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[bookmark: _Toc3830157]Abstract.
	Ultrasound can be used to measure distance by reflecting off a target of interest, the time of flight from the transmitted sound and the received reflection (echo) is used to calculate this distance. The tasking asks that research into ultrasonic measuring products is done and then design of an ultrasonic measuring device to be conducted, this device uses a PIC microcontroller which is interfaced with other peripherals such as a display, buttons and ultrasonic module.
	Too save on time a prebuilt ultrasonic module (HC-SR504) is used, once this was proved successful a proposed ultrasonic transmitter and receiver circuit was designed and simulated within Proteus simulation package, unfortunately time constraints restricted this redesign to only simulation phase.
	Testing of the prototype was conducted on breadboard, the results were placed into a spreadsheet and a graph was plotted, analysis of the results showed the prototype to be fairly accurate and consistent.  
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[bookmark: _Toc3830158]
Introduction.
	This tasking asks for the design of an ultrasonic based measuring device, it is to be modelled around a microcontroller (MCU), proteus simulation and breadboard prototyping will be adopted to aid with design and testing, the end aim is to have a system that can measure distance and display the results to the user.
	The system design will be split into two parts, part 1 will utilise a prebuilt ultrasonic module (HC-SR504) to interface with the MCU, this will speed up initial prototyping and testing, part 2 will be the design and hopefully prototyping of an ultrasonic transmitter (TX) and receiver (RX) circuit, this will be dependent on time constraints.   
[bookmark: _Toc3830159]Objectives part 1.
· Survey literature review on ultrasonic transducers and ultrasound.
· Analyse ultrasonic measuring products already at market.
· Methodically choose components needed to create at minimum a basic ultrasonic measuring device.
· Using Proteus, design and simulate a working model.
· Breadboard and then test the working model.
[bookmark: _Toc3830160]Objectives part 2.
· Using Proteus, design TX and RX circuitry and where possible simulate proof of concept.
· Transfer TX RX design to breadboard, test for correct operation.
· If tests prove successful, then implement this design into part 1.
[bookmark: _Toc3830161]Background research.
[bookmark: _Toc3830162]Ultrasonic transducers.
	Ultrasound frequency is above the range of the human ear, to use ultrasound for measuring distance a transmitter and receiver is needed, the transmitter sends out a pulse of ultrasound and the receiver receives this pulse either directly or indirectly as an echo reflection [1, p. 391].
	A piezoelectric crystal is the more commonly used component within both the TX and RX transducer [2], when a force is applied to the crystal it produces an output voltage, also the inverse is true, applying a voltage causes the crystal to flex, it’s this flexing of the piezoelectric material that causes either a sinusoidal voltage when received or outputs ultrasound via the transmit circuitry [1, p. 380].
	The material of these transducers effectively act like a capacitor, applying a varying voltage to the TX cause the crystal to oscillate and produce a sound wave, the RX upon receiving the pulse will oscillate and produce an output voltage, frequencies with a range of 30KHz up to 3MHz can be obtained [1, p. 391].
[bookmark: _Toc3830163]Ultrasound characteristics.
[bookmark: _Toc3830164]Transmission speed.
	Ultrasound speed of transmission varies depending on the medium it has to travel through [3]. Temperature, humidity and air turbulence affect the speed of sound through air where temperature is the biggest environmental factor to this [4]. 331.6 m/s at 0°C is the speed of sound through air, to be able to calculate the speed of sound relative to temperature the following formula is used. V = 331.6 + 0.6*T m/s, where V is velocity and T is temperature [1, p. 392].
[bookmark: _Toc3830165]Directionality, resolution and accuracy.
	Ultrasound when transmitted has its peak amplitude in-line with its transmitting surface [1, p. 392], this sound wave propagates in a cone shaped pattern, at 40 KHz this patterns radius equates to +- 50° relative to normal direction [1, p. 393], cross currents from wind can cause this sound wave to be deflected from its origin [1, p. 393].
	Frequency (f), velocity (v) and wavelength (λ) are associated with each other, where λ=v/f [1, p. 393], from this formula resolution can be determined when using sound for distance measurements, this task will be using 40 KHz transducer to produce the sound, plugging in the numbers where f = 40,000 Hz and v at 0°C = 331.6 m/s the wavelength = 8.3mm, this wavelength determines the best accuracy that could be measured [1, p. 395].
	Many factors will affect the accuracy of the measured value, these include the ability of the measurement instrument to accurately start and stop the timer at the right time, this involves stopping the timer when the first cycle of the reflected peak amplitude is detected, if the distance to be measured is large, then this first cycle amplitude may be attenuated so as the measuring instrument would not detect it and thus it may be on the second cycle that detection occurs [1, p. 395]. Background noise can also interfere with the receiving of the desired sound wave where environments that include machinery can create ultrasound up to frequencies of 100 KHz [1, p. 396] care must be taken if using this type of measuring system in an industrial environment.
[bookmark: _Toc3830166]Information and analysis of similar products.
	Whilst analysing the market for similar products, three were chosen for comparison, each product has differing prices but are under £100 which is more of a realistic price to a general hobbyist or DIY enthusiast.
[bookmark: _Toc3830167]NEW Ultrasonic LCD Sonic Distance Tape Measurer Meter Laser Pointer Measure.
[image: ]
Figure 1 Sundely ultrasonic measuring device [5].
	This product is created by Sundely, model number is CP-3007, a budget price of £11.81 [5] which is available on eBay.
	Key features include:
· Addition or subtraction of 2 measurements [5].
· Laser pointer [5].
· LCD backlit display. [5].
· Unit choice of either feet or metres [5].
· Store up to 3 measurements [5].
· Measurement range of 91 cm to 15 metres with an accuracy of +- 0.05% [5].
· 9v battery as a power source [5].
· 40 KHz is the working frequency for the sensor [5].
[bookmark: _Toc3830168]Digi-Sense Ultrasonic Distance Meter with Laser.
[image: ]
Figure 2 Digi-sense ultrasonic distance meter [6].
	Digi-sense ultrasonic distance meter, price of £79.20 [6], physically it has similar characteristics as the previous product with regards to size and looks.
	Key features include:
· Capable of displaying feet or metres [6].
· Range of 61 cm up to 15.24 metres [6].
· Powered by 9v battery [6].
· Laser pointer [6].
· Area or volume calculations [6].
· Resolution of 0.01m [6].
· Accuracy 1% +- 1 digit [6].
[bookmark: _Toc3830169] Black and Decker BDM100 Ultrasonic Measure.
[image: ]
Figure 3 Black and Decker BDM100 [7]
	Available from sitebox.ltd.uk for £36 [7], this device physically is different from the previous two products, an obvious noticeable difference is the head can be orientated relative to the body, without using and testing this feature it is unsure if it is and advantage or just a sales tactic.
	Key features include:
· LCD display [8].
· Laser pointer [8].
· Measure distance, volume or area [8].
· Metric or imperial measuring system [8].
· Low battery indicator [8].
· Memory function [8].
· Supply voltage of 9v [8].
· Measurable range from 61cm to 12m [8].
· +-0.5% accuracy at 3m [8].
	All three products listed plus others researched but not included inhibit the same characteristics and functionality, most of them use 9v battery as their power supply, all are capable of displaying different measuring units and calculations, yet their price ranges vary, this could be due to the types of components used within in them or down to a placebo affect where some people think more cost equals better product.
[bookmark: _Toc3830170]Product design.
[bookmark: _Toc3830171]Features.
	Below detail’s the minimum features to get a viable product working, following on from that a list of extras has been noted, some or all of these extra features may be implemented if there is time.
[bookmark: _Toc3830172]Minimum.
· Display.
· One measure button.
· On / off switch.
· Ready built ultrasonic module.
[bookmark: _Toc3830173]Extras.
· Laser pointer.
· Volume, area calculations.
· Memory recall functions.
· Extra buttons for memory and menu access.
· Temp sensor.
· Battery level indicator.
· Metric and / or imperial measurement system. 
[bookmark: _Toc3830174]Component choice.
	The core of this device will be a PIC microcontroller (MCU), experience has been gained with Microchip PIC 16 range of MCU’s, this range will be used for this task if they meet the criteria, the next main component would be the TX and RX circuitry for the ultrasound, part 1 will start off with a ready-made module, if there is time then part 2 will design this module from scratch, a display and other components are needed to interface with the MCU.
[bookmark: _Toc3830175]Ultrasonic module.
	The HC-SR504 ultrasonic module (Figure 4, below) will be used, this module is easy to use, reasonably cheap around £2.32 [9], and comes with a datasheet explaining how to operate it.
	The HC-SR504 is a 4 pin device with a working voltage of +5v, 2 pins are for power and ground, the other 2 are trigger and echo pins [10]. To operate this module a high pulse with a duration of 10µs is applied to the trigger pin, the module will then transmit a burst of ultrasonic sound at 40 KHz for 8 cycles, once this burst has completed the echo pin goes high, upon receiving the reflected signal the echo pin will go low, the duration that the echo pin is high for is the time of flight of the ultrasound, using this time a distance can be calculated, the datasheet states the effective range is from 2cm to 4 metres [10].
[image: ]
[bookmark: _Ref2852830][bookmark: _Ref2852823]Figure 4 HC-SR504.
[bookmark: _Toc3830176]Display.
	Three common displays that could be used are LCD, LED segment and touch screen.
· LED segment: This type of display is easy to use as it consists of an array of LED’s positioned as such so numbers and certain letters could be displayed, the disadvantage is the limitations of what can be displayed. RS online retail a 4 digit display in packs of 3 for £2.48 inc VAT each [11].
· Touchscreen: Although touch screens are popular with today’s electronic devices they do come at a price, e.g. a 128 x 64, 2.8” display retails with RS online at £23.14 inc VAT [12]. 
· LCD: Easy to use, depending on what protocol is used, if parallel they do need a minimum of 7 pins, would be less if I2C, parallel is easier to program, reasonably cheap depending on the exact specification, they have more display capabilities when compared to LED. RS online supply a 16 x 2 LCD for £5.71 inc VAT [13].
	A touch screen would be a nice feature to have, but to justify using it then lots more software features would need to be added e.g. if a room was to be measured a nice 3D graphic could be displayed, for this task it would be overkill.
	Experience with LED segment and LCD has been gained through other assignments and projects, the LED display is cheaper but limited to what it can output, for this assignment the LCD (Figure 5, below) will be used this will enable some future software upgrades to be done without the need to change hardware.

