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Announcing a complete hardware and software solution from NetBurner

The NetBurner MOD5234
E T H E R N E T C O R E M O D U L E w i t h e T P U

Product No. | MOD5234-100IR
Information and Sales | sales@netburner.com

Web | www.netburner.com
Telephone | 1-800-695-6828

2.0”

2.95”

NetBurner MOD5234 Ethernet Core Module Features

INDUSTRIAL TEMPERATURE RANGE

| –40°C to +85°C

PERFORMANCE AND MEMORY

| 32-Bit CPU | Freescale ColdFire MCF5234 147 Mhz 
| 2MB Flash Memory | 8MB SDRAM

DEVICE CONNECTIVITY

| 10/100 Ethernet | 3 UARTs | 16-channel eTPU | I2C | SPI | CAN 
| 47 Digital I/O | 16-bit Data Bus | SD/MMC Flash Card Support

Customize with NetBurner’s Royalty-free Software Suite

DEVELOPMENT SOFTWARE

| NB Eclipse IDE | Graphical Debugger | Deployment Tools | Examples

COMMUNICATION SOFTWARE

| TCP/IP Stack | HTTP Web Server | FTP | E-Mail | PPP | Flash File System

$99Only 

Qty. 100

All hardware and software is included with the

NetBurner MOD5234 Development Kit for only $299!
The Development Kit features NetBurner’s Eclipse, an enterprise level professional 
IDE that provides editing, downloading and debugging in one environment.
Order the MOD5234 Development Kit: Product No. NNDK-MOD5234-KIT

mailto:sales@netburner.com
http://www.netburner.com


GET STARTED WITH CAPSENSE NOW

Streamline your next design with CapSense:
www.cypress.com/gocapsense

Order a discounted CapSense Development Kit: 
www.cypress.com/capkit 

Request free PSoC CapSense IC samples:
www.cypress.com/capchips

Download free PSoC Express™ visual embedded software: 
www.cypress.com/capexpress 

Register for a CapSense NetSeminar:
www.cypress.com/capseminar

Cypress, the Cypress logo and PSoC are registered trademarks of Cypress Semiconductor Corporation. All other trademarks are properties of their respective owners. ©2007 Cypress Semiconductor Corporation. All rights reserved.

PSoC®-based Capacitive Touch Sensing
Maximize the design flexibility and integration of Cypress’s 
PSoC solution to create a stylish, durable interface. CapSense 
replaces buttons, switches, sliders and other mechanical 
inputs in your product. CapSense enables:  

Fast changes to your design at any stage from concept 
through production. CapSense is not a fixed-function ASIC 
or module; you are in control of your design at all times.

Single-chip implementation supporting multiple interfaces – 
buttons, sliders, touch screens, touchpads and proximity 
detectors – on a variety of conductive substrates.

Unique integration of additional functions – LED control, 
battery monitoring, motor control, ambient light sensing, 
etc. – all with the same CapSense chip.

Quick time-to-market with powerful, visual embedded 
design tools allowing customized, system-level design.

Applications enabled by PSoC® CapSense. 

CapSense.
Beauty is more
than skin deep.

http://www.cypress.com/capkit
http://www.cypress.com/capchips
http://www.cypress.com/capexpress
http://www.cypress.com/capseminar
http://www.cypress.com/gocapsense


Link Instruments

www.Linkins4.com
Link Instruments (973) 808-8990

PC-Based Test Equipment

IO-3208A $750
IO-3232A $899
IO-3232B $1399

Digital Oscilloscopes

500MSa/s
1Mpts

DSO-8202 (200MSa,128K) $799
DSO-8502 (500MSa,1MPt) $950

Logic Analyzer &
Pattern GeneratorNEW! 3.2” x 3” x 0.65”

USB 2.0 Powered

Portable

• 2 Channel Digital Oscilloscope
• 500 MSa/s max single shot rate
• 1Mpt sample memory

250 MSa/S (Dual channel)     512 Kpts
500 MSa/S (Single channel)  1 Mpts

• Only 9 oz and 7” x 3.5” x 1.5”
• Portable and Battery powered
• USB 2.0
• FFT Spectrum Analyzer

