MICROCHIP AN2548

Core Independent Ultrasonic Distance Measurement
with the tinyAVR® 1-series

Introduction

Author: Elizabeth Roy, Microchip Technology Inc.

This application note describes a core independent method of measuring distance using an AVR® device
and an ultrasonic transceiver. Many peripherals are configured to work together to perform
measurements and present a result, independent of the CPU. The implementation is centered around the
AVR Configurable Custom Logic (CCL) module and takes advantage of timer/counter Pulse Width
Modulation (PWM) generation and uses timer/counter waveform generation for synchronized masking
signals used for the transmit and receive lines of the ultrasonic transducer. The Analog Comparator (AC)
and Digital-to-Analog Converter (DAC) are used to handle reception of the attenuated reflected signal.
Timer capture is used to measure the ultrasonic burst's "time of flight" in order to measure proximity to a
barrier.

Features

»  Ultrasonic transceiver used for transmitting and receiving reflected bursts
*  Core Independent operation using CCL module

*  Timer/Counter Type D (TCD) used for synchronized masking signals

*  Compact code size

*  Ultrasonic Distance Measurement Field Engagement Board available
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Relevant Devices

1. Relevant Devices
This chapter lists the relevant devices for this document.

11 tinyAVR® 0-series
The figure below shows the tinyAVR 0-series, laying out pin count variants and memory sizes:

»  Vertical migration is possible without code modification, as these devices are fully pin- and feature
compatible.
*  Horizontal migration to the left reduces the pin count and, therefore, the available features.

Figure 1-1. tinyAVR® 0-series Overview
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Devices with different Flash memory size typically also have different SRAM and EEPROM.

1.2 tinyAVR 1-series

The following figure shows the tinyAVR 1-series devices, laying out pin count variants and memory sizes:

*  Vertical migration upwards is possible without code modification, as these devices are pin
compatible and provide the same or more features. Downward migration may require code
modification due to fewer available instances of some peripherals.

*  Horizontal migration to the left reduces the pin count and, therefore, the available features.
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Figure 1-2. tinyAVR® 1-series Overview
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Devices with different Flash memory size typically also have different SRAM and EEPROM.

1.3  megaAVR® 0-series
The figure below shows the megaAVR 0-series devices, laying out pin count variants and memory sizes:

»  Vertical migration is possible without code modification, as these devices are fully pin and feature
compatible.

*  Horizontal migration to the left reduces the pin count and, therefore, the available features.

Figure 1-3. megaAVR® 0-series Overview
Flash
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Devices with different Flash memory size typically also have different SRAM and EEPROM.
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Ultrasonic Sensors

Ultrasonic Sensors

Ultrasonic transceivers are able to convert an electrical signal to an ultrasonic burst and receive the
resulting reflected wave when directed at a barrier. Several property comparisons can be made between
the transmitted and received bursts in order to determine different factors. For example, the time between
transmitting a burst and receiving the reflected wave, termed "time of flight", can be used to determine
distance, or if the distance is known, a material can be uniquely identified by calculating its sound
attenuation coefficient. If directed at a moving object, the Doppler shift (frequency alteration due to
velocity) between the transmitted and received bursts can be measured and used to determine speed.
Other deductions are possible. However, these summarize the most common.

Measuring Distance with an Ultrasonic Transceiver

In this application note, an ultrasonic transceiver is used to measure the distance to a barrier, calculated
from the "time of flight" between a transmitted ultrasonic burst and receiving its reflection. This process
can also be referred to as "echo ranging". The first figure below illustrates the principle. The burst
produced by the transceiver bounces off the barrier object and returns to be received after a time interval.
The variation in distance traveled is proportional to the measured time interval, related by a factor of the
speed of sound.

