexity between these two devices can be important.  Generally, the complex ARM architectures shine at data throughput and compatibility with other ARM devices.  However, when dealing with timing-sensitive applications, the complex microcontrollers will need to use their on board peripherals such as interrupts, SPI, and DMA.  Sometimes, the application is timing sensitive and cannot be implemented using the on board peripherals.  Unfortunately, trying to hand code them in assembly language will often fail since these architectures pipeline their instructions for greater data throughput but lose instruction cycle predictability.  This can be a huge limitation of fancy microcontrollers when dealing with timing-sensitive tasks such as video or audio generation.  This is an area were simpler is better and the 8 and 16 bit microcontrollers shine.  Since these rarely have any pipelining in their instruction set, the user can hand code assembly language for the timing critical portions and feel confident that they will take a certain number of cycles.  Since we had no such needs in the design of our project, we just went with the more capable and more powerful option.
6. Package:  The package that chips come in can easily be enough for someone to choose one chip over another.  Microcontroller are no exception here.  When building a very compact, portable device, a designer might try to find really small surface mount packages for their microcontroller.  Conversely, when the designer wants to be able to prototype everything on a breadboard, they would choose a device that comes in a DIP package.  We wanted an all surface mount approach because that would give us access to modern, widely available parts.  Yet we wanted to be able to hand solder it if necessary.  The TIVA C microcontroller comes in a large surface mount 64 pin LQFP package that can easily be hand soldered.
7. Processing Power: The clock frequency of the microcontroller can not only determine its data throughput, but also its ability to communicate with other high frequency devices and to be able to process those messages without delay.  A lot of this also comes from the architecture of the device and with ARM having built in floating-point – it makes it ideal for the kind of sampling and data processing that we’ll be doing.
8. Cost: In high volume manufacturing, cost can be everything.  Securing a supplier that can get you a good deal can often be the number one priority.  However, when we’re creating a single prototype and we don’t plan on manufacturing more than one working device, the cost of a microcontroller becomes largely irrelevant.  Hence, why it’s close to the bottom of the list.  In our case, we were able to get a development board for free from the UCF IDEA lab and we know we can receive a couple of free samples of the chip for our PCB.  It’s impossible to beat free.
9. Voltage Requirements:  When interfacing with multiple peripherals, the running voltages of the devices must match in order to prevent a voltage overload and damage the device.  Otherwise, voltage level converters will need to be added to the design and it can be annoying especially when working with high frequency open-drain signals.  It’s best to pick parts in a design that can all agree in one voltage level when possible.  Typical voltage levels for microcontrollers are 5 V, 3.3 V, and 1.8 V.  The voltage level also is important when designing battery powered devices, since if it requires a higher voltage than the battery can supply, the design will need to include additional batteries or a boost converter circuit to raise the voltage.  For our design, power consumption is irrelevant since we’re using wall power and the stepper motor will be by far the biggest power consumer.  As such, as long as all of our devices can run at the same voltage logic level that will be good enough.
10. Availability: The availability of the device can be huge for high-volume manufacturing.  It can also be a big deal for long term designs.  Designing in a part that becomes obsolete, expensive, or hard to find can incur serious costs in sourcing the part or in trying to engineer a modern replacement for it.  As we’re just building a prototype, as long as we have a development board and a couple spare ICs for the PCB, we should be good.  The microcontroller that we’ve chosen can also be purchased from DigiKey in single quantities affordably.
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The USB protocol is a serial, half-duplex, digital communication protocol with a host and device controller.  The VBUS line provides 5V of power to the device while the D- and D+ pins transfer serial data between the host and device controllers.  Below is a diagram showing the pinout of a USB bus:

[image: USB Pinout]

The USB 1.1 specification offers two data transfer rates, Low Speed at 1.5 Mbits/sec and Full Speed at 12 Mbits/sec.  The USB 2.0 specification offers High Speed 480 Mbits/sec and the USB 3.0 specification can deliver 4.8 Gbits/sec in Super Speed mode.  For our purposes, the USB 1.1 Low Speed specification will provide more than enough bandwidth for our sampling rate.

USB uses NRZI encoding where changes in polarity are seen as a ‘1’ and no change is detected as a ‘0’.  When the device is first plugged in it receives 100ma of 5V power and is assigned an address in a process called enumeration.  Once the device has identified itself, it may use up to 500 ma of current as per the USB 1.1 standard.  This will be more than enough for the embedded electronics in our project.  However, the stepper motor must be driven at 12v to 24v and will exceed the amperage requirements of the USB standard.  Therefore, the moving parts must have their own voltage line separate from any power supplied through the USB bus.