• Logic Analyzer (32 channels)
• Pattern Generator (up to 32 channels)
• up to 400 MSa/s
• Variable Threshold
• 2 External Clocks
• SPI output and disassembly
• I2C output and disassembly
•up to 2Msamples/ch

http://www.Linkins4.com


http://www.htsoft.com
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TASK MANAGER

Here in the Northern Hemisphere, the warm months of June, July,
and August mark our summer season. During this time, many engi-
neers exercise their vacation days at work and take some time to travel,
relax, and spend time with their families. It’s also a time of contempla-
tion. During the last two months, I’ve received dozens of e-mails from
engineers who have been using their summer downtime to work on a
wide range of projects. During the last few weeks in particular, I’ve
read proposals and article submissions about a barometric altimeter,
a ZigBee-based thermostat, and an “ultra-stable” precision frequency
calibrator. These are the seeds of some great articles. We’re looking
forward to working on them.

If you’ve been brainstorming during the last few months, we’d love
to hear from you. A simple e-mail describing your project will do. As
you know, our submission guidelines and editorial calendar are avail-
able at www.circuitcellar.com/submissions.

This issue offers an eclectic mix of articles touching on a variety of
interesting topics. As usual, there is something for everyone, from
retired engineers interested in new hardware apps to young grad stu-
dents with a penchant for video games.

On page 14, Jingxi Zhang and Yang Zhang describe how they built
an award-winning multifunctional oscilloscope. The design placed first
in the highly competitive Luminary Micro DesignStellaris2006 Contest.
After you read the article, go to www.circuitcellar.com/design
stellaris2006/winners/winners.html to learn more about the project.

Ready for the next big thing in bicycling? On page 24, a team of
designers from Camosun College describe an interesting electronic
bicycle design that you can easily replicate on your workbench. It’s the
perfect combination of manpower and machine power.

Have you ever played the Pyramid 2000 text game? In “Text
Adventure Gaming” (p. 40), Chris Cantrell explains how to give it a go
with a Parallax Propeller chip and his cog coordination language
(CCL).

On page 48, Keith Brown describes how to build a handy PHP
components database. The useful program enables you to log and
track the parts you keep in your design space.

The last feature article is the first part of Steve Hendrix’s series
entitled “1-Wire in the Real World” (p. 58). In this first installment,
Steve, who is a great designer and an avid aviation enthusiast,
explains the challenges associated with taking a 1-Wire deicing sys-
tem for small aircraft from a laboratory prototype to a real-world appli-
cation.

Finally, note that we’re happy to welcome Robert Lacoste to the
Circuit Cellar columnist team. From 1998 to 2004, Robert wrote 10
feature articles for us. His first article, “PIC’s Spectrum: Audio
Spectrum Analyzer,” appeared in issue 98. This month, we’re running
Robert’s first column, “Let’s Play with EMI!” (p. 66). In the future,
Robert’s column—“The Darker Side,” which is devoted to some of the
lesser-known aspects of electronic design—will appear every other
month.

Another Eclectic Mix

cj@circuitcellar.com

http://www.circuitcellar.com/advertise
mailto:sean@circuitcellar.com
mailto:shannon@circuitcellar.com
mailto:val.luster@circuitcellar.com
http://www.rakoczyphoto.com
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http://www.circuitcellar.com/subscribe
mailto:subscribe@circuitcellar.com
mailto:info@circuitcellar.com
mailto:editor@circuitcellar.com
mailto:newproducts@circuitcellar.com
mailto:reprints@circuitcellar.com
http://www.circuitcellar.com/submissions
http://www.circuitcellar.com/designstellaris2006/winners/winners.html
mailto:cj@circuitcellar.com
http://www.circuitcellar.com


Mouser and Mouser Electronics are registered trademarks of Mouser Electronics, Inc.  Other products, logos, and company names mentioned herein, may be trademarks of their respective owners.

The NEWEST Semiconductors | Passives | Interconnects | Power | Electromechanical | Test, Tools & Supplies from Mouser Electronics

• The ONLY New Catalog Every 90 Days

• NEWEST Products & Technologies

• Over 845,000 Products Online

• More Than 330 Manufacturers

• No Minimum Order

• Fast Delivery, Same-day Shipping

mouser.com (800) 346-6873

The Newest Products 
     For Your Newest Designs 

Faster Time to Market for 
YOUR New Designs!