Figure 2-1. Ultrasonic Distance Measurement Principle
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The signals transmitted and received by an ultrasonic transducer can be visually inspected via an
oscilloscope. An example is depicted in the figure below. The dotted orange lines indicate the measurable
"time of flight" mentioned above. It can be seen that the reflected wave is significantly attenuated; this
should be kept in mind during application design in order to detect the received signal as soon as
possible.
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Ultrasonic Sensors

Figure 2-2. Ultrasonic Transducer "Time of Flight" Oscilloscope Screen Capture
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Limitations of Ultrasonic Distance Measurement

Situational Limitations

While measuring distance using an ultrasonic transceiver is quite effective, there are some situational
requirements. Ideally, the barrier, the distance to which is to be measured, should be a solid, flat surface
perpendicular to the ultrasonic beam. It should have a sufficiently different acoustic attenuation to that of
air so that enough of the ultrasonic burst is reflected in order to be received by the transducer. It should
also be within the operational range of the ultrasonic transceiver. The figure below (/neffective Ultrasonic
Distance Measurement Situations) depicts some situational limitations of ultrasonic distance
measurement. In sub-figure A, the distance to the barrier is too far away and the reflected signal is too
attenuated to be effectively received. Sub-figure B shows the barrier too close, meaning the transceiver is
still in Transmission mode when the reflected signal should be received. In sub-figure C, the object is too
small, and not enough of the ultrasonic burst is reflected. Sub-figure D shows the effect of an angle not
perpendicular to the ultrasonic beam so that it is reflected away from the transceiver. In sub-figure E, the
object is too soft and has an attenuation coefficient similar to that of air, so the ultrasonic beam is
absorbed rather than reflected.
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Ultrasonic Sensors

Environmental Limitations

Additionally, ultrasonic distance measurement is highly affected by temperature and humidity, which
changes the speed of sound in air. This, in turn, will contribute to large variations in measurements taken
for the same distance, introducing substantial errors. Air currents can also contribute to error, in that they
can act as invisible barriers that will reflect ultrasonic bursts.

It is possible to account for errors introduced by changing temperature to a certain degree. This can be
done by taking a temperature measurement at the same time as a "time of flight" measurement and
considering both in the distance calculation.

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 8
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Implementation

The functionality of the Core Independent Ultrasonic Distance Measurement application is centered
around the Configurable Custom Logic (CCL) module. It enables input MUXing to two Lookup-Tables
(LUTs) with configurable logic. In this application, one LUT is used to control the transmit line of the
ultrasonic transducer, and the other is used to filter the receive line. "Time of flight" can be measured by
feeding both LUT outputs into a sequential control block, specifically an SR latch. The result is that the
output of the latch indicates "time of flight". This setup can be seen in the figure below.

Figure 3-1. Ultrasonic Distance Measurement using Configurable Custom Logic Peripheral
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The corresponding timing functionality is depicted in the figure below. The first three lines correspond to
control of the ultrasonic transducer transmit line:
»  Signal (1) is the output from timer/counter type A, which is set up to produce an approximate 40
kHz PWM
+ Signal (2) is a mask produced by timer counter type D, set up to be low when an ultrasonic burst
should be emitted, and the rest of the time high
*  These two signals are the inputs to LUT1, the output of which (1 & !2) is connected to the transmit
line of the ultrasonic transducer

1 1
0 0
1 0

The result is a specifically timed ultrasonic transmission at the PWM frequency. The initial edge of the
output will also "reset" the SR latch, and start the timer/counter type D capture counter (the beginning of
"time of flight").

The next three lines correspond to the control of the ultrasonic transducer receive line:

» Signal (3) is a mask produced by timer counter type D, set up to be low when the receive line is
enabled, and high when transmitting. The transmission will be picked up by the receive line of the
ultrasonic transducer and needs to be masked because it will be erroneously detected as the
reflected signal. It extends slightly past the transmission length to account for resonance. Because
both masking signals (2 and 3) are produced by the same timer, they are synchronized and
therefore the transmission is effectively masked from the receive line.

