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Digital Signal Processing Performance of the 8-bit AVR®
Core

Introduction

Author: Lloyd D. Clark, Ph.D., Microchip Technology Inc.

The 8-bit AVR® microcontroller core can execute more than 100 distinct instructions, many of them in a
single clock cycle. Modern implementations of the AVR® core (megaAVR® devices, as well as tinyAVR® 0-
and 1-series devices) include a 2-cycle hardware multiplier. However, it is not always clear how raw
processing power translates into application performance in the real world, especially when the effects of
writing and compiling code in a high-level language are included. This white paper considers some digital
signal processing (DSP) applications of the AVR® core and provides numbers for how much processor
utilization they require. These applications use the on-chip analog-to-digital converter (ADC) to
periodically sample an incoming analog signal and use the AVR® core to perform processing of the
digitized signal. This means that the application must run in real-time and keep up with the incoming
sample rate. The application code is written in C except for some assembly-language 16-bit by 16-bit
multiplication functions that are called from C.
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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 figure below 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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Relevant Devices

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® O-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
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Devices with different Flash memory size typically also have different SRAM and EEPROM.
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Audio Frequency Shift Keying Demodulator

The first application to be considered is an audio frequency shift keying (AFSK) demodulator for the
Specific Area Message Encoding (SAME) protocol, running on the AVR® ATmega328P microcontroller. A
detailed explanation of the protocol and demodulator design, as well as third-party C source code that
was used as a starting point, can be found at the following URL.: http://swfltek.com/avr/SAME/

In the SAME AFSK protocol, bits are transmitted with a duration of 1.92 milliseconds, and therefore a bit
rate of 520.83 bits/second. Logic level zero is represented by three cycles of a 1562.5 Hz audio tone, and
logic level one is represented by four cycles of a 2083.3 Hz audio tone. A 16-byte preamble is sent at the
beginning of a transmission to allow the receiver to easily find the boundaries between bits before data
transmission begins.

Although the demodulator was originally implemented on an ATmega328P device running at a clock
frequency of 16 MHz, it could be easily adapted to other AVR® devices. The timer/counter and ADC on
the device are set up to sample the incoming audio signal at four times the logic level zero frequency and
three times the logic level one frequency, or 6250 Hz. This means that there are (16 MHz/6250 Hz) =
2560 CPU cycles available to process each ADC sample. A block diagram of the demodulator is provided
in the figure below.

Figure 2-1. Demodulator Block Diagram
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Each time a new ADC sample is received, it is added to a circular buffer of the most recent 12 ADC
samples. Two digital Goertzel bandpass filters, one centered on the logic level zero frequency and the
other centered on the logic level one frequency, are then run on the most recent 12 ADC samples,
followed by an output magnitude calculation for each filter. The output magnitudes of the two filters are
compared to determine whether the received signal represents a logic level zero or logic level one. Some
additional processing is performed to find the bit transitions of the preamble and synchronize to them.
After synchronization is achieved, demodulated ASCII characters are output to a USART.

AVR® core performance was determined by building the C source code using Atmel Studio 7.0.1645 and
running it on an ATmega328P Xplained Mini evaluation kit. Some minor modifications were made to the
code to include some calculations for measuring processor utilization, and to make it more tolerant of
frequency errors in the transmitter. (The modified code, as well as all code used in the later sections of
this document, can be found in the FSK_demod_code for AVR core.zip file associated with this white
paper at the Microchip website.) In the worst case, it was found that 749 CPU clock cycles are needed for
obtaining and processing an ADC sample. This number includes all the filtering and synchronization
operations as well as transmitting demodulated characters out on a USART. Given that there are 2560
CPU cycles per ADC sample, this is a core utilization of (749/2560)*100% = 29.3%.

There are several different ways of interpreting this result. This means that approximately 70% of the
AVR® core processing power is still available if it is desired to add additional functionality to the
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application. Another interpretation is that the CPU clock frequency could be reduced from 16 MHz to 4.8
MHz to reduce power consumption without compromising the functionality of the AFSK demodulator. Yet
another interpretation is that the AFSK bit rate, audio frequency, and ADC sample rate parameters could

be scaled by a factor of up to 3.4 to achieve bit rates of up to 1.77 kbit/second if the CPU clock remains at
16 MHz.
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AFSK Demodulator with 2x Sampling Rate and Digital Filtering

The AFSK demodulator discussed in the previous section did not have any digital filtering to prevent
aliasing of frequencies above half the sample rate (0.5*6250 Hz = 3125 Hz). For example, imagine that
there is an interference tone on the incoming analog signal at a frequency of 4687.5 Hz. Because the
sampling rate is 6250 Hz, once the 4687.5 Hz analog tone is sampled it would appear in the digital
domain at an aliased frequency of (6250-4687.5) Hz = 1562.5 Hz. Since this is the same frequency as the
FSK logic level zero signal, it would interfere with the FSK demodulator and prevent it from functioning
properly. To prevent this interference, the only option with the previous demodulator code would have
been to add a hardware analog filter prior to the ADC input to attenuate signal frequencies above 3125
Hz.

An alternative approach is to sample the analog signal at a higher rate, perform some digital filtering to
attenuate frequencies above 3125 Hz, then downsample the signal. The downsampled signal can then be
demodulated as before. The AFSK demodulator code described in the previous section was taken as a
starting point and then modified to use this approach. A block diagram of this modified demodulator is
provided in the figure below.