3-in-1 PWM 
Dual Buck 
and Linear 
DDR Power 
Controller

Complete power 
solution for MCH and DDR 
memory.  

mouser.com/onsemiconductor/a

Fail-Safe 
Floating 
Electrode 
MLCC/FE-CAP

SMD MLCC utilizes 
floating internal 
electrode design, where electrodes form 
capacitors in single MLCC packages. 

mouser.com/kemet/a

B3U Tactile 
Switch

Industry’s smallest 
ultra-small tactile 
switch with high 
contact reliability. 

mouser.com/omron/a

AVR Microcontrollers

RISC core running single-cycle 
instructions with well-defined 
I/O structure limits for external 
components.    

mouser.com/atmel/a

OPA3875 High-Speed Video 
Multiplexer

Very wide band, 3-channel, 2:1 multiplexer 
in a small SSOP-16 package.

mouser.com/ti/a

http://www.mouser.com/ti/a
http://www.mouser.com/atmel/a
http://www.mouser.com/onsemiconductor/a
http://www.mouser.com/kemet/a
http://www.mouser.com/omron/a
http://www.mouser.com
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NEW PRODUCT NEWS Edited by John Gorsky

EVALUATION BOARD FOR LOW-COST IP CONTROLLER
The release of the II EVB-630 evaluation board demonstrates

how the iChip CO2128 IP controller provides Internet connectivi-
ty, encryption, and superior security in architecture and software
for a host processor or device. The II EVB-630 supports the effort-
less integration of many upper-layer Internet protocols using
either AT+i commands or the iChipConfig utility. They can also
be used for evaluation and development of secure Wi-Fi, LAN,
cellular, or dial-up networking, offering developers maximum
flexibility in designing machine-to-machine applications.

The II EVB-630 acts as a complete stand-alone platform that
enables developers to fully test out, develop, and debug the func-

DIGITAL LOAD SENSORS WITH USB OUTPUT
The iLoad Series of digital load/force sensors are based

on patented capacitive sensing technology. The sensors
combine the core load or force-sensing function with inte-
grated computing and communications modules to offer
plug-and-sense simplicity and unprecedented ease of use
in a rugged, low-profile package.

The iLoad digital USB sensor is the world’s first capaci-
tive load sensor with USB output. The load sensors are
designed to plug directly into the USB port of a PC and
enable users to measure loads, forces, or weights without
any additional signal conditioning, data acquisition, or
special software! The sensor appears as a virtual COM
port on a PC, enabling a user to directly read data using
simple ASCII commands with any terminal emulator. To
make the process even simpler, Loadstar offers LoadVUE
Lite software that takes care of all communication func-
tions and displays loads in pounds, kilograms, or newtons.

For users who need an analog output, the iLoad analog
sensor is built on the same digital platform as the digital
USB version, but it is designed to interface directly to a
PLC or DAQ system. The iLoad analog sensor offers a lin-
ear, 0.5- to 4.5-VDC output proportional to applied loads.
No expensive amplification or signal conditioning is
required because all electronics are built into the self-con-

tained integrated sensor.
The iLoad Series is available in 10-, 50-, 100-, 250-, and

500-lb capacities to measure both compressive and tensile
loads and offer accuracies of 0.25% to 0.025% of full-scale
loads. Prices for the sensors start at $245.

Loadstar Sensors, Inc.
www.loadstarsensors.com

tionality of the CO2128’s firmware with no modi-
fications to the development environment. The
chip features an open architectural design so
developers can choose the Internet protocols
required for their applications. The initial
firmware, which is locally updatable firmware,
supports up to 10 simultaneous TCP/UDP sock-
ets or secure sockets (SSL3/TLS1), two listen
sockets, HTTP/HTTPS, SMTP, FTP/FTPS and
TELNET clients, SerialNET serial-to-IP bridging,
an HTTP (web) server, MIME attachments, a
POP3 client, and RAS. Future versions will sup-
port remotely updatable firmware. 

The II EVB-630 comes loaded for connectivity.
To complement the two iChipSec CO2128 chips
included for prototyping, the board offers two
USB host and device connectors, two male-female
RS-232 DE-9 connectors, an RJ-45 connector, an
RJ-11 connector, a SocketModem, a Wi-Fi daugh-
ter board with an antenna, a four-pin TWI con-
nector, two six-pin SPI connectors, one 10-pin
SSC connector, and an SIM holder with either a
110- or 220-V power supply. LEDs provide valu-
able feedback. Serial cables are included.

