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[bookmark: _Toc7108534]Abstract

The aim of this project was to design and create a proof of concept sea depth measurement system utilising ultrasonic measurement techniques. The initial designs were created within the Proteus simulation software and programmed using the CCS for C compiler. Once designed it was transferred onto a breadboard so that testing could be undertaken. The initial testing in air showed that the system was indeed viable. Further testing in water identified issues with the system and its component selection. This testing showed that the system in its current state was only viable in bodies of water with a depth greater than 1.324m. This project did not meet all set objectives, being unsuccessful in implementing GPS locational data and being unable to accurately measure the depth of the available body of water. It did, however, fulfil its aim to provide proof of the concept of sea depth measurement as distance measurement external to the container was accurate and reliable. Future work for this project could include the implementation of a different ultrasonic sensor to prevent the near field issue that arose, whilst also implementing GPS locational data and a storage system. 
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1. [bookmark: _Toc7108538]Introduction

Sea depth measurement is used in a variety of fields and locales for several reasons ranging from research to conservation. In this report, a range of these will be discussed and combined with a review of how and where the ideas and systems began, and how they evolved into currently available techniques and systems. This research will be alongside the design of a proof of concept system utilising a PIC microcontroller to display the principal methods in action.

1.1. [bookmark: _Toc7108539]Aims and Objectives

The aim of this project is:
· To design and implement a proof of concept sea depth measurement system based on a PIC microcontroller and utilising ultrasonic measurement techniques.
The objectives of this project are:
· To conduct a literature review relating to the methods, application and history of sea depth measurement techniques.
· To design and develop a system to measure the depth of a body of water with a resolution of 1cm or less. 
· To evaluate the system and its effectiveness according to a selection of predetermined success determinants.

1.2. [bookmark: _Toc7108540]Analysis and Deliverables

At the conclusion of this project, the aim is to have designed and prototyped a functioning proof of concept sea depth measurement system. The system should be capable of measuring the depth of a body of water and storing this data, along with the current system location, on an SD card. A report shall be created outlining the specifications and effectiveness of this system as well as providing details on possible use cases and drawbacks of the designed system. 
There will be testing throughout the prototyping stages, allowing for a complete view of system performance and its evolution over the course of the project. And the end of the project the system will be thoroughly tested in a variety of conditions to ensure it meets the design specifications and requirements. To ensure that the system fulfils the requirements of the aim, objectives and specifications, several success determinants were identified.
· The system will be able to measure the depth of a body of water with an error margin of ±5%.
· The system will be able to account for the movement of water.
· The system will provide locational data with a minimum accuracy of up to 10m.

1.3. [bookmark: _Toc7108541]Planning

One of the early stages of all projects is the planning stage, where a Gantt chart is constructed. This Gantt chart will be kept up to date throughout the lifetime of this project. A Gantt chart is a vital tool in the planning of a project as it allows for the grouping of smaller tasks into larger, overarching tasks. The Gantt charts for this project were created utilising the Microsoft Project software suite. Two Gantt charts have been created for this system, the first for the original project proposal, and the second at the beginning of this academic year. The first Gantt chart created fulfilled the purpose of providing a general overview for the project plan whilst the second extends this, and acts as an extensively detailed plan for the duration of the project. With both the original and second there are contingency periods for holidays and unexpected circumstances, this allows for delays such as personnel illness and holiday periods to be accounted for, mitigating any possible setbacks. 
The first Gantt chart was written before any deadlines and dates were set and as such there were many alterations leading into the second revised edition. In the initial plan, the project is separated into six primary sections with additional sections for holidays and unforeseen delays. These sections can be seen below in figure 1. The initial research and proposal section is comprised primarily of the project proposal and the initial stages of research, this follows into initialisation where the research is continued, and the early presentations of the projects are undertaken. The third section is the design stage, where the project will be realised within the simulation software. This is followed closely by the two prototyping stages where the simulated circuits will be transferred onto a breadboard. The final section is the final demo and deadlines where the report will be finalised and handed in alongside a demonstration of the breadboarded final system. 


[bookmark: _Toc7108590]Figure 1 Initial Gantt chart



	


The second Gantt chart expands greatly upon the first, breaking the original sections down into much more specific tasks. The newly confirmed dates and deadlines have been added into the Gantt chart, this allows the Gantt chart to be more accurate as deadlines for tasks can be set to maximise the efficiency of the project. The continued research section breaks down the research undertaken in preparation to write the literature review. The latter literature review contains the different segments which need to be written. This is similar to the final report write up towards the end. This is where the final sections of the report will be written, and the report will be finalised. The prototype design encompasses all the prototypes to throughout the project, from the early proteus simulation designs to the later breadboard constructions. The revised Gantt chart can be seen in figures 2 and 3 with the entirety of shown in appendix 1.

[bookmark: _Toc7108591]Figure 2 The first half of the revised gantt chart.

[bookmark: _Toc7108592]Figure 3 Second half of the revised gantt chart.




2. [bookmark: _Toc535400302][bookmark: _Toc7108542]Literature Review

In this section, the two main methods for sea depth measurement, Ultrasonic and LiDAR, shall be discussed, fundamentals in how they work and are utilised as well as advantages and disadvantages. Other topics that shall be detailed are Hydrography and Bathymetry, what are they and why are they relevant? The final aspect considered is currently available alternatives on the market, the advantages and disadvantages and how this project will differ. 

2.1. [bookmark: _Toc7108543]Hydrography and Bathymetry

The International Hydrographic Organization describes hydrography as “the measurement and description of the physical features of oceans, seas, coastal areas, lakes and rivers” [1]. It can also be used to predict and monitor the change over time in these areas. One of the foundations of hydrography is bathymetry [1], [2], which according to the National Ocean Service is “The study of the “beds” or “floors” of water bodies, including ocean, rivers, streams and lakes.”[2]. Maps created through bathymetry show the topography of the land beneath the water. One example of a bathymetric map is shown in figure 4, this is the bathymetric map of the South Chippewa basin in Lake Michigan [3]. These maps are created through intensive bathymetry surveys, undertaken using several techniques, namely ultrasonic echo sounding and airborne bathymetric LiDAR. Hydrography and bathymetry are critical for several activities relating to monitoring and maintaining marine environments, just a few are listed below [1], [4], [5]:
· Environmental conservation and management
· Maritime defence and security
· Tsunami flood and inundation modelling
· Coastal Management
· Marine Science
Bathymetry is crucial in the maintaining of harbour and ports where waterborne vehicles require sufficient water depth to ensure safe passage to and from facilities within the port, and to allow manoeuvring [4], [6]. To illustrate the importance of bathymetric surveys we shall look at the field study undertaken by Yang, Li and Liu in H. H. Harbor, China. At the time of the field study, between 2002 and 2006, H. H. Harbor was the second largest coal transportation harbour in China [6]. With a sea route of 19 nautical miles and only 800m wide at the entrance, it was designed to have a minimum water depth of 13.5m meters to accommodate ships weighing over 50,000 tons. It experiences a major problem of silt deposition along this sea route, if the sea route becomes silted up it results in larger ships having to wait to prevent grounding. In this situation, even smaller ships require a pilot to enter the harbour. Bathymetric surveying of the siltation is vital for the smooth and safe operation of H. H. Harbor [6] as it allows for preventative measures and constant monitoring.[bookmark: _Toc7108593]Figure 4 Bathymetric map of South Chippewa Basin in Lake Michigan [3].