[image: ]
[bookmark: _Ref2852976]Figure 5 LCD.
[bookmark: _Toc3830177]Other components.
· A button will be needed to make it more user friendly, a simple momentary tack switch will be used, this when pressed is what will cause the device to measure.
· Temperature sensor. Using a temperature sensor will enable a more accurate measurement, having stock of a TMP36, 3 pin TO-92 then this will be used, it has a range of -40°C to +125°C with a 10mV / °C resolution [14]. Available from RS online for £1.27 inc VAT [15]. 
[bookmark: _Toc3830178]Microcontroller (MCU).
	Microchip is the choice of manufacturer for the MCU, they have a vast number of products to choose from, so far experience has been gained with their PIC 16, 8-bit range, several steps are needed to establish which MCU could be used. Microchip do provide a search and eliminate webpage to help narrow down search criteria:
URL https://www.microchip.com/ParamChartSearch/chart.aspx?branchID=1005	
	Before choosing a MCU, pin count needs to be established, the following table outlines the pins needed.
[bookmark: _Ref2172257]Table 1 Pin count calculations.
	Pin count calculation
	
	

	
	
	

	
	
	

	Component minimum
	I/O pins needed
	

	Measure button
	1
	Digital

	LCD
	7
	Digital

	HC-SR504 module
	2
	Digital

	
	
	

	Total minimum I/O pins
	10
	

	
	
	

	Component extras
	
	

	Laser pointer
	1
	Digital

	Temp sensor
	1
	Analogue

	Battery level indicator
	1
	Analogue

	Extra buttons (dependant on extra features)
	4
	Digital

	
	
	

	Total extras I/O pins
	7
	

	Total I/O pins
	17
	



	Table 1 is split in to two parts, minimum input / output (I/O) pins needed to create a basic product and extra pins that may be needed to accommodate the extra features, if all features were to be implemented and assuming four extra buttons would suffice then 15 digital I/O’s and 2 analogue I/O’s would be needed.   
	Below are the minimum requirements needed for the MCU.
· PIC 16, 8 bit MCU, will be family choice due to experience already gained.
· Pin count, a minimum of 10 I/O’s are needed.
· Timers, ideally a 16 bit timer used to time the ECHO high pulse.
· Program memory size. Below describes the choice for this.
· Clock speed. Internal clock will be used, speed choice is described below.
· PWM capability, this may be needed if the ultrasonic module is redesigned.
· ICSP, this feature will make it easier to update software.
	PIC16F84, PIC16F697 and PIC16F690 are the exact MCU where experience has been gained so one of these will be chosen if requirements have been met.
	Looking at the device overview for the PIC16F84 it shows that it only has 1 x 8 bit timer [16], this MCU can be ruled out for that reason.
	The PIC16F687 and PIC16F690 have similar features, the main difference is size of program memory and SRAM. The 16F687 has 3.5 KB program memory and 128 Bytes of SRAM [17], the 16F690 has 7 KB of program memory and 256 Bytes of SRAM [18], they both are 20 pin devices [17], [18] which is plenty for this task and the 16F690 has 3 timer modules [18] whereas the 16F687 has 2 [17]. 16F687 costs £1.52 inc VAT [19] and the 16F690 is £1.81 inc VAT [20]. A previous project did start out with the 16F687 but had to be replaced with the 16F690 due to memory size limits, based on this experience and having stock the 16F690 will be used.
	Microchip.com does suggest a newer PIC which would be a direct replacement for the PIC16F690, this newer PIC model number of 16F18344 does have more features such as extra timers more ADC channels more SRAM [21]. This PIC would be a viable option as a direct replacement should the need arise. RS online retail them in packs of 5 @ £5.34, this equates to £1.29 inc VAT each [22], based on these prices if the product were to go to market then this more current PIC would be used.        
[bookmark: _Toc3830179]Block diagram.
[bookmark: _Toc3830180]Basic block diagram.


