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Sammanfattning 
Alfa Laval är marknadsledande inom centrifugalseparatorer och utvecklar och säljer separatorer 

för ett brett användningsområde.  Klarifiering av öl, vin, vattenrening, läkemedelsproduktion och 

rening av marina bränslen är bara några av de hundratals olika användningsområden som finns 

för Alfa Lavals separatorer. 

För att optimera och förbättra prestanda på centrifugalseparatorn är Alfa Laval intresserade av att 

utveckla ett mätsystem som kan detektera gränsnivån mellan de olika vätskefaserna inuti 

separatorn. Syftet med detta examensarbete är att utveckla ett sådant system som kan mäta 

gränsnivån och trådlöst överföra mätvärdet till en dator. 

Examensarbetet inleds med en litteraturstudie av kapacitiv mätmetodik och av ultraljudsteknik 

för att klarlägga deras respektive för- och nackdelar. Litteraturstudien visade att endast en av 

dessa mätmetoder inte kan ge önskat resultat, utan att bägge behöver användas. 

För att begränsa arbetet i detta examensarbete valdes ultraljudstekniken.  Det utvecklade 

mätsystemet är indelat i tre delar: den sändande kretsen, den mottagande kretsen och själva 

ultraljudssensorn. En FPGA användes för generering av pulser med mycket liten pulsbredd för 

den sändande kretsen och för beräkning av tiden mellan pulsgenerering och detekterat eko. För 

trådlös överföring av gränsnivåns läge användes en mikrokontroller tillsammans med en trådlös 

modul baserad på ZigBee. 

Ultraljudssystemet testades i en icke-roterande vattenbehållare och i en sedimenteringstank i 

Alfa Lavals utvecklingslaboratorium. Mätningar i vattentanken utfördes med ståldetaljer i tanken 

för avståndsmätningar i vatten mellan ultraljudssensorn och stål. I sedimenteringstanken utfördes 

nivåmätningar av läget mellan en vattenfas och oljefas.  Ultraljudssensorn visade god känslighet 

för gränsytan mellan vatten och stål, och mellan gränsytan mellan vatten och luft.  I mätningarna 

av gränsytan mellan vatten och olja visade sig det observerade ekot vara mycket svagt – endast 

ekot från gränsytan mellan olja och luft kunde detekteras. För att kunna detektera gränsytan 

mellan vätskorna vatten och olja måste antingen givarens känslighet ökas, eller så måste 

drivspänningen som ultraljudssensorn exciteras med höjas.  
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Abstract 
Alfa Laval is a market leader in centrifugal separators that develops and sells separators for a 

wide range of uses. Clarification of beer, wine, water purification, drug production and 

purification of marine fuels are just a few of the hundreds of different uses for Alfa Laval 

separators. 

To further optimize their separator performance, Alfa Laval is interested in the development of a 

measurement system, which can find the interface position between the lighter and the heavier 

liquid phases inside the separator. The aim of this thesis work is to develop such a system that 

can measure this interface position and wirelessly transmit its value.   

Thesis work begins with a literature review of capacitance and ultrasonic measurement systems 

to find out their advantages and disadvantages. It was observed that a single measurement 

method will not provide the necessary results and therefore more than one measurement system 

was required. 

To limit the work in this thesis, only one technique, namely an ultrasonic measurement system 

was developed. The ultrasonic measurement system was divided into three parts, the transmitting 

circuit, the receiving circuit and the ultrasonic transducer. A FPGA was used for the generation 

of pulses of very small width for the transmitting circuit and for calculating the time of flight of 

the acoustic wave. Further, for wireless transmission of interface position, a microcontroller was 

used along with a wireless module based on zigbee. 

The developed ultrasonic system was tested in a water container and in a settling tank. In the 

water container, water steel and water air interfaces were observed and tests were recorded. For 

testing in a settling tank, oil and water interface was obtained and tests were carried out. The 

transducer showed good sensitivity for the steel and the water and likewise for the air and the 

water interfaces.  

For the measurement of the oil and the water interface in the settling tank, very weak signals 

were observed and the only significant peak observed was presenting the oil and air interface. It 

has therefore not been possible in this thesis work to obtain the oil and the water interface. Thus, 

either the sensitivity of the transducer should be increased or the voltage level of the transmitting 

signal should be increased in order to achieve good sensitivity for the oil water interface.  
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NOMENCLATURE 

 

Acronyms 

NDT Non-Destructive Testing 

IC Integrated Circuit. 

PVDF Polyvinylidene Difluoride 

CPLD Complex Programmable Logic Device 

FPGA Field-Programmable Gate Array 

MOSFET Metal Oxide Semiconductor Field-Effect Transistor 

DAC Digital Analogue Converter 

LFM Linear Frequency Modulation 

RTZ Return to Zero 

DSP Digital Signal Processor 

HDL Hardware Description Language 

PCB Printed Circuit Board. 

VHSIC Very High Speed Integrated Circuit 

RTL Register-Transfer Level 

DLD Digital Logic Design 

 CMOS Complementary metal–oxide–semiconductor 

LSB Least Significant Bit 

RPM Revolution Per Minute 
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1 INTRODUCTION 

This chapter starts with a brief background on the different 

level measurements techniques and briefly explains what is 

meant by the interface level between different phases of 

liquids. Further, it outlines how useful it is to know the 

interface level for Alfa Laval and how the interface level is 

currently estimated. In the end of this chapter the method 

used in this thesis work is briefly explained. 

 

1.1 Background 

Liquid level in a container can be measured in several ways, and mainly depends on a number of 

factors, such as:  the type of container holding the liquid (i.e. open or close tank), characteristics 

of the fluid (the number of phases in the liquid and its material properties) and its process 

conditions.   

 Depending upon the above factors, a number of different level measurement techniques 

can be used. These include sight glass, floats, differential pressure gauges, float switches, 

magnetic switches, magnetic level gauges, displacers, load cells, capacitance probes, laser level 

transmitters, radar level transmitters, and ultrasonic transducers, etc.  The selection of a single or 

multiple of the above-mentioned techniques can be utilized to measure the liquid level. Where 

high precision is required, multiple techniques are utilized together to achieve this accuracy, [2].  

 From the above-mentioned techniques, ultrasonic, radar and laser are among the most 

advanced technologies, requiring advanced and sophisticated computer intelligence; and thus by 

“combining these with advanced communication capabilities and digital calibration schemes, the 

trend toward embedding microprocessor based computers in virtually all level measurement 

products” can be explained [2].   

 Capacitance level measurement technique works on the difference in the dielectric 

constant of liquids. The capacitance varies proportionally with the liquid level between the 

capacitance probe and the tank for conductive mediums, i.e. the dielectric constant K > 10 , and 

between the capacitance probe and the reference probe for non-conductive mediums, i.e. the 

dielectric constant K < 10, [3]. 

Ultrasonic level transducers measures the distance between the liquid surface and the 

transducer using the time required for the ultrasonic pulse to travel back and forth from the liquid 

surface.   

 Measuring the interface level between two liquids or multi-phase liquids, for example oil, 

water or gas, makes the measurement procedure more complex. This can be done either by using 

differential pressure transmitters, ultrasonic transducers or multi-electrode capacitance sensors. 

Ultrasonic transducer can be used as the reflected pulses from the different interfaces can be 

separated as they are a function of the speed of sound in the medium and its density. Thus, 

different interfaces can be measured using signal processing techniques. Figure 1.1 shows a 

complete ultrasonic system from the Christian Michelson Research in Norway (CMR Norway), 

[4], [5]. 
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Figure1.1 Ultrasonic Interface Level detector at the Christian Michelson Research (CMR) in Norway. 

 

 A Multi-electrode capacitance level sensor (see Figure 1.2) is a technique developed by 

the University of Manchester [4], [5]. In this system, a capacitance sensor with 64 segmented 

electrodes, enables the measurement of the interface based on the difference in the dielectric 

constants of the medium. 

 

 

Figure 1.2 Multi-electrode capacitance level system developed at the University of Manchester. 

1.2 Purpose of Measuring the Interface Level. 

The word separator means to separate, divide or remove two or more substances, either to 

separate solutions, gas mixtures, or removal of impurities from liquid or other matters that can be 

physically parted.  In today’s world, industries like food, beverages, oil refineries, wine 

refineries, pharmaceutical, chemical and waste water treatment plants, etc, all use separators to 

separate: oil from water, oil from sand, cream from milk, and/ or to clarify beer and wine. 
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The governing principal of separation works on the basis of difference in the physical 

properties of the mixture.  As such, there are a number of different separators used to part the 

mixtures.  For this thesis work, the main focus was on centrifugal separators, in which density 

plays a key role.  The mixture is rotated at a high speed.  The gravity that causes separation in 

traditional settling tanks is replaced with the centrifugal force that can be thousand times 

stronger, which makes separation much faster and more efficient.  

 In traditional settling tanks, the heavier liquid settles down to the bottom of the tank and 

the lighter liquid floats on top of the heavy liquid.  In centrifugal separators, the heavier liquid is 

pressed outward due to the centrifugal force and the lighter liquid is thereby pressed inward.  

Hence, in centrifugal separators, the separated liquids are collected at different outlets of the 

separator, [18]. 

“If buffer plates are added to a settling tank, the sinking of any particles stops sooner and 

there is a greater surface area on to which they will fall, helping speed up the separation process.  

In centrifugal separator, the same basic principal can be applied, and a corresponding increase in 

effectiveness achieved, by a stack of special discs.”  [1].   

Figure 1.3 shows that in a settling tank, there is an interface level or boundary between two 

liquids with different density.  This interface level helps the operator identify at which level the 

separated liquid can be collected.  Hence, opening the output valve at the interface level will 

provide nothing other than the same fed mixture at the output.  In order to collect a good 

separated liquid, it is important to know the exact position of the interface level.  Finding the 

interface level in the tank is easy as one can observe it with the help of a sight glass inserted in 

the tank or with some sort of level gauge.  

 
Figure 1.3 The interface level and different positions of output valves in a settling tank. 

 

Similar level monitoring techniques are not possible on a centrifugal separator, as it is 

rotating at a high speed, at thousands of RPM (approximately 10000). These separators are made 

of steel and are also covered with an external bowl to collects sludge, and thereby not allowing a 

look into the separator with a naked eye.  Measurement technique used today to determine the 

interface levels in the centrifugal separators are not direct. However, there are some indirect 

techniques, in which laboratory tests are performed on both of the outputs of the separator to 

measure the purity level of the separated liquid.   

Consequently, with the help of these results and the expert knowledge of the operator, the 

interface level is determined.  Thus, the input and output valve positions are varied to either (a) 

keep that interface at the same position, or, (b) altered to change the interface position.  

Nonetheless, the observed results noted are always an estimation and are at no time hundred 

percent accurate; and therefore impurities exist in the output of the separated liquids.  In order to 

remove such impurities, either the output is passed from another separator (which may still 
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provide the same result) or by performing other techniques to achieve a certain level of purity. 

Figure 1.4 shows the cross sectional view of a separator. 

 

Figure 1.4 Cross sectional view of an oil water separator  

 

Separators are high-cost equipment and installing many such separators may not be 

feasible.   Therefore, obtaining high purity level at the output of the separator can save a lot of 

capital and time for a company.  Nevertheless, achieving high level of purity is only possible by 

knowing the position of the interface level.   

1.3 Goal 

The scope of this thesis work was to study different level measurement techniques to find 

the interface level with potential to use in a high speed separator to optimize its performance.  

Thereafter, the goal was to develop an interface level measurement technique, which could work 

on a centrifugal separator.  For that reason, as a first step, the implementation of an ultrasonic 

measurement system was chosen.   

Directly jumping to install a system on a separator was not possible due to time limitations, 

and therefore it was agreed to use a settling tank to perform the ultrasonic testing and to develop 

a generalized system that could be modified up to the requirements, while also keeping in mind 

that this system would need to be installed on a separator in the future. 

The minimum accuracy set for measurement was 1 mm in water and further the measured 

values were also expected to be wirelessly transferred to another computer station.  Further, the 

developed system’s size was to be kept as small as possible in order to install it on a real 

separator.   

1.4 Methodology 

The thesis was initiated with a study of different level measurement techniques that could be 

used to find the interface level in the separator.  Therefore, two major techniques, being 

ultrasonic and capacitance level measurements were studied, as presented in chapter 2. 

Chapter 2 presents the literature overview of how these techniques are currently used in 

the industry, and also presents in depth knowledge of how to use the ultrasonic method.  The 

focus of this thesis work was to develop one of the above-noted measurement systems, which in 

this case was the ultrasonic measurement system. Thereby, some examples are as well studied 

for the selection of the ultrasonic transducer.   

In chapter 3, the literature researched in chapter 2 was used as a basis for selection of the 

ultrasonic transducer and how it could be implemented in order to achieve the desirable results 

and to efficiently drive the ultrasonic system.   
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As a generalized system was required, no modelling was carried out for the ultrasonic 

transducer.  Reason for this choice was due to the focus being only at the output of the ultrasonic 

transducer towards the detection of the interface boundaries.    

