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[bookmark: _Hlk532143632]Design of an ultrasonic based measuring device

By Xuyuan Liu

ABSTRACT
In this paper, an ultrasonic ranging system based on single-chip microcomputer control is designed. The system generates ultrasonic pulses from the PIC16F1936 control timer and counts them. The round-trip time from ultrasonic transmission to reception is calculated, and the measured distance is obtained. The system hardware circuit is composed of an ultrasonic transmitting circuit, an ultrasonic receiving circuit, and a display circuit module. Based on the hardware design, the paper analyzes the overall scheme of the system, and designs the software program flow chart according to the functional requirements, and gives the corresponding software program. Simulations have shown that this system can be used in a variety of applications where distance parameters need to be measured.
[bookmark: _Toc532576062][bookmark: _Toc532576096][bookmark: _Toc3987971]Introduction
Basic principle of ultrasonic ranging system
Sound waves are the form of propagation of an object's mechanical vibration state (or energy). The so-called vibration refers to the form of reciprocating motion of the mass point of the substance near its equilibrium position. For example, after the drum surface is knocked, it vibrates up and down. This vibration state is transmitted through the air medium in all directions, which is sound waves. Ultrasonic means that the vibration frequency is greater than 20,000 Hz, and the number of vibrations per second (frequency) is very high, exceeding the general upper limit of the human ear (20000 Hz). People call this inaudible sound wave ultrasonic. Ultrasound and audible sound are essentially identical. They have a common mode of mechanical vibration, which is usually propagated in the elastic medium in the form of a longitudinal wave. It is a form of energy propagation, and the difference is that the ultrasonic frequency is high. The wavelength is short, and it has good beamability and directivity along a straight line within a certain distance. At present, the frequency range used for abdominal ultrasound imaging is between 2 and 5 megaHz, and is usually 3 to 3.5 megahertz (vibration per second). 1 time is 1 Hz, 1 mega Hz = 10^6 Hz, that is, 1 million vibrations per second, and the frequency of audible waves is between 16 and 20,000 Hz.
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Ultrasonic waves use the principle of reflection to measure the distance. One end of the measured distance is an ultrasonic sensor, and the other end must have an object that can reflect ultrasonic waves. When measuring the distance, the ultrasonic sensor is directed to the reflector to emit ultrasonic waves, and the timing starts. When the ultrasonic wave propagates in the air to reach the obstacle, it is reflected back. The sensor stops the timing immediately after receiving the reflected pulse, and then according to the propagation speed and timing of the ultrasonic wave. The distance between the ends can be calculated. Measuring distance D is 
D =ct
Where c — — the propagation speed of the ultrasonic wave;
         t — — Half of the time required for the ultrasound to be transmitted to the receiver, which is the one-way propagation time.
It can be seen from the above equation that the measurement accuracy of the distance mainly depends on both the timing accuracy and the propagation speed. The timing accuracy is determined by the MCU timer. The timing is the product of the machine cycle and the number of counts. A 12MHz crystal oscillator can be used to make the machine cycle accurate for 1μs without accumulating errors, so that the set time reaches 1μs. The propagation velocity c of the ultrasonic wave is not fixed. The propagation velocity is affected by the air density, temperature and gas molecular composition. The relationship is