2.2. [bookmark: _Toc534100589][bookmark: _Toc534796530][bookmark: _Toc7108544]Ultrasonic

2.2.1. [bookmark: _Toc534100591][bookmark: _Toc534796531][bookmark: _Toc7108545]Fundamentals

Like light, sound waves are defined into many spectrums, with the ultrasonic spectrum being one. It is generally considered that the range of human hearing is 20Hz to 20kHz [7], [8, p. 4], this is referred to as the audible spectrum. Any frequencies beyond the upper bandwidth of human hearing, 20kHz, are within the ultrasonic spectrum [9], any frequencies below the lower bandwidth are within the infrasonic spectrum [9]. 
All material mediums consist of atoms. These atoms can be locally displaced as a sound wave propagates through them [8, p. 3], [10], [11], [12, p. 9]. It is worth noting that the point of equilibrium is where the atomic particles are at maximum velocity, similarly at the point of maximum displacement is where the velocity is zero [8, p. 4]. At the point of equilibrium, electrostatic forces arise between particles. These electrostatic forces, combined with the inertia of the particles, creates the oscillatory motions within the medium [8, p. 3], [10], [12, p. 9]. This effect is similar to that of a pendulum, Figure 5 provides a visual representation of this effect [8, p. 4].[bookmark: _Toc7108594]Figure 5 The oscillatory motions of sound waves within a medium [8].

Sound waves propagate depending on the direction in which the particles oscillate, there are four fundamental modes. These are longitudinal waves, shear waves, surface waves and plate waves [10], [11]. Of these four, the two most commonly used are longitudinal and shear waves. 
Longitudinal wave oscillations follow the direction of wave propagation. Longitudinal waves are also known as pressure or compressional waves due to the forces acting upon them. They can be generated in solids and are the only waves that can be generated within fluids. This is because rarefaction movements (compressions and expansion) allow the acoustical energy to traverse the atomic structure of the fluid [10], [11].
Shear waves, on the other hand, oscillate at a right angle to the direction of wave propagation. Unlike longitudinal waves, shear waves can only propagate through acoustically solid materials such as quartz. In comparison to longitudinal waves, they are relatively weak and are often generated using energy from longitudinal waves [10], [11]. Figure 6 displays both longitudinal and shear wave propagation [10].[bookmark: _Toc7108595]Figure 6 Longitudinal and shear waves [10].

Acoustic waves such as the longitudinal and shear waves all share three fundamental properties: wavelength, frequency and velocity. Wavelength and velocity are directly proportional, and the wavelength is inversely proportional to the frequency [8, p. 7], [13], [14, p. 1]. The relationship between these properties is shown by the equation: 

A wavelength is the distance between any two successive points that correspond on the cycle. Frequency is the number of cycles that occur in a second and is measured in hertz (Hz) [8, p. 7]. Velocity is represented by the speed of sound through the medium. Figure 7 shows a table of propagation velocities of sound waves through a variety of liquids [12, p. 11]. According to figure 7, sound waves travel at a velocity of 1483m/s though water at 20°c. This number has some variance and is affected by several environmental factors such as salinity or temperature. Because of this variance, the speed of sound through water can vary within the range of 1450m/s to 1530m/s. As the speed of sound can vary it is important that an accurate value is used within this project. To ensure an accurate value is used, the speed of sound must be determined for the water being used. To do this the Newton-Laplace equation must be used:

Where c = the speed of sound, K = elastic constant and  = density of the medium [15]–[17]. The elastic constant of water is 2.2 × 109 Pa [15] and therefore once the density of the water has been determined the speed of sound can be calculated and utilised within the system to maximise accuracy. [bookmark: _Toc7108596]Figure 7 A table showing the propagation of sound waves through various liquids.

2.2.2. [bookmark: _Toc534100592][bookmark: _Toc534796532][bookmark: _Toc7108546]Types of Sensor

There are two fundamental types of material used in ultrasonic transducers, magnetostrictive and piezoelectric [12, p. 41], [18]. Piezoelectric properties of materials such as quartz and tourmaline were discovered in 1880 by Pierre and Jacques Curie, who determined that when a mechanical strain is applied to these materials, they release a surface electric charge. They are abundant and often found in the form of a crystalline lattice. When this lattice is deformed, the ions within shift causing an electric dipole movement creating a charge [12, p. 41]. This causes sound waves to propagate from multiple points of origin along the transducer crystal [19]. Other materials are often used, crystalline ferroelectrics such as Lead Zirconate Titanate (PZT) as these also exhibit the same properties. While piezoelectric transducers are made of crystalline materials like quartz or PZT, magnetostrictive transducers are made of ferromagnetic materials, such as nickel. In a magnetostrictive transducer, plates of magnetostrictive material (such as nickel) are organised in parallel with a wire coil around them. When subjected to a flow of electrical current through the coil, a magnetic field is produced causing the magnetostrictive material to change its dimensions, producing a soundwave [12, p. 47], [18]. 
As the aim of this project is to measure depth, an ultrasonic sensor will be utilised. There are three major types [20], [21];
1. Ultrasonic Proximity Sensor
2. Ultrasonic Retro-reflective Sensor
3. Ultrasonic Through Beam Sensor
An ultrasonic proximity sensor utilises a special transducer that emits the ultrasonic waves before switching from transmit to receive. Having swapped to receive mode it picks up the ultrasonic echo reflected by the object. The time passed between emission and reception of the ultrasonic echo is proportional to the distance [20]–[23].
Ultrasonic retro-reflective sensors have a permanently installed reflector, this is known as the reference reflector. If an object is moved in front of the reference the propagation time of the signal is changed, this causes the sensor to become active and results in an output change [20]–[23].
An ultrasonic through-beam sensor requires a separate emitter and receiver with the evaluation and switching electronics in the receiver. Mounted opposite each other, the switching electronics activate when the ultrasonic beam is broken [20], [22], [24]. 
For the system designed in this project, only one of these options is viable. An ultrasonic retro-reflective sensor only activates and measures when an object passes between the sensor and its reference reflector. This wouldn’t work for measuring sea depth as the sea bed would act as the reference reflector and therefore the depth wouldn’t be calculated. Similarly, a through-beam sensor wouldn’t work as it would require a sensor be placed on the sea bed and would only take a measurement when the beam was broken, most likely by a fish. With this considered, the only viable ultrasonic option for depth measurement is to use an ultrasonic proximity sensor as it measures the time taken for the ultrasonic wave to be reflected and return to the sensor. It doesn’t require a second sensor or a reference reflector and as such is ideal for this project’s aims.

2.2.3. [bookmark: _Toc534100594][bookmark: _Toc534796533][bookmark: _Toc7108547]History of Ultrasonic Depth Measurement

Ultrasonic depth measurement is by no means a new technique. It was invented in 1913 by German physicist Dr Alexander Behm, in part as a response to the sinking of the RMS Titanic on April 15, 1912 [25].  Dr Reginald Fessenden was also working on a solution, he patented the Fessenden Oscillator in 1917. Both relied on the propagation of sound waves into the ocean and its reflection, measuring the time of flight to determine the distance. Whilst both methods could provide the same outcome, the method of obtaining it was different. Dr Behm’s echo sounder utilised a sonometer to measure the strength of the reflected sound waves instead of just a time of flight measurement [25]–[27]. Conversely, Dr Fessenden’s oscillator used “an oscillating electric motor-generator” containing a diaphragm which would vibrate when hit by a sound wave providing high precision of timing [25]. Both ideas were expanded upon by Dr Harvey Hayes of the U.S. Navy in 1922 with the Hayes’ sonic depth finder [25], [28], [29]. It was able to take readings at a much quicker rate, which allowed the creation of a seafloor topography. There were still difficulties, however, the sonic depth finder was unable to measure in shallow water. The first depth finder was added to the U.S. Coast and Geodetic Survey Ship Guide in 1923 and could only measure from one hundred to 4617 fathoms (8444m) [28]. This presented an issue as it was insufficient for accurate surveying of coastal regions [30]. This changed when Herbert Grove Dorsey developed the Dorsey Fathometer, which was first commercially installed in 1924 and was able to measure as little as six fathoms, 11 meters. This drastic improvement was attributed to the amplification of the sound waves [25]. Since then the propagation and reception of sound waves have been refined and adapted for more specific tasks. Notably by Paul Langevin, and Constantin Chilowsky who honed the sound waves into a beam, this beam could be directed to detect underwater objects such as submarines [25], [31].
Whilst different revisions of the echo sounder have brought improvements to the originals designed by Behm and Fessenden they still rely on the same fundamental theory. This underlying theory is described by Matz, Kreidl and Šmíd as “the transmission of high-frequency sound waves in a material to detect a discontinuity or to locate changes in material properties” [32], [33]. The ultrasonic emitter generates a sound wave that propagates in a given direction, if it encounters an object in its path then part of the sound wave will be reflected and can be detected by the receiver. The time taken for the pulse to reach an obstacle, be reflected and return to the receiver is known as the two-way travel time. The two-way travel time is multiplied by the speed of sound (through the relevant medium) and divided by two, the result of this calculation will be the distance or depth from the emitter to the object [27], [33]. 