The standard supports four basic data transfer mechanisms:
· Control – used by the host device to send commands to the target device.  For Low Speed, packets are 8 bytes long.  For Full Speed, they are 8-64 bytes long.
· Interrupt – typically used be human interface devices such as keyboards and mice where the data packets are small, but require an interrupt to process.
· Bulk – used by devices sending or receiving large quantities of data.  A typical device that uses this transfer mechanism is a printer.  USB Full Speed supports packets up to 64 bytes long.
· Isochronous – used by real-time devices where re-transmission is simply not possible.  Missing a packet is preferable to waiting for a packet and going off real-time.  A typical application for this transfer mechanism is USB audio devices or sound cards.

Our project will use control packets to send commands from the host software to the embedded device.  Then, the device will reply with a bulk transfer containing the samples from the spectrum.
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With the built-in USB support on the microcontroller, a simple and efficient method to communicate with the host software is to use the USB Bulk Device Standard.  This USB device does not identify itself as a particular device such as a mouse, keyboard, HID controller, or mass storage medium.  Rather, it identifies itself as a generic bulk device; with the host software being tasked with encoding and decoding the transfers between it and the device and knowing what to do with them.
The class driver offers a receive channel and a bulk transmit channel with buffers on both channels and provides a simple interface to read and write data between devices.  Because there are vendor specific versions of this standard that differ slightly, we will be focusing on the most widely used version: WinUSB (libusb-win32).
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The cycle begins with the host initiating a bulk OUT transfer.  The target receives a packet with a PID containing the address of the device and the target endpoint.  Then, the host sends a data packet containing the bulk payload.  If the target accepts the incoming data, it sends an ACK packet to the host letting it know that it has been received.  If the target is still processing the previous data packet or is otherwise occupied it can send a NAK packet to the host to let it know that it is not ready to receive the data.  Once it does become ready, it can send an ACK packet and the host can resume the transfer.  Alternatively, it can simply allow the transfer to time out, in which case the host will try to send the transfer again until it is successfully received.  Care must be taken to limit this type of behavior however, since after a certain number of failed transfers the host may assume the target is disconnected.

Bulk IN transfers are similar to bulk OUT transfers, except the host is now accepting incoming data rather than transmitting it.  The host initiates the communications by sending a packet with a PID and a Bulk IN request.  If the device isn’t ready or has nothing to send, it can deny the request with a NAK packet.  It can also deny it with a timeout as well.  Otherwise, it sends the requested data packet to the host.  Once the transfer is done, the host confirms the packet’s arrival with an ACK packet to the target.

This simple communications protocol is ideal for our application due to its high speed, ease of use, and the fact that the host always controls the “conversation” between it and the target device regardless of the direction of the payload packets.  This makes it ideal in situations such as ours where the host application commands the device and receives its data output and displays it to the user.
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The Serial Peripheral Interface (SPI) standard is an interface bus commonly used to send data to and from microcontrollers and external devices like SD cards, shift registers, sensors, and other ICs.  It provides separate clock and data lines unlike asynchronous serial interfaces.  UART is such an asynchronous interface and it uses only two separate communication lines, TX and RX.
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One of the advantages of UART is that it saves an extra pin by not including a clock signal.  Its asynchronous properties can prove to be useful when communicating between devices with drastically different clock frequencies, such as a microcontroller and a desktop PC.  Also, it is a universal standard that has been widely supported for years.  However because the signals are asynchronous, extra start and stop bits must be included within each data packet which take up additional bandwidth.  Also, it is inflexible as it only provides certain baud rates up to 115200 baud and only accepts 8 bit data packets.  Implementing a UART also uses a lot of silicon in the die of a chip.