In the middle
γ — —The ratio of the constant pressure heat capacity of the gas to the constant heat capacity, the air is 1.40.
R — — gas universal constant, 8.314kg / mol.
T — —The gas potential mechanical temperature, the relationship with the Celsius temperature is T=273K+t.
M — — relative molecular mass of gas, air is 28.8 x 10-3 kg / mol.
C0 — — the acoustic velocity at 0 ° C, 331.4 m / s.
It can be seen from the above formula that when the ultrasonic wave propagates in the air, it is most affected by the temperature, and the relationship between the wave velocity and the temperature can be calculated by the expression, as shown in Table 2.1. The higher the temperature, the faster the propagation speed, and the difference in 
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propagation speed at different temperatures is very large, for example, the speed at 0 ° C is 332 m / s, the speed at 30 ° C is 350 m / s, the difference is 18 m / s. Therefore, when higher measurement accuracy is required, temperature compensation is the most effective measure. When the measurement accuracy is not high, the propagation speed of the ultrasonic wave in the air is considered to be 340 m/s.
AT89C51 microcontroller
According to the design requirements and comprehensive factors, the AT89C51 single-chip microcomputer can be used as the main controller. It controls the start time and pulse width of the trigger pulse, responds to the echo time and measures and counts the time difference between the transmission and the round-trip. The software generates ultrasonic signals.
[image: ]
Figure 1. Timing diagram of pulse signal generated by microcontroller
The AT89C51 is a low-power, high-performance microcontroller with 40 pins and 32 external bidirectional input/output (I/O) ports. It also contains 2 external interrupt ports, 2 16-bit programmable timer counters, and 2 full The duplex serial communication port, AT89C51 can be programmed according to the conventional method, or can be programmed online. It combines a general-purpose microprocessor and Flash memory, especially a flash memory that can be repeatedly erased and written to effectively reduce development costs.
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Figure 2. AT89C51 microcontroller
[bookmark: _Toc3987972]Background
The use of ultrasound to measure distance in history began with the development of the Navy's sonar technology during the Second World War. Sonar is an instrument that uses sound waves to measure target distance and speed of motion underwater. After centuries, scientists have repeatedly studied this and finally discovered the principle of ultrasound.
Ultrasonic ranging is used in various industrial fields such as industrial automation, building engineering measurement and robot vision recognition. As a detection technology, ultrasonic is a non-contact measurement. It is widely used because it has the advantages of being unaffected by external factors, adapting to the environment, and being simple in operation and high in measurement accuracy. These features can make the measuring instrument unaffected by the measured medium, which greatly solves the problems of the traditional measuring instruments. For example, in the case of dust, the physical contact 
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damage caused by humans, the corrosive nature of the measured object corrodes the measuring instrument, Mistakes caused by poor contact with electric shock, etc.
In addition, the technology has no wear on the tested components, which makes the measuring instrument durable and durable, and has a long service life, and also reduces energy consumption, saving manpower and labor intensity. Therefore, the use of ultrasonic detection is fast, convenient, simple to calculate, and easy to control in real time, and can meet industrial and practical requirements in terms of measurement accuracy. However, ultrasonic ranging has many limitations in practical applications. As the ultrasonic wave propagates, the sound pressure will decay exponentially with increasing distance. The amplitude of the echo signal of the far target is small and the signal-to-noise ratio is low. Using a comparator with a fixed threshold to detect the echo may lead to crossing the threshold. The time moves back and forth, which affects the accuracy of the timing, which will inevitably affect the accuracy of the ranging. In addition, in the piezoelectric bidirectional conversion process of piezoelectric ceramic sheets constituting ultrasonic sensors, there are phenomena such as inertia and hysteresis, as well as the propagation of ultrasonic pulses in the air itself and multiple reflection paths, which cause the echo signals to be broadened and also The measurement produces a large error that affects the resolution of the ranging. Others such as temperature, wind speed, etc. will also have a