Figure 3-1. Demodulator Block Diagram
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The modified code uses the ADC to sample the incoming analog signal at 12500 Hz, twice the previous
sampling rate of 6250 Hz. The 12500 Hz samples are passed through a 15-tap FIR (Finite Impulse
Response) filter that is designed to have greater than 44 dB attenuation beyond a cutoff frequency of
3125 Hz. The FIR filter taps are implemented with 10-bit precision, and the ADC values have 10-bit
resolution, so 16-bit by 16-bit multiplication operations are used in the implementation of the FIR filter.
The output of the FIR filter is downsampled by a factor of 2 to create a signal at the original sample rate
of 6250 Hz, and then this is fed into the original FSK demodulator code designed for a 6250 Hz sample
rate.

Consider what happens now with an interfering sine-wave signal at 4687.5 Hz. Because it is sampled at
12500 Hz, it will not be aliased — it will appear at 4687.5 Hz in the sampled version of the signal. Because
the FIR filter has greater than 44 dB attenuation at frequencies above 3125 Hz, the interference signal
will be reduced to less than 1% of its original amplitude at the output of the FIR filter. After the signal is
downsampled to 6250 Hz, aliasing will then occur and the signal will appear at 1562.5 Hz, but it has been
reduced in amplitude so much that it will have a negligible effect on the FSK demodulator performance.

Doubling the sample rate to 12500 Hz with a 16 MHz AVR® core clock means that there are now (16
MHz/12500 Hz) = 1280 CPU cycles available per ADC sample. CPU utilization of this code was found to
be at most 792 samples per ADC sample, for an AVR® core utilization of (792/1280)*100% = 62%.
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As before, this number can be interpreted in various ways. It means that 38% of the core is still available
for adding functionality to the application. Another interpretation is that the CPU clock frequency can be
reduced from 16 MHz to 10 MHz without compromising the demodulator performance. Yet another
interpretation is that the AFSK bit rate, audio frequency, and ADC sample rate parameters could be
scaled by a factor of up to 1.6 to achieve FSK bit rates of up to 833 bit/second if the CPU clock remains
at 16 MHz.
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Near-Ultrasonic FSK Demodulator with 8x Sampling Rate and Digital
Filtering

The application code was further modified to demodulate a more challenging FSK signal — still with a bit
duration of 1.92 milliseconds, but with near-ultrasonic frequencies of 16666.7 Hz for logic level one and
17187.5 Hz for logic level zero. This corresponds to exactly 32 or 33 cycles of a sine-wave during the
1.92 millisecond bit interval.

For this application, the timer/counter and ADC on the device are set up to sample the analog signal at a
frequency of 50 kHz. A block diagram of this demodulator is provided in the figure below.

Figure 4-1. Demodulator Block Diagram
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An interrupt service routine saves incoming ADC samples in a circular buffer so that they can be
processed by a main processing loop. In the main processing loop, the 50 kHz samples are passed
through a 9-tap FIR filter that is designed to have greater than 40 dB attenuation below 10 kHz so that
typical human voice frequencies are removed from the signal. The FIR filter taps are implemented with
10-bit precision, and the ADC values have 10-bit resolution, so 16-bit by 16-bit multiplication operations
are used in the implementation of the FIR filter.

The output of the FIR filter is downsampled by a factor of 8 to result in a signal sampled at 6250 Hz. The
near-ultrasonic frequencies of 16666.7 Hz and 17187.5 Hz are aliased to (3*6250 — 16666.7) Hz and
(3*6250 — 17187.5) Hz, or 2083.3 Hz and 1562.5 Hz in the downsampled signal, respectively. This means
that the original FSK demodulator code can still be used from this point onward.

Given that the core is running at 16 MHz, this means that there are 320 CPU cycles per 50 kHz ADC
sample interval and 2560 CPU cycles per 6250 Hz downsample interval. Processor utilization was
determined to be as follows:

* Interrupt service routine: 65 cycles per 50 kHz sample = (65/320)*100% = 20.3% CPU utilization
*  O-tap FIR filter & overhead: 468 cycles per 6250 Hz downsample = (468/2560)*100% = 18.3% CPU
utilization

*  FSK demodulator (including USART sending): 718 cycles per 6250 Hz downsample =
(718/2560)*100% = 28.0% CPU utilization

Total CPU utilization is then 20.3% + 18.3% + 28.0% = 66.6%, so about one-third of the CPU is still
available for other processing if desired. Alternatively, the processor clock could be reduced from 16 MHz
to 10.7 MHz without affecting the demodulator. If the processor clock remains at 16 MHz, FSK bit rates
and frequencies could be scaled proportionally by a factor of up to 1.5.
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Conclusion

The AVR® core utilization results are summarized in the table below. A column for a CPU clock of 20 MHz
is also provided since many AVR® devices have this clock speed as an upper limit.

Table 5-1. AVR Core Utilization Results

Demodulator | ADC Sample FIR Filter Taps | Downsampling AVR® Core AVR® Core

Type Rate Factor Utilization (16 | Utilization (20
MHz Clock) MHz Clock)

AFSK 6250 Hz - 1 29.3% 23.4%

AFSK with 12500 Hz 15 2 61.9% 49.5%

additional

filtering

Near-ultrasonic 1 50000 Hz 9 8 66.6% 53.3%

FSK

These results confirm that the 8-bit AVR® core is capable of high levels of performance, even when the
application requires some digital signal processing and is written in a high-level language. Next time
you're evaluating microcontrollers for a project that involves sampling an analog signal with an ADC and
performing some processing of that signal, consider prototyping it on an 8-bit AVR® microcontroller. Its
performance, coupled with its low-power consumption and low cost, may surprise you.
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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.
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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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