2.2.4. [bookmark: _Toc534796534][bookmark: _Toc7108548]Difficulties of Ultrasonic Within Liquids

A prevalent issue with using ultrasonic waves to measure sea depth is the absorption and dispersion of sound within liquids [16], [34]–[38]. This is primarily an issue when high frequency (>100MHz) ultrasonic waves are used as they greatly attenuate. This means that for maximum efficiency a highly sensitive, low-frequency transducer is required [16], [37], [38]. The transducer also needs to be high power, as an example of the power difference required the table below shows two ultrasonic sensors. The first sensor is designed for generic distance measuring, whereas the second sensor is designed specifically for underwater depth measurements.
	Sensor
	Price
	Power requirements (W)
	Frequency (kHz)

	JSN-B02 [39]
	£11.10
	0.025
	40

	Prowave 200LM450 [40]
	£60.82
	50
	200


[bookmark: _Toc7107236]Table 1 A comparison between two ultrasonic sensors.
As shown in the table above, the Prowave 200LM450 has considerably greater power requirements, and therefore an increased cost. This drastic increase in power requirements results in a much stronger sound wave. Whilst the frequency of the ultrasonic wave produced by the Prowave is higher, the increase in the strength of the sound wave is sufficient to allow it to drive the sound wave further into the liquid before it is absorbed and dispersed. 


2.3. [bookmark: _Toc534983664][bookmark: _Toc7108549]LiDAR

2.3.1. [bookmark: _Toc534983665][bookmark: _Toc7108550]Fundamentals of a laser 

Light Detection and Ranging (LiDAR) uses lasers from a variety of wavelengths to measure distance. The lasers used for LiDAR have a variety of wavelengths, depending on their intended use as displayed in table 2 [41]–[43].
	Type of Light
	Wavelength
	Use

	Infrared
	1500 – 2000nm
	Meteorology

	Near-infrared
	1040 – 1060nm
	Terrestrial

	Blue-green
	500 – 600nm  
	Bathymetry

	Ultraviolet
	250nm
	Meteorology


[bookmark: _Toc7107237]Table 2 A range of wavelengths of light and their uses within LiDAR.
But how are lasers created? Laser is an acronym for light amplification by stimulated emission of radiation [44], [45]. They are created when high voltage electricity is applied to a lasing medium, such as quartz within an optical cavity. The material absorbs the energy from the electrical current causing the electrons within the atoms of the material to become excited [42], [44], [46]. These excited electrons move from a low energy orbit around the atomic nucleus to a high energy orbit. Once the medium has reached a specific energy level the electrons drop back to their low energy orbits, causing them to emit particles of light, photons, as they have become unstable [47], in all directions. The wavelength of the light emitted is dependent on the amount of energy released when the electrons return to this lower energy orbit [44], [46]. In some materials it is possible for electrons to remain stable in a high energy orbit for extended periods of time [44], [46]. 
Electrons trapped in this metastable state are stored within an energy pumping system. Before any laser action can occur, this pumping system must be at a state where more electrons are in a high energy orbit than in a low energy orbit. When this population inversion happens a chain reaction is started by a few electrons spontaneously returning to a low energy orbit. This chain reaction results in the emission of photons, all sharing the same wavelength, phase and direction [42], [44], [46]. The optical cavity in which this all occurs contains two mirrors, one at either end of the medium. One of these mirrors is the high reflector and is fully reflecting, the other mirror is the output coupler and is only partially reflective. Photons that reach the high reflecting mirror are reflected into the medium increasing the number of photons. When they arrive at the output coupler, some photons are reflected, but the rest materialise as a laser beam [46].

2.3.2. [bookmark: _Toc534983666][bookmark: _Toc7108551]How does LiDAR work?

A LiDAR system can emit these lasers up to 200,000 times a second [41], [42] providing a complex ‘map’ of the measured surface, whether that be land or water [41]. LiDAR is an active remote sensing system, this means it is able to measure physical characteristics from a distance [48], [49]. There are two basic types of LiDAR, terrestrial and airborne [50]. Terrestrial LiDAR is often used for managing facilities, road and rail surveys and other engineering, surveying and archaeological applications [50], [51]. Airborne LiDAR is used for mapping and surveying landscapes and coastlines, as well as many other applications such as forestry, hydrology and bathymetry [50], [51]. Airborne LiDAR systems are most commonly installed in fixed wing aircraft with the laser appearing beneath.  
An airborne bathymetric LiDAR system has six fundamental components:
· The laser scanner
· The sensor
· The GPS receiver
· The inertial measurement unit (IMU)
· High precision clock
· A computer
The laser scanner in bathymetric LiDAR consists of two lasers, a near-infrared and a green laser. The near-infrared laser has a wavelength of 1064nm and is reflected by both land and the water surface, while the green laser has a wavelength of 532nm and penetrates water [41]–[43], [51]. This makes these systems especially useful for coastal monitoring [50]–[52].  The laser scanner emits the lasers at up to 75 degrees, providing a wide area coverage, the scanner also measures the angle. The sensor receives the return pulse from the surface reflection [48], [53]. This entire process of emitting and receiving is measured by a high precision clock, this is called the two-way travel time. This data is collected by the computer along with the data from the GPS and IMU. The GPS receiver provides the location and altitude information for the aircraft so that the data can be mapped accurately. The IMU provides information on the pitch, roll and yaw of the aircraft relative to the ground, this is vital to ensuring the accuracy of data [42], [48]. As the speed of light is known to be about 186,000 miles per second through a vacuum and approximately 139,000 miles per second through water, the two way travel time can be converted into a distance [41], [53], [54]. This can be calculated using the equation:
  [41]. 
With measurements being taken up to 200,000 times a second, an extremely detailed map of the surface can be created. Figure 8 [52] shows one such map that has been created of a river mouth, it clearly shows the river channel and the coastline, both above and below the water’s surface.
[bookmark: _Toc7108597]Figure 8 An example of a bathymateric LiDAR map [52].

2.3.3. [bookmark: _Toc534983667][bookmark: _Toc7108552]Difficulties of Bathymetric LiDAR

There are several immediate issues with bathymetric LiDAR. The two most notable are the issues of water penetration and power. Infrared light loses its power as water absorbs red light one hundred times more than blue light, this is shown in the water absorption spectrum shown in figure 9 [55]. As such a different wavelength of light must be utilised. In pure water light with a wavelength of approximately 440nm would be the sensible choice. But the ocean isn’t pure. The absorption of blue light from chlorophyll results in the optimal wavelength for water penetration being shifted into the green light region [56]. 
Moving from Infrared light to a green light reduces power, bringing to light the second issue. Using a green light with a wavelength of 532nm, you lose approximately two-thirds of the light for every thousand metres you penetrate, and as the light has to return the distance traversed doubles [56]. More power is required but that power is divided between pulses, as such the higher the lasers power the lower the frequency of pulses, often from 200,000 times per second to just 1000 times a second [56], [57]. There is also the consideration of safety, concentrated light such as lasers can be extremely hazardous to eyes and as such there are regulations to ensure no one is blinded or otherwise injured [58], [59]. [bookmark: _Toc7108598]Figure 9 The water absorption spectrum [55].