The SPI interface avoids many of these pitfalls because it provides its own clock source.  It establishes one device as a ‘master’ which will provide the clock during transfers and a ‘slave’ which will receive the clock from the master.  It also reduces confusion over which transfer and receive ports on a master to connect to the transfer and receive ports on a slave by providing two clearly marked channels:  Master-In-Slave-Out (MISO) and Master-Out-Slave-In (MOSI).  It also provides a slave select channel (SS’) which can be used to select between different slaves when transmitting or receiving messages to the master device.
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The SPI interface avoids many of these pitfalls because it provides its own clock source.  It establishes one device as a ‘master’ which will provide the clock during transfers and a ‘slave’ which will receive the clock from the master.  It also reduces confusion over which transfer and receive ports on a master to connect to the slave.  The slave select pin allows a single set of clock, MOSI, and MISO pins on the master device to control multiple slave devices by simply adding an additional slave select pin to enable the device that the master wishes to communicate with as shown in the figure below:
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The serial communications signals are sampled at the clock edge.  There are currently four variations of SPI that sample at either the rising clock edge or the falling clock edge and operate at positive or negative polarity.  We’ve created a typical transfer between a master and slave sampling at the rising clock edge with positive polarity:
[image: C:\Users\mrrat\Dropbox\Senior Design\My Project Files\SPI signals.png]
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There are many methods to control a bipolar stepper motor.  They are simple enough to be controlled even with a transistorized custom solution.  Nowadays there are many ASICs that can be purchased inexpensively that provide precise control for these motors.  We went for a popular open-source design which uses an off-the-shelf IC; it’s called the Big Easy Driver.

The core of the Big Easy Driver is the Allegro A4988 DMOS Microstepping Driver with Translator and Overcurrent Protection.  Some of its features are:
· Supports bipolar stepper motors.
· Can supply up to 2 Amps/Phase.
· Can supply up to 1.7 Amps/Phase without any heatsinking.
· Can drive motors from 8 V to 35 V.
· Crossover-current protection
· Thermal shutdown circuitry
· Shorted load protection
· Can be driven with 3.3 V and 5 V logic.
· Five microstepping modes: full step, ½ step, ¼ step, 1/8 step, and 1/16 step.

Now for comparison, below are the specs of the geared motor we plan to be using, the Planetary Gearbox Dual Shaft Nema 11 Stepper Motor:
· Has a step angle of only 0.018°.
· Has a holding torque of 4 Nm
· Has a 99.05:1 gear ratio.
· Operates at 0.67 Amps/Phase
· Has a phase resistance of 5.6 Ohms
· Runs at a recommended 12 V to 24 V

Since the stepper motor is operating well below the maximum Amps/phase rating on the IC and the supply voltage is well within the range that it can provide, we know it will be compatible with the Big Easy Driver.  The current load is so low that no heatsinking should be necessary to cool the chip.  The chip also operates at a convenient 3.3 V or 5 V logic, which lets us communicate directly to the microcontroller without any external logic level shifting necessary.  Because our motor is geared, we already have a small enough step angle.  Still, we have the option to use its microstepping feature to reduce it all the way to a staggeringly tiny 0.001125°.  Finally, this set up contains the option of buying it as a pre-built module which will speed up prototyping and gives us something to fall back on should the design on the PCB board fail.
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Being that the design of a new product, no matter how grand or extensive, has specific expectations put upon it at its birth, it naturally is subject to a number of different constraints and limitations.
Essentially, when referring to the economic constraints burdening the group, one is discussing a classic opportunity cost situation. Is the amount of capital, whether it be monetary, labor based, or time oriented, being consumed by this particular endeavor going to pay off with its completion? Not only that, could this amount of capital be spent on an undertaking that could be considered more worthwhile? These questions have not only been addressed by our team, but more importantly, by our sponsor company which has decided to both fund the design of the product and finance the patent applications for it henceforth. Thus, it is crucial to deduce whether or not our product and ensuing design procedure are indicative of a good economic decision considering all constraints which include:
· Realizing quality photo-detection with a budget limited to $150
· Achieving a satisfactory collimating and focusing lens system with a budget limited to $450
· Actualize a printed circuit board design without spending capital on installation
· Obtain a low-cost enclosure system
· Produce a working schematic with less than $100 budgeted toward all other components
· Minimize potential maintenance costs
Furthermore, economic factors that don’t necessarily impact the two academic semesters associated with senior design must also be considered. For example, the impact of BOSA’s eventual release into the market. Undoubtedly, this revolutionary new technology could prove to be insurgent within the photonics engineering niche. With typical optical spectrum analyzers on the market being sold for upwards of $20,000, some could argue that the BOSA would effectively antiquate these products, drastically altering the status of the optics and photonics engineering market. Also, when assessing the economic viability of the decision to undertake or abandon the endeavor of design, we have to both compare the proposed model to already existing similar models that serve the same particular function, and compare the actual classification of the technology to all other forms of applied science which serve the same function.
Other examples of economic constraints include:
· Scope of market and subsequent distribution
· Degree of labor
· Packing costs
· Transport constraints and costs
· Warranty
and much more.
Moreover, the passage of time presents probably the most tangible and unforgiving constraint that the team faces. Working within a strict schedule and pushing towards projected milestone dates, the group consistently must take into account the innumerable timing limitations that present themselves throughout the year. 
In terms of the actual design schedule, the group has had to consider facets of project management which include deliberate planning and subsequent project control. With respect to the actual development procedure, time consuming tasks such as prototyping tests, debugging, and overall detailing of the design must not be taken lightly. When it comes to the production of the model, the team has anticipated a significant amount of time consumption spent on assembly, packaging, and even transport.
While timing constraints related to the actual manifestation of the BOSA are undoubtedly crucial aspects of senior design, there are multiple other scheduling related limitations, such as the allotment of time dedicated toward the completion of the class’s final report documentation, that must be accounted for. As such, we have decided to create a time appropriation apparatus. Below is a table outlining the group’s allocation of time based capital as it relates to each element of the project.