Further, the developed system had to be tested in a settling tank and in a water container.  

Hence, the selection procedure for the ultrasonic transducer did not include the effect of the 

separator conditions.  

1.5 Method 

The method used in this work is the pulse echo ultrasonic technique. A short acoustic pulse with 

nanoseconds in width and with high voltage amplitude is transmitted using the ultrasonic 

transducer. When this pulse interacts with any interface boundary in the medium some of its 

energy is reflected back. The echo or the reflected signal is received by the same transducer, and 

the time of flight is measured and the amplitude of the received signal is compared with a 

reference voltage to remove all unwanted reflections from the system. Figure 1.5 shows the 

transmitted and received signal for an ultrasonic system. 

 

Figure 1.5 A high voltage pulse is transmitted and echo signals are received on interacting with different mediums t1 

and t2 are the time of flight of for e1 and e2 respectively. 
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2 FRAME OF REFERENCE 

This chapter explains the two main techniques of 

measuring the liquid levels, being the capacitance and the 

ultrasonic techniques. It starts with explaining what these 

methods are and how they are utilized for measuring the 

multi-interface level. In the last part of this chapter, some 

guidelines are provided for selecting the ultrasonic 

transducer. Some industrial applications and their results 

are also presented at the end of each section. 

 

The capacitance level measurement is a well-known method.  In this chapter, a brief explanation 

will summarize how it works and what sort of modifications can be implemented according to 

the different process conditions.  This chapter will begin by defining what capacitance is and its 

conventional use for measuring single-phase liquid in a tank. It will then explain how this 

technique can be used for measuring multi-phase liquid interfaces and concentration of water in 

oil/water dispersions. 

2.1 Capacitance 

A simple definition of capacitance is the ability of storing an electrical charge between two 

parallel conducting plates, as shown in Figure 2.1.  In parallel plate capacitors, capacitance is 

directly proportional to the surface area of the conductor plates, the dielectric constant of the 

medium between them and also inversely proportional to the distance between the two 

conductors.  For example, if the two parallel conductors have an area A, and are separated by a 

distance d and have the dielectric constant of medium εr, then the capacitance can be calculated 

as shown in Equation (2.1), [3]. 

 

Figure 2.1 A parallel plate capacitor and the movement of charge in it. 
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𝐶 = ε𝑜  ε𝑟 

𝐴

𝑑
 (2.1) 

 

Only valid if A>d and 

where, 

C is the capacitance,  

A is the area of the two plates,  

d is the distance between the plates, 

ε𝑜 is the permittivity of free space, 

εr, is the relative static permittivity, also called the dielectric constant.   

 

Dielectric constant is a value on a scale from one to hundred, which is the ability of the 

dielectric to store an electrostatic charge.  Values for many materials are published by the 

National Institute of Standards and Technology, [6].   

From Equation (2.1) it can be seen that changing the dielectric constant of the material 

will provide us with a different value of the capacitance by keeping A and d constant.  If a lower 

dielectric material replaces the higher dielectric material, then the total output capacitance of the 

system will decrease. Level measurement can be arranged in different ways, being: measurement 

for (i) non-conductive materials and (ii) conductive materials. These are further explained below, 

[6]. 

 

(i) Capacitance measurement of non-conductive materials: 

If a capacitance plate or rod is installed in a metal tank, then the plate will act as one of 

the parallel plates while the metal tank wall will act as the other plate.  If the tank is empty, then 

the dielectric constant of air will be used to calculate the capacitance between the rod and the 

tank. For example, if the level in the tank rises and air is displaced with any other hydrocarbon, 

then the capacitance between the rod and the tank will change and will thereby depend on both 

the dielectric constant of that hydrocarbon and on air [6].  The new capacitance can be calculated 

according to equation (2.2):  

 

 
𝐶 =

ε𝑜 (ε𝑎𝑖𝑟 𝐴𝑎𝑖𝑟 + ε𝑎𝑖𝑟ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝐴ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛)

𝑑
 (2.2) 

 

where,  

𝐴ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 is the area in contact with hydrocarbon, and  

𝐴𝑎𝑖𝑟 is the area in contact with air. 
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(ii) Capacitance measurement for conductive materials:   

When measuring the capacitance of conductive materials, the probes and plates are insulated 

using thin coating of plastic or glass in order to avoid short circuiting.  Instead of using the tank 

wall as the reference or ground plate, the conductive material acts as the ground plate for the 

capacitor.  As the liquid level increases, the distance between the plates decrease and thus a high 

change in capacitance can be observed compared to the change measured in non-conductive 

liquid.  Thus, for the measurement of the conductive materials, the conductive material acts as 

the ground plate, while the insulation on the probe or plate will act as the dielectric, [3], [8].   

  

 

2.1.1 Capacitance measurement of multi-phase interfaces 

As explained earlier in Section 1.2, multi-phase separation is a vital process in the oil industry 

and can save a lot of capital and time for a company.  Crude oil separation is mostly carried out 

in large tanks with the help of gravity.  In order to optimize this process, it is important to know 

the interface levels between different layers of oil, water, sand and gas.  To measure these multi-

interface levels, mainly three techniques are used: gamma-rays, capacitance, and ultrasonic.  In 

this thesis work, two techniques are discussed, the capacitance and the ultrasonic, [4].  Gamma-

rays is outside the scope of this thesis work. 

Most capacitance measurements are carried out using a single rod or plate with the tank 

wall as the other electrode or ground plate.  These can be used to measure single interface levels 

but they are not as accurate because the capacitance changes with the change in temperature, [4], 

[5].  The following examples below will illustrate what developments were achieved by various 

companies to measure multi-phase interfaces.  

In 1984, Shell developed the first capacitance based multi-interface level detector.  The 

detector used two parallel plates, one with a single electrode and the second with segmented 

electrodes.  Capacitance was measured by exciting the single electrode plate and by detection on 

segmented electrodes. The problem with this design was that the two plates could easily be 

blocked by sticky oil, [4], [5].   

 In 1991, Shi et al., developed the first single capacitance rod with a multi-electrode array.  

Different materials such as oil, gas and water could be identified and their interface level could 

be calculated by measuring the fringe capacitance of each electrode pair.  The problem with this 

system was the resolution of the level, which depends upon the height of one electrode, [4], [5]. 

 In 1992 in UMIST, presently known as the University of Manchester, at the Department 

of Electrical Engineering and Electronics, a research was carried out in measuring the interface 

level of the multi-phased liquids.  At UMIST, a parallel plate multi-electrode capacitance sensor 

was developed, as shown in the Figure 2.2a, [4], [5].  The developed sensor consisted of 32 

excitation electrodes and one measuring electrode.  Each electrode is excited using a multiplexer 

and capacitance is measured between the excited electrode and the detection electrode.  Due to 

different dielectric constant of oil, water, and air, different capacitance could be measured 

according to the medium in-between them.  
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Figure 2.2a Segmented capacitance sensor developed at UMIST. 

 

Figure 2.2b Capacitance between the detection electrode and an excitation electrode, from the sensor developed at 

UMIST. 

For example, if one of the electrodes is completely submerged in air, ε1, and the other is 

completely submerged in oil, ε2, as shown in Figure 2.2b, then the capacitance of the third 

electrode pair, where an interface level locates, can be calculated as shown in Equation (2.3), [4], 

[5].   

 
𝐶 =

ε0𝑤ℎ

𝑑
[ε1 + (ε2 − ε1)

𝑥

ℎ
] (2.3) 

Here,  

C is the measured capacitance of the third electrode,  

εo is the permittivity of free space,  

d the distance between two electrodes,  

x is the interface level above the bottom of the third electrode pair, 

h the height of electrode, and 

w the width of electrode. 

The major problem with this sensor was to measure high conductive liquids such as saline 

water, which would make the electrodes short circuit, [4], [5].   
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2.1.2 Measurement of water concentration in oil/water 
dispersions 

In [9], a new technique was developed by keeping in mind the short circuit problem of parallel 

plate capacitors while measuring liquid level with water in it. A capacitive measuring system 

was developed based on an oscillator circuit.  Level or concentration of water in oil can be 

measured by observing the change in frequency of the oscillator by having a different dielectric 

constant material in its vicinity.  

 The developed system is called the single electrode capacitance probe (SeCaP).  

SeCaP, as the name implies, only used one electrode for measuring.  The oscillator circuit as 

shown in Figure 2.3 operates at a frequency of 20 MHz. The fluid in the vicinity of the electrode 

affects the oscillating frequency of the circuit. It was observed that the change in dielectric 

permittivity of the liquid changed the frequency of the oscillating circuit.  If gas is in the vicinity 

of the electrode, then there is no effect on the frequency of the oscillating circuit. With pure 

water in the vicinity of the measuring electrode, a great reduction in the oscillator frequency was 

observed.  The following Equation (2.4) implies how the operating frequency ω is related to the 

inductance L of the coil of the oscillator circuit and the capacitance of the medium Cm  in its near 

vicinity [9].   

 
𝜔 ∝

1

√𝐿𝐶𝑚

 (2.4) 

 

 

Figure 2.3 SeCaP oscillator circuit as shown in [9]. 

 

Experiments were performed with SeCaP on water and oil, and very good results were 

obtained. For detailed study of these experiments set-ups, procedures and results please refer to 

[9]. 

 



 19 

2.2 Ultrasonic 

Another method to measure liquid levels is by using ultrasonic measurement technique.  

Ultrasonic sensors are utilized for many measurement purposes, such as for non-destructive 

testing (NDT), thickness gauging, level measurements, concentration and density measurements, 

flow measurements, or interface level measurements, [12].   Design and manufacturing of an 

ultrasonic transducer is out of scope for this thesis work, however, we will briefly discuss some 

of the important parameters which may help in the selection of the ultrasonic transducer.   

 An ultrasonic transducer converts an electrical signal into an ultrasonic wave and vice 

versa. As such, they transmit acoustic waves and receive them back.  An ultrasonic sensor alone 

makes no sense. Therefore, for an efficient use of such sensor, well-developed transmitter and 

receiver electronics circuitry are necessary.  A single transducer can be utilized for both 

transmitting and receiving purposes.  In some cases, separate transmitting and receiving 

transducers are also utilized.  As an intelligent ultrasonic sensor system, its work is not only to 

detect the received signal but to also extract the information carried in the received signal.   

 The most commonly used material for the generation of ultrasound is the Piezo-electric 

material.  Transmitted signals from such transducers are sound waves in the frequency range 20 

kHz to about 1 GHz, and therefore they cannot be heard by human beings. For technical 

applications the frequency range from 20 kHz to tens of MHz is very important.  For industrial 

applications the frequency range from 0.5 MHz to 15 MHz is used.  Selection of frequency 

depends upon the application conditions and the accuracy requirements.  The most important 

advantage of using ultrasonic sensors are the non-invasive and non-intrusiveness of these 

instruments as the acoustic wave can often penetrate pipes or walls of  vessels of a few 

millimeter thickness. [10].   

 The report will briefly outline some important principles behind ultrasonic transducer 

design. As described previously, the ultrasonic frequency for the industrial applications is in 

MHz range.  Looking at Equation (2.5), MHz frequency acoustic waves corresponds to very 

short wavelengths, which helps in non-destructive testing (NDT), as these waves can reflect from 

very small defects inside the material.  Similar to light waves, ultrasonic vibrations travel in the 

form of waves too, except that they cannot travel in vacuum, whereas light is able to. The 

ultrasonic wave needs a medium to travel in, as shown in Equation (2.5), where, c the velocity of 

sound in a material, is constant at a given temperature and pressure. 

𝑐 = fλ (2.5) 

𝑇 = 1/𝑓 (2.6) 

Here,  

λ is the wavelength, 

c is the material sound velocity, 

f is the frequency, and  

T is the time period. 

In most common ultrasonic examinations, longitudinal waves and shear waves are 

utilized.  Longitudinal waves are compressional waves where particles move parallel to the 

direction of the wave propagation, whereas, in shear waves particles move perpendicular to the 

direction of the wave propagation.  Other types of sound waves are surface waves and lamb 

waves, where surface waves have an electrical particle motion and travel across the surface of 

the material. Lamb waves have complex vibration in materials, where the particles travel in a 

direction parallel to the surface of the material, where thickness is less than the wavelength of the 

ultrasound introduced into it.  [19].   
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Two basic quantities are monitored in the ultrasonic testing. These are, (a) the time of 

flight of sound through the medium, and (b) the relative change in the amplitude of the received 

signal.  The first measured quantity, being the time of flight, is the time between the transmission 

and the receiving of the pulse. Utilizing the time of flight and ultrasonic velocity, material 

thickness can be calculated as shown in Equation (2.7), [10], [11].   

 
𝑑 =

𝑐𝑡

2
 (2.7) 

Here, 

d is the material thickness, 

c is the material sound velocity, and 

t is the time of flight. 