2.4. [bookmark: _Toc1989724][bookmark: _Toc7108553]Currently Available Echo Sounders

With hydrography being of such critical import within coastal areas such as ports and harbours, it is no surprise that there is a multitude of options of echo sounders currently available on the market. These come in a variety of forms from handheld battery powered devices to larger systems. Besides size and price there are several key points in which these systems differ, namely:
· Frequency
· Input power
· Output power
· Range
The effects of frequency and output power on the effective range of an echo sounder has been discussed previously within the ultrasonic section of this report. However, as a quick reminder, to measure distances through water effectively the ultrasonic pulses need to be of a low frequency (<100MHz). Combined with a low-frequency pulse, the greater the output power of the system, the greater the depth that can be measured. In summary, a low frequency and a high output power results in the greatest possible range for the echo sounder. Input power can also have an impact on the design of a system, as a larger input power will likely result in decreased portability. 
A table has been constructed below detailing a small selection of sensors that are currently available on the market. These echo sounders were chosen as they cover a range of options from highly portable to wall or table mounted systems. 
As can be seen in table 3, the low power ECHOTEST II is an example of a low power, handheld echo sounder [60], whilst it is able to output a low 200kHz frequency it has a low range. Whilst no output power is listed in its datasheet, it can be assumed to be low due to its small size and low input power, paired with its relatively short, 79m range. However, due to its significantly greater portability over the other two examples, paired with its considerably lower price at only £159.54 this system does have advantages which in certain situations could work in its favour.
Conversely to the ECHOTEST II, the FURUNO FE-800 is an example of a large unwieldy system, designed with power in mind instead of portability [61]. Requiring an input of 100-230VAC it has an output of 1kW allowing a maximum range over twice that of the ECHOTEST II, at up to 200m. With a variety of single and dual frequency options available it is capable of functioning effectively in a diverse selection of scenarios and locations. However, this increased power comes at the cost of portability and cost, requiring the system to be connected to mains to supply sufficient power and costing £4,276.62. 
Finally, the Hondex 7300di is in the centre for input power requirements, needing only 11-35V at 24W [62]. It is also in the centre for pricing, at £2,910, however, this is not including the transducer. There is a variety of transducers available that are compatible, the Hondex TD97 provides the greatest output power and range at 5kW and 2000m respectively. This, however, comes in at an additional cost of £1,846.95 [63]. This brings the total cost for the system to a costly £4,756.95, surpassing the FE-800 by nearly £500. This increased cost does come with the advantage of ten times the maximum range however, so for certain use cases, this significant improvement in range may outweigh the additional costs.



	Echo Sounder
	Manufacturer
	Vendor
	Price
	Range
	Frequency
	Input Power
	Output Power
	Battery Life

	FE-800
	FURUNO
	atlanticrt
	£4,276.62
	2 to 200m at 50kHz
1 to 200m at 200kHz
	50kHz
200kHz
50/50kHz
50/200kHz
200/200kHz
	100-230VAC @ 50/60Hz
	1kW
	N/A

	ECHOTEST II
	Speedtech Instruments
	Svb24
	£159.54
	0.6 to 79m
	200kHz
	9V
70mA
	
	500 readings

	7300Di
	Hondex
	echomasterdirect
	£2,910
	5 to 2000m
	28kHz-200kHz
	11-35V
24W
	1-5kW
	N/A


[bookmark: _Toc7107238]Table 3 A selection of currently available echo sounders.


[bookmark: _Toc2185122]


2.5. [bookmark: _Toc7108554]Comparison of methods

Both ultrasonic and LiDAR have advantages and disadvantages. Ultrasonic is much simpler to implement, especially within a system of this size and scope due to it’s potential for lower power implementation and drastically reduced health and safety concerns. Conversely, LiDAR can provide a greatly increased sample rate allowing for vastly more accurate topographical maps of both land and seabed simultaneously. This does come with the drawback of greater equipment requirements and health and safety concerns due to concentrated light.  

2.6. [bookmark: _Toc7108555]Conclusion 

In this section, the two primary methods for measuring sea depth, ultrasonic and LiDAR, were discussed. From this we can determine that whilst both are extremely effective when implemented correctly, they do both have drawbacks. Only one can be used in this system and as such the ultrasonic measurement method has been determined to be the most viable option for this project. This is due to the reduced cost of implementation and reduced health and safety risks when compared to LiDAR. The purpose, importance and relevance of Hydrography and Bathymetry were also identified. Case studies such as the study undertaken at H. H. Harbor by Yang, Li and Liu outline a critical use of Bathymetric and Hydrographic studies, and measurement techniques detailed in this report. Finally, products currently on the market provide a useful context as to what is available, what features they contain and their pricing. This allows for this project to be tailored for a section of the market that is lacking. The choice of ultrasonic is furthered by the choice of a specific ultrasonic module and other components in chapter 4.


3. [bookmark: _Toc7108556]Research and Development Methodology

This section will discuss the methodology and approaches which will be undertaken throughout this project, along with the development methods to be implemented. The research methods are broken up into research philosophies, approaches and strategies. 

3.1. [bookmark: _Toc2185123][bookmark: _Toc7108557]Research philosophies

The two primary research philosophies are positivism and phenomenology. The former is founding knowledge on realities that can be observed and explained, as well as the inter-relationships between them [64]. Using large samples, positivism research can produce quantitative data, this results in precise and highly reliable data. Conversely, phenomenology utilises a person’s point of view, producing highly subjective, qualitative data [65]. The result of this philosophy of research is research with a high validity but low reliability. As positivistic research results in quantitative, reliable data, a positivistic research philosophy better suits the aims of this project. 

3.2. [bookmark: _Toc2185124][bookmark: _Toc7108558]Research approach

Following the decision to use positivism as the research philosophy, an approach must now be determined. As with the philosophies, there are two fundamental options, deductive and inductive. The development of a theory and hypothesis is central to the deductive approach. The collection of quantitative data with a structured approach is emphasised, requiring a theory to be developed first before the data is gathered. The inductive approach method is quite the opposite, with the theory being derived from the data after its collection and analysis. With inductive research, the focus is on developing an understanding of the associated meanings of events, and the collection of qualitative data. Due to its emphasis on quantitative data, the deductive approach is more suitable for this project. 

3.3. [bookmark: _Toc2185125][bookmark: _Toc7108559]Strategies

There is a choice of five strategies, three of which must be chosen. Of the five available strategies, only three are applicable:
· Experiment
· Software development
· Document review

The first of the three fitting strategies is the document review. This will be in the form of a review of relevant background research, identifying the main theories, and exploring the themes and principles of the project. The second strategy, the experiment, will explore the effectiveness of the sea depth measurement system, considering a selection of variables such as changing depth, salinity or erratic water movement. Finally, the third strategy is software development, pertaining to the software component of the sea depth measurement system, namely the software and programming required to design and implement the project. 

3.4. [bookmark: _Toc2185126][bookmark: _Toc7108560]Development Methodology

Two development methods will be applied for this project; feature-driven development and prototyping. 