	Final Report Documentation
	15%
	Includes drafting, revision, formatting, and publication.

	Design and Development
	65%
	
	Research
	20%

	Prototype Testing
	10%

	Debugging
	15%

	Assembly
	5%

	Detailing
	5%

	Packaging
	5%

	Finalization
	5%




	Regulatory Matters
	20%
	Includes discussion of patent publication with sponsor company, reaching out to scientific journals and publications, and preparation of presentation for Spring Showcase.

	Miscellaneous
	5%
	Includes unexpected time consuming duties




Due to the fact that the Bragg Optical Spectrum Analyzer will by definition be an instrument that is subject to a high intensity laser as an input, the instrument is automatically cause for concern in terms of physical health and the safety of the user. Not only must the team make sure to follow rigid safety protocol when developing and testing the product, but it must also, to the very best of its ability, ensure by any means necessary an acceptable level of safety as it relates to the design, production, and performance of it. 
The following list comprises of safety related constraints that serve to keep the welfares of both the team and the eventual user in mind:
· Eye safety equipment must be worn at all times during testing
· Laser warning signs must be employed during testing, the following figure illustrates a simple example of such a warning:

[image: ]
Figure 25. An example original laser warning sign


· Doors must be closed and unauthorized individuals must be kept out during testing
· All optical equipment must be regularly inspected for damage so as to not cause instability of the system
· Beam path of the laser must be coordinated with relevant optical technology in order to minimize the risk of deviating reflection/refraction.
· Eventual point of termination of the laser beam must be established
· Enclose the instrument in a way that further combats the possibility of leakage and stray reflection/refraction.
While concerns for the physical wellbeing of those operating the BOSA are obviously substantial, they are not the only physical constraint to be considered.
Because the instrument will hopefully see itself on the market eventually available for purchase, aesthetic constraints should most definitely be acknowledged. The structure, texture, color scheme, size, elegance, simplicity, complexity, and other superficial features of a product are some of the most powerful tools when compelling a consumer to purchase it. In order to most effectively introduce our project to the market, we must consider social nuances in the form of fashion, cultural trends, and historical data in order to achieve the maximum degree of customer appeal. 
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In a nutshell, the project consists of a spinning stepper motor, samples read by a photo sensor, analog amplification, digital-to-analog conversion, processing inside the embedded device, transmission to USB, and finally receiving the data on the host computer.  To calculate an estimated sampling speed, the time taken will depend almost entirely on the speed of the motor.  Our design will provide a fast enough communications bus as well as a fast enough microcontroller so that the time spent due to those factors will be negligible.

To get started, we need to know how many degrees the motor will typically sweep across an entire spectrum.  This number will depend on the particular Bragg grating used and on the characteristics of the input signal.  For our approximation, we will be sweeping from 10° to 75°.  This equates to 65° of rotation for a single sweep of the spectrum.