The second measured quantity, being the relative change in the amplitude of the received 

signal, can be utilized in sizing flaws and attenuation measurement of the material.  This relative 

change is commonly measured in decibels (dB) values.  The dB values are the logarithmic value 

of the ratio of the two different signals amplitudes.  It can be calculated as shown in Equation 

(2.8), [11], [13]. 

 
𝑑𝐵 = 20𝑙𝑜𝑔10 (

𝐴1

𝐴2
) (2.8) 

Where, 

dB is the amplitude ratio in decibels,  

A1 is the amplitude of signal 1, and 

A2 is the amplitude of signal 2. 

 

Table 2.1. Some useful relations between the amplitude and the decibels. 

𝑨𝟏

𝑨𝟐
 Ratio dB 

100%

70.71%
 1,4142 3 

100%

50%
 2 6 

100%

25%
 4 12 

100%

10%
 10 20 

100%

1%
 100 40 

 

Looking at Table 2.1, 70% amplitude of the received signal corresponds to 3 dB down 

from the peek amplitude and is usually written as -3 dB, where -40 dB corresponds to 1% of the 

peek amplitude.  
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 Some important parameters when evaluating an ultrasonic system are the sensitivity, the 

axial resolution, and the near surface resolution.  Sensitivity of any ultrasonic system is its ability 

to detect defects in a material at a given depth. The greater the signal received from a reflector, 

the more sensitive that ultrasonic system is.  Axial resolution is the ability to produce distinct 

indications from defects located close to each other with respect to the sound beam, whereas, 

near surface resolution is the ability of an ultrasonic system to detect defects very close to the 

surface of the test piece.[11]. 

 

2.2.1 Acoustic impedance 

The opposition to the displacement of specific medium particles by sound is called the acoustic 

impedance of that medium, and is calculated as shown in Equation (2.9), [10], [16], [21], [25]. 

 

 𝑍 = 𝜌𝑐 (2.9) 

 

Here, 

Z is the acoustic impedance, 

c is the sound velocity of the medium, and 

ρ is the density of the medium.  

 

When two materials of different acoustic impedance are brought together, the boundary 

between them is called the acoustic interface.  When a sound wave strikes this interface, some of 

its energy is reflected back and some of its energy is transmitted across the boundary.  The 

energy loss of transmitting a signal from medium 1 into medium 2 is shown in Equation (2.10). 

[10], [11], [14], [21].   

 𝑑𝐵 𝑙𝑜𝑠𝑠 = 10𝑙𝑜𝑔10 [4𝑍1𝑍2/(𝑍1 + 𝑍2)2] (2.10) 

Here, 

Z1 is the acoustic impedance of the first material, and 

Z2 is the acoustic impedance of the second material. 

 

Further, Equation (2.11) shows the dB loss of energy of the echo signal in medium 1 

reflecting from an interface boundary with medium 2.   

 𝑑𝐵 𝑙𝑜𝑠𝑠 = 10𝑙𝑜𝑔10 [(𝑍2 − 𝑍1)2/(𝑍1 + 𝑍2)2] (2.11) 

 

Therefore, the dB loss on transmitting from medium 1 into medium 2 is the same as 

transmitting from medium 2 to medium 1.  Similarly, the dB loss of the echo signal in medium 1 

reflecting from medium 2 is the same as the dB loss of the echo signal in medium 2 reflecting 

from medium 1.    
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2.2.2 Attenuation 

 

The strength of the ultrasonic waves attenuates as it propagates through a medium.  The causes 

of attenuation are diffraction, absorption, and scattering.  Higher frequency ultrasonic waves 

attenuate more than the low frequency waves. The higher the attenuation rate the shorter the 

distance is in which the wave reaches.  Thus, the amount of attenuation in the medium plays an 

important role in the selection of the transducer, [14], [20], [25]. 

 

2.2.3 Sound waves 

 

The sound field from an ultrasonic transducer can be divided into two zones, the near field and 

the far field. The region directly in front of the transducer is called the near field (N), where the 

echo amplitude goes through a series of maxima and minima and ends at a last maxima at a 

distance N.  The near field is also the natural focus of the transducers.  Beyond N, the pressure of 

the sound wave gradually drops to zero and this region is called the far field.   The near field 

distance depends on the diameter of the transducer element, its center frequency, the medium 

sound velocity, and the wave length.  Equation (2.12) shows the formula for calculating the near 

field distance.  [11], [14]. 

 𝑁 = 𝐷2𝑓/4𝑐 (2.12) 

 

or 

 𝑁 = 𝐷2/4𝜆 (2.12) 

 

where,  

N is the near field distance, 

D is the element diameter, 

f is the frequency,  

c is the sound velocity in the medium, and 

λ is the wavelength.  

 

Figure 2.4 shows a beam profile where a red colored region represents an area of high 

acoustic energy while blue and green represents low energy regions. 

 

Figure 2.4 A beam profile of a flat ultrasonic transducer. 

 

Other parameters of the sound field are its beam diameter and its focal zone.  The beam 

diameter can affect transducers sensitivity.  The smaller the beam diameter the greater the 

amount of energy is reflected by a defect.  As described earlier, the greater the signal received 
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from a defect, the more sensitive the transducer is.  The focal zone’s starting and ending points 

are located on the axis where the pulse echo signal amplitude drops to 50% of the amplitude at 

the focal point.  The focal length can be calculated as shown in Equation 2.13.   

 𝐹𝑍 = 𝑁 ∗ 𝑆𝐹
2[2/(1 + 𝑆𝐹/2)] (2.13) 

where, 

FZ is the focal zone, 

N is the near field, and 

SF is the normalized focal length. 

 

All ultrasonic beams diverge.  The beam divergence from a transducer can be reduced by 

having either a large element diameter or a higher frequency or both.  Equation (2.14) is used to 

calculate the beam spread angle α.  The beam spread is measured from the axis of the transducer 

to a point where the sound pressure drops to -6dB or 50%.  Figure 2.5 shows a sound beam view 

of a flat transducer, [16]. 

 

Figure 2.5 Beam spread angle of a flat ultrasonic transducer 

 
sin (𝛼) =

6

5
𝜆/𝐷 (2.14) 

 

2.2.4 Design characteristics of ultrasonic transducers 

 

The ultrasonic transducer consists of the following: (1) the active element, (2) backing, and (3) 

the wear plate.  The active element of the transducer is the piezo or ferroelectric material, which 

converts electrical energy into acoustic waves and vice versa.  The most commonly used 

materials are polarized ceramics, piezo polymers, and composites.   

 

Piezo polymers (PVDF) can generate higher frequencies, and therefore, much shorter 

wavelengths than the ceramic transducers.  As such, they are able to provide a much better axial 

resolution and thereby better accuracy on liquid level measurement.  The PVDF materials are 

available in a limited range of thickness. Thicker materials produce lower center frequency, 

whereas a thinner material can produce a higher center frequency.  Backing is used to absorb the 

energy radiating from the back of the active element.  By matching the acoustic impedance of the 

backing material with the acoustic impedance of the active element, a heavily damped transducer 

can be produced that provides good resolution but may be lower in signal amplitude.  By using a 

backing material with different acoustic impedance than the impedance of the active element, 
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higher signal amplitude or greater sensitivity can be achieved. However at the cost of a lower 

resolution and long waveform duration, [11], [20]. 

 

In contact type transducers, the basic purpose of the wear plate in the transducer 

construction is to protect the transducer element from the testing environment, whereas, for 

immersion type transducers the wear plate has an additional purpose of serving as an acoustic 

matching layer between the liquid and the active element.  Figure 2.6 shows a transducer with 

the wear plate, backing material and the active element, [11].     

 

Figure 2.6 An ultrasonic transducer consisting of the active element, backing material and wear plate. 

2.2.5 Excitation of ultrasonic transducers 

Ultrasonic transducers can be excited by either positive or negative spikes and/or with a 

continuous wave or tone burst, depending on the process requirements. The amount of excitation 

voltage depends on the active element’s thickness.  The thicker the thickness of the active 

element, the higher the voltage can be applied, and vice versa.  Higher centre frequency elements 

are thinner, whereas, low centre frequency elements are thicker in size.  For example, if 400 

volts can be applied to a transducer with 5 MHz frequency, then the voltage applied to a 10 MHz 

centre frequency element should be halved.  For all types of excitation, it should be kept in mind 

that the excitation time should not increase the rated wattage of the element to avoid overheating.  

Excitation duration can be calculated, as shown in [11] using Equation 2.15. 

 
𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =

𝑍 𝑃𝑡𝑜𝑡

(0.5 ∗ 0.707 ∗ 𝑉𝑝−𝑝)2cos (𝜑)
 (2.15) 

where  

Ptot is the rated power of the transducer, 

Z is the impedance of the transducer, 
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Duty Cycle is the time of excitation in one second, 

Vp-p is the peak to peak voltage,and 

𝜑 is the Phase angle. 

 

 For pulse or spike excitations, the pulse width should be kept at a minimum to achieve 

high axial resolution and can be adjusted according to [22] by Equation (2.16) and Figure 2.7.  

For achieving good sensitivity, these short pulses should be in hundreds of volts at peak 

amplitude.  For example, to obtain a good dynamic range on the received echo signal, it is 

necessary to drive the ultrasonic element with 300-400V in medical ultrasound and to keep very 

short rise time, being less than 30 nanoseconds (ns), [20]. Therefore, to achieve high sensitivity 

and axial resolution, high voltage and very short duration pulses are required. 

 𝑃𝑊𝑝𝑢𝑙𝑠𝑒𝑟𝑓𝑐 = 500 (2.16) 

 

 

Figure 2.7 The pulse width (ns) of the sensor driving signal and its dependence on probe/transducer centre frequency 

MHz. 

 

Resonant circuits, microprocessors or other fast switching circuits can generate excitation 

pulses.  Resonant circuits are used in non-detection systems such as welding machines and 

ultrasonic cleaning because of their bad controllability, whereas, fast switching circuits can 

provide good controllability and are extensively used in all detecting and non-detecting systems, 

[23]. 

CPLDs and FPGAs are more effective in generating driving signals with nanoseconds 

width, [7],[24], [25]. Voltage levels of these short pulses are very low as compare to the required 

voltage to drive an ultrasonic transducer. Thus, fast transition and high power switches are 

required in order to amplify these signals to the required voltage level and also keeping the 

signal width short.  Hence, Power MOSFETs with switching time in nanoseconds is able to 

perform this task.   
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 Ultrasonic signals carry a lot of information and this information can be extracted by 

optimizing the transmitted and received signal.  As mentioned earlier, there are lot of power 

losses due to attenuation scattering and absorption.  Therefore, systems where high attenuation is 

a problem, signals reflected due to an acoustic impedance mismatch are very weak and it 

becomes difficult to detect them.  By increasing the power of the transmitted signal, the power of 

the received signal can be improved.  However, the transducer places a limit on the maximum 

operating power.  As such, a simple pulsed system is not always capable of supplying the 

required energy to improve the received signal for detection.  To overcome this, spread energy 

excitation can be applied without extending the excitation duration.   

Nonetheless, by utilizing this spread excitation method, the received signal duration is 

extended, and therefore, cannot directly provide accurate spatial information.  “Continuous wave 

or tone bursts excitation is a spread energy system but contains little spatial information. By 

encoding a recognizable signature into the excitation waveform, a matched filter can be used to 

identify the signature and compressed this received signal into a single peak” [25].   

Pulse systems are easy to implement, whereas, pulse compression systems are complex to 

implement.  For implementing a pulse compression system, a complex excitation system, a 

digital controller for achieving maximum control, a high speed digital analogue converter DAC 

and a broadband precision power amplifier as a transmitter are required. Also, the receiver 

requires a high speed digital to analogue converter and a matched filter utilizing complex 

arithmetic, [25]. Thus, this analogue excitation can improve the signal to noise ratio between the 

peak magnitude and the side lobe amplitude (side lobes are the unwanted peaks before and after 

the required detected signal).   

 Different techniques are explained in [25] to overcome the above-mentioned problem by 

implementing the pulse compression and linear frequency modulation (LFM) excitation 

technique, to gain resolution, peak power and penetration.   

 Pulsed high power excitation is possible by switching high voltage at a very fast rate.  

Pulse excitation can be achieved by using two MOSFETs as switches, controlled by a CPLD or 

FPGA circuit.  One MOSFET controls the positive switching, whereas, the other MOSFET 

switches the transducer to the ground to discharge the transducer as the transducer remains 

charged due to its capacitive construction. The second MOSFET is also known as the Return to 

Zero (RTZ).   

 

2.2.6 Selection of an ultrasonic transducer 

Selecting an ultrasonic transducer for a specific requirement is not an easy task.  A number of 

factors have to be considered, for example, what accuracy is required in the measurement, if 

immersion or non-immersion transducers are required, the size of the sensor, and the maximum 

available voltage.   

 Immersion type transducers are the ones that can be immersed in the liquid, whereas the 

non-immersion types are not made for immersing in the liquid.  The non-immersion type 

transducers are also known as contact transducers and are usually installed outside the vessel 

wall.  For the construction of contact transducers, the material and the thickness of the vessel 

should be known.  