3.4.1. [bookmark: _Toc2185127][bookmark: _Toc7108561]Feature driven development

The feature driven development method will be utilised throughout the lifetime of the project. There are several stages to this development method [66]:
· Developing an overall model
· Building the feature list
· Planning by feature
· Designing by feature
· Building by feature 
The development of an overall model is a high-level walkthrough of the sea depth measurement system, producing a generalised overview of the system requirements and its context. The feature list takes this further, expanding the functionality of the system, determining precisely what is required of the final system, and what could additionally be implemented [66]. Here the MoSCoW prioritisation system can be implemented. It identifies specific features of a system and their importance. It is represented here as a list:
Must do:
· Measure water depth
· Provide GPS location measurement
Should do:
· Record the results on an SD card
Could do:
· Communicate with external devices such as a computer, to report results
Won’t do:
· Allow alternate frequency measurements.
Throughout the course of this project these features and prioritisations may be altered.
The third stage of the feature-driven development method is planning by feature. This is the planning of the order in which features will be implemented. The order depends on a variety of possibilities such as feature dependencies (one feature requiring another to function), feature complexity, or other constraints such as lack of components. For this project the order of implementation has been determined as:
· Ultrasonic measurement
· GPS measurement
· Data recording to SD card
The next state of feature-driven development is designing by feature, this is where the project enters the design stage, this links with the second development method (discussed in length below), prototyping, as a design is implemented and then the next feature is implemented when the first is deemed functional. This results in multiple stages of the design process. The final state of feature-driven development is building by feature, this is where all the designed features are combined, and the final prototype is realised. 
The second development method to be implemented in this project is prototyping. These are often used in the fields of engineering and software. This is because they allow for the exploration of issues, and the ensuing adjustments for effectiveness, or the addition or removal of features. It encourages the efficient development of both hardware and software by segmenting large complications into more manageable sections [67]. According to Budde et al. prototyping can be classified into four types [67]. These include presentation prototype, prototype proper, breadboard prototype and pilot system prototypes. The presentation prototype is presented to clients to prove the feasibility of the project, in this instance, this takes the form of the prototype demonstrated in the interim viva and is demonstrated using Proteus. The prototype proper is used to clarify the requirements of the project, this will be a more complete revision of the presentation prototype, demonstrating the individual features of the system in a Proteus simulation. The breadboard prototype is mainly used to determine the feasibility of individual technical components, and as the name suggests, is in the form of a breadboard. This will primarily test specific components such as the GPS and ultrasonic sensor. The pilot system prototype is the final stage, demonstrating the final system and its core features. With evolutionary iterations, it can progress to becoming the final state of the project.
 


3.5. [bookmark: _Toc2185128][bookmark: _Toc7108562]Risks

A consideration of every project is risk. There are three primary sections to account for risk in a project, identification, analysis and planning. Before you can undertake these three stages you must identify and define what risk is. Wiley defines it as “Risk is the possibility of loss or injury” [68], agreeing with the definition from the Association for Project Management, "an uncertain event or set of circumstances that, should it occur, will have an effect on achievement of one or more objectives" [69]. 

3.5.1. [bookmark: _Toc2185129][bookmark: _Toc7108563]Identification

The initial stage of accounting for potential risks is identifying the sources of possible risks, what they are and the effect they could have on the project. Through a variety of methods, namely checklists, causal maps and brainstorming, the following risks were identified:
· Personnel shortfalls (R1)
· Loss of data (R2)
· Unavailable components (R3)
· Gold plating (R4)
· Unexpected delays (R5)
· Last minute changes to requirements (R6)
For the sake of clarity, these shall be explained more thoroughly. 
Personnel shortfalls describe a lack of knowledge, skill or experience from the individual undertaking the project. This can take a variety of forms such as a lack of familiarity with the required software, such as Proteus or CCS, or it could relate to a lack of understanding pertaining to components and their function.
A loss of data can range in its effect. The loss of a single data sheet would be no more than a minor inconvenience, however, the loss of all simulations and current code could present a setback of several weeks or more. 
Unavailable components can refer to either hardware or software. A lack of major physical components such as the ultrasonic sensor or GPS module, or required software such as Proteus or CCS could constitute a considerable setback.
Gold plating is the addition of features deemed unnecessary, taking up time and resources. 
Unexpected delays include everything from personnel illness to larger scale incidents such as a fire. The scale of the incident can alter the impact, as such the impact could be negligible, or it could be significant.
Last minute changes occur if the desired outcome or the project scope is altered. The size of the alterations determines the scale of the impact.

3.5.2. [bookmark: _Toc2185130][bookmark: _Toc7108564]Risk analysis and prioritisation

All the risks identified in the previous section have a probability and an impact which can be assigned a qualitative value. Tables 4 and 5 below can be used to assign these values [70]. 
	Impact Level
	Range

	High
	Greater than 30% above budgeted expenditure

	Significant
	20 to 29% above budgeted expenditure

	Moderate
	10 to 19% above budgeted expenditure

	Low
	Within 10% of budgeted expenditure


[bookmark: _Toc7107239]Table 4 Qualitative Impact.
	Probability Level
	Range

	High
	Greater than 50% chance of happening

	Significant
	30 – 50% chance of happening

	Moderate
	10 – 29% chance of happening

	Low
	Less than 10% chance of happening


[bookmark: _Toc7107240]Table 5 Qualitative probability
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[bookmark: _Toc7107241]Table 6 A probability impact matrix. The qualitative probability is displayed on the y-axis, the qualitative impact is displayed on the x-axis.
As can be seen in table 6, this project has a low to moderate probability of risk. The only risk with a significant impact being a significant loss of data, the probability of this is low, provided the data is backed up and handled correctly.

3.5.3. [bookmark: _Toc2185131][bookmark: _Toc7108565]Risk planning

The most effective way of combatting risk is to prevent it where possible. There are several ways to manage and counter risks:
· Acceptance. At times it is best to just accept that a certain risk is inevitable, this is best when the financial impact of the risk is lower than the impact of preventing it.
· Avoidance. It is logical to avoid risk wherever possible, an example of this would be R2, the loss of data. If a sufficient system for data backups is utilised from the start of the project and is properly adhered to throughout then the chance of the risk occurring are significantly lowered. Should the worst occur then a backup is also available, reducing the impact. 
· Reduction. An example of risk reduction is prototyping. With sufficient prototyping, any problems can be identified early and corrected more efficiently.
· Transfer. The transfer of risk to another individual or external company can reduce the impact. Instead of designing an ultrasonic sensor in its entirety, a component bought from a trusted company can be used, reducing both the time frame and the level of risk.
· Mitigation. Some risks are unavoidable or unpredictable and as such can only be mitigated or reduced in impact. A data backup is a strong example of this. A regular backup would minimise the impact of data loss as a backup would restore a portion. The addition of contingency time also allows for mitigation if additional time is required.
 

4. [bookmark: _Toc7108566]Component Selection

Having identified and considered the features and function of currently available echo sounders, the next stage of the design process is the selection of the components and features to be implemented within this project. There are three components fundamental to this system that require selection, these are the PIC Microcontroller, the GPS module and the Ultrasonic sensor. As the PIC microcontroller specifications depend on the chosen sensors and their requirements, the PIC microcontroller selection has been left till last. 

4.1. [bookmark: _Toc7108567]Ultrasonic sensor

There are a variety of ultrasonic sensors on the market, from individual transmitters and receivers to modules which contain both, including all the required amplification and signal smoothing electronics. A table has been produced below, displaying a selection of options currently on the market. For individual transmitters with a corresponding receiver, both have been placed in the same row. 



	Sensor
	Manufacturer
	Vendor
	Price
	Frequency
	Range
	Voltage
	Additional 
Comments

	JSN-B02[39]
	JSN
	Elecrow
	£11.50
	40kHz
	0.5cm – 4.5m
	5V
	Waterproof

	CTD40K1007R
CTD40K1007T [71] 
	Camdenboss
	Farnell
	£2.84 (R)
£2.79 (T)
	40kHz
	30cm Max
	
	Not suitable for use in water

	MA40S4R [72]
MA40S4S [73]
	MuRata
	Farnell
	£21.48 (R)
£21.48 (T)
	40kHz
	4m Max
	20Vp-p
	








[bookmark: _Toc7107242]Table 7 A selection of currently available ultrasonic sensors.




As can be seen in table 7, which only displays a small selection of currently available sensors, there is a range of options available. The JSN-B02 is the ultrasonic sensor chosen for this system. It was chosen for several reasons. Firstly, it is an ultrasonic module containing all of the internal electronics required to amplify and smooth the signal that is being delivered to the PIC microcontroller. This ensures the most accurate reading and reduces the amount of system design required for this project, as the design of the ultrasonic electronic circuitry is outside of the scope of this project. Secondly, it is low voltage at 5V, within the voltage range of most PIC Microcontrollers. It is based upon the SR04 ultrasonic module, the data sheet can be found in Appendix 4. Finally, it is waterproof, which in a sea depth measurement system is vital. However, whilst waterproof, it was designed for use in air and as such the performance of measurements in water are unknown and shall be identified in the prototype stages. 