Next, we will need to know the specific qualities of the motor to progress further.  The one we’ve chosen is the Gear Ratio 100:1 Planetary Gearbox Dual Shaft Nema 11 Stepper 11HS12-0674D1-PG100.  Below are the relevant specs that we will be using in our calculations:

	Description
	Symbol
	Value

	Step Angle
	
	0.018°

	Current/phase
	
	0.67 A

	Input voltage
	
	12 V

	Inductance
	
	4.2 mH



First, we need to know how many samples there will be in a single sweep of the spectrum.  Assuming that we are using full steps without microstepping, the equation below shows how to calculate that value:


Now that we’ve established how many steps, or in our case samples, there are in every sweep, now we need to know how long the motor takes to spin for each step.  We can calculate this using the rest of the specs given to us by the motor manufacturer.  Below are the calculations:


We can take this value and invert it to receive our samples per second rate.  This won’t be useful for this particular set of calculations, but it will be useful in subsequent sections were we discuss the analog-to-digital conversion.  Additionally, it’s a standard measurement used in engineering applications such as this were samples are successively taken.  Below are the calculations:

Finally, we take the two numbers we’ve calculated and multiply them together to receive the time it will take for one full sweep of the spectrum.
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As one can clearly see, our estimate is well below the 60 seconds per sweep requirement and the 1000 samples per sweep requirement.  Remember that these calculations were made with full stepping.  Taking advantage of 1/16 microstepping that is offered in our stepper motor controller, the results would change as follows:

			

Even if 1/16 microstepping is enabled and that this would cause the time taken to be sixteen times longer, the time taken would still be well below a minute at 27.2 seconds.  This would also have the benefit of increasing the number of samples per sweep to a staggering 57792!
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The microcontroller will convert the analog signal received from the analog filters into a digital signal using its built-in DAC.  It will do this using an embedded program stored in the microcontroller.  The software will communicate with the built-in DAC, user buttons, motor controller and the computer interface.  It will also perform adaptive filtering on the incoming signal when necessary.

The chosen device will be the ARM Cortex-M4F based TI TM4C123GH6PM MCU.  This provides the power of an 80 MHz 32-bit ARM processor with 32KB of RAM, a 12-bit ADC, and a built-in USB 2.0 interface.  This device was chosen because of its wide availability and low-cost evaluation kit.  It also packs more than enough power for the project, features USB support, and comes with a comprehensive library to interface with all of its built-in peripherals.  The only thing that could be lacking is its ADC’s bit resolution, but it will still be useful when prototyping and can always be replaced with a superior, external ADC that communicates via SPI or I2C.

The ADC will sample analog signals at the fastest available sample rate.  It will take advantage of the built-in RAM to sample points multiple times to form an average value.  Afterwards, it will use adaptive filtering methods to achieve the desired output.  As data is sampled, it will be fed to the host software via the USB protocol.

To control the motor, it will communicate with an external stepper motor driver chip that will rotate the motor at a certain angle.  The motor driver will be necessary not only to meet the motor’s power requirements, but to also allow a feature called ‘microstepping’, where the resolution of the stepper motor can be increased sometimes up to eightfold.  The software will have a function that will take this into account and achieve the desired angle for the Bragg grating to do its job filtering the incoming light.

The embedded software will be controlled using commands from the user interface software.  This will be achieved using the USB bulk protocol; which is supported as a library function for the TM4C MCU.  This means that a packet containing a command structure must be defined for the host software to be able to communicate with the embedded software.  The commands will include the ability to set the motor at a specified angle, read incoming signals post-filtering and set various parameters for the sampling as well as filtering.  The delineation between tasks handled by the embedded software and tasks executed by the host software will be delegated with the embedded software handling low-level, interface-dependent tasks, and the host software will handle high-level, data-centric actions.
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Depending on the printed circuit board manufacturer that we choose to go with, they will have different standards that are required to successfully manufacture our design.  We’ve chosen to look at two popular, inexpensive batch PCB manufacturers.  These companies do not own their own board houses, rather they collect several different designs and panelize them into one and send that off to an external board house.  The main benefit is their ease of use and significant reduction in cost.  However, lead time will be significantly longer and customer support will be very limited.  Below are some comparisons:

OSH Park
· Offers a flat rate of $5 per sq. inch for two layer boards and that includes three copies of the design as well as shipping costs.
· Also offers four layer PCB manufacturing at $10 per sq. inch.
· The turn time is 12 days for the design.
· Offers Super Swift Service for an additional $89 per design which shrinks the turnaround time to 5 business days.
· Coated with ENIG gold finish for high environmental resistance and excellent conductivity.
· The boards are 1.6 mm thick with 1 ounce of copper on both sides.
· Design rules
· At least 6 mil minimum trace width
· At least 6 mil minimum spacing between traces
· At least 15 mil of clearance from the traces to the edge of the PCB.
· Hole size must be at least 13 mil
· Annular rings must be at least 7 mil