For immersion transducers, the type of liquid should be known. Nonetheless, immersion 

transducers offer some advantages over contact transducers.  For example, the sensitivity 

variation is reduced due to uniform coupling.  Sensitivity of immersion transducers can be 

increased to the reflectors by focusing the transducer.  Most manufacturers only offer immersion 
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transducers with an immersion time limit from eight to nine hours.  However, a few 

manufacturers also offer immersion transducers with longer immersion time that can be of few 

days. 

 As mentioned earlier, whenever there is an acoustic impedance mismatch between the 

materials or liquids, some of the acoustic wave is reflected back, which thus means that at every 

interface there is a reflection of the transmitted wave.  Calculating the time of the flight of this 

reflection will provide the interface level from the transducer.    

 The most important factor when selecting the transducer is the required accuracy from 

the transducer. For high accuracy requirements, like one millimeter (mm) or less, transducers 

with the frequency in MHz are required.  For example, a transducer with a 1 mm wavelength can 

provide a maximum accuracy of 1 mm, and a 1 mm wavelength corresponds to a transducer with 

a 2 MHz of center frequency.  Therefore, as a rule of thumb, transducers with more than 2 MHz 

center frequency will be required.  Similarly, achieving 0.1 mm accuracy means a wavelength of 

0.1 mm, which corresponds to a transducer with 15 MHz center frequency.  Hence, a transducer 

with 20 MHz center frequency will work for 0.1 mm resolution.  The calculation for the required 

center frequency for 0.1 mm is shown in the example below using equation 2.5:  

 
𝑓 =

c

λ
=

1480𝑚𝑠−1

10−4𝑚
=  14.8 MHz  

 

To achieve very short acoustic signals, very short electrical drive signals are required, 

with typically only a few nanoseconds wide and with high amplitude [20].  Furthermore, pizeo-

ceramic transducers typically require several tens of volt signals. Piezo-polymers on the other 

hand will need more than 100 volts pulse to achieve such a short pulse length.   

Below the report will discuss why such short signals are required to obtain high accuracy 

and how they can affect the transducers output by observing some tests carried out at Precision 

Acoustic UK, [26] the company from which the ultrasonic transducer used in this thesis was 

purchased. Figure 2.7 below illustrates an ultrasonic transducer responding to a simple impulse 

signal.  Looking at the output of the transducer, the negative and the positive going excursions 

are clearly identifiable. 
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Figure 2.7 Typical transducer response to an impulse excitation, [26].  

  

 

 

Figure 2.8 Transducer response to half square wave with width equal to half the time period of transducer’s center 

frequency, [26]. 

 

In Figure 2.8, a half square wave is used as a drive signal, whose width is approximately 

half the time period of the transducer’s natural frequency.   
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Figure 2.9 Transducer output to half square wave with longer width, [26]. 

 

In Figure 2.9, a half square wave with longer width is applied to the transducer.   

 

In Figure 2.10, a full square wave is applied to the transducer.  The transducer output is 

showing two major going excursions in each direction. 

 

 

Figure 2.10 Transducer response to a full one wavelength square wave excitation, [26]. 

By observing Figure 2.10, it is clearly visible that the secondary peak of the transducer 

output signal is more than 50% of the amplitude of the major peak. If the time of flight is to be 
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determined by a simple threshold crossing procedure, it is very easy for such a detection 

algorithm to be confused by this type of signal.  It only requires a small amount of acoustic 

signal distortion (i.e. noise transducer misalignment) to cause the measurement circuit to jump 

between one peak to the other.  However, a full wave form digitization with a Digital Signal 

Processor (DSP) can solve this problem, [16].  

2.2.7 Industrial uses of ultrasonic systems 

Ultrasonic systems are widely used in industries, such as chemical, pharmaceutical, oil and gas, 

polymerization, waste-water treatment, food, beverages, starch production, dairy, and bio-

technology, for measuring mainly different types of liquid parameters.  Some examples of the 

ultrasonic sensors are the ultrasonic distance sensor, the ultrasonic propagation path sensor, the 

ultrasonic impedance sensor and the ultrasonic mass sensitive sensors (see Table 2.2). [10].  By 

possessing adequate knowledge of the above-mentioned parameters of the ultrasonic systems, 

liquid parameters such as concentration, density, pressure, level, mass flow, particles size 

distribution, acoustic impedance, and viscosity, etc, can be measured.   

For example, concentration of a medium can be measured using an ultrasonic transmitter 

and a receiver placed in front of each other at a known distance. Measuring the time for the 

signal to reach from the transmitter to the receiver with a known distance between them, the 

speed of sound can be calculated [13].  The following Figure 2.11 from [13] shows the variation 

of sound speed with respect to the concentration of the medium.   

 

Figure 2.11a, Measured velocities of sound in CO2 – air mixture, as a function of CO2 concentration at T=22 oC 

from, [13]. 

 

Velocity measurement alone does not supply sufficient information about the medium.  

Accordingly, more information about the acoustic quantities is required.  Acoustic absorption 

measurement is difficult compared to the velocity measurements. The reasons for this difficulty 

are the liquid parameters like, scattering from in-homogeneities, acoustic impedance 

consistencies, different absorption mechanisms, geometrical constructions of the transducer, and 
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driving and receiving systems behind the ultrasonic transducer, all which add up to these 

difficulties.   

Therefore, reliable determination of acoustic absorption requires simultaneous 

measurement of acoustic impedance and velocity.  Systems that can measure all parameters 

together, like velocity, acoustic absorption, and impedance, together with continuous information 

about the pressure, temperature, conductivity and viscosity, can resolve these difficulties.  The 

following Figure 2.12 a and b in [14] shows the measurement results of such systems that are 

useful in many industries for various analyses, [14].  

Some advantageous of the ultrasonic systems are among, high precision velocity 

measurement, fast sensor response, non-invasive measurement, robustness and the long term 

stability of the sensor.  On the other hand, some disadvantageous are among, increase in 

electronics for high accuracy and information, dependence of acoustic properties on the specified 

substance concentration, non-monotonic velocity (depending on the concentration and 

temperature), strong influence of temperature, and increase in attenuation with high frequency.   

 

 

 

Figure 2.12a Change of velocity in sugar solution with the addition of yeast for different temperatures, from [14]. 
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Figure 2.12b, Change of acoustic absorption in yeast sugar solution, from [14]. 

 

Table 2.2.Classification of an ultrasonic sensors and their use, from [10]. 

Ultrasonic Systems: Uses: 

Ultrasonic distance sensor 
Pressure, level, position, 

and motion 

Ultrasonic propagation 

path sensor 

Volume, mass flow, 

temperature and pressure 

measurement, and particle 

size distribution. 

Ultrasonic impedance 

sensor 

Density and acoustic 

impedance. 

Ultrasonic mass sensitive 

sensor 

Mass and viscosity 

measurement. 
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3 IMPLEMENTATION  

This chapter begins with the general requirements needed 

to be considered for the development of the ultrasonic 

measurement system. Thereafter, all modules of the 

ultrasonic system are explained in detail, along with their 

simulations and the importance of selecting particular 

components for this system. In the end of this chapter the 

wireless system is also explained. 

         

Both capacitance methods and ultrasonic methods are widely used in the industry for level 

measurement and have some performance limitations depending on the process requirements.  

For ultrasonic systems, detection of a rag layer is nearly impossible, whereas for capacitance 

measurements, air bubbles can affect the capacitance immensely. Therefore, to measure the 

interface level in a separator, it is necessary to install both of these techniques in order to achieve 

better accuracy in the measured interface level. As explained in section 1.2 The Purpose, a 

generalized ultrasonic system is developed that can be modified as per the requirements and not 

to mention that this system would also need to be installed on a separator in the future.  

   

3.1 General requirements for installing on the separator 

Requirements such as accuracy, immersion type, wireless communication and size need to be 

considered for installing the ultrasonic system on the separator. A typical accuracy of 1 mm is set 

as the oil water interface in a real separator lies between a very short distance, and thereby 1 mm 

accuracy is necessary. The transducer should be the immersion type as the separator is made out 

of steel and its outer wall is thick enough so the acoustic waves cannot penetrate it. As the 

separator bowl rotates at a high speed, there are no possibilities of attaching a wire lead to it, and 

therefore wireless communication should be used between the system and the operator computer. 

The dimensions of the electronic boards should be kept as small as possible because adding more 

weights can unbalance the rotating system. 

3.2 Ultrasonic System 

An ultrasonic system can be divided into three main parts, which are (i) the ultrasonic transducer, 

(ii) a transmitting circuit and (iii) a receiving circuit. Figure 3.1 shows a block diagram of an 

ultrasonic system, where generator, high voltage supply and voltage translator are part of the 

transmitting circuit and amplifier, and comparators are part of the receiving circuit. A TR switch 

is also used between the receiving and the transmitting circuit to stop high voltage from flowing 

into the receiving circuit. Counter and serial communication blocks are used to count the time 

between the transmission and the receiving of the pulse and to transfer this time to the wireless 

transmission system respectively. 
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Figure 3.1 Block diagram of an ultrasonic system showing different modules. 

3.2.1Ultrasonic Transducer  

For the experimental work, an ultrasonic transducer was selected, which could provide 1 mm 

accuracy and could be immersed in water. Therefore, the ultrasonic transducer PA442 from the 

company Precision Acoustic was selected. This transducer has a 7 MHz frequency with -6dB 

bandwidth of 6.67 MHz. The active element material is PVDF and the transducer is unfocused.   

 As explained in Chapter 2, a 7 MHz frequency can provide 1 mm resolution, whereas, the 

broader bandwidth provides a better axial resolution. The PVDF element material produces 

shorter pulses as compared to the ceramic transducers. Thus, in summary, short pulses, broader 

bandwidth and high centre frequency all together result in achieving higher accuracy. The 

unfocused transducers provide the same sensitivity throughout the range when compared to the 

focused transducers that have a fixed focal length and consequently their sensitivity decreases as 

the liquid level increases. Figure 3.2 shows the ultrasonic transducer PA442 from Precision 

Acoustic.  [Appendix C] 

 

 

Figure 3.2 The PA442 PVDF Ultrasonic Transducer with 7MHz centre frequency with BNC connector. 
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3.2.2 Transmitting and receiving systems 

In order to gain maximum information from the acoustic signal of an ultrasonic transducer, a 

well-defined transmitting and receiving system is required. With a better transmitting signal, a 

better signal can be received. Ultrasonic systems for NDTs require high frequency transmitting 

and receiving signals that are mostly in nanoseconds of time. 

Generating these nanosecond pulses can be a difficult task as almost all microcontrollers 

run on only few MHz clocks and work in a sequential nature. Microcontrollers are good to use in 

operations that are complex but which require less processing time. On the contrary, FPGA’s 

works in concurrent nature, are very fast and can attain clock speeds of few hundreds of MHz.   

In FPGA’s, all blocks of code run independently of each other and can operate at the same time 

if a common clock is used for all blocks.   

Unlike microcontrollers, FPGA’s have no built in functionalities. These functionalities 

can be added according to the requirement by programming it in low level language and 

converting that to the machine language. Most popular languages used to program FPGA’s are 

Verilog and VHDL (VHSIC (very high speed integrated circuit)). Further, CPLD’s work quite 

similarly to FPGA’s but offer less flexibility due to its restrictive structure. Whereas, FPGA’s 

architecture is dominated by interconnects that makes it more complex to design than CPLD’s. 

The logic blocks of FPGA’s also include some memory elements that help store small amount of 

data. 

Both FPGA’s and CPLD’s come in thin quad flat packages (TQG) and therefore need to 

be outsourced for fixing them on PCB’s, which is a time consuming job. Development boards for 

FPGA’s and CPLD’s are widely available and can be used for development testing and 

debugging of codes before turning it into the final product. For this project, a FPGA 

development board Nexys3 from Diligent is used.   

The FPGA on this board is SPARTAN 6 from Xilinx, device number XC6SLX16-

3CSG324, which can attain a speed of 500 MHz and has a 232 I/O’s. The Nexys3 board comes 

with a large collection of peripherals like LED’s, switches, non-volatile memory, USB ports, 32 

Pmod connectors, 100 MHz CMOS oscillator , JTAG connector for programing,  and so on.  

Therefore, for the purposes of this project, only LED’s, Pmod connectors, 100 MHz oscillator 

for clocking, USB connector for power and JTAG for programing were used.  The software tool 

used for synthesis and analysis of hardware description language (HDL) was ISE Design Suite 

14.3, which allowed developers to perform timing analysis, examine register-transfer level 

(RTL) diagrams and simulate the design for various scenarios.  Figure 3.3 shows the Nexys3 

board with Spartan 6 FPGA.  