[bookmark: _Ref2450841]Figure 6 Basic block diagram.
	Figure 6 shows the minimum circuitry needed to accomplish this task, each block where necessary will be further expanded and explained later.
[bookmark: _Toc3830181]Circuit diagrams.
[bookmark: _Toc3830182]	Proteus MCU simulated circuit.
[image: ]
[bookmark: _Ref1997065]Figure 7 Circuit-1.
	The main circuit in Figure 7 can be split into several blocks: 
· Powered by +5V.
· 16x2 LCD.
· A 6 pin header for ICSP (pin 6 is used for live debugging which is not available on this MCU).
·  1KΩ potentiometer (POT), used to simulate temperature. Probe is used to display voltage which can be compared to the sensor’s datasheet.  
· Measure block: R5 is used to pull line low, R1 and C2 used for switch debounce, Button 1 is a momentary switch, this is used to initiate the measure function, SW1 is a latch switch, this is used for testing in simulation but will be omitted from hardware build, both switches pull the line high when operated.
· Echo block: R2 used to hold the line low, SW2 and SW3 are latch switches, the function generator attached to SW2 is used to replicate the echo pin from the HC-SR504, this in turn gives a consistent pulse for testing purposes, SW3 is for manual testing of the circuit, hardware build would omit both these switches.
· Oscilloscope is attached to MCU trigger pin and echo pin, used to test operation of the circuit.
	Omitted from this simulated circuit is a potentiometer that may be needed to adjust the contrast of the LCD, this may be included in the breadboard design.
[bookmark: _Toc3830183]PSU circuit.
	The device needs to be portable, to get longer range the ultrasonic TX needs high voltage, the HC-SR504 works from +5V, but if a new TX RX module is to be built then higher voltage will be used, products like this mostly use a 9V battery as their supply, this would then need to be stepped down to a safe level for the MCU in this instance +5V.
[image: ]
Figure 8 psu circuit diagram.
	The power supply circuit consists of a 9V battery which is connected to the On / Off switch, a Diode (1N4001) is then used to protect against reverse polarity [23, p. 3.17], tapping off this diode provides the 9V minus the 1.1V which is the forward voltage of the diode [24], this can be used for the new redesigned ultrasonic module, from there the voltage is inputted into a voltage regulator model number LM2940T-5, this 5V regulator has low drop out, an input range from 6V to 26V and capable of supplying 1 Amp of current [25], the capacitor (C1) helps maintain output stability [25], the datasheet does show a capacitor on the input side, this has been omitted as it is near the battery and a battery would not usually cause any interference within the circuitry [25].
[bookmark: _Toc3830184]Ultrasonic module redesigned. 
	The ultrasonic module circuitry can be split into two blocks, these are TX and RX, the TX circuitry can possibly be a simple transistor circuit connected to an ultrasonic transducer, this would then be pulsed at 40 KHz by the microcontroller, doing this would then send out the needed sound wave to the target of interest.
	The RX circuitry will be a little more complex as the reflected signals amplitude would be small so gain is needed, filtering is a must to ensure that only the 40 KHz signal is passed through and some form of peak detection to distinguish when the reflection has been received.
[bookmark: _Toc3830185]TX circuit.
	Untested via hardware at time of writing the proposed circuit for the ultrasonic TX transducer.
[image: ]
[bookmark: _Ref2636891]Figure 9 Proposed TX circuit.
	This circuit Figure 9 is the same one used in a previous assignment that used a piezo electric buzzer connected to a PIC MCU, the ultrasonic TX transducer is also comprised of a piezo electric material so in proteus this piezo buzzer is used to replicate the ultrasonic TX, the function generator is being used to test operation of circuit, running this simulation and setting the function generator to frequencies within human hearing range does output sound to the pc soundcard, once the frequency gets to approximately 20+ KHz, the sound is in audible. 
[bookmark: _Toc3830186]RX circuit. 
	Untested via hardware is the proposed RX circuitry below.
[image: ]
Figure 10 Proposed RX circuitry.
	This circuit involves a lot more circuitry when compared to the TX and the MCU circuits, there are four op amp stages hence the use of LM324 quad op amp, the function generator is simulating 40 KHz sound wave with amplitude in mv range, SW2 is used for isolating the signal during simulation testing, AMP 1 is set to gain by 10, the following amp is the 40KHz band pass filter where the response curve is shown just below the function generator, AMP 2 then further amplifies the signal of interest before being passed into the fourth amp configured as a comparator, RV2 is a potentiometer, this is being used as a threshold and needs to be variable as the sound wave amplitude will differ over different distances, this variable voltage would need to be set by the MCU. The oscilloscope is connected at various stages of the circuit, during simulation testing the program become non responsive when having two oscilloscopes running, hence why there is a switch connected to channel 4. The sine wave probe (top left) was needed for the frequency response graph.
	During simulated testing the circuit behaved as expected, when altering the frequency of the function generator above and below the 40KHz, the signal was attenuated, the comparator also switched on and off when altering the threshold value.
	Given more time then both RX and TX circuits would have been built and tested on breadboard, if the tests proved successful, they would then be interfaced with the MCU and software altered to use this set up.
[bookmark: _Toc3830187]Program development (pseudo code).
	There’s a number of techniques used to help with writing software, these techniques are used to plan out a logical structure to the program flow, flow charts can be used but drawing the necessary symbols is time consuming and if changes are needed then it can be awkward [26, p. 51], another method which is easy to use is ‘program description language’ (PDL) this method is text based without the syntax [26, p. 52]. Below is the PDL for this task.
[bookmark: _Toc3830188]Program descriptive language version 1.
	The minimum program code needed to operate this product is written below using the PDL technique.
	BEGIN

  	  DO WHILE Measure button is not pressed
	          	         nop
   	  ENDDO

   	   IF Measure button is pressed THEN
       	       Set trigger pin HIGH for 10µs
       	       Set trigger pin LOW 	
   	   ENDIF

   	   DO WHILE Echo pin is HIGH
                       	          Start timer counter
	         	          Set calculation flag to TRUE
	          	          Put timer value into a variable	
   	   ENDDO

  	   IF Calculation flag is TRUE
      	       Convert timer value into seconds
      	       Get temperature value
      	       Calculate distance
      	       Display distance on screen
      	       Set calculation flag to FALSE
  	  ENDIF
   
	END
	Although this program is fairly straight forward and could easily be shown as a flow graph, it is only version 1, which is the minimum needed to get something basic to work, if time is available then this program can easily be modified to include the extra software features.
[bookmark: _Toc3830189]Source code.
	Below is the source code, this is written in C programming language.
/* Created by Nicholas Jones, Version 1.
    Ultrasonic based measuring device that uses the HC-SR04 transducer module.
    Pressing the measure button sends a pulse to trigger pin on HC-SR504,
    Echo pin connected to ext int, this then resets timer 1, once echo pin goes low
    timer 1 value is used to calculate distance in cm.
    A temp sensor has been added to compensate for speed of sound in various air temps
*/
#include <main.h>

#define LCD_ENABLE_PIN PIN_C2
#define LCD_RS_PIN PIN_C0
#define LCD_RW_PIN PIN_C1
#define LCD_DATA4 PIN_C4
#define LCD_DATA5 PIN_C5
#define LCD_DATA6 PIN_C6
#define LCD_DATA7 PIN_C7
#include <lcd.c>

unsigned long time;			// holds time of flight
float dist;				// distance calculation
int calc = 0;	 			// flag for calculation statement				
float speed_sound = 331.6;		// speed of sound at 0 degrees C (331.6 m/s)
float time_seconds = 0;		// store timer1 clock as seconds
float clk_tick = 0.000001;		// timer1 clock tick = 1us
float temperature = 0;			// temporary hard coded temperature value
int button_state = 0;			// used for if statement and condition