DirtyPCB
· Offers a flat rate of $14 for 5x5 cm. PCBs for two layer boards including 10 copies of the design and free shipping.
· For designs up to 10x10 cm. the price goes up to $25.
· Also offers four layer 5x5 cm. designs for $30 and four layer 10x10 cm. designs for $50.
· The processing time is 6 to 8 days
· The included shipping option takes 1 to 8+ weeks!  Shipping to the US is estimated to be 1 to 2 weeks though.  DHL shipping will cost an extra $19 and take a much more reasonable 3 to 9 days.
· Offers rush processing which cuts the processing time down to 2 to 3 days for an extra $25.
· Offers emergency processing which cuts the processing time down to 1 to 2 days for an extra $50.
· The boards are 1.6mm thick with Hot Air Solder Leveling (HASL) coating.
· Uses an ounce of copper on both sides.
· Design Rules
· At least 5 mil minimum trace width
· At least 5 mil minimum spacing between traces
· Hole size must be at least 12 mil

Both of these services are very inexpensive but have important differences between them.  DirtyPCB has a lead time that can easily be over 3 weeks, but OSH Park can take less than two weeks.  Both offer rush options with OSH Park’s option being very expensive, but very fast while DirtyPCB is also expensive, but may end up matching OSH Park’s regular shipping speed.  OSH Park’s boards also appear to be of higher quality since they are ENIG gold coated, but Dirty PCB has slightly less restrictive design rules.  A 25 sq. cm. PCB design would only be $14 at DirtyPCB, while it would cost $19.38 from OSH Park.  The difference in turnaround time, however, may make it well worth the extra $5.  The real bargain comes with large designs where a 100 sq. cm. design is only $25 from DirtyPCB, while it would cost a significantly more expensive $77.50 at OSH Park.  Also, take note that DirtyPCB provides 10 prototypes versus OSH Park’s three.  While even just three prototypes would be more than enough, there is still a much greater overall value for DirtyPCB.

We’ve calculated that with a design between 0 and 2.8 sq. inches, OSH Park provides the cheaper option.  Within a small range between 2.8 sq. inches and 3.87 sq. inches, DirtyPCB provides the more economical option.  Then, within 3.87 sq. inches and 5 sq. inches, OSH Park once again provides the cheaper option.  Past 5 sq. inches, DirtyPCB is more affordable.

With the increase in quality and faster turnaround time, OSH Park would still be the preferred of the two.  However, if our design is large enough and we have enough time, DirtyPCB would be the preferred choice.  The most important thing that will add flexibility to choices in PCB manufacturers will be how much time we can spare.  As such, we will need to begin designing the schematic and PCB as soon as possible to take advantage of these options.  Otherwise, the rush processing can get very expensive.


[bookmark: _Toc437483835]7.3 Final Coding Plan
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[bookmark: _Toc437483837]8.1 Hardware Test Environment

Because our design is optical in nature, there are multiple determinants to consider when reaching a decision regarding the atmosphere and environment in which to foster our prototype testing, given that the disposition of light as a signal holds a notorious degree of delicacy. As such the group has compiled a list of constraints and necessities when establishing the hardware testing environment, which includes but is not limited to:
· Stability of platform used to house testing equipment as to ensure proper alignment and prevent any possible damage from occurring to the apparatus
· Complete enclosure of the room/laboratory so as to keep stray reflections from escaping the premises, and to keep outside photonic information from entering the testing environment and possibly producing a noise factor
· Preferably lockable doors so as to keep unauthorized individuals from entering the testing environment as prototyping is underway both for the sake of accurate results and the welfare of those not equipped with appropriate safety fixtures
· Low cost or preferably free to use so as to keep expenditures low and stay within budget
· Relatively close to the UCF area in an attempt to keep transport costs at a minimum
and much more
Taking all of these factors into account in addition to considering a multitude of other aspects, the group has come to a decision to utilize the operation of optical tables in order to satisfy the technical necessities demanded by the design and to take advantage of the University of Central Florida's student resources.
The initial prototyping will be done in a lab in the CREOL building at the undergraduate lab. We will be building the first iterations of the machine on the optical tables provided for us. The designs will be very rudimentary given the nature of general use testing equipment not being optimized for our design. Inside of the undergraduate lab, they have all of the necessary basic optical test equipment like lenses, posts, rotational and translational stages and LED and laser sources to test.