4.2. [bookmark: _Toc7108568]GPS module

One aspect of this project is the provision of location data with every set of readings. Without location data, the depth measurement only has limited uses. Just as with the ultrasonic sensor, a table has been constructed below displaying a selection of options.


	GPS Module
	Manufacturer
	Vendor
	Price
	Voltage
	Channels
	Update rate
	Accuracy

	Ultimate GPS Breakout [74]
	Adafruit
	Adafruit
	£39.95
	3-5.5V
	66 (22 tracking)
	1-10Hz
	<3m

	A2035H [75]
	Maestro
	Farnell
	£18.46
	3-3.6V
	48
	1-5Hz
	2.5m

	NV08C-CSM [76]
	NVS Technologies
	Farnell
	£39.67
	3-5.5V
	32
	1-10Hz
	2.5m


[bookmark: _Toc7107243]Table 8 A selection of currently available GPS modules.

The Adafruit module shown in Table 8 was chosen because, although it is not the cheapest of available modules, it has several beneficial qualities. It is a breakout board meaning that it is easier to implement and requires fewer connections, reducing the size of PIC required to implement it. It is a 66-channel module with access to 22 GPS satellites, allowing for fast accurate readings. With an update rate of up to 10Hz, it has sufficient speed to function in this system, combined with the <3m accuracy, module is ideal for the project. It has a voltage range from 3-5.5V, giving a range of possibilities within the range of PIC microcontrollers. The data sheet can be found in Appendix 3.

4.3. [bookmark: _Toc7108569]PIC Microcontroller

With the ultrasonic sensor and GPS module determined, it is now possible to determine the specification for the PIC Microcontroller to be used within this system. A PIC microcontroller was chosen due to personnel familiarity and available software. The specifications are listed below. 
· 16MHz + CPU speed. This allows for high-speed interrupts and accurate timers.
· 20 + Pins.
· 1 UART is required for the GPS Module.
· 1 SPI is required for the SD card reader. 
With these specifications determined, they were entered into the Microchip parametric search [77] which allows the user to use their specifications to narrow down the PIC selection to determine which PIC(s) would suffice for their project. The results of this search can be seen in figure 10 below.
From this search result, the PIC16F1509 [78] was chosen as the PIC Microcontroller for this project. This was chosen over the PIC16F1508 [78] due to a negligible cost increase but double the amount of program memory and SRAM providing greater headroom. The data sheet can be found in Appendix 2.[bookmark: _Toc7108599]Figure 10 The results from the microchip parametric search.

4.4. [bookmark: _Toc7108570]Conclusion

The components were each chosen according to requirements of the project. The JSN-B02 ultrasonic module, is a fully featured module, containing all the required electronics for basic ultrasonic implementation whilst also being waterproof. The GPS module is an Adafruit ultimate GPS breakout board allowing for simpler implementation into the system. With 22 tracking channels it can quickly and accurately provide GPS location data. These two modules provide the measurement data for both location and distance, when paired with a PIC microcontroller they make the entire system. The PIC Microcontroller chosen was the PIC16F1509, with 20 pins, 1 UART and 1 SPI and a maximum clock speed of 20MHz it provides all the necessary processing power required by the system. With the component selection complete chapter 5 details the implementation of the components in conjunction with the software. 


5. [bookmark: _Toc7108571]Hardware/Software Core Design

5.1. [bookmark: _Toc7108572]Software 

There are two specific pieces of software which make up the backbone of this project. The first piece of software is Labcenter’s Proteus [79]. Proteus is an electronic simulation software package, allowing the design and simulation of both analogue and digital components and circuits. Whilst other software could be utilised, proteus was chosen because of personnel familiarity allowing for increased efficiency in the design stages. As it acts as a programming IDE as well as a hardware simulation package, this powerful software greatly improves and streamlines the design process. With its large selection of components from passives to microcontrollers it is possible to design and simulate almost any circuit, removing the risk of damage to physical components in the early stages. It also makes it easier to make instantaneous changes to components, general circuit design and code, providing complete freedom to the user. Proteus is used throughout this project from initial design to final prototyping stages.
The second piece of software is the CCS C Compiler [80]. This C compiler is specifically optimised for use with Microchip PIC microcontrollers. Providing easy migration between microcontrollers and easy implementation of coding it is ideal for this project. Proteus and the CCS C Compiler work hand in hand to ensure that both the hardware and software aspects of this project work effectively from the beginning. 


5.2. [bookmark: _Toc7108573]Hardware

There are two design stages to the prototyping implementation within this project. The first stage is the design and coding of the basic functions for the PIC microcontroller and the ultrasonic sensor. The second stage expands upon this, accounting for the movement of waves and cleaning up the system design. Following the design stages is the initial testing of the system.

5.2.1. [bookmark: _Toc7108574]Stage one

The first stage of this prototype involves the design and implementation of the basic system and this was done in the simulation software, Proteus. The initial circuit design simulation is displayed in figure 11.[bookmark: _Toc7108600]Figure 11 The full circuit diagram for the first prototype.

 
Figure 11 shows the circuit diagram for the first prototype. There are three major components within this circuit: The PIC16F1509, the JSN-B02 ultrasonic sensor, and the LM016L LCD display. For ease of viewing the circuit was designed using connection terminals instead of lines, this reduces the amount of visual clutter. 
There is an on/off button connected to the pic. This is connected to 5V through a pull-up resistor. The value of the pull-up resistor was determined using the equation  which with the required values becomes  [81]. A 1KΩ current limiting resistor is connected, limiting the current to 5mA. The addition of a Schmitt trigger removes any bounce from the button being pressed. 
The PIC16F1509 has a button connected to it via a 100nF capacitor. This is connected to the RA5 Pin on the circuit diagram because the VCC pin is hidden within Proteus. Once connected to the VCC pin on the breadboard circuit this button will act as an on/off button. The 100nF capacitor acts as a smoothing capacitor to reduce fluctuations on the power input. The PIC16F1509 is also connected to a green LED via a 100Ω current limiting resistor, this LED flashes every 500ms to display that the system is functioning. The code for this is shown in figure 12.
[bookmark: _Toc7108601]Figure 12 shows the code causing the LED to flash every 500ms.





The JSN-B02 ultrasonic module has two signal pins, trigger and echo. The trigger pin is connected to ground via a 470Ω resistor. The PIC16F1509 sends a 20µS pulse from pin A0 to the trigger pin of the ultrasonic module, without the 470Ω resistor, this signal would be a sawtooth wave, the addition of resistor ensures the signal is smoothed and square. The pulse to the ultrasonic trigger pin needs to be a square wave to ensure that the internal electronics of the JSN-B02 read the pulse accurately. This is shown in figure 13. 
[bookmark: _Toc7108602]Figure 13 The code sending a 20µS pulse to the ultrasonic module.



When this pulse is received by the internal electronics of the JSN-B02 module it emits a series of eight 40KHz ultrasonic pulses. When the pulses return to the ultrasonic receiver the module converts the time of flight measurement into a pulse relative to the distance measured. This pulse is output from the echo pin of the module to the PIC16F1509. As soon as a pulse is detected on pin A2 of the PIC it triggers an interrupt, starting timer1. The timer continues as long as there is an input on pin A2, as soon as that input disappears another interrupt is triggered, reading the value of timer1 and storing it in the double ‘time’. The code for this is shown in figure 14. 
[bookmark: _Toc7108603]Figure 14 The code for the timer interrupts.






The value stored in ‘time’ is then put through the equations below to convert it into a distance.  This final distance value is then displayed on the LCD display. 
	