The II EVB-630 for secure Wi-Fi, LAN, cellular,
or dial-up access costs $1,725.

Connect One
www.connectone.com

http://www.connectone.com
http://www.loadstarsensors.com
http://www.circuitcellar.com
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NEW PRODUCT NEWS
IAR EMBEDDED WORKBENCH FOR RENESAS R32C

IAR Systems announces the launch of the Embedded
Workbench for the Renesas R32C series. The new tools
package is the result of a collaborative development and
test program involving Renesas Technology and IAR Sys-
tems, and it is targeted at developers wishing to use a
C/C++ compiler for R32C with advanced features particu-
larly suited to automotive applications.

Because the Embedded Workbench for R32C supports all
the devices in the R32C series with header files, device
description files, etc., it is simple and quick to begin a new
applications development project, saving time that would
normally be spent on setting up a project. It also makes it
easy to migrate from one MCU to another within the
M16C family while still working within a familiar envi-
ronment and with minimal changes to the source code.
The ability to work with projects for different MCUs in the
same workspace is especially valuable in the automotive
industry where subsystems often use different MCUs,
depending on the processing power required.

The Embedded Workbench for R32C includes a C-SPY
driver for the Renesas E30 emulator, making it possible to
use C-SPY hardware debugging in real time.

Built-in awareness for the OSEK run-time interface
(ORTI) makes it possible to debug applications built around
this interface standard, which is particularly prevalent
within the automotive industry. A built-in MISRA C
checker automatically checks C source code for compli-
ance with the MISRA C rules. The Embedded Workbench
is the only tool for R32C that integrates both ORTI debug-
ging and a MISRA C checker. The Embedded Workbench
for R32C costs $2,695.

IAR Systems Software, Inc.
www.iar.com

http://www.iar.com
http://www.circuitcellar.com
http://www.gridconnect.com
http://www.e-pcb.com
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NEW PRODUCT NEWS
MCUs OFFER NETWORKING WITH THE CORTEX-M3

The Stellaris LM3S6965 Ethernet evaluation kit provides
engineers with an easy way to discover the LM3S6000
series of MCUs. The devices in this series are the first
MCUs in the world to feature a fully-integrated 100-Mbps
Ethernet solution with ARM architecture compatibility.
LM3S6000 devices combine both the media access control
(MAC) and physical (PHY) layers, marking the first time
integrated connectivity is available with an ARM cortex-
M3 MCU and the only integrated 10/100 Ethernet MAC

and PHY available in an ARM architecture MCU.
The Stellaris LM3S6965 Ethernet evaluation kit is

exceptional for its compactness and versatility and
includes a quickstart application that has an embedded
web server using the open-source lwIP TCP/IP stack out of
the box. Evaluation tools suite choices include an ARM
RealView microcontroller development kit (MDK), IAR
embedded workbench kickstart edition, and CodeSourcery
Sourcery G++ GNU tools. In addition, ported demos of
RTOSes include FreeRTOS.org, Micrium μC/OS-II with
μC/Probe embedded system monitoring, Express Logic
ThreadX, CMX Systems CMX-RTX, Keil RTX, IAR Power-
Pac, and SEGGER embOS. Stacks available include
Express Logic NetX TCP/IP, InterNiche TCP/IP NicheS-
tack, NicheLITE, and add-on modules, such as HTTP,
SNMP, and security protocols, CMX Systems CMX-
MicroNet, FreeRTOS.org-based open-source uIP stack,
Micrium μC/TCP-IP and μC/Modbus, and RTA Automa-
tion EtherNET/IP. The kit also includes an embedded web
server application based on the open-source FreeRTOS.org
RTOS and open-source uIP Ethernet stack. The Stellaris
LM3S6965 Ethernet evaluation kit is available today for
$79.