Our first setup will most likely have a source on one end of the optical table with lenses to collimate the light. The collimated light will then strike a Bragg grating that will be provided to us from our sponsor, Optigrate™. We will align the grating on a translational stage as to always hit the center of the grating when we rotate it on a rotational stage placed below the translational stage. We will then take several measurements with different types of gratings and sources to insure repeatability. We’re going to have to record the reflected wavelength with a spectrum analyzer and record the angle at which the light is reflected.

[bookmark: _Toc437483838]8.2 Hardware Specific Testing

For our project we have a few different hardware components coming together. In order to test that our Bragg Optical Spectrum Analyzer is indeed reflecting the correct wavelength and at the correct resolution, we’re going to need to test it with other spectrum analyzers. Most likely, we’ll use a spectrometer close in specifications to the one we are designing. 

This does present an issue of trying to create a resolution better than the current spectrometers in the market. When testing for highest resolution specifications on our spectrometer, we’re going to need to use a very high resolution interferometer. 

The rotational stage will also play a crucial part in our initial tests because fine changes in rotational position will important to measuring our resolution. 

[bookmark: _Toc437483839]9.0 Administrative Content 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When beginning the semester, we as a group not only set future milestone dates for ourselves, but also for the overall design progress. Initially, the following diagram was our intended course of action.
[image: ]
Figure 26. The groups initial milestone outline.
Due to unforeseen variable constraints and limitations in addition to unexpected positive outcomes and over/under budgeting in terms of effort and time, these milestone dates have been relatively volatile. 
When establishing a milestone, which as outlined in Webster’s dictionary is defined as “An important event, as in a child's development, the history of a nation, or the advancement of knowledge in a field; a turning point.”, we typically have many design components to consider which include but by no means are limited to:
· Budgetary restrictions and the amount of time required to gain capital
· Assumed extraneous workload in the future, not relevant to the project
· Assumed design workload and expected labor
· Appropriating collaboration schedules (when we can all work together)
· Possible roadblocks in the future in terms of project design
· Availability of mentoring (either by UCF professors or our sponsor company)
· Accounting for outside sources that could hinder productivity (sickness, personal constraints, etc.)
and much more.

Regardless, the milestone dates have changed due to a setback in the acquisition of the most critical design technology; Bragg gratings. As such, all of the labor put into the product thus far has been either conceptual, software oriented, or research related. Therefore, the following diagram is representative of our current milestone projection:
[image: C:\Users\home-i5\Downloads\Untitled Diagram (1).png]
Figure 27. The group’s current established milestone projection
In terms of individual development, a certain level of communication between group members has been established and maintained in order to gauge the level of progress by ascertaining the completion of tasks that, while essential, aren’t necessarily paramount in nature or pivotal in scale in terms of the entire project.
The responsibility of the completion of a certain number of micro-tasks is assumed by each group member with respect to their area of expertise. However, the project, like most scientific ventures, is categorically a collaborative effort, and so most of these undertakings are aided in one way or another with the work of the team. 
In addition to setting milestones for specific members of the team, the collective decision has been made to also allow the creation of milestone dates for specific aspects of the actual project whether it be hardware related, software related, research related, finance related, or otherwise.
A good example of such an etiquette is the milestone apparatus that the group had collaboratively agreed upon with respect to the actual prototyping of the design and ultimately, the conclusive product.
[bookmark: _Toc437483841]9.1.2 Prototype Testing

On the following table is an in depth discussion regarding the group set milestone dates for the prototyping and design finalization procedure.
	
	Jan. 3 – 15 
	Receive the appropriate amount of Bragg gratings

Have the optical components (fiber, collimator, lens, photodiode) ordered and subsequently delivered

Order and receive the microcontroller and Serial-to-USB chip

Purchase all miscellaneous hardware (gears, stepper motor, power supply)