»  Signal (4) represents the activity on the receive line, after being processed by the analog
comparator

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 9
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*  These two signals are the inputs to LUTO, the output of which (13 & 4) represents the filtered
receive line, only containing pulse reflections

When the reflected signal is detected by the analog comparator, the first edge will "set" the SR latch, and
timer counter type D capture will occur, thereby effectively measuring "time of flight" (SR Latch line in the
figure).

Figure 3-2. Ultrasonic Distance Measurement Timing Diagram
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Detecting the Attenuated Reflected Signal

As can be seen in figure Oscilloscope Screen Capture Indicating Reflected Signal Attenuation below
here, the reflected signal is significantly attenuated compared to the transmitted PWM signal. To handle
this, the receive line of the transducer is fed into the analog comparator, which has a compare value set
just below the Idle state voltage (half of the supply voltage to the transducer). This value is very
specifically generated by the Digital-to-Analog Converter (DAC) module. The result will be as indicated in
figure Functionality of the Analog Comparator in Detecting the Attenuated Reflected Signal. This
procedure enables the reflected signal to be detected as soon as it arrives, despite its attenuation.

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 10
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Figure 3-3. Oscilloscope Screen Capture Indicating Reflected Signal Attenuation
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Figure 3-4. Functionality of the Analog Comparator in Detecting the Attenuated Reflected Signal
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The DAC is set up to produce this value just below the idle voltage of the ultrasonic transducer. The DAC
output value has to be configured to be close enough so that the reflected signal is detected as soon as it
arrives despite its attenuation, but not so close that the AC picks up noise. To aid with filtering noise, the
hysteresis setting of the AC can be enabled; this means the DAC value can be slightly closer to the idle
voltage of the transducer, thereby increasing the accuracy of the distance measurements.

Synchronized Transmit and Receive Masking Signals with Timer/Counter Type D

In order to effectively mask the PWM transmission from the receive line, correct synchronization of the
transmit and receive masking signals is necessary. This is possible by using the "One Ramp" Waveform

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 11
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Generation mode of Timer/Counter Type D (for more information, refer to the device data sheet). As can
be seen in the figure below, the compare values can be configured to generate two synchronized outputs
able to be used as masks to control transmission and reception utilizing the transducer.

Figure 3-5. Generation of Synchronized Transmit and Receive Masking Signals using TCD One
Ramp Mode
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The different compare values have the following roles and should be customized according to the
hardware being used:
The CMPASET value is set to '0', indicating that the receive line should be disabled from the
beginning of a measurement cycle (when an ultrasonic burst is being transmitted)

The CMPBSET value indicates the length of a transmission. Decreasing this value will decrease
both the minimum and maximum ranges. Increasing this value will increase the range to a certain
point, however, once there is a part of the reflected burst with no attenuation, no advantage is
gained from increasing transmission time.

»  The CMPACLR value indicates when the receive line is enabled. This value should be customized
according to the hardware being used, and the situational requirements. It should be long enough
that resonance due to nonoptimal hardware is considered, and short enough that the reflected burst
is not masked along with the transmission signal.

» The CMPBCLR value defines the length of a measurement cycle. This should be long enough that
all reflected signals have been sufficiently attenuated (some signals can bounce back and forth
between the sensor and the barrier several times). Decreasing this value will also decrease the
resolution of measurement calculations (for example, CMPBCLR = OxFFF gives a distance
measurement resolution of one cm).

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 12
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Range Finder Field Engagement Board with ATtiny817

The Range Finder Field Engagement Board is functional hardware employing the implementation
described in this application note. It is depicted in the figure below. Its firmware employs the peripheral
setup described in this application note and includes an OLED driver to display the results onscreen. The
hardware also includes an RGB LED to indicate proximity on a color scale and a temperature sensor in
order to account for error introduced by temperature variation, however, this functionality is not
implemented in the current firmware version. More information can be found in the "Ultrasonic Range
Finder with ATtiny817 Hardware User's Guide" (DS40001902).