certain impact on the measurement. Metrology is becoming more and more important in manufacturing. Measuring directly on the machine can especially drive the development of the manufacturing industry. Most of the time, visual or tactile measurements have been used. But the thickness of the wall cannot be measured with these, so the Germans combined the ultrasound system into the machine to design a distance measurement method. With the development of ultrasound, as early as 2000, the British designed an ultrasound integrated system that can observe, identify and measure distance. At present, Chinese scholars have become more and more mature in the research of ultrasonic echo signal processing algorithms, but it will remain an important research direction as the key technology of ultrasonic detection and positioning.
With the rapid development of robotics in just a few decades after its birth, its application range has gradually moved from industrial production to people's lives. Such a wide range of applications makes it particularly important to raise awareness of robots. The robot realizes the functions of obstacle avoidance, automatic line hunting, and ranging by sensing the distance of the obstacle in front and the surrounding environment through its sensing system. Compared with other ranging technologies, ultrasonic ranging is cheaper, has higher measurement accuracy, is not limited by the environment, and is convenient to use. It combines with 
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infrared and grayscale sensors to realize the functions of robot hunting and tracking. Ultrasonic waves are often used for distance measurement because of their high directivity, slow energy consumption, and long distances in the medium. It is mainly used in reversing radar, range finder, level measuring instrument, development of mobile robot, construction site and some industrial sites, such as: distance, liquid level, well depth, pipe length, flow rate and other occasions. Ultrasonic testing is often quick and convenient, and the calculation is simple, easy to achieve real-time control, and can meet industrial and practical requirements in terms of measurement accuracy, so it has been widely used. The research of this topic is very practical and of commercial value.
[bookmark: _Toc3987973]Similar products
[bookmark: _Toc532576065][bookmark: _Toc532576099]In order to study and utilize ultrasound, many ultrasonic generators have been designed and fabricated. In general, ultrasonic generators can be divided into two categories: one is to generate ultrasonic waves electrically, and the other is to generate ultrasonic waves by mechanical means. Electrical methods include piezoelectric type, magnetostrictive type and electric type; mechanical methods include Galvin flute, liquid whistle and air stream whistle. The ultrasonic waves produced by them have different frequencies, powers, and sonic characteristics, and their uses are also different. Currently used is a piezoelectric ultrasonic generator.
At present, the common ultrasonic ranging system on the market generally adopts a method of transmitting a single ultrasonic pulse, and the research on the accuracy and reliability of the method is mature. However, when it uses higher frequency ultrasonic waves, it will attenuate faster due to air absorption, resulting in a decrease in the effective measurement distance. When the frequency range is increased to increase the ranging range, the absolute error of the distance measurement increases. Therefore, the method has the contradiction between measurement resolution and effective action distance, which greatly limits the widening of the application field of ultrasonic sensors. In recent years, how to properly select the ultrasonic emission pulse can make the ultrasonic ranging system improve the measurement accuracy and anti-interference ability while improving the effective working distance, and become another important research direction of ultrasonic ranging technology. In response to this, Professor Cheng Xiaochang from China National University of Defense Technology, using the pulse compression technology in radar signal processing, first proposed to use the pseudo-random binary sequence as the pulse compression signal for ultrasonic transmission, and to process the echo at the receiving end. A narrow pulse method. Du Xiao took into account the ranging range and accuracy, and proposed a dual-frequency ultrasonic ranging method using simultaneous measurement of both ultrasonic waves of 40 kHz and 20 kHz. The application of pulse compression technology and dual-frequency ultrasonic ranging technology in ultrasonic ranging has made the ultrasonic ranging system have the high resolution of narrow pulse and the strong detection capability of wide pulse to some extent, but still can not meet the high precision. Measurement requirements.
6