#INT_EXT
void  EXT_isr(void)			// when ECHO goes high
{
	set_timer1(11);		// start timer1 with calibration offset (simulation (28))
	while(input(ECHO))
	{			
		time = get_timer1();	// put timer1 count into time			
	}	
	calc = 1;			// set calc flag	
}

#INT_TIMER1
void  TIMER1_isr(void)  			// timer1 is used as a timer for time of flight
{			
}

float temp_degrees_c()		// function to calculate temperature, returns degrees C
{	
	float adc_vref = 5;		 // temperature sensor reference voltage
	float adc_step_size_volts = adc_vref / 1023;	     // calculates adc voltage steps
	float temp = 0;				 // stores temperature value degrees C
	unsigned long adc_raw_temp = 0;	 // stores adc value from temperature sensor  
	float temp_volts = 0;			 // stores adc value as a voltage
	float temp_offset = 0.5;		 // TMP 36 datasheet offset 0.5v	
	set_adc_channel(3);
	delay_ms(100);
	adc_raw_temp = read_adc();				// reads adc value
	temp_volts = (adc_raw_temp * adc_step_size_volts);  // converts adc value into volts
	temp = ((temp_volts - temp_offset)*100);		//  adjusts for sensor offset	
	return temp;				// returns temp as degrees C
}

void main()
{
	setup_adc_ports(sAN3);
    	setup_adc(ADC_CLOCK_DIV_2);
	setup_timer_1(T1_INTERNAL|T1_DIV_BY_2);	// timer 1 clk tick of 1 micro second	
	disable_interrupts(INT_TIMER1);   // don't need to utilise timer 1 interrupt on overflow
	enable_interrupts(INT_EXT);
	enable_interrupts(GLOBAL);
	ext_int_edge( L_TO_H );   // ensures interrupt occurs when echo goes from low to high
	lcd_init();
	printf(LCD_PUTC, "\fUltrasonic\ntape measure"); // splash screen message on start up
	Delay_ms(1000);
	calc = 0;	// this has been put here to ensure program does not enter calculation
	while(TRUE)
	{	
	 while(!input(MEASURE) && calc == 0) 	// wait for measure button to be pressed
	 {}
			
	if(input(MEASURE) && button_state == 0) // if measure is pressed generate trigger pulse
	{
	  output_high(TRIGGER);                           // sends high pulse to transducer module
	  delay_us(8);
	  output_low(TRIGGER);
	  button_state = 1;		// stops multiple triggers whilst button is pressed
	  while(input(MEASURE))   // wait for button to be released, software switch bounce
	  {}
	}
		
	if(calc)					// gets set when echo pin triggers interrupt
	{	
	  temperature = temp_degrees_c();			// receives temperature value
	  time_seconds = (float)time * clk_tick;     		// converts timer1 into seconds
	  speed_sound = 331.6 + (0.6 * temperature);	// calculates speed of sound at measured temperature
	 dist = (speed_sound * (time_seconds/2));	// distance calculation in metres		 dist = dist * 100;				// convert distance to cm			 printf(LCD_PUTC, "\f%Lu %f cm \n",time,dist); // display raw timer 1 value for debugging, and distance in cm
	 printf(lcd_putc,"%f",temperature);		// software feature to display temperature
	lcd_putc(223);					// ascii decimal to display degrees symbol
	printf(lcd_putc,"C");
	  time=0;					// reset time, probably don't need this
	  calc = 0;                   				// exit calc statement
	  button_state = 0;				// enable measure button and condition
	  delay_ms(150);
	}
  }
}
[bookmark: _Toc3830190]Source code summarised.
	Timer 1 is used purely for a 16 bit timer, it’s resolution (clock tick) is 1µs, the interrupt that this generates on overflow has been disabled, the echo pin is connected to the external interrupt this is to ensure that as soon as it goes high the MCU halts what it is doing and services this, whilst inside the interrupt service routine (ISR) it resets timer 1 and constantly puts this incrementing value into a variable only when the echo pin goes low does it set a calculation flag and exit the ISR, there is a subroutine (temp_degrees_c), this is what calculates the air temperature and returns a value in °C, this subroutine is called when the program is within the calc ‘if’ statement, inside this ‘if’ statement are the calculations to get measured distance, code to display to LCD and a number of flags get set / reset, the setting of these flags ensure that the program does not continuously loop unintended.
	To ensure that the measure button is read only once per press then an ‘and’ condition has been used, this gets reset once the calc ‘if’ statement has been executed. At the beginning of the main program is a while loop with an ‘and’ condition this is used to ensure the program either does nothing until the measure button has been pressed or allows the program to execute other areas of the code.
[bookmark: _Toc3830191]Testing and results.
[bookmark: _Toc3830192]Table of calculations.
	To aid with testing, an Excel spreadsheet has been produced, this spreadsheet contains various calculations such as clock speed for timer 1, speed of sound at various air temperatures, wavelength at different air temperatures, flight time per cm, temperature sensor (TMP 36) values, expected results in proteus, etc. Areas highlighted in yellow are manually entered values, these will then alter and update other cells depending on what has been changed, due to the size of this spreadsheet it has been added to the appendix (12.1) with Microsoft words autofit feature.  
[bookmark: _Toc3830193]Proteus simulation.
	Splash screen:
[image: ]
[bookmark: _Ref2635223]Figure 11 Splash screen.
	Figure 11 shows first run of simulation a message is displayed on LCD, all switches are open, the program is waiting for measure button to be pressed.