 

Figure 3.3Nexys3 development board with Spartan 6 FPGA. 
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3.2.3 Transmitting Circuit 

The accuracy of any ultrasonic system mainly depends on its transmitting circuit as previously 

discussed in section 2.4.5 and 2.4.6. Therefore, any variations in the pulse width should be 

avoided. Looking at Figure 2.7 and using Equation 2.16, maximum pulse width required for 7 

MHz centre frequency transducer is 70 ns. However, in order to overcome any other delays in 

the voltage translator’s short pulses, then the above calculated values should be used. These 

generated pulses by FPGA pass from the voltage translator to increase their amplitude up to the 

ultrasonic requirement. The generation of these pulses and voltage translation is explained 

below.   

 

3.2.4 Pulse Generation 

Generation of 50 ns width pulses is achieved using Verilog as the language for programming the 

FPGA’s. Looking at Figure 3.4, count_value (15:0) is the output of a16 bit counter and is the 

input of this block with the pulse being the output. This pulse is then further sent to the voltage 

translator for increasing the voltage amplitude. 

 

Figure 3.4 The top level block diagram of pulse generation module.  

 

The 16 bit counter, which is the input of this block, is running on a 40 MHz clock 

generated by the clk_gen block, and one tick of this clock is 1/(40 ∗ 106) = 25 ns. Figure 3.5 is 

the simulation of clk_gen block in ISE 14.3 which outputs 40 MHz clock, and the width of one 

complete cycle is shown at the bottom of the Figure 3.5.    

Further, a 16 bit counter can count up to 216 = 65535 values. One value of this counter is 

then 1 ∗ 25ns = 25 ns. Thus, two count values of this counter is 2 ∗ 25ns = 50 ns, which is the 

required width of the pulse. Therefore, by keeping the value of a FPGA pin high or low at 

consecutive two counts can generate a pulse of 50 ns width. Hence, the pulse_gen block can 

generate a pulse minimum of 25 ns width and a maximum of 1.6 ms width. Figure 3.6 is the 

simulation of this block showing the 50 ns width pulse. For achieving smaller width pulses then 

25 ns, the 40 MHz clock should be replaced with a higher frequency clock.  
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Figure 3.5 Simulation shows the width of one complete cycle or one tick of 40MHz clock is 25 ns. 

 

 

Figure 3.6 Simulation result of pulse_gen block showing a width of the generated pulse of 50 ns. 

 

The simple logic of keeping the pin high for a single or for some specific values of the 

counter can be implemented in two ways, either by writing the code or through connecting 

different logic gates by utilizing digital logic design (DLD) techniques. Verilog code for this 

code can be seen in the appendix whereas Figure 3.7 shows the internal schematics of the 

pulse_gen block. 
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Figure 3.7 The internal schematics of the pulse_gen block showing the use of different gates to generate the pulse. 

3.2.5 Counters 

The main function of the counters is to count and keep a track of the time, meaning how much 

time has elapsed between two events or from the starting point of an event. Accordingly this 

helps the programmers to perform certain tasks at a certain point of time. The counter uses clock 

as their input and on every tick of the clock they increment their value by 1. For example, an 8 

bit counter can count 28 = 255 and a 24 bit counter can count 16777215 values. Thus, the 

numbers of bits of the counter are adjusted according to the requirement.  

Furthermore, multiplying these total counts with the time of one tick of the clock gives 

the total time counted.   For example, for a 100 MHz clock, the time of one tick is 1/100 ∗ 106 = 

10 ns and therefore an 8 bit counter can count 255 ∗ 10 ns = 2550 ns, and after this time, 2550 

ns, it will reset itself and will start counting again. For this ultrasonic system, repetition time 

required of the pulse is 1 ms and the width of the pulse is 50 ns. Thereby, for this a 80 MHz 

clock can provide exact 50 ns pulse width,  and for the repletion rate of 1 ms the total counts of 

the counter should be 1000000/50 ns =  20000 counts.  For these counts, the number of required 

bits of the counter are 2x  = 20000, which gives a value of x = 14.2 bits. The value of x in this 

case is a decimal number that cannot be implemented because bits must be the values in integer.  

Therefore, for the counter to reset at every 1 ms, it can be achieved by using a 15 bit 

counter which can count 32767 values and by telling the counter to reset after its total count is 

equal to 20000. The clock used for this code is 40 MHz and there are no special reasons for 

using this frequency for clock as any other clock frequency can be used.  Figure 3.8 shows the 

block diagram of the counter count_wrap block, which is a 16 bit counter and rests after every 1 

ms. The inputs of this block are wrap_around_val, clk_40mhz and enable.  The enable is for 

enabling the block, the clk_40mhz is the output of clk_gen block and the wrap_around_val is the 

value at which counter resets itself.  The output of count_wrap block is the count_value (15:0), 

which counts till 1 ms by setting the wrap_around_val to 40000. Whereas, the wrap_flag is a 

binary output, which is high when the total count of the 16 bit counter is equal to the 

wrap_around_val. 
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Figure 3.8 The top level block diagram of the counter module count_wrap. 

3.2.6 High Voltage Translators 

Voltage translators are used in all applications where the signal voltage needs to be translated to 

another level, either for compatibility reasons, for example, two microcontrollers operating on 

different voltage levels are not able to communicate properly due to the chance of losing signal 

information, or, for power devices that requires high voltage to operate. Where the requirement 

is to control high power devices by microcontrollers or by other controlling circuits, a driver 

circuit is essential to translate the voltage level between them. These driver circuits add 

necessary voltage in the output signals of the controllers. The translation of low signal voltage to 

high signal voltage is carried out in steps in the driver circuit.   

For running an ultrasonic transducer, which utilizes high voltage and small width pulses 

to generate acoustic signals, a driver circuit is needed in-between the FPGA and the ultrasonic 

transducer. In order to preserve the width of the signal from the FPGA, these driver circuits must 

have a very small rise and fall time. For experimental work in this thesis, a demo board which 

consisted of two MOSFET IC’s, being the MD1822 and the TC8220K6, by the company 

Supertex Inc. were used. These IC’s are specially designed for driving medical ultrasonic 

imaging, Piezoelectric transducer driver, etc. The MD1822 is a high speed MOSFET with rise 

and fall time of 6 ns and with optimum input signal range of 1.8 to 3.3 volts and with the supply 

voltage between 5 to 10 volts. Thus, the MD1822 converts the low voltage signal from the 

FPGA to approximately 10 volts for a 10 volt supply.   

Further, the MD1822 is a four channel MOSFET with two inverting and two non-

inverting outputs with the dimensions of its package as 3x3 mm, and which comes in 16-Lead 

QFN package. In the second stage, the voltage level is further enhanced to 100 volts by using the 

TC8220, which is a two pair, N and P channel, an enhancement mode MOSFET. These 

MOSFETs have an integrated gate-to-source resistors and zener diode clamps, which reduces the 

size of the IC.  More on, the low input capacitance and 2A output current capability improves the 

rise and fall time of the pulse.   

These MOSFET’s can as such enhance the voltage level up to ± 200 volts. The N channel 

of the MOSFET acts as the RTZ configuration as explained in section 2.4.5. This configuration 

provides damping by discharging the capacitance of the transducer. The dimensions of the 

TC8220 IC are 4x4 mm and come in a 12 Lead DFN package. Therefore, the total size of the two 

IC’s is 7x4 mm, which helps reduce the size of the final PCB. Figure 3.9 shows the driver circuit 

and the signals coming from the FPGA. [27] 
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Figure 3.9 The driver circuit and its connection to FPGA. 

3.2.7 TR Switch. 

The transmitting line is directly connected to the receiving circuit by passing through the TR 

switch MD0100, which protects the low noise receiver from the high voltage pulses to the 

transducer. The switch replaces the conventional diode bridge circuit and is a normally closed 

switch. The switch keeps checking the voltage drop across the Tx and Rx terminal and once the 

voltage drop exceeds 1 V the switch starts to open.  In the open stage, a small current of 200μ A 

flows through it to detect the presence of high voltage and as soon as the voltage drops below 2V 

the switch starts to closes again.   

The switch can withstand up to ±100V and has a switch time of 20 ns for turning on and 

20 ns for turning off. The switch comes in 8 lead 4x4 DFN package and does not require any 

voltage supply to operate. Figure 3.10 shows the schematics of MD0100 used in the system. 

[28]. 
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Figure 3.10 TR Switch MD0100 and its connection to voltage translator, receiving circuit and ultrasonic transducer. 

3.2.8 Receiving Circuit 

The acoustic reflections from various interfaces are transferred into electrical signals. These 

signals are weak and need some sort of conditioning before they can be analysed or sent to the 

controller. The receiving circuit block in Figure 3.2 contains (i) a variable gain amplifier and (ii) 

a comparator, whose output is connected to the FPGA. 

(i) Variable gain amplifier. 

A variable gain amplifier is used for amplifying the weak signal and to control the gain through 

the controller so that unwanted reflections can be ignored by increasing or decreasing the gain. 

For this purpose, an evaluation board AD8331 from Analog Devices is used.  AD8331 consist of 

an ultralow noise preamplifier LNA, a variable gain amplifier VGA and a selectable post 

amplifier.   

 The output from the TR switch is first passed through the LNA that acts as a 

preamplifier. The LNA supports input impedance matching through external resistors, which 

improves the system transient response.  “The band width of LNA is 130 MHz for matched input 

impedance between 50 to 200 ohms, and for higher impedance the bandwidth declines, and un-

terminated bandwidth is 80 MHz.” [AD8331Appendix 2]. The gain of LNA is 19 dB if 

differential outputs are used. Nonetheless, if only one output is used then the gain reduces to 13 

dB.  Figure 3.11 is a functional block diagram of the AD8331. 

 

Figure 3.11.Functional Block diagram of AD8331. 

The output signals of the LNA at the LON and the LOP pins, as shown in Figure 3.11, 

connects to the VGA through the VIP and the VIN pins. The VGA provides precise input 

attenuation and excellent gain linearity. The input of VGA is a differential R2R ladder attenuator 
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network with 6 dB steps per stage. The position along the VGA attenuator is controlled by the 

gain and the range of this gain lies between 0.1 to 0.95. After the VGA, the signal passes through 

the post amplifier, which further amplifies the signal to either 3.5 dB or 15.5 dB. Two ranges of 

gain can be selected as either −4.5 dB to +43.5 dB in the low gain mode or 7.5 dB to 55.5 dB in 

the high gain mode. All three stages, the LNA, the VGA and the post amplifier, are integrated in 

a single 20 Lead QSOP package with a size of 8 x 4 mm.  Figure 3.12 shows the schematic of the 

AD8331 and its connection to other circuits. [29]. 

 

Figure 3.12 Schematics of AD 8331and its connection to the other circuits.  

 

(ii) Comparator. 

Comparators are used for various purposes and can also be used to compare the voltage 

difference of two signals. For this purpose, a reference voltage to which the comparison is 

required is applied on one input terminal while the unknown signal is applied on the other input 

pin. If the voltage level of the unknown signal is less than the reference voltage, thus the non-

inverting output pin of the comparator will be logic 0, and, for a higher unknown voltage signal 

than the reference voltage the output will be logic 1.   

Comparators also come with latching features, and by enabling the latch, the output of 

the comparator can be held either high or low for a required amount of time even if the voltage 

of the input signal varies. For a high frequency input signal, a comparator with large propagation 

delay will result in loss of important signal information. For example, if the comparator is in 

transition of changing its output and if in between this transition the voltage of the input signal 

varies, it will not be detected by the comparator.  
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On the other hand, a comparator with a very small propagation delay will not lose any 

information until the input signal is varied at a high frequency than the propagation delay of the 

comparator. For this thesis work, an ultrafast comparator LT1711 was used with the propagation 

delay of 4.5 ns and which can operate on both 5V and 3V supplies, and the latch feature was not 

used.  Figure 3.13 shows the schematic of the LT1711, a supply voltage of 3V is used as the 

output is connected to the FPGA, which also uses 3.3 V supply.   

The latch enable pin is connected to the ground while the output of the VGA is connected 

to the +IN through a 50 ohm resistor.  Reference voltage in mV is applied using a fine tune 

variable resistor.  It also can be set from the microcontroller using a digital potentiometer.  Due 

to such small propagation delay, the comparator follows the input accurately and gives the output 

logic of either high or low with respect to the input voltage and reference voltage. By knowing 

the required voltage level for logic 1, the reference voltage can be set to a value just below it. 

The non-inverting output is used and connected to FPGA through Pmod connector.  Inside the 

FPGA, it is connected to the flag_in of event_capture block and therefore on every transition 

from 0 to 1 of comparator an event is recorded in the event_capture block. [30]. 

 

Figure 3.13 The circuit diagram of LT1711 comparator and its connection to FPGA and VGA. 

3.2.9 Event Capture 

Figure 3.14 shows the schematic of the event_capture block. The main function of this block is 

to provide the counted values of the count_wrap block whenever logic 1 is received from the 

comparator. The inputs of the event_capture block are count_value (15:0), clk_40mhz, the 

enable, flag_in and the wrap_flag. The clk_40mhz is the same clock input as the count_wrap 

block and therefore both blocks function in parallel.   