In China, ASICs are generally used to design various ranging instruments according to the principle of ultrasonic ranging, but the cost of the ASIC is high and the function is single. The distance measuring instrument with the single chip as the core can realize various functions such as preset, multi-port detection, display, alarm, etc., and has low cost, high precision, simple operation, stable and reliable operation. 
8051
The single-chip microcomputer series with 8051 as the core has the features of complete functional components and strong functions. Especially worth mentioning is that, in addition to the 8-bit CPU, there is also a very strong bit processor, which is actually a complete bit microcomputer, that is, contains the complete bit CPU, bit RAM, ROM (EPROM), bit Addressing registers, I/O ports, and instruction sets. Therefore, the 8051 is a dual-CPU microcontroller. Bit processing is extremely effective in switching decision making, logic circuit simulation, process measurement and control, etc., while 8-bit processing has obvious advantages in data acquisition and processing.
MSP430
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The MSP430 family of microcontrollers is a 16-bit microcontroller that uses a reduced instruction set architecture with rich addressing modes (7 source operand addressing, 4 destination operand addressing), 27 core instructions and a large number of Analog instructions; a large number of registers and on-chip data memory can participate in a variety of operations; there are also efficient table lookup processing commands. These features ensure that efficient source programs can be programmed. The MSP430 series of microcontrollers can be driven by a 25MHz crystal to achieve a 40ns instruction cycle with 16-bit data width, 40ns instruction cycle, and a versatile hardware multiplier that enables multiply-accumulate operations. It can implement some algorithms for digital signal processing (such as FFT, etc.).
[bookmark: _Toc3987974]Circuit design
Ultrasonic transmitting circuit
The ultrasonic transmitting circuit is composed of NAND gate U2A, high frequency transistor Q1 9018 and ultrasonic generator LABAL. The 40kHz ultrasonic oscillation signal is generated by the P1_2 port of the MCU, and a gate signal (sent from the P1_3 port of the MCU) is sent to the other input of the NAND gate through the two-stage non-gate. Since the 3-pin of the normal non-gate pulls the potential of its 3 pin low by the pull-down resistor R3, the signal of the other terminal of the input NAND gate after the two-stage non-gate is still low, then the ultrasonic oscillation of 40 kHz The signal cannot oscillate the ultrasonic generator LABAL through the NAND gate and the device is in standby. Pressing the start button to start the timer T0 inside the microcontroller will generate a gate signal. The narrower gating pulse signal will reduce the measurement accuracy, and the wider the measurement delay time will also reduce the measurement accuracy. Therefore, the gating signal is designed to 
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be 4 kHz. Since the P1 port of the MCU has a current of at most 20 mA, and the minimum drive current of the ultrasonic transmitter is 60 mA, a primary triode amplifier circuit is added to the rear stage of the NAND gate to complete the [image: ]ultrasonic transmission.
Figure 3. Ultrasonic transmitting circuit
Ultrasonic receiving and amplifying circuit
The op amp 741 has a strong bandwidth and anti-interference ability. To prevent noise, the amplifier circuit is designed in two stages, and each stage is amplified by nearly 20 times. The ultrasonic receiving circuit is operated by an operational amplifier 741. 
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[image: ]Figure 4. Ultrasonic receiving and amplifying circuit
[bookmark: _Hlk3927159]Signal screening circuit
The signal screening circuit can effectively filter out non-ultrasonic signals caused by the interference of the boundary and improve the anti-interference of the circuit. The circuit is completed by a 741, which is input to the negative input of the 741 after being divided by a fixed resistor and a variable resistor to give a reference voltage of 741. Generally, the two resistors are adjusted to be substantially the same size.
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Figure 5. Signal screening circuit [image: ]
Microcontroller and display circuit
[image: ]The circuit consists of an AT89C51 microcontroller, two NAND gates, two 74LS273 chips, a display, an LED, and two switches. One switch is responsible for turning on and restarting the count, and one switch is for stopping. The LED shows the circuit on and off. The microcontroller calculates the distance by the time it takes to transmit and receive the ultrasound.
Figure 6. Microcontroller and display circuit
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Figure 7. Flowchart
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[bookmark: _Toc3987976]Software listings
        ORG 0000H
        LJMP MAIN
        ORG 0003H
        LJMP INTT0
        ORG 0013H
        LJMP INTT1
        ORG 0030H
MAIN:   MOV TMOD,#01H
        MOV TL0,#00H
        MOV TH0,#00H
        MOV IE,#0FFH
        SETB IT1
        CLR EX1
        CLR IT0
        CLR P3.4
DDD:    JB P1.0,JJJ
        SETB P3.4
        SETB EX1
        MOV 30H,#00H
        MOV 31H,#00H
        MOV 32H,#00H
JJJ:    LCALL DIS
        LJMP DDD
               