	Pressing measure button:
[image: ]
Figure 12 Measure button pulse.
	Pressing measure BUTTON 1 causes the MCU to send a trigger pulse to the ultrasonic module, the oscilloscope yellow trace shows this pulse, time division is set to 10µs, hence a pulse duration of 10µs has been initiated.
	Echo pulse simulated 100 Hz:
[image: ]
Figure 13 Echo pulse 100 Hz.
	The function generator that is simulating the ECHO pulse has been set to 100 Hz, this pulse is connected to the external interrupt pin, every time the pulse goes from low to high it enters the ISR, once inside this routine the timer 1 gets set, in this instance it has been set to start from 28 which is the calibrated point for the simulation, consulting the calculations table in the appendices (12.1), when the echo pulse is at 100 Hz the timer 1 value should equal 5000 and distance should equal 86.65 cm, looking at the display and for debug purpose timer 1 value is displayed first showing 5000, then distance of 86.61 cm is shown, also the temperature has been displayed on line 2 this was initially used for debugging but may be left in as a software feature for the product, the slight difference between calculated values and displayed values are due to either difference in temperature values or rounding error between Excel and program code. 
	Echo pulse simulated 1000 Hz:
[image: ]
Figure 14 Echo pulse at 1000 Hz.
	Echo pulse set to 1000 Hz, timer 1 value shows 498, calculated value should be 500, distance shows 8.62 cm, calculated distance should be 8.29 cm, temperature not adjusted.
	Echo pulse simulated 1000 Hz, temperature adjusted:
[image: ]
Figure 15 Echo 100 Hz temperature adjusted.
	As air temperature changes, so does the speed of sound, this test has kept the Echo pulse at 1000 Hz but the simulated temperature has been lowered, this shows that the air temperature calculation is taking affect, putting the distance of 8.48 cm into the calculations spreadsheet, shows that timer 1 value should be 497.95, as timer 1 is an unsigned long int then 498 is correct, this proves that the software calculations are close to accurate.
[bookmark: _Toc3830194]Proteus simulation conclusion.
	The software has been programmed to not do anything until the measure button is pressed but because the echo pin is connected to the external interrupt pin then in this simulated environment every time the function generator sends out a pulse the software will proceed to simulate a distance calculation, by doing it this way makes it easier to test for consistency with the software’s program flow and calculations, when it comes to hardware testing the echo pin will be controlled by the ultrasonic module which in turn won’t trigger this interrupt until it receives a trigger pulse from the MCU.
	Testing of this simulated environment has proved to be successful, stepping through the code in debugging mode with all switches open the program stays in the while loop that waits for the measure button to be pressed, once this button is pressed the program then moves onto the if statement and completes that section of code, with SW1 closed the code does stay within the if statement, this has been designed to be a simple software switch bounce which aids the hardware switch bounce circuit, opening SW1 and closing SW2 the program performs as expected with the necessary flags being changed, ISR being initialised, distance calculations being done and the display being updated. 	
[bookmark: _Toc3830195]Breadboard prototype.
	To save on time a pre-built power supply has been used, this output’s +5V or +3.3V, it has been set to +5V, also the measure button is on a pre-built pcb which has a 10KΩ resistor to pull the line low, not added is the potentiometer to control contrast of LCD, grounding the necessary pin does give a readable display.
[image: ]
Figure 16 Breadboard circuit.
[bookmark: _Toc3830196]Testing with HC-SR504.
	The HC-SR504 has an effective measuring range from 2cm to 4M, testing conditions will be within this range. The timer 1 calibration has been set to 11.
	Test area setup:
[image: ]
[bookmark: _Ref2592467]Figure 17 Layout of 4 Metres.
	Figure 17 shows the test area, the target object is a wooden box, sticky labels have been placed on the floor at 1 metre intervals, the device is currently on the 1 metre mark.
	The following tests have been done on each metre mark, other tests at random distances have been conducted, these results were logged, photos have been included in the appendices (12.4).
	1 metre test:
[image: ]
Figure 18 1 metre, test 1.
[image: ]
Figure 19 1 meter, test 2.
[image: ]
Figure 20 1 metre, test 3.
	2 metre test:
[image: ]
Figure 21 2 metre, test 1.
[image: ]
Figure 22 2 metre, test 2.
[image: ]
Figure 23 2 metre, test 3.
	3 metre test:
[image: ]
Figure 24 3 metre, test 3.
[image: ]
Figure 25 3 metre, test 2.
[image: ]
Figure 26 3 metre, test 3.
	4 metre test:
[image: ]
Figure 27 4 metre, test 1.
[image: ]
Figure 28 4 metre, test 2.
[image: ]
Figure 29 4 metre, test 3.
[bookmark: _Toc3830197]Results.
	The test results from the wood box target were put into an Excel spreadsheet found in appendices (12.2), a graph was then plotted with ‘distance’ in cm on the x axis and ‘measured’ distance in cm on the y axis, a third and fourth column (not shown in graph) was added which calculates the difference between the distance and measured distance shown in column three and absolute values in column four, these calculations were used to determine an average deviation of 6.36 mm between measured and actual distance.
Table 2 Results plotted on graph.

	Each test consisted of two or three measurements per distance that was being measured, looking at the above graph it can be seen that the results are fairly linear with slight deviations from the trendline, the third column from the results spreadsheet shows a minimum deviation of 0.7 mm and maximum of 20.4 mm, the average calculates to 6.36 mm.
	It is unsure as to why there is such a maximum deviation at certain measurements, one possible explanation is that the ultrasonic module was not placed exactly perpendicular to the target object. 
	Overall given the resolution of the sound wave is approximately 8 mm and the test conditions were not perfect e.g. use of a set square to ensure device is placed at the correct angle the results are reasonably accurate and fairly consistent.
	A limited number of tests were also conducted against other materials, the results which are documented by photos in the appendices (12.5) show measured distance extremely inaccurate. 
[bookmark: _Toc3830198]Bill of materials (BOM).
	Costings will be for main circuit and power supply and are based on a purchase quantity of 1, they will be thru hole components sourced from UK based suppliers, if mass production were to go ahead then this would be reduced by sourcing in bulk. All prices include VAT.
[bookmark: _Ref2854722]Table 3 Costings.
	 
	 
	 
	Suppliers list
	https://uk.rs-online.com/web/

	 
	 
	 
	 
	https://cpc.farnell.com/

	 
	 
	 
	 
	https://www.ebay.co.uk/

	 
	 
	 
	 
	https://www.amazon.co.uk/

	 
	 
	 
	 
	 

	 
	 
	 
	 
	 

	 
	 
	 
	 
	 

	 
	 
	 
	 
	 

	Components
	Item cost inc VAT
	Quantity
	Total cost
	Supplier

	Main device circuit
	 
	 
	 
	 

	PIC 16F690
	1.87
	1
	£1.87
	RS online

	LCD 16x2
	3.24
	1
	£3.24
	eBay

	Button
	0.65
	1
	£0.65
	cpc farnell

	Resistor 10KΩ
	0.06
	3
	£0.18
	cpc farnell

	Resistor 220Ω
	0.02
	1
	£0.02
	cpc farnell

	Capacitor
	0.06
	1
	£0.06
	cpc farnell

	6 pin header (40 pin minimum)
	0.46
	1
	£0.46
	cpc farnell

	Ultrasonic module HC-SR04
	2.99
	1
	£2.99
	eBay

	Temperature sensor TMP36GT9Z
	£1.27
	1
	£1.27
	RS online

	Potentiometer for LCD contrast
	0.38
	 
	£0.00
	RS online

	9 volt battery
	 
	1
	 
	 

	 
	 
	 
	 
	 

	Sub Total
	 
	 
	£10.74
	 

	Power supply circuit
	 
	 
	 
	 

	9 V pp3 connector
	0.09
	1
	0.09
	RS online

	On / Off switch
	1.26
	1
	1.26
	RS online

	Diode 1N4001
	0.02
	1
	0.02
	RS online

	Voltage regulator LM2940-T
	1.32
	1
	1.32
	cpc farnell

	Capacitor 22 µF
	0.07
	1
	0.07
	cpc farnell

	 
	 
	 
	 
	 