The count_value (15:0) input is the output of the count_wrap block, the enable is the 

main enable of the program, the wrap_flag (which is logic high when the total in the count_wrap 

block equals to 20 000) input is also the output of the count_wrap block and the flag_in input is 

the output of the comparator. The outputs of the event_capture block are the event_count (7:0), 

the uart_sel, and the uart_trig.   

The event_capture block has an 8 bit counter inside it and is named as the event_count 

(7:0).  Unlike the 16 bit counter of count_wrap block which is incrementing its value by 1 with 

every tick of the clock, this counter increment its value by 1 whenever logic 1 is received on the 

flag_in pin of this block. The uart_sel is for the selection of different pins of the data_source 

block as shown in Figure 3.15, which is a 2 x 1 multiplexer. The uart_trig is the input of the 

tx_ard_byte block, which is the serial communication block.   
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As mentioned earlier, when high logic is received on the flag_in pin, the event_count 

(7:0) increments its value by 1 (which therefore counts the number of high amplitude signal 

received by the comparator) and also sends a high signal on the uart_trig pin.  At this moment, 

uart_sel pin is low and thereby the first input in_0 of the 2 x 1 multiplexer is selected.   

Hence, on receiving a high logic on the flag_in pin, a value of 24 bit, which is the 

incremented value of the 8 bit counter and the corresponding value of the 16 bit counter 

(received from the count_wrap block), is transferred to the serial communication block via 2 x 1 

multiplexer. If 1 ms of time has elapsed, which means the value of wrap_flag pin is 1, and no 

logic 1 is received on the flag_in pin between this time of 1 ms, then the uart_sel will select the 

second input in_1 of the 2 x 1 multiplexer that is connected to the ground, and therefore a value 

of 0 will be transferred to the tx_ard_byte block, which thereby means that no signal has been 

detected by the receiving circuit.    

Looking at the flag_in and the uart_trig simulation as in Figure 3.16, when logic high is 

received on the flag_in pin, a trigger is generated on the uart_trig, and does not depend on the 

width of the signal received on the flag_in pin, it only triggers ones.   Further, the corresponding 

24 bit value is also visible and it can be seen that the marker is on the second flag_in input and 

therefore the value of 8 MSB is 00000010 = 2. 

 

Figure 3.14 The block diagram of event capture module. 

 

Figure 3.15 The block diagram of data source module which is a 2x1 multiplexer. 
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Figure 3.16 Simulation of complete process from generation of pulse to receiving the data, the value highlighted in 

white color is the 24 bit data generated after an event has occurred and high logic is received on the flag_in pin. 

3.2.10 Serial communication 

Serial communication is used to transfer the data from the FPGA to the microcontroller.  The 

block responsible for serial communication is the tx_ard_byte. This block performs two 

functions, (i) the serial communication, and, (ii) acts as a buffer between the FPGA. The buffer 

can hold a small amount of data, which is 8000 values of 24 bit data and helps to avoid any loss 

of data due to the slow speed of the microcontroller.  

Figure 3.17 shows the block diagram of tx_ard_byte block.  This block is also triggering 

with the same 40 MHz clock, which ensures that all the blocks are synchronized to each other 

and work in parallel.  The first input of this block is data2buf (23:0), which is a 24 bit data line, 

coming from the 2 x 1 multiplexer.  The first 16 bits starting from the least significant bit are the 

values of the 16 bits counter and the remaining 8 bits are the values of the 8 bit counter.  

The second input is the capt_ard, which is connected to the output pin of the 

microcontroller. The third input is the 40 MHz clock and the forth input is strb_ard that is also 

connected to the output pin of the microcontroller. The last input is the uart_trig that is the 

output of the event_capture block and as explained above, whenever there is an increment in the 

8 bit counter, a trigger is generated by the event_capture block by sending a high signal on the 

uart_trig pin. 

The outputs of this block are the buffer_full, the event_ard and the sda_ard. The 

event_ard and sda_ard are connected to the input pins of the microcontroller. Whenever a trigger 

is received on the uart_trig pin, the tx_ard_byte block knows that a new event value is ready to 

be received on the data bus. If there are any values stored in the buffer, it will turn the event_ard 

pin high and thus by reading this pin, the microcontroller will know that some data is ready to be 

received.   

Thus, on receiving a high value on the event_ard pin, the microcontroller sends a high 

value to the capt_ard, which informs the tx_ard_byte block that the microcontroller is now ready 

to read the data. Accordingly, this block sends out the LSB of the 24 bit data. After receiving the 

LSB, the microcontroller sends a logic high low signal to the strb_ard pin and thereby, the 

tx_ard_byte block sends the second bit on the sda_ard pin.  

After reading all the 24 bits, the microcontroller sends a low signal on the capt_ard pin, 

by which the tx_ard_byte block knows that all the 24 bits are successfully transferred to the 

microcontroller, and thus places the LSB of the next 24 bit data on the sda_ard pin.  The 
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microcontroller runs on a lower speed than the FPGA, and when the buffer value is full, it sends 

a high signal on the buffer_full pin. 

 

Figure 3.17 The block diagram of the serial communication module. 

 

3.2.11 Top module 

Top module in FPGA contains all the modules explained earlier and all these modules are 

initialized in the top module Verilog (.v) file in order to synchronize with each other.  In this 

work, there is no separate module for the RTZ configuration and it is implemented directly in the 

top module.  The outputs out a, out b, out d, pe and pulse are connected to the driver circuit, 

where out a and out b are the RTZ pins.   

The PWR and the buffer_full are connected to the LED’s to ascertain if the FPGA is 

running and whether the buffer is overflowing or not. On the input side, the clk_sys is connected 

to 100 MHz CMOS oscillator on the nexy’s 3 board and the flag_in is the output of the 

comparator. Looking at the simulation in Figure 3.18, a pulse is generated every 1 ms and a 

trigger is also generated on the uart_trig but not at 1 ms time.  Reason being, that a value is 

received on the flag_in pin within 1 ms time and that is why the trigger is generated before the 

end of 1 ms time.   

Whereas, the triggers which are generated after 1 ms time show that nothing is received 

on the flag_in in 1 ms time, and in this case, a trigger is generated at the end of 1 ms cycle to 

send a zero to the memory.  Figure 3.19a is the top module block diagram and Figure 3.19b is 

the internal schematics of the top module. Figure 3.20 is the block diagram of the complete 

system with connections between different modules and Table 3.1 in appendix B shows the pin 

mapping between the FPGA and microcontroller.    
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,

 

Figure 3.18 The simulation shows that a pulse is generated at every 1 ms and if nothing is received on the flag_in 

pin the uart_trig also generates a high signal to send zero value at the output. 

 

 

Figure 3.19 a. The block diagram of the top module showing all inputs and outputs of FPGA. 
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Figure 3.19 b The internal schematics of Top module showing all other modules inside it and their connections to 

each other. 
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Figure 3.20 The Block diagram of figure 3.1 with connections between different circuits. 

 

 

3.2.12 Microcontroller and Wireless Communication 

Reading 24 bit serial data from the FPGA is not a difficult task for any microcontroller. An 

Arduino Duo microcontroller is used for this project due to the following reasons: it can operate 

on 3.3 V and is thus fully compatible with the FPGA and therefore a voltage translator IC’s are 

not required, and due to the arduino Xbee shield, which allows arduino to communicate 

wirelessly using Zigbee.  An Xbee module that works on IEEE protocol 802.15.4 is used.  These 

modules are low power and both transmit and receive the data wirelessly to and from each other 

at a rate of 250kbps.  Thus, the two Xbee modules were used, one with the FPGA and the other 

with the remote computer few feet’s away because modules used were low range.  The Xbee 

modules can be programed very easily and the simplest way to program it is by using an usb to 

Xbee adapter.   Each Xbee has to be assigned its own unique id and the id of the other Xbee it is 

communicating with and must have the same personal area network PAN id. 

A terminal program is required to program the Xbee, for which PUTTY in Windows 7 

can be used. Whereas, for Windows XP the Hyper Terminal can be used. Using terminal 

programs, the Xbee can be programmed in three simple steps.  In PUTTY, serial option is 

selected as the Xbee communicates serially.  To enter into the programming mode, three plus (+) 

signs are coded and then enter is pressed.  After entering in programming mode, the three simple 

steps to program the Xbee are as follows:   

(i) ATMY1212 is the command for giving the id to the Xbee, making its id 1212, 

(ii) ATDL1313 is the command for setting the id of the other Xbee to communicate with, 

and 

(iii) ATID 1111 is the command to set the pan id.   

To permanently program the Xbee module, the WR command is used at the end, which 

allows the Xbee module to remember their ids even if the power is off.   
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3.3 Settling tank 

A small plastic tank made of Plexiglass was used as a settling tank. Olive oil was used in the 

tests. Hence, by using this settling tank containing oil and water, an interface level was obtained 

located at 90mm from the bottom of the tank at room temperature. The oil layer on top of the 

water is 48 mm thick and therefore the air oil interface lies at 138 mm from the bottom of the 

tank, as shown in Figure 3.21.   

 

Figure 3.21 The settling tank and the oil water interface at 90 mm from the bottom. 
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4 RESULTS 

This chapter starts with the outline of the equipments used 

for the experiments. Experiment results are thereby 

presented starting from the results obtained from the 

individual modules, and ends with the results obtained from 

testing the complete system in a water container and in the 

settling tank. 

 

 

The ultrasonic system was tested in the laboratory at Alfa Laval Tumba AB and the results 

obtained are thus explained below.  All modules of the complete system were tested separately 

one by one before they were assembled together.  For the purpose of supplying voltage to the 

power supply board, ANH59, a laboratory variable power supply was used. The Nexys3 board 

and Arduino Duo board were powered through the laptop USB ports. The following equipment 

was used for troubleshooting and design testing of the ultrasonic system in the laboratory:  

 

 Oscilloscopes:  

i. Tektronix 2225 50 MHz analog oscilloscope 

ii. Tektronix TPS2014 100MHz Digital storage oscilloscope 

 Function generator TG1304 programmable function generator  

 DMM Fluke  

 

 

4.1 Pulse Generation 

 

Starting from the pulse generation block of Figure 3.1 the code written in verilog was uploaded 

to the FPGA on the Nexys board by using the xilinx platform cable USB ll that allows in-circuit 

configuration and  programing through the JTAG pins on the FPGA.  Figure 4.1 shows the 50 ns 

wide pulse generated from the FPGA. 

 

 

 

Figure 4.1 The 50 ns wide pulse at the output of FPGA pin V12, with time scale at .05 μs/Div and voltage at 1V 

/Div using TEK-2225 oscilloscope. 
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The pulse of Figure 4.1 is further passsed from the MD 1822 and the TC8220K6, which 

are high voltage translators to increase its voltage amplitude to 100V.  Figuer 4.2 is the output at 

the end of high voltage translator.  

 

 

Figure 4.2 The 50 ns wide pulse from FPGA changed to above signal after passing through the high voltage 

translators with time scale at .05 μs/Div and voltage at 5V /Div using TEK-2225 oscilloscope. 

 

After passing through the high voltage translator circuit, the width of the pulse changed 

to hundreds of nanoseconds, which was due to the 330pF/2.5k on-board load, and as discussed in 

section 2.4.5, ultrasonic tranducers are capacitive in nature so even by removing this load and 

attaching a transducer, it gives the same effect. Therefore, to discharge this capacitance, damping 

or RTZ configuration was introduced in the code by sending a high signal to out a and out b pins 

for 50 ns to turn on  the N channel of the MOSFET, which is connected to ground. Figure 4.3 is 

the output after introducing damping, where the pulse returns to zero but it takes more than  50 

ns due to the switching time added by the high voltage MOSFETS. 

 

 

Figure 4.3 The pulse of figure 4.2 after introducing damping changed to an approximately 75 ns wide pulse. Time 

scale at 50 ns/Div and voltage scale at 5V /Div. 

The 50 ns wide pulse repeats at every 1 ms as shown in Figure 4.4, because in section 

3.2.5 the counter value was stoped at 40000, which is equal to 1 ms of time. Accordingly, in 1 

ms of time, the system sends a pulse and waits to receive the acoustic echo. 
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Figure 4.4 The 50 ns wide pulse repition at every 1 ms measured at the out put of FPGA. The same results were 

obatined at the end of the high voltage translator. Time scale at 250 μs/Div and voltage scale at 500 mV /Div 

4.2 TR Switch 

After increasing the voltage amplitude , the pulse signal from the FPGA was passed through the 

TR Switch, to check if the TR switch stops the high voltage from entering into the receiving 

circuit. Figure 4.5 shows the initial peak at the output of the Rx of the TR switch, and as the high 

voltage appears on the Tx pin, a small voltage of approximate 5 V passes through it before the 

switch fully opens. Figure 4.6 shows the required time for the switch to completely close.  