Luminary Micro, Inc.
www.luminarymicro.com

http://www.luminarymicro.com
http://www.circuitcellar.com
http://www.ironwoodelectronics.com
http://www.linxtechnologies.com
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NEW PRODUCT NEWS
GlideSensor TOUCH SENSOR DEVELOPMENT KIT

The GlideSensor development kit provides a flexible tool set that allows
OEMs to rapidly design and integrate custom touch input solutions into their
latest consumer electronics products. GlideSensor touch sensors may take the
form of thin films, flexible or rigid panels, irregular shapes, and optically clear
indium tin oxide (ITO) panels.

GlideSensors can be placed behind and sense through most dielectric materi-
als. They can also be quickly programmed to provide a variety of custom input
functions, including text entry, buttons, linear and circular controls, scrollbars,
and more. A complete GlideSensor
solution combines a low-power Cirque
mixed-mode ASIC controller and a
touch input sensor. Interface to the
host microcontroller is facilitated
through either an SPI or I2C connection.

The GlideSensor development kit
provides the tools and documentation
necessary to introduce the capabilities
of GlideSensor touch inputs and quick-
ly evaluate, design, and integrate a
touch solution. Developers have full
support from Cirque to ensure the
design process goes smoothly.

The kit costs $500.

Cirque Corp.
www.cirque.com

ZigBee DEVELOPMENT TOOLS FOR MICROCHIP-BASED DEVICES
ZigBee Alliance members, Ember, and CCS announce the launch of the Wire-

less-Ember ZigBee edition development kit for wireless applications using
Microchip PIC microprocessors. This low-cost development platform includes
an Ember EM260 ZigBee network coprocessor and an EmberZnet ZigBee stack
on CCS prototyping boards to be used with the CCS C compiler. 

The CCS wireless-Ember ZigBee edition development kit enables the fast proto-
typing of ZigBee applications. The EM260 integrates an IEEE 802.15.4 radio, a net-
work processor, and onboard memory to run a complete ZigBee network protocol
stack. The EM260 reduces a product’s cost, size, and power consumption with its
inexpensive small package size, and twice the wireless range of competitors. 

The development kit includes a sink board (with an EM260 module) with the
PIC18LF4620, sensor boards (with EM260 modules) with the PIC16LF886, the
CCS PCWH C compiler, an in-circuit debugger/programmer, an exercise book,

batteries and cables, and all
the required royalty-free
software source code.
Please note that the Ember
USBLinks programmer for
the EM260 will be sold sep-
arately at CCS.

The CCS development
kit will be sold for a limit-
ed time to Circuit Cellar
readers for $599. After that,
the standard price will be
$624.

CCS, Inc.
www.ccsinfo.com

http://www.cirque.com
http://www.ccsinfo.com
http://www.circuitcellar.com
http://www.segger.com
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NEW PRODUCT NEWS
UP TO 27 TEMPERATURE SENSORS ON A SINGLE I2C BUS

The DS75LX is a digital tempera-
ture sensor that allows up to 27
addresses on one I2C communication
bus. To enable 27 address combina-
tions, the temperature sensor pro-
vides three dedicated address pins
that can be placed in
one of three states:
tied to GND, tied to
VDD, or left floating.
Most competing
devices allow only the
three address pins to
be tied to GND or
VDD, resulting in a
maximum of only
eight addresses. 

The DS75LX oper-
ates from a low 1.7- to
3.7-V supply voltage. It
can be connected
directly to low-voltage
supply rails. The tem-
perature sensor is fac-
tory calibrated to an
accuracy of ±2°C (max)

over its entire supply-voltage range
and a wide temperature range of –25°
to 100°C. It is ±3°C (max) accurate
over its full operating temperature
range of –55° to 125°C. Temperature
is reported as user-selectable 9-, 10-,

11-, or 12-bit digital temperature
readings that translate to resolutions
between 0.5° (9 bit) and 0.0625°C (12
bit). The DS75LX also has thermo-
stat functionality with user-defined
trip points that allow the user to

customize the thresh-
old temperature and
output hysteresis.

Additionally, this
device includes an
optional bus-timeout
function that releases
the data line if it is
held longer than a pre-
determined amount of
time. This prevents
any possible lockup
problems that might
occur on the two-wire
bus.

Prices for the device
start at $0.75.