5.2.2. [bookmark: _Toc7108575]Implementation and Initial testing

Before any testing could occur, the system had to be implemented on a breadboard and the PIC Microcontroller had to be programmed. To construct the breadboard a variety of coloured wires were used to allow for quick identification as to the purpose and destination of the wire:
· Red wire: +5V
· Black wire: Ground
· Blue Wire: Signal (Ultrasonic Trig/Echo or LCD Data pins)
· Orange: LCD Enable/RW/RS
The ultrasonic sensor was placed at the opposite end of the board to the PIC and other components to minimise cable interference. To ensure sufficient contact between the wires and the LCD connections, the wires were soldered. The PIC was programmed using a PICkit 3 [82] in-circuit debugger tool with MPLAB X [83] as the compiler software. The breadboard is shown below in figure 15.[bookmark: _Toc7108604]Figure 15 The implemented breadboard.

The primary focus of prototype testing was the performance and accuracy of the ultrasonic measurements. This consisted of two testing phases. The first phase was testing the accuracy of the ultrasonic module within air. This was done to provide a baseline for future testing, allowing the necessary maths to be altered as required during later testing stages. The prototype designed within Proteus was able to accurately measure distance up to 330cm, after which it became notably inaccurate. However, the breadboard had been constructed and tested this was not the case. This is because the proteus simulation does not account for two major factors that affect the breadboard prototype; beam angle, attenuation. 
During the testing process, the prototype was placed upon the floor as a flat and even surface. A 50cm by 50cm wood panel was used as a non-reflective surface for the ultrasonic to measure, as it was not attached to anything this allowed for easy movement. As the panel was moving instead of the prototype it ensured that nothing within the prototype was affected. Testing was undertaken over five measurement periods of 1 minute, with a total of 240 readings per measurement period. This was done to ensure the reliability of the results. During this testing, the breadboard prototype was able to accurately measure from 5cm up to 90cm with a resolution of 0.5cm. Beyond 90cm the readings became erratic due to the two factors listed above; beam angle and attenuation. 
As the ultrasonic signal propagates its intensity is diminished over longer distances, this is known as attenuation as has two key components. First, as the ultrasonic pulse hits various objects at a variety of angles it reflects in several varying directions, this is known as scattering. The second component of attenuation is absorption, “The conversion of the sound energy to other forms of energy.” [84]. 
The second factor affecting the range is beam angle. The beam angle is listed in the datasheet as 15°. Assuming a straight line directly from the sensor, a beam angle of 15° means the ultrasonic pulse spreads 7.5° either side of the line. This is demonstrated below in figure 16 [85]. This results in a wider field of view for the sensor, resulting in an increased chance of scattering as described above.
 
[bookmark: _Toc7108605]Figure 16 Beam angle.






Despite these difficulties, due to the measurement range and the resolution and accuracy of the prototype, these initial tests were deemed successful. 
5.2.3. [bookmark: _Toc7108576]Stage Two

The second stage of prototyping expands upon the first, tidying up the system to ensure clarity. To this effect, the individual components of the system were separated and encapsulated within a border to easily display which section is what. This can be seen below in figure 17.[bookmark: _Toc7108606]Figure 17 The complete system circuit tidied and labelled for clarity.


The primary focus of this stage is to ensure that the measurements are accurate, accounting for the movement of waves. According to Toffoli and Bitner-Gregersen, there are seven types of ocean wave [86]. In their article “Types of Ocean Surface Waves, Wave Classification” they include a table classifying these ocean waves, that can be seen below in figure 18 [86].[bookmark: _Toc7108607]Figure 18 Ocean Wave Classification according to Toffoli and Bitner-Gregersen.

Using this table as a reference it can be determined that the waves with the lowest period are Capillary waves which have a period band of <0.1s. To correctly and efficiently account for these waves, an increased sample rate is required. In the prototype stage one, a delay of 300 µS was applied to allow for easy reading of results. Due to processing times for the entire system code, as well as the time of flight for the ultrasonic, this results in approximately 4 readings per second depending on the time of flight. To ensure an accurate reading, Nyquist’s theorem must be considered. This states that the sampling rate must be equal to, or greater than, twice the highest frequency component [87], [88]. Accounting for the Nyquist’s theorem results in a minimum sampling rate of 20 readings per second. Due to the nature of the system and its reliance on time of flight measurements which fluctuate according to distance, it was determined that a yet higher sampling rate was advisable. By removing the 300µS delay altogether, the system can achieve approximately 30 readings per second, this sampling rate was deemed sufficient. 
Whilst an increased sample rate does allow for more accurate individual readings, sample rate alone does not account for variations in depth due to waves. Alongside an increased sample rate, code was implemented to provide an average of the previous 5 measurements. The code implemented is shown below in figure 19.[bookmark: _Toc7108608]Figure 19 The code implemented to average the previous five results.

5.2.4. [bookmark: _Toc7108577]
Further Testing

The second testing stage took the results from initial testing and used them for an accuracy benchmark. This testing phase was intended to test the accuracy of the system within water. The water measured was contained within a 125L fish tank measuring 50 x 80 x 35cm filled to a depth of 27.2cm. The ultrasonic sensor module was first tested above the water looking down, securely attached 5cm above the surface. As with the initial testing, five measurement periods of 1 minute made up the testing.
As the distance calculations shown in design stage one had not been altered, the values returned by the prototype were known to be inaccurate. The first readings were fluctuating between 18 – 22cm. To simulate multiple distances, an upturned plastic container was placed within the fish tank and was raised and lowered accordingly. Herein lies the first problem. Whether the upturned container was resting on the bottom of the fish tank or just below the surface of the water, the values returned by the prototype was unchanged. The values continued to fluctuate between 18 – 22cm, this suggested that the ultrasonic pulse was failing to sufficiently penetrate the surface of the water. To confirm this theory the reflected energy equation was utilised [89]  . In this equation, Z1 is the acoustic impedance of air and Z2 is the acoustic impedance of water. Using the values listed on the Non-Destructive Testing Resource Center’s website, Z1 was determined as 0.0004g/cm2sec×105 and Z2 as 1.48g/cm2sec×105  [90], [91]. With these values added into the equation:
 
This result confirms the theory that the ultrasonic pulse is not sufficiently penetrating the surface of the water as it shows that 99.9% of the energy is reflected by the surface of the water. 
To prevent the issue of the water surface reflecting energy the sensor was lowered to 1cm below the surface. Once again, the testing was undertaken in the same manner as before. Once again, the results were fluctuating, much more erratically.
The ultrasonic pulse can be separated into three zones; Dead zone, near field and far field. In the dead zone, no measurements occur as the transducer is still emitting pulses [92], as such it is time-based unlike the near and far fields which are distance based. The ultrasonic waves propagate from multiple locations on the transducer crystal and interfere, both constructively and destructively, with each other. This interference causes fluctuations in the intensity of the ultrasonic pulse, and therefore the results. This results in an inaccurate reading and is known as the near field. The far field is the last zone where the pulse is much more uniform and the results are considerably more accurate [93]. 
From this, it is clear that the readings displayed by the prototype are likely measured within the near field. It is possible to calculate the near field, using the equation [94]  where N is the length of the near field, D is the transducer crystal diameter, F is the frequency of the transducer, and V is the velocity of sound through water. Replacing these with the relevant variables provides the equation  resulting in a near field length of 1324.324mm (1.324m). This near field is significantly longer than the fish tank is deep and as such the prototype is unable to accurately measure the depth of the fish tank.