	Sub Total
	 
	 
	2.76
	 

	Total
	 
	 
	£13.50
	 



	The suppliers list shows RS online and cpc Farnell who specialise in the electronics industry, also Amazon and eBay have been used as they are popular retail selling platforms.
	The above Table 3 shows costings of £13.50, this is for the main device and power supply, not included are components needed for ultrasonic circuit (this would be done once circuits are proved successful) also costings of PCB and casing manufacturing have not been conducted. Savings can be gained by bulk orders, possibly imported from overseas and using surface mount components.
[bookmark: _Toc3830199]Discussion & Conclusion.
	In general, this tasking has been successful, with a minimum viable product designed and prototyped, given more time then the ultrasonic TX RX circuitry would have been the next phase of testing in hardware.
	Testing of the prototype measuring accuracies were better than expected with the average measured distance being +- 6.35 mm from actual distance, this is within the 8.6 mm wavelength at 20°C air temperature.
	This product has been designed to be used in a non-critical measuring environment i.e. used for estimating distances, if more accuracy and less tolerance were needed then the testing phase would have been more stringent and better controlled by using other apparatus such as levels and squares, also more test result data would have been collected to fine tune the timer calibration point and confirm repeatability along with accuracy.
	The design of this product makes it easily upgradeable with the extra features either by software or hardware as the PIC MCU has spare I/O’s and if more memory were needed then a suitable direct replacement is available.
[bookmark: _Toc3830200]	Future work.
	It is advised that when using interrupts to spend as little time within the interrupt service routine (isr) as possible, this is to ensure that other interrupts if programmed can be serviced as well, at current when the echo pin triggers the interrupt it stays within this routine until the echo pin goes low, this is ok for now as there is very little going on elsewhere within the program, future software upgrades may need this isr to be executed faster so possibly altering the code to just set a flag may be needed.
	Implementing a laser pointer and extra buttons would be included in future work this would enable a more accurate target measurement to be obtained and having other functions such as memory store / recall, area and volume calculations along with add and subtraction could be a useful feature.
[bookmark: _GoBack]	Reading the datasheet for the PIC it advises that decoupling capacitors are used across the power (vdd) and ground (vss) pins, this would help with stability within the MCU, at the moment this has been omitted though it would be included if a PCB were to be manufactured.
[bookmark: _Toc3830201]References.
[1]	A. S. Morris and R. Langari, Measurement and instrumentation: theory and application, Second edition. Amsterdam ; Boston: Elsevier, AP, 2016.
[2]	H. He and J. Liu, ‘The Design of Ultrasonic Distance Measurement System Based on S3C2410’, in 2008 International Conference on Intelligent Computation Technology and Automation (ICICTA), 2008, vol. 2, pp. 44–47.
[3]	A. K. Shrivastava, A. Verma, and S. P. Singh, ‘Distance Measurement of an Object or Obstacleby Ultrasound Sensors using P89C51RD2’, Int. J. Comput. Theory Eng., pp. 64–68, 2009.
[4]	P. K. Chande and P. C. Sharma, ‘A Fully Compensated Digital Ultrasonic Sensor for Distance Measurement’, IEEE Trans. Instrum. Meas., vol. 33, no. 2, pp. 128–129, Jun. 1984.
[5]	‘NEW Ultrasonic LCD Sonic Distance Tape Measurer Meter Laser Pointer Measure’, eBay. [Online]. Available: https://www.ebay.co.uk/itm/NEW-Ultrasonic-LCD-Sonic-Distance-Tape-Measurer-Meter-Laser-Pointer-Measure-/113427362743. [Accessed: 26-Feb-2019].
[6]	‘Digi-Sense Ultrasonic Distance Meter with Laser from Cole-Parmer United Kingdom’. [Online]. Available: https://www.coleparmer.co.uk/i/digi-sense-ultrasonic-distance-meter-with-laser/9876696?PubID=UY&persist=true&ip=no&keyword=&&gclid=Cj0KCQiAhKviBRCNARIsAAGZ7CcMjIiokiF3vZ3UgKfvGnBXVOBsQw3LMwWRKB8i9tGCyZQ-9JTExZQaAvjDEALw_wcB&gclsrc=aw.ds. [Accessed: 25-Jan-2019].
[7]	D. Courtney, ‘Black and Decker BDM100 Ultrasonic Measure’, Sitebox Ltd. [Online]. Available: https://www.sitebox.ltd.uk/black-and-decker-bdm100-ultrasonic-measure-oBDM100. [Accessed: 26-Feb-2019].
[8]	‘bdm100_uk.pdf’. [Online]. Available: http://service.dewalt.co.uk//PDMSDocuments/EU/Docs/docpdf/bdm100_uk.pdf. [Accessed: 26-Feb-2019].
[9]	‘TruSens HC-SR504 Ultrasonic Ranging Module’. [Online]. Available: https://www.rapidonline.com/trusens-hc-sr504-ultrasonic-ranging-module-74-1109. [Accessed: 10-Feb-2019].
[10]	‘74-1109_v1.pdf’. [Online]. Available: https://static.rapidonline.com/pdf/74-1109_v1.pdf. [Accessed: 10-Feb-2019].
[11]	‘TDCG1060M | TDCG1060M Vishay 4 Digit 7-Segment LED Display, CC Green 4 mcd RH DP 10mm | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/led-displays/8187530/. [Accessed: 13-Feb-2019].
[12]	‘MIKROE-240 | MikroElektronika MIKROE-240, GLCD 128x64 2.8in Resistive Touch Screen Demonstration Board | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/graphics-display-development-kits/7916466/. [Accessed: 13-Feb-2019].
[13]	‘CI064-4001-19 | Intelligent Display Solutions CI064-4001-19 CI064-4001-xx Alphanumeric LCD Display, Blue on, 2 Rows by 16 Characters | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/lcd-monochrome-displays/9031220/. [Accessed: 13-Feb-2019].
[14]	‘tmp35_36_37.pdf’. [Online]. Available: https://www.analog.com/media/en/technical-documentation/data-sheets/tmp35_36_37.pdf. [Accessed: 16-Feb-2019].
[15]	‘TMP36GT9Z | Analog Devices TMP36GT9Z, Temperature Sensor -40 → +125 °C ±3°C Voltage, 3-Pin TO-92 | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/temperature-sensors-humidity-sensors/0427351/. [Accessed: 28-Feb-2019].
[16]	‘PIC16F84 - Microcontrollers and Processors’. [Online]. Available: https://www.microchip.com/wwwproducts/en/PIC16F84. [Accessed: 14-Feb-2019].
[17]	‘PIC16F687 - Microcontrollers and Processors’. [Online]. Available: https://www.microchip.com/wwwproducts/en/PIC16F687. [Accessed: 14-Feb-2019].
[18]	‘PIC16F690 - Microcontrollers and Processors’. [Online]. Available: https://www.microchip.com/wwwproducts/en/PIC16F690. [Accessed: 14-Feb-2019].
[19]	‘PIC16F687-I/P | Microchip PIC16F687-I/P, 8bit PIC Microcontroller, 20MHz, 256 B, 2048 x 14 words Flash, 20-Pin PDIP | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/microcontrollers/6230386/. [Accessed: 14-Feb-2019].
[20]	‘PIC16F690-I/P | Microchip PIC16F690-I/P, 8bit PIC Microcontroller, 20MHz, 4096 x 14 words, 256 B Flash, 20-Pin PDIP | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/microcontrollers/8877325/. [Accessed: 14-Feb-2019].
[21]	‘PIC16F18344 - Microcontrollers and Processors’. [Online]. Available: https://www.microchip.com/wwwproducts/en/PIC16F18344. [Accessed: 15-Feb-2019].
[22]	‘PIC16F18344-I/P | Microchip PIC16F18344-I/P, 8bit PIC Microcontroller, 32MHz, 7 kB Flash, 20-Pin PDIP | RS Components’. [Online]. Available: https://uk.rs-online.com/web/p/microcontrollers/9163759/. [Accessed: 15-Feb-2019].
[23]	American Radio Relay League, The ARRL handbook for radio communications 2012. Newington, CT: American Radio Relay League, 2011.
[24]	‘1n4001.pdf’. [Online]. Available: https://www.vishay.com/docs/88503/1n4001.pdf. [Accessed: 02-Mar-2019].
[25]	‘lm2940c.pdf’. [Online]. Available: http://www.ti.com/lit/ds/symlink/lm2940c.pdf. [Accessed: 10-Feb-2019].
[26]	D. Ibrahim, PIC microcontroller projects in C: basic to advanced, Second edition. Kidlington, Oxford, UK: Newnes, 2014.
[bookmark: _Toc3830202]Appendices.
[bookmark: _Ref2534664][bookmark: _Toc3830203]Spreadsheet of various calculations.
Note: due to size of spreadsheet, Microsoft word autofit has been used.
	Various calculations for ultrasonic range sensing and microcontroller.
	