 

 

Figure 4.5 The output of TR Switch at the Rx1 

 

 

Figure 4.6 The time required for the TR switch to fully close.  
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4.3 Receiving Circuit  

For testing the receiving circuit, a sine wave with 50 mV peak to peak and 5 MHz frequency was 

used as an input to check the output of the VGA AD8331 with different gain settings.  Figure 4.7 

and Figure 4.8 show the output for different values of gain controlled through the Arduino Duo.  

 

 

 

Figure 4.7 Output signal after amplification by VGA from 50 mV peak to peak to 100 mV peak to peak with gain 

setting to 0.5. Voltage scale at 50 mV / Div and time at .2 μs / Div. 

 

 

 

Figure 4.8 Output signal after amplification by VGA from 50 mV peak to peak to 500 mV peak to peak with gain 

setting to 0.9. Voltage scale at 0.2 V / Div and time at .2 μs / Div. 

 

 

The signal shown in Figure 4.9 is also used as an input to check the gain in voltage 

amplitude for the various settings of gain. Figure 4.10 to 4.12 are the output signals for different 

gains. 
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Figure 4.9 The input signal to VGA with voltage amplitude and pulse width approximately 60 mV and 200 ns 

respectively.   

 

 

Figure 4.10 The signal at the output of VGA after amplification is approximately 120 mV, with gain set to 0.30. 

 

 

Figure 4.11 The signal at the output of VGA after amplification is approximately 600 mV, with gain set to 0.50. 
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Figure 4.12 The signal at the output of VGA after amplification is approximately 2 V, with gain set to 0.94 and 

some noise is also amplified. 

 

4.4 Complete system testing 

Interface Level Testing  

After testing all the modules separately, the modules were assembled together, including the 

ultrasonic transducer. The output was monitored using the TPS2014 oscilloscope at the end of 

the VGA module before entering the comparator. As such, tests were carried out in a small 

container filled with water.  Steel was used to observe the sensitivity of the echo signal reflecting 

from the steel and from the air on the top of the water surface. A hand held steel bolt was used to 

make the acoustic wave reflect from it.  

In the second step, the measurements were carried out in the settling tank as shown in 

Figure 3.20 to measure the oil and water interface level. In both cases, the ultrasonic sensor was 

placed at the bottom of the tank and a holder was used to keep its face perpendicular to the 

interface boundary. Figure 4.13 shows the ultrasonic transducer with holder. 

 

Figure 4.13 The Ultrasonic Transducer PA442 in a holder to keep it perpendicular to the interface boundary. The 

size of the active element is 6mm, case outer diameter 10mm and case length 25mm. 
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Steel in a water container. 

The acoustic impedance of steel and water at 20o C is around 45.5 ∗ 106 kg/m2s and 1.48 ∗ 106 

kg/m2s respectively. Thus, due to the approximate difference of 30 times in the acoustic 

impedance, a visible reflection was expected. The acoustic impedance of air at room temperature 

is approximately 0.47 ∗ 106 kg/m2s, which is approximately 3 times less than the acoustic 

impedance of water and therefore a low strength reflection was expected. The following Figures 

from 4.14 to 4.19 show the output signals measured for different gain setting of the VGA.  

 

 

Figure 4.14 The echo signal received after reflecting from the steel in water. The positive peek amplitude of the 

received signal is approximately 7.5 mV and the VGA gain set to 0.5. 

 

 

Figure 4.15 The echo signal received after reflecting from the steel in water.  The positive peak amplitude of the 

received signal is approximately 25 mV and the VGA gain set to 0.75, the distance between the steel bolt and the 

ultrasonic transducer is less than that of Figure 4.14. 
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Figure 4.16 The echo signal received from the steel and the water interface has a frequency of approximately 2MHz.  

  

 

 

Figure 4.17 The gain of the VGA is set to 0.75 and the voltage scale of oscilloscope is set to 2 mV.  The received 

signal shows both the reflection from the steel (first peak) in water and the reflection from the air and water interface 

(second peak). 

 

 

 

Oil water interface in the settling tank 

  
The acoustic impedance of motor oil is approximately 1.51 ∗ 106 kg/m2s, which is almost equal 

to the acoustic impedance of water and therefore a very weak echo signals was expected. The 

tests were carried out with the VGA gain set to maximum. Figure 4.18 to Figure 4.20 shows the 

results of the echo signals received in the settling tank.  

 



 59 

 

Figure 4.18 The echo signal received from testing in the settling tank with gain of VGA set to maximum and the 

voltage scale of oscilloscope set to 20 mV. No information was retrieved, due to a lot of noise present in the output 

signal. 

 

Figure 4.19 The gain of the VGA is reduced to 0.75 to decrease the noise level and the voltage scale of oscilloscope 

is set to 2 mV, and hence a visible peak can be seen. 

 

 

Figure 4.20 Zoomed image of the reflected signal in Figure 4.19.  The positive peak amplitude of the indicated 

reflection is 3 mV. 

 

Reflected Signal. 
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The time of the flight of the detected signal is approximately 160 μs and the speed of 

sound in water is 1480 m/s.  Using these noted values, Equation 2.7 gives  
        

T = 1480 (160 ∗ 10-6) / 2 

       

T = 118.4 mm. 

 

Where T is the distance travelled by the acoustic signal from the reflected boundary to the top 

surface of the ultrasonic transducer. The total height of the ultrasonic transducer and its holder as 

in Figure 4.13 is 18 mm, adding this value to the value of T gives 136.4 mm, which is the 

distance between the reflected boundary and to the bottom of the tank.   

  

The oil and water interface lies at 90 mm from the bottom of the tank, whereas the oil and 

air interface lies at 138 mm from the bottom of the tank. Therefore, 136.4 mm means that this 

reflection represents the oil and air interface.  A difference of 1.6 mm was observed between the 

measured values from the ultrasonic system to the measured value using a ruler which is 

approximately 98 % accurate. 
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5 CONCLUSIONS AND FUTURE RECOMENDATIONS 

This chapter presents the conclusion and the 

recommendations on how the results should be improved 

by increasing the sensitivity of the system and further how 

to decrease the overall size of the system. 

5.1 Conclusion  

An ultrasonic transmitter and receiver system along with a wireless communication module were 

developed. The developed system can detect interfaces that have a noticeable difference in 

acoustic impedance, such as water/steel and water/air interfaces.  Hence, the developed system 

accurately detects the steel/water and air/water interfaces and transmits their level value 

wirelessly to the other computer.   

 

The developed ultrasonic system was used in a laboratory test in which the liquid 

interface between oil and water in a non-rotating tank was measured.  The system can be easily 

modified to test various high and low centre frequency transducers with operating voltages up to 

± 100V.  An overshoot in the negative axis is observed in the transmitted pulse as shown in 

Figure 4.3, which can affect the accuracy of the system, as also discussed in Chapter 2. 

 

The outputs of the TR switch and the VGA showed very promising results. The gain of 

the VGA could be controlled easily and could have helped remove the unwanted echoes, 

however a lot of noise was observed. The used wireless system only transmits signals up to few 

feet, but a powerful transmitter and receiver can be used with the existing system by only 

modifying the code. The data storing module in the FPGA helps use any medium speed 

microcontroller for reading the data by means of serial communication. 

Due to small difference in the acoustic impedance of oil and water, the interface level was 

not detected, which was either due to the noise as can be seen in Figure 4.19, or, due to the low 

sensitivity of the transducer. 

 

5.2 Future Recommendations  

To be able to detect the oil and water interface, the sensitivity of the system should be increased 

by either increasing the supply voltage or by using a focused transducer. A focused transducer 

will be able to detect the interface in a specified region; however will not work if the interface 

lies outside that range. Therefore, to overcome this problem, an array of transducers with the 

different focal lengths can be used to cover the entire range and by switching them one by one to 

detect the interface level. 

The power of the transducer can be increased by using techniques such as Quinary 

excitation in [25] and are worth testing, as that can help increase the sensitivity of the system by 

increasing the total power applied to the transducer.  

The overall size of the system can be further reduced by removing the microcontroller from 

the system by making a soft processor inside the FPGA or using vertex. This can help reduce the 

area of the PCB and will provide a single chip control. Wireless modules can also be directly 

connected to the FPGA as they receive data through the serial communication, and therefore the 

data which is being sent to Arduino can also be sent directly to the Xbee module. The high 
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voltage translator that occupies the maximum space in the ultrasonic system can be reduced to a 

very small size as discussed in [7]. 
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APPENDIX A 

The Verilog Code for FPGA  

 

top Module 

 

 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

//  

// Create Date:    23:19:12 01/25/2013  

// Design Name:  

// Module Name:    top  

// Project Name:  

// Target Devices:  

// Tool versions:  

// Description: 

There are 6 modules which are instantiate in the top level file  

1 clk_gen  

This module uses digital clock manager module of FPGA and generates precise 

40 mhz clock from the ref input clock which is coming externally from FPGA 

board. The generated clock is used by all other modules. 

 

2 count_wrap 

This module is a 16 bit counter which is used to generate an event of 1 ms, the 

width of the event can be controlled by its input "wrap_around_val" which is 

currently set to 16'd40000. 

 

3 pulse_gen 

This module generates the pulse’s at the start of each event and its width is always 

equal to 2 sys clk. 

 

4 event_capture  

In this module after the start of event it monitors its "falg_in" input. It counts the 

number of activities on "flag_in" pin. Whenever an activity occurs on this pin it 

increments its "event_count" counter value and transfers the value of 

"event_count" to arduino. 

 

5 tx_ard_byte  

This moudle has a FIFO at its input which buffers the event count and event 

capture time values. These buffered values are read from FIFO by a transfer 

module which serially transfers the data to arduino by a customized serial hand 

shake protocol. 

// 

// Dependencies:  
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// 

// Revision:  

// Revision 0.01 - File Created 

// Additional Comments:  

// 

////////////////////////////////////////////////////////////////////////////////// 

module top( 

 //Inputs 

 clk_sys, 

 enable, 

 flag_in, 

 strb_ard, 

 capt_ard, 

 //Ouputs 

 pe, 

 PWR, 

 outa, 

 outb, 

 outd, 

 pulse, 

 event_ard, 

 sda_ard, 

 buffer_full 

); 

parameter WIDTH = 16; 

parameter ASSERT= 1; 

//Inputs 

input clk_sys; 

input enable; 

input capt_ard; 

input flag_in; 

input strb_ard; 

 //Ouputs 

output pe; 

output PWR; 

output reg outa; 

output reg outb; 

output reg outd; 

output pulse; 

output event_ard; 

output sda_ard; 

output buffer_full; 

 

wire [23:0]  data2ard; 

wire [7:0]   event_count; 
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wire [(WIDTH-1):0] count_value; 

wire  uart_trig; 

wire  clk_40mhz; 

 

assign pe = 1'b1; 

assign PWR = 1'b1; 

always @(posedge clk_40mhz) 

begin 

 if((count_value == 3) || (count_value == 4)) 

begin 

  outa <= 1'b1; 

  outb <= 1'b1; 

  outd <= 1'b0; 

end 

else 

begin 

  outa <= 1'b0; 

  outb <= 1'b0; 

  outd <= 1'b0; 

end 

end 

 

tx_ard_byte  

 tx_ard_byte ( 

  //Inputs 

  .capt_ard (capt_ard),  

  .strb_ard (strb_ard),  

  .uart_trig (uart_trig),  

  .data2buf (data2ard),  

  .clk_40mhz (clk_40mhz),  

  //Outputs 

  .event_ard (event_ard),  

  .sda_ard (sda_ard), 

  .buffer_full(buffer_full) 

    ); 

 

mux_2x1 #(.MUX_WIDTH(24)) 

 data_source ( 

    .in_0 ({event_count,count_value}),  

    .in_1 (24'd0),  

    .sel (uart_sel),  

    .out (data2ard) 

    ); 
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event_capture #(.WIDTH(WIDTH), 

   .ASSERT(ASSERT)) 

 event_capture ( 

 //Inputs 

    .clk_40mhz(clk_40mhz),  

    .enable (enable),   // from external input 

    .flag_in (flag_in),      // from external input 

    .wrap_flag (wrap_flag),    // from count_wrap 

    .count_value(count_value),  // from count_wrap 

 //Outputs 

    .event_count(event_count), // to uart_tx  

    .uart_sel (uart_sel),     // to uart_mux 

    .uart_trig (uart_trig)     // to uart_tx 

    ); 

pulse_gen #(.WIDTH(WIDTH)) 

 pulse_gen ( 

 //Inputs 

    .count_value(count_value), // from count_wrap 

 //Outputs 

    .pulse (pulse) // to external output 

    ); 

 

count_wrap #(.WIDTH(WIDTH)) 

 count_wrap ( 

 //Inputs 

    .clk_40mhz (clk_40mhz),  

    .enable  (enable),   // from external input 

    .wrap_around_val (16'd40000),   // value calculated for 1msec 

 //Outputs 

    .count_value  (count_value),  

    .wrap_flag   (wrap_flag) 

    ); 