Maxim Integrated Products
www.maxim-ic.com

http://www.maxim-ic.com
http://www.circuitcellar.com
http://www.pcbpool.com
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NEW PRODUCT NEWS
UPGRADED FLOATING-POINT COPROCESSOR

The uM-FPU V3.1 is a new version of the popular uM-FPU
floating-point coprocessor chip. This version extends the power-
ful feature set of the original uM-FPU V3 chip to include serial
I/O support, NMEA sentence parsing, block transfers, additional
matrix operations and string support, and many other enhance-
ments.

The new serial I/O capabilities with NMEA sentence parsing
make it easy to add GPS data to embedded system designs. GPS
data can be read and processed directly by the uM-FPU V3.1
chip, saving I/O pins, memory space, and execution time on the
microcontroller, which can be used for the main application. 

The chip interfaces to virtually any microcontroller using an
SPI or I2C interface and supports 32-bit IEEE, 754-compatible
floating-point, and 32-bit integer operations. The chip also pro-
vides two 12-bit A/D channels, two digital outputs, an external
event counter, flash and EEPROM storage, and serial I/Os up to
115,200 bps.

The uM-FPU V3 IDE makes it easy to create, debug, and test
floating-point code. The IDE code generator takes traditional
math expressions and automatically produces uM-FPU V3.1
code targeted for any one of the many microcontrollers and
compilers supported. The IDE also supports code debugging and
programming user-defined functions. 

The chip operates from a 2.7-, 3.3-, or a 5-V supply with
power-saving modes available. It is available in an 18-pin DIP,
SOIC-18, or QFN-44 package. The chip costs $19.95 per unit
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which can capture the input analog
signal for oscilloscope display, a flexi-
ble analog comparator, three 32-bit (or
dual 16-bit) general-purpose timers
with input event capture, six channels
of PWM output, a synchronous serial
interface (SSI), which can work as a
Freescale SPI, National Semiconductor
MICROWIRE, or Texas Instruments
synchronous serial interface protocols,

Many of our projects (e.g., robotic
control applications) involve only
audio or low-frequency analog signals,
so we thought it would be handy to
have a small pocket-sized oscilloscope
for testing purposes. When we
received an evaluation kit for the
Luminary Micro DesignStellaris con-
test, we were happy to find that we
could use the compact LM3S811 eval-
uation board to build a tiny
multifunctional oscillo-
scope. The evaluation board
had almost everything we
needed. The only parts we
had to add were the compo-
nents for the analog signal
conditioning circuit. In this
article, we’ll explain how
we built our handheld sys-
tem (see Photo 1).

The small LM3S811
microcontroller, at the cen-
ter of the evaluation board,
is a powerful 50-MHz 32-
bit CPU; with 8 KB of
RAM and 64 KB of  flash
memory. The microcon-
troller is fully loaded with
on-chip peripherals that are
suitable for building a vari-
ety of functions for mixed
signal processing and con-
trol. The built-in peripher-
als include a 500-ksps mul-
tichannel 10-bit ADC,

an I2C, two channels of UART, and
plenty of general-purpose I/O ports
(GPIO). There is a small OLED display
on the evaluation board. This 1″
bright yellowish panel is a fine-pitch
96 × 16 graphic display connected to
the LM3S811 through the I2C inter-
face. Unlike most LCDs, the OLED
display has a very fast response time,
which is ideal for displaying rapidly

changing oscilloscope
waveforms. A USB con-
troller is also available on
the board for JTAG control
and serial port emulation.
The USB serial port emula-
tion connection can be
used to deliver the cap-
tured waveform to a host
PC and show the wave-
form on a larger, higher-
resolution PC screen. 

Finally, we developed a
small battery-powered
multifunction device with
the following functions: A
dual-channel oscilloscope
supports 250 ksps for each
channel. Each channel has
seven gain settings, which
allow the full-scale display
to be independently set to
±10 V, ±5 V, ±2 V, ±1 V, ±500
mV, ±200 mV, or  ±100 mV.
The trigger method includes
Free-Running (Auto) mode,

FEATURE ARTICLE by Jingxi Zhang & Yang Zhang

Handheld Multifunction Scope
If you need to monitor signals and inspect target devices, you can design your own LM3S811-
based handheld multifunctional oscilloscope. This system supports several modes: Oscillo-
scope, Voltmeter, Ohmmeter, Capacitance Meter, Inductance Meter, Frequency Counter, Logic
Probe, and Pulse Generator.