	Jan 16 – 31 

	Begin programming A/D converter on microcontroller

Test all components’ functionality 

Begin configuration of transimpedance amplifier

Begin assembly of power supply unit

	Feb. 1 – 9 
	Begin alignment and configuration of optical components

ADC program finished

Test microcontroller for acceptable analog to digital conversion

TIA configuration finished

Introduce the integration of the electric subsystem into the optics subsystem

	Feb. 10 – 29 
	Configure the stepper motor and gear scheme

Begin testing of Bragg grating design

Develop digital signal processing architecture

	Mar. 1 – 25 
	Work through bugs

Test structural soundness of machine components

Achieve desired wavelength resolution

Begin design of product encasement

	Mar. 26 – Apr. 10
	Order and receive designed encasement

Finalize machine specifications and requirements

Enclose instrument



[bookmark: _Toc437483842]9.1.3 Regulatory matters

In addition to the technical direction that the group has instituted a plan for, there are also a multitude of project elements to consider with respect to all areas of the project not specifically related to the design of the product, but which still prove pivotal in the success of the team. Due to the fact that the endeavor at hand involves a design that implements new technology in order to achieve an otherwise unachievable function and as such is eligible for patent application, there are many regulatory elements to consider when progressing with the construction of the apparatus. 
Below is a table outlining the deliberation of group milestones dealing with all project demands, constraints, and phases that are considered administrative or regulatory.

	Jan. 1 – 30
	Begin draft of final design report

Begin catalogue of proprietary information 

Create schedule for regular progress meetings with sponsor company

	Feb. 1 – 28  
	Establish terms of agreement regarding publishing of project information

Complete 50% of senior design II report

	Mar. 1 – 25 
	Begin discussion of patenting protocol with sponsor company

Complete 75% of senior design II report

Begin composition of technical paper to prepare for publication

Reach out to scientific journals/publishers as desired output is achieved

	Mar. 26 – Apr. 10
	Begin preparation for Spring Showcase presentation

Complete final senior design II report

Present finished product to sponsor company 

	Apr. 11 – May 5
	Present completed design at Spring Showcase

	May 6 – Feb. 2017
	Complete patent application process



[bookmark: _Toc437483843]9.2 Budget and Finance Discussion

When contemplating the correct method of construction in terms of project design, the team has had to deliberate extensively on the budget and financial conditions anticipated throughout the year. Because the endeavor is generously being funded by a sponsor company, a comprehensive budget allocation method is crucial. Below is a table outlining all design components required for purchase and their respective costs as they relate to the projected budget.

	System Component
	Part
	Qty.
	Unit Price (USD)
	Total Cost
	Notes

	Serial-to-USB Chip
	FTDI USB Interface IC
	1
	$4
	$4
	

	Microcontroller
	  Texas Instruments TM4C123GH6PM
	1
	$12
	$12
	

	PCB
	(per sq. in.)
	6
	$5
	$30
	

	
	PCB Assembly
	1
	Quote Needed
	Quote Needed
	If non hand-solderable parts are used, may be needed

	Photodetection
	Low – End Photodiode
	1
	$10
	$10
	General purpose; likely not good enough

	
	High – End Photodiode
	1
	$120
	$120
	Optics-grade

	Transimpedance Amplifier
	LMH6611 Operational Amplifier
	1
	$2.25
	$2.25
	

	Stepper Motor Driver
	A3967 Easydriver Stepper Motor Driver V44
	1
	$4
	$4
	

	
	DC Power Supply
	1
	$10
	$10
	

	Stepper Motor 
	Gear Ratio 100:1 Planetary Gearbox Dual Shaft Nema 11 Stepper 11HS12-0674D1-PG100

	1
	$32
	$32
	Motor includes planetary gearbox

	
	Gears and Assembly
	2
	$20
	$20
	

	Enclosure
	Enclosure
	1
	Quote needed
	Quote needed
	Price is dependent on size and complexity

	Bragg Grating
	OptiGrate Bragg Grating
	4-10
	Provided by sponsor
	Provided by sponsor
	

	Optical components
	Lens and collimator
	2
	$215
	$430
	

	Misc. Parts
	(?)
	(?)
	$12
	$12
	Includes small elements such as resistors, capacitors, wiring, etc.



Of the components whose prices and specifications are known, the total budget projected is equal to approximately $686. Nevertheless, there are variable expenses and product prices that the group is currently unaware of and does not have viable means to anticipate. As such, the budget could very well exceed $1000. These possible changes in the projected budget could be results of the following examples: 
· A particular purchased component, such as a photodiode, that does not fulfill output requirements and must be replaced by a more expensive product
· Sensitivity of optical components such as the lens system and collimator which could be susceptible to breakage and subsequent malfunction
· Unexpected miscellaneous costs
· Prices of currently unidentifiable component costs (such as the enclosure or printed circuit board) being surprisingly high
and much more.
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