INTT0:  CLR P3.4
        CLR EX1
        RETI
        
INTT1:   MOV   A,30H
         CJNE  A,#09H,L1
         MOV   30H,#00H
         MOV   A,31H
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         CJNE  A,#09H,L2
         MOV   31H,#00H
         MOV   A,32H
         CJNE  A,#09H,L3
         MOV   32H,#00H
         LJMP  L4
L1:      ADD   A,#01H
         MOV   30H,A
         LJMP  L4
L2:      ADD   A,#01H
         MOV   31H,A
         LJMP  L4
L3:      ADD   A,#01H
         MOV   32H,A
         LJMP  L4
L4:      RETI

                
DIS:    MOV R0,#30H
        MOV R1,#03H
        MOV R2,#0FEH
LLL:    MOV A,R2
        MOV DPTR,#0BFFFH
        MOVX @DPTR,A
        MOV A,@R0
        MOV DPTR,#TAB
        MOVC A,@A+DPTR
        MOV DPTR,#7FFFH
        MOVX @DPTR,A
        LCALL TIME
        INC R0
        MOV A,R2
        RL A
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        MOV R2,A
        DJNZ R1,LLL
        RET
        
TIME:   MOV R7,#04H
KKK:    MOV R6,#0FFH
        DJNZ R6,$
        DJNZ R7,KKK
        RET
                
TAB:    DB 3FH,06H,5BH,4FH,66H,6DH,7DH,07H,7FH,6FH
        END
	Element
	Number
	Price for one
(China Yuan)

	AT89C51 microcontroller
	1
	16

	74LS00 NAND gate
	3
	2.5

	Ultrasonic sensor
	2
	2.8

	Led
	1
	2

	Display
	1
	40

	Switch
	2
	1.8

	741 Amplifier
	3
	2.5

	Capacitor
	2
	1

	Resistor
	10
	0.02

	Battery
	1
	5

	Transistor
	1
	2

	Total
	
	91.4


[bookmark: _Toc3987977]Parts list
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All the prices are from Chinese online shopping website www.taobao.com of Alibaba Group.
Use the real-time exchange rate as 1 Pound equal to 8.9 Yuan.
It costs 10.3 pounds in total.
[bookmark: _Toc3987978]Results
Since the round-trip time of the ultrasonic wave is recorded by the timer T1 of the AT89C51 of the single chip microcomputer, the timer T1 operates in the mode 1, and the maximum timing time is 65.536 ms, and it can be found that the maximum measurement distance is less than 10 m at normal temperature. And because of the limited transmit power, the rangefinder cannot measure objects 10m away.
Whether it is to query the transmitted wave and echo, or to trigger the MCU interrupt and then start and stop the timer through the software, it is necessary to have a certain time, the error of the interrupt mode is relatively small.
Improve timing accuracy and reduce time quantization error. If a chip timer is used, the higher the counting frequency of the timer, the smaller the ranging error caused by the time quantization error. For example, the counting frequency of the built-in timer of the MCU is only one-twelfth of the crystal frequency. When the crystal frequency is 6MHz, the counting frequency is 0.5MHz. At this time, the quantization error of the ranging time in the air is 0.68mm; when the crystal frequency is At 12 MHz, the counting frequency is 1 MHz, and the quantization error of the ranging time is 0.34 mm. If an external hardware timing circuit is used, the counting frequency can directly reference the crystal frequency of the single-chip microcomputer, and the time quantization error is smaller.
[bookmark: _Toc3987979]Conclusions
In design and learning, I gradually learned the entire design content and process, and learned a lot of new things. Through the understanding and design of the actual project, I not only deepened my understanding of theoretical knowledge, but also comprehensively understood the professional knowledge. More importantly, I applied the theoretical knowledge to practice and applied it to practical engineering. , the combination of theory and practice. At the same time, through the overcoming of difficulties in design, I also exercised my ability to think, solve problems and self-learning skills. In this design, I also learned some knowledge and development direction of the frontier of this major, and broadened my Eyes and expansion of my knowledge, these will lay a good foundation for my future work.
In the design process of this paper, I learned how to design software according to the requirements of the subject. Hands-on ability has been greatly improved. From this I found myself not very skilled at using the knowledge I have learned. In the future work and study, I will strengthen the ability to edit software programs.
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