	
	
	

	Yellow areas can be altered by user, this then updates various areas of the sheet.
	
	
	

	
	
	
	
	
	
	

	Wavelength = V/F
	0.0086767
	metres
	 
	Dist = speed x time
	0.864719922
	Metres

	Wavelength 
	8.6767
	mm
	 
	 
	86.4719922
	Cm

	Speed sound with temp
	347.068
	m/s
	 
	 
	 
	 

	Temperature
	25.78
	Degrees C
	 
	Time = Dist / Speed
	0.000873108
	Seconds

	 
	 
	 
	 
	 
	873.1082654
	µs

	Internal clk 
	8000000
	Hz
	8
	MHz
	 
	 

	Prescaler after timer1
	2
	 
	 
	 
	 
	 

	Timer 1 clk = Fosc /4 /prescale
	1000000
	Hz
	1
	MHz
	 
	 

	1 sec / Timer 1 clk
	0.000001
	seconds per clk tick
	1
	µs
	 
	 

	Overflow 16 bit (65536)
	0.065536
	seconds
	65.536
	ms
	 
	 

	Timer 1 value * clk tick
	0.004983
	seconds
	4983
	µs
	 
	 

	Timer 1 value
	4983
	 
	 
	 
	 
	 

	Scope echo duration
	0.000596
	seconds
	596
	µs
	 
	 

	Measured dist ruler
	30
	Cm
	0.3
	Metres
	 
	 

	
	
	
	
	
	
	

	Temp
	Speed m/s
	Flight Time per cm
	 
	Measured dist ruler = Time µs
	Measured dist ruler = Time ms
	

	0
	331.6
	60.313630881
	µs/cm
	1809.408926
	1.809408926
	

	15
	340.6
	58.719906048
	µs/cm
	1761.597181
	1.761597181
	

	20
	343.6
	58.207217695
	µs/cm
	1746.216531
	1.746216531
	

	25
	346.6
	57.703404501
	µs/cm
	1731.102135
	1.731102135
	

	30
	349.6
	57.208237986
	µs/cm
	1716.24714
	1.71624714
	

	35
	352.6
	56.721497448
	µs/cm
	1701.644923
	1.701644923
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Distance cm
	timer 1 value
	timer 1 ms
	
	Temp sensor TMP 36, scale and range
	10mv / °C  -40 to +125 (750mV @ 25°C)
	

	1
	58.20721769
	0.0582072177
	
	Temp value mV
	1000
	

	2
	116.4144354
	0.1164144354
	
	Temp °C
	100
	

	3
	174.6216531
	0.1746216531
	
	TEMP sensor ADC 10 Bit (1024)
	1023
	

	4
	232.8288708
	0.2328288708
	
	Supply voltage V
	5
	

	5
	291.0360885
	0.2910360885
	
	step size V
	0.004882813
	

	6
	349.2433062
	0.3492433062
	
	ADC Vin V
	3.65
	

	7
	407.4505239
	0.4074505239
	
	ADC value
	746.79
	

	8
	465.6577416
	0.4656577416
	
	ADC value
	153
	

	9
	523.8649593
	0.5238649593
	
	ADC V in
	0.747070313
	

	10
	582.0721769
	0.5820721769
	
	Temperature °C
	24.70703125
	

	15
	873.1082654
	0.8731082654
	
	
	
	

	20
	1164.144354
	1.1641443539
	
	
	
	

	25
	1455.180442
	1.4551804424
	
	
	
	

	30
	1746.216531
	1.7462165308
	
	
	
	

	35
	2037.252619
	2.0372526193
	
	
	
	

	40
	2328.288708
	2.3282887078
	
	
	
	

	45
	2619.324796
	2.6193247963
	
	
	
	

	50
	2910.360885
	2.9103608847
	
	
	
	

	55
	3201.396973
	3.2013969732
	
	
	
	

	60
	3492.433062
	3.4924330617
	
	
	
	

	65
	3783.46915
	3.7834691502
	
	
	
	

	70
	4074.505239
	4.0745052386
	
	
	
	

	75
	4365.541327
	4.3655413271
	
	
	
	

	80
	4656.577416
	4.6565774156
	
	
	
	

	85
	4947.613504
	4.9476135041
	
	
	
	

	90
	5238.649593
	5.2386495925
	
	
	
	

	95
	5529.685681
	5.5296856810
	
	
	
	

	100
	5820.721769
	5.8207217695
	
	
	
	

	105
	6111.757858
	6.1117578580
	
	
	
	

	110
	6402.793946
	6.4027939464
	
	
	
	

	115
	6693.830035
	6.6938300349
	
	
	
	

	120
	6984.866123
	6.9848661234
	
	
	
	

	125
	7275.902212
	7.2759022119
	
	
	
	

	130
	7566.9383
	7.5669383003
	
	
	
	

	135
	7857.974389
	7.8579743888
	
	
	
	

	140
	8149.010477
	8.1490104773
	
	
	
	

	145
	8440.046566
	8.4400465658
	
	
	
	

	150
	8731.082654
	8.7310826542
	
	
	
	

	155
	9022.118743
	9.0221187427
	
	
	
	

	160
	9313.154831
	9.3131548312
	
	
	
	

	165
	9604.19092
	9.6041909197
	
	
	
	

	170
	9895.227008
	9.8952270081
	
	
	
	

	175
	10186.2631
	10.1862630966
	
	
	
	

	180
	10477.29919
	10.4772991851
	
	
	
	

	185
	10768.33527
	10.7683352736
	
	
	
	

	190
	11059.37136
	11.0593713620
	
	
	
	

	195
	11350.40745
	11.3504074505
	
	
	
	

	200
	11641.44354
	11.6414435390
	
	
	
	

	205
	11932.47963
	11.9324796275
	
	
	
	

	210
	12223.51572
	12.2235157159
	
	
	
	

	215
	12514.5518
	12.5145518044
	
	
	
	

	220
	12805.58789
	12.8055878929
	
	
	
	

	225
	13096.62398
	13.0966239814
	
	
	
	

	230
	13387.66007
	13.3876600698
	
	
	
	

	235
	13678.69616
	13.6786961583
	
	
	
	

	240
	13969.73225
	13.9697322468
	
	
	
	

	245
	14260.76834
	14.2607683353
	
	
	
	

	250
	14551.80442
	14.5518044237
	
	
	
	

	255
	14842.84051
	14.8428405122
	
	
	
	

	260
	15133.8766
	15.1338766007
	
	
	
	

	265
	15424.91269
	15.4249126892
	
	
	
	

	270
	15715.94878
	15.7159487776
	
	
	