Photo 1a—The handheld multifunction oscilloscope is housed in a small plastic box. The
front view of the device is Luminary Micro’s LM3S811 evaluation board. The dual-channel
input ports are at one end of the device, while the USB port is located at the other end.
Slide switches for mode selection are visible at one side of the device. b—This is the
PCB for the analog signal-conditioning circuit and batteries. The PCB and the LM3S811
evaluation board are stacked together back-to-back on their solder sides.

b)

a)

FIRST PRIZE
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Channel 1 Edge-triggered (± Edge)
mode, and Single-Shot mode. An
AC/DC voltmeter can autorange from
100 mV to 10 V. The DC polarity and
AC can be automatically detected and
indicated in the display. An ohmmeter
autoranges from 0 to 1.36 MΩ, with
audible sound for connectivity. A
capacitance meter is autoranged to
measure the capacitances from 1 pF to
100 μF. An inductance meter measures
inductors in the millihenries to henries
range. A frequency counter counts the
frequency of low-level signals with a
sensitivity of 150 mV. A logic probe
senses logic high, logic low, open cir-
cuit (tri-state), and pulse. A pulse gener-
ator generates the pulse repeat frequen-
cies from 5 Hz to 5 MHz and duty
cycles from 1% to 99%. The generator
also supports single-pulse outputs.

CIRCUIT DESCRIPTION
Figure 1 is a block diagram of the

system. The LM3S811’s rich on-chip
peripherals and plentiful GPIO pins
make it possible to build the multi-
function tool with few external com-
ponents. The analog components for
the signal conditioning circuit and the
batteries are mounted on a small PCB.
The LM3S811 evaluation board and
the analog PCB are stacked back-to-

back on their solder
sides. Figure 2 and Fig-
ure 3 show the analog
signal conditioning cir-
cuit and the connec-
tion circuit to the
LM3S811 evaluation
board, respectively.

Oscilloscope mode
and Voltmeter mode
share the same signal
conditioning circuit
(see Figure 4). In these
modes, the LM3S811’s
GPIO PD3 pin is set to
a low logic level.
Thus, at the channel 1
input circuit the end of
the 300-kΩ resistor
R13 connection to the
GPIO PD3 is virtually
grounded. This makes
the two 300-kΩ resis-
tors parallel to form a
150-kΩ resistor in the attenuation net-
work. With the 850-kΩ resistor in the
input end, both channels’ input
impedance is 1 MΩ and the attenua-
tion rate is 15%.

The input buffers U2 and U4 are the
voltage followers that isolate the pro-
grammable gain amplifier (PGA) from
the input end. (The PGA has a low-

input impedance.) The diode pairs at
each channel input (D3 and D4, D5
and D6) provide the protection circuit
to prevent over-voltage damage to the
amplifiers. Switches S7 and S8 are for
the DC/AC input coupling selection.
When the switch is open, a 0.1-μF
capacitor is used for the AC coupling
(notice that the capacitor voltage tol-
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Analog signal
condition circuit

SPI

LC
meter
circuit

Digital
input
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Timer

Comparator

VREF

I2C

OLED display

USB
controller

PWM
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GPIO

GPIO

GPIO

ADC

Rotary encoder
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Figure 1—This is a block diagram of the multifunction oscilloscope. The LM3S811
evaluation board is in the center. The analog signal-conditioning circuit, LC meter
circuit, frequency counter, and logic probe circuit were added to the system. The
slide switches, the potentiometer, and the rotary encoder provide user control to the
system. The visual output is the OLED display, which is connected to the microcon-
troller through the I2C port and the LED. The audio output is the tiny piezo speaker.
The UART port provides a serial port link through the USB port to a host PC.

Figure 2—This is a schematic of the analog signal-conditioning circuit and the negative power supply.



the signal from ±1.5 V to the 0- to 3-V
range. The voltage level shifter has a
unit gain for the negative input while
its gain for the positive input is 2. The
resistor divider made by R25 and R26
brings a static 0.75 V to the positive
input. When the input is 0 V the rest-
ing output voltage to the ADC con-
verter is shifted to 1.5 V, which is in
the middle of ADC working range.
The negative signal moves the output
toward ground while the positive sig-
nal moves the output toward the posi-
tive rail. The low-pass filters, com-
posed of R17, C17, R23, and C18, at
the output of each voltage shifter are

the antialiasing filters
for filtering out the fre-
quency components
higher than the
Nyquist frequency.