Figure 4-1. Range Finder Field Engagement Board

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 13


http://ww1.microchip.com/downloads/en/DeviceDoc/40001902A.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/40001902A.pdf

AN2548

Hardware Considerations

Hardware Considerations

If a custom hardware design is being used, there are some additional components which need to be
considered. Depending on the characteristics of the ultrasonic transducer being used, there may be a
need for additional circuitry between the AVR device and the transmit and receive lines of the sensor. For
instance, the pins on the AVR may not have sufficient drive capability to initiate an ultrasonic
transmission, meaning that a push-pull amplifier would be needed between the output pin of the AVR and
the TX line of the transducer. Additionally, the transducer RX line signal will need some level of
amplification and filtering before it can be effectively received by the AVR analog comparator. The design
of these elements will depend on the application. For reference, see the Ultrasonic Distance
Measurement Field Engagement Board schematic.

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 14
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Get Source Code from Atmel | START

The example code is available through Atmel | START, which is a web-based tool that enables
configuration of application code through a Graphical User Interface (GUI). The code can be downloaded
for both Atmel Studio and IAR Embedded Workbench® via the direct example code-link below or the
Browse examples button on the Atmel | START front page.

Atmel | START web page: http://microchip.com/start
Example Code

AVR42779 Ultrasonic Distance Measurement

*  http://start.atmel.com/#example/Atmel:cip_ultrasonic_distance:
1.0.0::Application:AVR42779_Ultrasonic_Distance_Measurement:

Click User guide in Atmel | START for details and information about example projects. The User guide
button can be found in the example browser, and by clicking the project name in the dashboard view
within the Atmel | START project configurator.

Atmel Studio

Download the code as an . atzip file for Atmel Studio from the example browser in Atmel | START, by
clicking Download selected example. To download the file from within Atmel | START, click Export project
followed by Download pack.

Double click the downloaded . atzip file and the project will be imported to Atmel Studio 7.0.
IAR Embedded Workbench

For information on how to import the project in IAR Embedded Workbench, open the Atmel | START User
Guide, select Using Atmel Start Output in External Tools, and IAR Embedded Workbench. A link to the
Atmel | START User Guide can be found by clicking Help from the Atmel | START front page or Help And
Support within the project configurator, both located in the upper right corner of the page.

Code Configuration

The example code implements the setup described in this application note. It enables output either to an
OLED display or via UART. This can be configured using the OUTPUT_USED hash-define at the top of

the main file. It is designed for use with the Ultrasonic Distance Measurement Field Engagement Board,
but can also be used with custom hardware.

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 15
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7. Revision History
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10/2018| « Updated megaAVR® 0-series family device
e Added author
*  Minor editorial updates

02/2018 Chapter "Relevant Devices" has been updated to include also tinyAVR® 0-series
and megaAVR® 0-series.

09/2017 | +  Converted to Microchip format and replaced the Atmel document number
427798
* Added "Relevant Devices" and "Get source code from Atmel START" topic

11/2016 Two images are updated:

* Ultrasonic Distance Measurement using Configurable Custom Logic
Peripheral

* Range Finder Field Engagement Board

10/2016 Initial document release
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The Microchip Web Site

Microchip provides online support via our web site at http://www.microchip.com/. This web site is used as
a means to make files and information easily available to customers. Accessible by using your favorite
Internet browser, the web site contains the following information:

*  Product Support — Data sheets and errata, application notes and sample programs, design
resources, user’s guides and hardware support documents, latest software releases and archived
software

*  General Technical Support — Frequently Asked Questions (FAQ), technical support requests,
online discussion groups, Microchip consultant program member listing

* Business of Microchip — Product selector and ordering guides, latest Microchip press releases,
listing of seminars and events, listings of Microchip sales offices, distributors and factory
representatives

Customer Change Notification Service

Microchip’s customer notification service helps keep customers current on Microchip products.
Subscribers will receive e-mail notification whenever there are changes, updates, revisions or errata
related to a specified product family or development tool of interest.