	

	275
	16006.98487
	16.0069848661
	
	
	
	

	280
	16298.02095
	16.2980209546
	
	
	
	

	285
	16589.05704
	16.5890570431
	
	
	
	

	290
	16880.09313
	16.8800931315
	
	
	
	

	295
	17171.12922
	17.1711292200
	
	
	
	

	300
	17462.16531
	17.4621653085
	
	
	
	

	305
	17753.2014
	17.7532013970
	
	
	
	

	310
	18044.23749
	18.0442374854
	
	
	
	

	315
	18335.27357
	18.3352735739
	
	
	
	

	320
	18626.30966
	18.6263096624
	
	
	
	

	325
	18917.34575
	18.9173457509
	
	
	
	

	330
	19208.38184
	19.2083818393
	
	
	
	

	335
	19499.41793
	19.4994179278
	
	
	
	

	340
	19790.45402
	19.7904540163
	
	
	
	

	345
	20081.4901
	20.0814901048
	
	
	
	

	350
	20372.52619
	20.3725261932
	
	
	
	

	355
	20663.56228
	20.6635622817
	
	
	
	

	360
	20954.59837
	20.9545983702
	
	
	
	

	365
	21245.63446
	21.2456344587
	
	
	
	

	370
	21536.67055
	21.5366705471
	
	
	
	

	375
	21827.70664
	21.8277066356
	
	
	
	

	380
	22118.74272
	22.1187427241
	
	
	
	

	385
	22409.77881
	22.4097788126
	
	
	
	

	390
	22700.8149
	22.7008149010
	
	
	
	

	395
	22991.85099
	22.9918509895
	
	
	
	

	400
	23282.88708
	23.2828870780
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Proteus simulation
	 
	 
	 
	
	
	

	Frequency generator for echo Hz
	Time in seconds
	Time in µs
	Distance cm
	
	
	

	100
	0.005
	5000
	86.65
	
	
	

	200
	0.0025
	2500
	41.45
	
	
	

	300
	0.001666667
	1666.666667
	27.63333333
	
	
	

	400
	0.00125
	1250
	20.725
	
	
	

	500
	0.001
	1000
	16.58
	
	
	

	600
	0.000833333
	833.3333333
	13.81666667
	
	
	

	700
	0.000714286
	714.2857143
	11.84285714
	
	
	

	800
	0.000625
	625
	10.3625
	
	
	

	900
	0.000555556
	555.5555556
	9.211111111
	
	
	

	1000
	0.0005
	500
	8.29
	
	
	

	2000
	0.00025
	250
	4.145
	
	
	

	3000
	0.000166667
	166.6666667
	2.763333333
	
	
	

	4000
	0.000125
	125
	2.0725
	
	
	

	5000
	0.0001
	100
	1.658
	
	
	

	6000
	8.33333E-05
	83.33333333
	1.381666667
	
	
	

	7000
	7.14286E-05
	71.42857143
	1.184285714
	
	
	

	8000
	0.0000625
	62.5
	1.03625
	
	
	

	9000
	5.55556E-05
	55.55555556
	0.921111111
	
	
	

	10000
	0.00005
	50
	0.829
	
	
	

	11000
	4.54545E-05
	45.45454545
	0.753636364
	
	
	

	12000
	4.16667E-05
	41.66666667
	0.690833333
	
	
	

	13000
	3.84615E-05
	38.46153846
	0.637692308
	
	
	

	14000
	3.57143E-05
	35.71428571
	0.592142857
	
	
	

	15000
	3.33333E-05
	33.33333333
	0.552666667
	
	
	

	16000
	0.00003125
	31.25
	0.518125
	
	
	

	17000
	2.94118E-05
	29.41176471
	0.487647059
	
	
	

	18000
	2.77778E-05
	27.77777778
	0.460555556
	
	
	

	19000
	2.63158E-05
	26.31578947
	0.436315789
	
	
	

	20000
	0.000025
	25
	0.4145
	
	
	



[bookmark: _Ref2629716][bookmark: _Toc3830204]Spreadsheet of results from breadboard testing.
	Ultrasonic test results
	 
	 
	

	Actual distance over measured distance in cm
	 
	 
	

	Difference in mm
	 
	 
	

	 
	 
	 
	

	Distance cm
	Measured distance cm
	Difference mm
	Absolute values

	2
	2.37
	-3.7
	3.7

	2
	2.37
	-3.7
	3.7

	20
	20.18
	-1.8
	1.8

	20
	20.71
	-7.1
	7.1

	70
	70.28
	-2.8
	2.8

	70
	70.73
	-7.3
	7.3

	100
	100.43
	-4.3
	4.3

	100
	99.93
	0.7
	0.7

	140
	139.24
	7.6
	7.6

	140
	139.74
	2.6
	2.6

	140
	139.74
	2.6
	2.6

	200
	198.97
	10.3
	10.3

	200
	201.1
	-11
	11

	200
	199.8
	2
	2

	270
	272.04
	-20.4
	20.4

	270
	272.04
	-20.4
	20.4

	300
	300.38
	-3.8
	3.8

	300
	300.21
	-2.1
	2.1

	300
	300.38
	-3.8
	3.8

	400
	399.75
	2.5
	2.5

	400
	400.08
	-0.8
	0.8

	400
	401.86
	-18.6
	18.6

	
	
	
	 

	
	
	Average
	6.359090909



[bookmark: _Toc3830205]Graph of actual distance (y axis) and measured (x axis) in cm.
[image: ]
[bookmark: _Toc3830206]Photos of tape measure against breadboard.
	Due to camera angle when testing against tape measure, the numbers appear to be off, a few top down photos have been done to try and show the difference.
[image: ]
Figure 30 Top down 1.
[image: ]
Figure 31 Top down 2.
[image: ]
Figure 32 Top down 3.
[image: ]
Figure 33 Top down 4.
[bookmark: _Ref2634918][bookmark: _Ref2634320][bookmark: _Ref2629343][bookmark: _Toc3830207]Random distance tests.
[image: ]
Figure 34 Random test, 1.4 metres.
[image: ]
Figure 35 Random test, 70 cm.
[image: ]
Figure 36 Random test, 20 cm.
[image: ]
Figure 37 Random test, 2 cm.
[image: ]
Figure 38 Random test, 2.7 metres.
[bookmark: _Ref2634980][bookmark: _Toc3830208]Photos of testing against other materials.
[image: ]
Figure 39 Target object, cloth, 3 metres.
[image: ]
[bookmark: _Ref2633489][bookmark: _Ref2633463]Figure 40 target, cloth shows over 10 metres.
	Figure 40 shows the cloth target either absorbs the sound wave or causes the reflection
to bounce elsewhere before returning.
[image: ]
Figure 41 Target, cardboard at angle, 3 metres.
[image: ]
[bookmark: _Ref2633758]Figure 42 Target, cardboard at angle.

	Figure 42 similar to the cloth shows a distance of over 10 metres, this is more solid than the cloth so less likely to absorb the sound wave, the ultrasonic module does have a time out feature built into it, this is more likely what is happening.
[image: ]
[bookmark: _Ref2634151]Figure 43 Angle test, 3 metres.
	Figure 43 show the device at 3 metres but angled approximately 30° to the wood box target, measured distance shows 242.14 cm.
Measured over distance CM

Measured distance cm	
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