 

clk_gen  

 clk_gen 

   (// Clock in ports 

    .CLK_IN1(clk_sys),      // IN 

    // Clock out ports 

    .CLK_OUT1(clk_40mhz),     // OUT 

    // Status and control signals 
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    .LOCKED(LOCKED));      // OUT 

endmodule 

 

 

 

tx_ard_byte Module 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

//  

// Create Date:    00:37:57 02/06/2013  

// Design Name:  

// Module Name:    tx_ard_byte  

// Project Name:  

// Target Devices:  

// Tool versions:  

// Description:  

// 

// Dependencies:  

// 

// Revision:  

// Revision 0.01 - File Created 

// Additional Comments:  

// 

////////////////////////////////////////////////////////////////////////////////// 

module tx_ard_byte( 

 //Inputs 

 capt_ard, 

 strb_ard, 

 uart_trig, 

 data2buf, 

 clk_40mhz, 

 //Outputs 

 event_ard, 

 sda_ard, 

 buffer_full 

    ); 

 

parameter WIDTH = 24; 

 

input capt_ard; 

input strb_ard; 
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input uart_trig; 

input [(WIDTH-1):0] data2buf; 

input clk_40mhz; 

 //Outputs 

output sda_ard; 

output  event_ard; 

output  buffer_full; 

wire empty_fifo; 

wire  [(WIDTH-1):0] buf_out; 

 

reg     [(WIDTH):0] reg_data = 0; 

reg fifo_re = 0; 

reg reg_capt_ard = 0; 

reg reg_capt_ard2 = 0; 

reg load_reg = 0; 

reg bit_load = 0; 

 

assign sda_ard = reg_data[WIDTH]; 

assign event_ard = ~empty_fifo; 

 

always @(posedge clk_40mhz) 

begin 

 if(load_reg) 

 begin 

  reg_data <= {1'b0,buf_out}; 

 end 

 else 

 begin 

  if((strb_ard) & (~bit_load)) 

  begin 

   bit_load <= 1'b1; 

   reg_data <= reg_data << 1; 

  end 

  else if((~strb_ard) & (bit_load)) 

  begin 

   bit_load <= 1'b0; 

  end 

 end 

end 
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always @(posedge clk_40mhz) 

begin 

 reg_capt_ard  <= capt_ard; 

 reg_capt_ard2  <= reg_capt_ard; 

 fifo_re  <= (reg_capt_ard) & (~reg_capt_ard2); 

 load_reg  <= fifo_re; 

end 

 

data_buffer  

 data_buffer ( 

   .clk (clk_40mhz), // input clk 

   .rst (1'b0), // input rst 

   .din (data2buf), // input [23 : 0] din 

   .wr_en(uart_trig), // input wr_en 

   .rd_en(fifo_re), // input rd_en 

   .dout (buf_out), // output [23 : 0] dout 

   .full (buffer_full), // output full 

   .empty(empty_fifo) // output empty 

); 

 

endmodule 

 

 

mux_2x1 Module 

 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

//  

// Create Date:    22:53:34 01/25/2013  

// Design Name:  

// Module Name:    mux_2x1  

// Project Name:  

// Target Devices:  

// Tool versions:  

// Description: The module implements the 2x1 multiplexer in the software and helps in case 

//when no echo signal is received.  

// Dependencies:  

// Revision:  

// Revision 0.01 - File Created 
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// Additional Comments:  

// 

////////////////////////////////////////////////////////////////////////////////// 

module mux_2x1( 

 in_0, 

 in_1, 

 sel, 

 out 

    ); 

parameter MUX_WIDTH = 16; 

input [(MUX_WIDTH-1):0] in_0; 

input [(MUX_WIDTH-1):0] in_1; 

input sel; 

output reg [(MUX_WIDTH-1):0] out; 

 

always @(∗) 

begin 

 case(sel) 

  1'b0: out = in_0; 

  1'b1: out = in_1; 

 endcase 

end 

endmodule 

 

 

event_capture Module 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

//  

// Create Date:    21:56:06 01/25/2013  

// Design Name:  

// Module Name:    event_capture  

// Project Name:  

// Target Devices:  

// Tool versions:  

// Description:  

The pins of this module works as  

In this module when enable input pin is asserted it starts monitoring the "flag_in" pin along with 

"wrap _ falg" pin. After the assertion of "enable" pin when "count_value" become 1 it initialize 

the "event_count" value to 0. After the initialization if any activity occurs on "flag_in" input it 
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increments the “event_count” value, sets the "uart_sel" pin, and generates a single cycle pulse at 

"uart_trig" pin.  

 

Whenever the “wrap_flag” event occurs (wrap_flag indicated the end of 1 ms interval) it checks 

“event_count” value if its value is equal to zero (i.e no activity was observed during the last 

interval) then it set the uart_sel pin to zero and generates a single cycle  pulse at  "uart_trig" pin. 

 

// Dependencies:  

// Revision:  

// Revision 0.01 - File Created 

// Additional Comments:  

// 

////////////////////////////////////////////////////////////////////////////////// 

module event_capture( 

 //Inputs 

 clk_40mhz, 

 enable, // from external input 

 flag_in, // from external input 

 wrap_flag, // from count_wrap 

 count_value, // from count_wrap 

 //Outputs 

 event_count, // to uart_tx  

 uart_sel, // to uart_mux 

 uart_trig // to uart_tx 

    ); 

parameter WIDTH  = 16; 

parameter ASSERT = 1; 

 

input  clk_40mhz; 

input  enable; 

input  flag_in; 

input  wrap_flag; 

input [(WIDTH-1):0]  count_value; 

 

output reg uart_sel = 0; 

output  uart_trig; 

output reg [7:0] event_count = 0; 

reg  reg_flag_1 = 0; 

reg  reg_flag_2 = 0; 

reg  flag_event = 0; 

reg  reg_trig_uart = 0; 

 

assign uart_trig = flag_event | reg_trig_uart; 

 

always@(posedge clk_40mhz) 

begin 
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 if(count_value == 1) 

  event_count <= 0; 

 else 

 begin 

  if(flag_event) 

  event_count <= event_count + 1'b1; 

 end 

end 

 

always@(posedge clk_40mhz) 

begin 

 reg_flag_1 <= flag_in; 

 reg_flag_2 <= reg_flag_1; 

 if((enable) && (reg_flag_1 == ASSERT) && (reg_flag_2 != ASSERT)) 

  flag_event <= 1'b1; 

 else 

  flag_event <= 1'b0; 

end 

 

always@(posedge clk_40mhz) 

begin 

 if((wrap_flag) && (event_count == 0)) 

 begin 

  uart_sel <= 1'b1; 

  reg_trig_uart <= 1'b1; 

 end 

 else 

 begin 

  uart_sel <= 1'b0; 

  reg_trig_uart <= 1'b0; 

 end 

  

end 

endmodule 

 

 

pulse_gen Mdoule 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

//  

// Create Date:    21:43:30 01/25/2013  
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// Design Name:  

// Module Name:    pulse_gen  

// Project Name:  

// Target Devices:  

// Tool versions:  

// Description:  

This module checks the input "count_value" and whenever its value become equal to 1 or 2 it 

asserts(high) its output pin "pulse" otherwise the pulse is kept negated. 

// Dependencies:  

// Revision:  

// Revision 0.01 - File Created 

// Additional Comments:  

////////////////////////////////////////////////////////////////////////////////// 

module pulse_gen( 

 //Inputs 

 count_value, 

 //Outputs 

 pulse 

    ); 

parameter WIDTH = 16; 

input [(WIDTH-1):0] count_value; 

output reg pulse = 1'b0; 

 

always@(∗) 

begin 

 if((count_value == 1) || (count_value == 2)) 

  pulse = 1'b1; 

 else 

  pulse = 1'b0; 

end 

endmodule 

 

 

count_wrap Module 

`timescale 1ns / 1ps 

////////////////////////////////////////////////////////////////////////////////// 

// Company:  

// Engineer:  

// Create Date:    21:28:17 01/25/2013  

// Design Name:  

// Module Name:    count_wrap  

// Project Name:  

// Target Devices:  
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// Tool versions:  

// Description:  

When the input pin "enable" of this module is asserted it starts incrementing "count_value" 

counter from zero. When counter value reaches "wrap_around_val" it asserts the "wrap_flag" for 

one cycle and counter is stalled and its value is initialized to zero. 

// Dependencies:  

// Revision:  

// Revision 0.01 - File Created 

// Additional Comments:  

////////////////////////////////////////////////////////////////////////////////// 

module count_wrap( 

 //----Inputs 

 clk_40mhz, 

 enable, 

 wrap_around_val, 

 //----Oustputs 

 count_value, 

 wrap_flag 

    ); 

parameter  WIDTH = 16; 

 

input clk_40mhz; 

input enable; 

input [(WIDTH-1):0] wrap_around_val; 

output reg [(WIDTH-1):0] count_value = 0; 

output reg wrap_flag = 0; 

always@(posedge clk_40mhz) 

begin 

 if(!enable) 

 begin 

  count_value <= 0; 

 end 

 else 

 begin 

  if(count_value == wrap_around_val) 

  begin 

   count_value <= 1; 

   wrap_flag   <= 1; 

  end 

  else 

  begin 

   count_value <= count_value + 1'b1; 

   wrap_flag   <= 0;  

  end 

 end 

end 
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endmodule 

 

 

 

UCF File (pin assignment) 

#PACE: Start of Constraints generated by PACE 

#PACE: Start of PACE I/O Pin Assignments 

NET "clk_sys"  LOC = "V10"  ; 

NET "pe"  LOC = "T12"  ; 

NET "enable"  LOC = "K2"  ; 

NET "flag_in"  LOC = "H3"  ; 

NET "outa"  LOC = "P11"  ; 

NET "outb"  LOC = "V11"  ; 

NET "outd"  LOC = "N10"  ; 

NET "pulse"  LOC = "V12"  ; 

NET "capt_ard"  LOC = "K1"  ; 

NET "event_ard"  LOC = "L3"  ; 

NET "PWR"  LOC = "U16"  ; 

NET "buffer_full"  LOC = "V16"  ; 

NET "sda_ard"  LOC = "K5"  ; 

NET "strb_ard" LOC = "L4" ;  

 

#PACE: Start of PACE Area Constraints 

#PACE: Start of PACE Prohibit Constraints 

#PACE: End of Constraints generated by PACE 
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Arduino Code 

 

//OUTPUTS 

const int capt_ard    = 2; 

const int strb_ard   =  4; 

int pwmPin= 9; 

//INPUTS 

const int event_ard   =  7; 

const int sda_ard   =  8; 

// variables will change: 

long DATA =0; 

long mybit=0; 

long eve=0; 

long etime=0; 

long temp=0x00FFFF; 

int event=0; 

float Gain; 

int volt; 

 

void setup() { 

//OUTPUTS 

Serial.begin(115200); 

pinMode(pwmPin,OUTPUT); 

pinMode(capt_ard, OUTPUT); 

pinMode(strb_ard,OUTPUT); 

//INPUTS 

pinMode(event_ard, INPUT); 

pinMode(sda_ard,INPUT); 
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digitalWrite(capt_ard,LOW); //capt_ard=0; 

 

Gain=0.9;  //0.10<Gain>0.95 

volt=255*(Gain/3.3); 

analogWrite(pwmPin,volt); 

} 

void loop(){ 

DATA=0; 

mybit=0; 

event=digitalRead(event_ard); 

if (event==1) 

{ 

digitalWrite(capt_ard,HIGH);//capt_ard=1; 

DATA=0; 

for (int i = 0; i <=23; i++) 

{ 

DATA<<=1; 

digitalWrite(strb_ard,HIGH);//strb_ard=1; 

digitalWrite(strb_ard,LOW);//strb_ard=0; 

//delay(100); 

mybit=digitalRead(sda_ard); 

//while(Serial.available()==0); 

//mybit=Serial.read()-'0'; 

//Serial.println(mybit,BIN); 

//Serial.println(DATA,BIN); 

DATA = DATA | mybit; 

} 

//Serial.println(DATA,BIN); 
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digitalWrite(capt_ard,LOW); //capt_ard=0; 

///* 

eve=DATA>>16; 

etime=DATA&temp; 

Serial.print(eve,DEC); 

Serial.print("    "); 

Serial.println(etime,DEC); 

//*/ 

} 

else if (event== 0) 

{ 

} 

} 
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APPENDIX B 

 

Table 3.1 The pin mapping between the FPGA and the arduino. 

 
FPGA  

Software 

FPGA 

Physical 

Pmod 

Connector 

Arduino 

Pe T12 JA1  

Pulse V12 JA2  

Outd N10 JA3  

Outa P11 JA4  

Outb V11 JA10  

Enable K2 JB1 TBD 

Capt_ard K1 JB2 Pin 2 

Strb_ard L4 JB3 Pin 4 

Event_ard L3 JB4 Pin 7 

Sda_ard K5 JB10 Pin 8 

Flag_in H3 JC1  

PWR U16   

Buffer_full V16   
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APPENDIX C 

Ultrasonic Transducer PA442 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