To register, access the Microchip web site at http://www.microchip.com/. Under “Support”, click on
“Customer Change Notification” and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

»  Distributor or Representative
* Local Sales Office
*  Field Application Engineer (FAE)
»  Technical Support
Customers should contact their distributor, representative or Field Application Engineer (FAE) for support.

Local sales offices are also available to help customers. A listing of sales offices and locations is included
in the back of this document.

Technical support is available through the web site at: http://www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

*  Microchip products meet the specification contained in their particular Microchip Data Sheet.

*  Microchip believes that its family of products is one of the most secure families of its kind on the
market today, when used in the intended manner and under normal conditions.

*  There are dishonest and possibly illegal methods used to breach the code protection feature. All of
these methods, to our knowledge, require using the Microchip products in a manner outside the
operating specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is
engaged in theft of intellectual property.

*  Microchip is willing to work with the customer who is concerned about the integrity of their code.

© 2018 Microchip Technology Inc. Application Note DS00002548C-page 17
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*  Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their
code. Code protection does not mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the
code protection features of our products. Attempts to break Microchip’s code protection feature may be a
violation of the Digital Millennium Copyright Act. If such acts allow unauthorized access to your software
or other copyrighted work, you may have a right to sue for relief under that Act.

Legal Notice

Information contained in this publication regarding device applications and the like is provided only for
your convenience and may be superseded by updates. It is your responsibility to ensure that your
application meets with your specifications. MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY
OR OTHERWISE, RELATED TO THE INFORMATION, INCLUDING BUT NOT LIMITED TO ITS
CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR FITNESS FOR PURPOSE.
Microchip disclaims all liability arising from this information and its use. Use of Microchip devices in life
support and/or safety applications is entirely at the buyer’s risk, and the buyer agrees to defend,
indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting
from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual
property rights unless otherwise stated.

Trademarks

The Microchip name and logo, the Microchip logo, AnyRate, AVR, AVR logo, AVR Freaks, BitCloud,
chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, Heldo, JukeBlox, KeelLoq,
Kleer, LANCheck, LINK MD, maXStylus, maXTouch, MediaLB, megaAVR, MOST, MOST logo, MPLAB,
OptoLyzer, PIC, picoPower, PICSTART, PIC32 logo, Prochip Designer, QTouch, SAM-BA, SpyNIC, SST,
SST Logo, SuperFlash, tinyAVR, UNI/O, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

ClockWorks, The Embedded Control Solutions Company, EtherSynch, Hyper Speed Control, HyperLight
Load, IntelliMOS, mTouch, Precision Edge, and Quiet-Wire are registered trademarks of Microchip
Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, BodyCom,
CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController, dsPICDEM,
dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial Programming,
ICSP, INICnet, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, memBrain, Mindi, MiWi,
motorBench, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient
Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
Ripple Blocker, SAM-ICE, Serial Quad I/0, SMART-L.S., SQI, SuperSwitcher, SuperSwitcher I, Total
Endurance, TSHARC, USBCheck, VariSense, ViewSpan, WiperLock, Wireless DNA, and ZENA are
trademarks of Microchip Technology Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.
Silicon Storage Technology is a registered trademark of Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of
Microchip Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
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Quality Management System Certified by DNV

ISO/TS 16949

Microchip received ISO/TS-16949:2009 certification for its worldwide headquarters, design and wafer
fabrication facilities in Chandler and Tempe, Arizona; Gresham, Oregon and design centers in California
and India. The Company’s quality system processes and procedures are for its PIC® MCUs and dsPIC®
DSCs, KEELOQ® code hopping devices, Serial EEPROMSs, microperipherals, nonvolatile memory and
analog products. In addition, Microchip’s quality system for the design and manufacture of development
systems is ISO 9001:2000 certified.
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