6. [bookmark: _Toc7108578]Evaluation

The aim listed in chapter one for this project was “To design and implement a proof of concept sea depth measurement system based on a PIC microcontroller and utilising ultrasonic measurement techniques.”. The results of the testing make it evident that with the current testing setup, it is not possible to gain accurate measurements. However, it also shows that the concept of sea depth measurement using ultrasonic and a PIC microcontroller is viable but limited in scope. The system designed and implemented over the course of this project is based upon a PIC16F1509 and utilises a JSN-B02 ultrasonic module and is capable of accurate measurement in air. Due to ultrasonic interference and energy reflection, the potential of the system is hindered in its ability to measure the depth of water as discussed in the previous testing section.
There were three objectives stated in chapter one, firstly “To conduct a literature review relating to the methods, application and history of sea depth measurement techniques.” This first objective has been completed in detail, spanning the various sections of chapter two, where the methods and history of ultrasonic and LiDAR are both examined alongside applications and an overview of what is currently available. 
The second objective “To design and develop a system to measure the depth of a body of water with a resolution of 1cm or less” was only partly successful. Whilst a system for depth measurement was designed and implemented within software and as a breadboard prototype, it’s capability to measure the depth of a body of water is at best, limited. Due to its 1.324m near field, it is incapable of measuring depth less than 1.324m, due to a lack of additional testing equipment, namely a larger container, it isn’t possible to test its capability or accuracy beyond this point. 
The final objective was “To evaluate the system and its effectiveness according to a selection of predetermined success determinants”, which are listed below:
· The system will be able to measure the depth of a body of water with an error margin of ± 5%
· The system will be able to account for the movement of water
· The system will provide locational data with a minimum accuracy of up to 10m
According to these success determinants then this objective has not been entirely fulfilled. As previously explained the system is not capable of measuring the depth of the container currently have available. The system is designed to take a large selection of readings and provide an average value with the intent of accounting for waves and as such, this aspect can be considered successful. Due to time constraints and difficulties during software implementation, the GPS and location aspect of the system was not successfully implemented. 
The overall result of this project was not entirely unexpected. The initial research displayed throughout chapter two showed that there are drawbacks to using ultrasonic to measure depth. Whilst some of these drawbacks can be easily countered, some are harder to avoid without specially designed components. If this project was repeated, to avoid the same issues a more specialised ultrasonic module would be utilised, one designed for measurement in water, instead of just waterproofing. Some issues, such as those preventing the implementation of GPS, require additional time and understanding and as such in a future implementation additional time would be assigned to these areas. 


7. [bookmark: _Toc7108579]Conclusion and Recommendations
 
7.1. [bookmark: _Toc7108580]Conclusion and Recommendations

This project aimed to design and implement a proof of concept sea depth measurement system, this system would be based on a PIC microcontroller. After looking at the currently available literature it was determined that using ultrasonic would be the most viable option for implementing this system. This was due to the equipment requirements of LiDAR being vastly greater than those available. From this and further research into currently available systems identified features that could be implemented or avoided according to the scope of this project. Following the decision to utilise ultrasonic as the measurement technique the components were selected, with the primary components, the JSN-B02 ultrasonic module and the PIC16F1509 being selected. Additional components such as the Adafruit Ultimate GPS were selected for future, advanced iterations of the prototype. 
With the components selected the system was designed in the Proteus simulation package and programmed using the CCS C compiler. This was then built on a breadboard and tested. The initial testing in air showed promise, accurately measuring up to 90cm with a resolution of 1cm. After some additional programming to account for movement of waves through increased sampling rate and averaging, the system was tested again, this time for it’s intended purpose, measurement of depth in a body of water. This second stage of testing proved enlightening but otherwise unsuccessful as unexpected issues arose. The first of these issues was the reflection of 99.9% of the sound energy upon the pulse reaching the surface of the water. The second issue was the near field of the sensor when used within water. Using equations detailed in the Further Testing section of chapter 6, it was determined that the near field was 1.324 within water. The near field is the distance during which the readings provided by the ultrasonic module are inaccurate and erratic and as the container being used is only 35cm deep, this marked the end of the testing phase of this project. 
The results of testing when compared to the aims and objectives originally set in chapter 1, show that this project was only partially successful. The system designed within this project was based on a PIC microcontroller and utilised ultrasonic measurement techniques to measure distance in air effectively to a resolution of 1cm. However, when this was applied to measurement within water it is limited by its minimum range of 1.324m. Without a larger container to allow further testing, it is not possible to confirm whether the system would work in deeper bodies of water, or to what degree of accuracy. As such the system does successfully provide proof of concept, however, is not able to deliver on all aspects of the objectives. 


7.2. [bookmark: _Toc7108581]Further Work

One of the features identified in the literature review that was to be implemented within the system was GPS locational data. This was not implemented due to time constraints and software implementation difficulties. As such if this project was to be expanded upon with future iterations, this feature would be prioritised due to the connotations that locational data has upon the measurements attained by the system. As described in the literature review, sea depth measurement is implemented for purposes such as mapping. The locational data provided by a GPS paired with the depth measurements would allow for detailed maps to be created that would not be possible without the locational data. 
Additionally, to the implementation of GPS, future iterations of the system could alleviate the issues identified in previous sections which hindered the performance of the system and, as a result, it’s viability. The primary drawback of this system is the ultrasonic sensor which, whilst waterproof, was designed for use within air. If this sensor was to be replaced with an alternative specifically designed for use underwater, then the ability to measure depth would be greatly increased, in both smaller containers and larger bodies of water.
The data gathered by this system also needs to be stored to be viewed later. There are two possibilities for this, depending on the specific needs of the system. The first would be the addition of external storage such as an SD card, this was considered in the early stages of this project and therefore the PIC chosen, the PIC16F1509 does have the required SPI pins required for this to be implemented. As with the GPS, this was not implemented in later designs due to time constraints. The second viable option would be a system for transferring data to an external device such as a laptop. This could be done via a Zigbee module or a Bluetooth module, both of which were considered beyond the scope of this project and were therefore abandoned in the early stages of this project. Both options would require a larger PIC microcontroller with additional specialised pins, increasing both the cost and complexity of the system. 
8. [bookmark: _Toc7108582]
Reflections

This project could have been implemented better if additional research had been undertaken into aspects of the project. If the issues such as the near field had been identified at an earlier stage of the process, then alternative options for ultrasonic sensor module could have been identified and acquired resulting in more of the objectives of this project being met. Additional research into ultrasonic modules could also have been undertaken in the beginning stages to ensure that the chosen module was designed and capable of measuring underwater. If this had been undertaken from the beginning, then the issues that appeared in the testing phase would have been relegated. In addition to this, testing should have been undertaken earlier in the project lifetime to ensure problems that arose could be identified and corrected earlier. 
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TABLE 2.2

Constants of some liquids at a temperature 20 °C

liquid density.10° | propagation absolute wave resistancel
[kgm®] | velocityc | temperature | Z,=p.C.10°
[ms'] coefficient y [Pasm™]
[ms'K"]

acetone 0792 1192 55 9
ethanol 0.789 1180 36 93
petrol - 1162 -4.14 -

glycerol 1.261 1923 -L& 242
chloroform 1489 1005 - 149
methanol 0.792 1128 =33 89
olive oil 0.905 1405 - 127
paraffin oil 0.835 1444 - 121
linseed oil 0922 1923 - 165
toluene 0.866 1328 B 65
tetrachloromethane 1.595 938 3 150
water 0.997 1483 425 148
transformer oil 09 1400 - 130
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output_low(LED);
delay_ms(DELAY);
output_high(LED);
delay_ms(DELAY);
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output_low(LED);
delay_ms(DELAY);
output_high(LED);
delay_ms(DELAY);
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output_high(TRIG); // Sends a 20us pulse to Ultrasonic transducer.
delay_us(20);
outpulow(TRIG)
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output_high(TRIG); // Sends a 20us pulse to Ultrasonic transducer.
delay_us(20);
outpulow(TRIG)
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‘while(input_state(ECHO)) /Program stays in this loop untill an input is detected on ECHO pin
o

se_timer1 (0), /Resets timer1 (00

while(input_state(ECHO)) / Program stays in this 1o0p until 0 input is detected on ECHO pin
o

time = get_timer1();;  //Recieves current value of timer1
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‘while(input_state(ECHO)) /Program stays in this loop untill an input is detected on ECHO pin
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se_timer1 (0), /Resets timer1 (00

while(input_state(ECHO)) / Program stays in this 1o0p until 0 input is detected on ECHO pin
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‘midDistancel1.995; / Converts timer1 value into a distance in cm
print(cd_putc, 10 distancet);/ Displays the distance (D) on the Icd
prinf (Distance = %1, distance1);

prinf(d_putc, D= %1\, distance3); / Displays the distance (D) on the Icd.
printf (Distan  dstance3);
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