The fast on-chip
ADC captures and digi-
tizes the buffered dual-
channel analog signal.
The sampling rate is
controlled by an on-
chip timer. Thanks to
the programmable sam-
ple conversion
sequence units embed-
ded in the LM3S811,

erance is 100 V). The Linear Technolo-
gy LT6912-1 is a dual-channel PGA
where each amplifier gain can be inde-
pendently set to ×1, ×2, ×5, ×10, ×20,
×50, and ×100 via an SPI. The charge
pump (U5, a Texas Instruments
TPS60403) provides the –3-V power
supply for the input buffers and the
PGA. The last stage in the signal con-
ditioning circuit is a voltage shifter.
Because the PGA and the input buffer
are working on both positive and nega-
tive rails to accommodate the signal
in negative range while the LM3S811’s
ADC is working only on the positive
rail, a voltage shifter is needed to shift

sampled data is automatically saved in
the sequence unit’s FIFO. This pre-
vents the data from being lost in case
the interrupt service routine (ISR) can-
not catch up with bursting interrupt
events at fast sampling rates. The
ADC also samples the voltage output
of the potentiometer on the evaluation
board. This volt value is used to con-
trol the oscilloscope trigger level as
well as to adjust the frequency and the
duty cycle of the pulse generator.

Voltmeter mode uses the same cir-
cuitry as Oscilloscope mode, except
only channel 1 is used. The digitized
signal at the ADC output is analyzed
in order to discriminate between DC
and AC voltages. If the signal contains
both positive and negative compo-
nents, the measurement is an AC volt-
age and the AC flag is indicated on the
display. The AC voltage is rectified by
software and the average value is used
for the display.

Ohmmeter mode also shares the
same basic signal conditioning circuit
as the Oscilloscope and Voltmeter
modes. However, GPIO pin PD3 in this
mode is set to V

CC rail. Two 300-kΩ
resistors form a voltage divider. The
measuring resistor RTEST is parallel
with the low resistor of the voltage
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Figure 3—This is a schematic of the LM3S811 evaluation board’s connections, mode selection switches, the rotary encoder and the circuit for the capacitance meter, the
inductance meter, the frequency counter, and the logic probe.

VCC

Input buffer Gain control Voltage level shifter
10K

10KPGA

VCC

0.75 VControlled by
GPIO pin PD3

300K

SPI port for
gain control

850KInput
impedance

I MΩ 

15%
Attenuation

300K

–

+
ADC

= 150K

Figure 4—This is the analog signal-conditioning circuit for the oscilloscope
and voltmeter. The input resistor divider attenuates the input signal to 15%.
The input buffer provides an isolation to the input. The gain of the PGA is
controlled by the microcontroller through the SPI port. The last stage is the
voltage shifter to translate the voltage from the analog domain to the ADC
input voltage range.
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divider (see Figure 5). 
When the input end is open (the

measured resistance equals ∞), the volt-
age at the voltage divider is about 1.65 V,
which will saturate the voltage shifter
output to the maximum. When RTEST is
connected to the input end, the voltage
at the voltage divider drops as follows:

[1]

Rearranging the terms, we get:

[2]

Because:

[3]

Rearrange the terms again to get:

[4]

Because the ADC sample is propor-
tional to VIN by a constant factor A,
which relates to the gain of the PGA,
we then get:

[5]

Therefore, by substituting in the actu-
al values, we can calculate the RTEST

value by sampling the ADC input.
The PGA gain changes according to

the resistor value being measured to
make sure the resistor is measured at
its highest resolution range.

Capacitance Meter mode uses a very
simple RC circuit connected to the
on-chip timer (timer 2A) input (see
Figure 6). The CTEST is charged and dis-

R   Sample AR R
V R   Sample A R   RTEST

ADC 1 2

CC 2 ADC 1 2

=
− +( )

R   V R R
V R   V R   RTEST

IN 1 2

CC 2 IN 1 2

=
− +( )

R   R R
R   RPARALLEL

TEST 2

TEST 2

=
+( )

R   V R
V   VPARALLEL

IN 1

CC IN

=
−( )

V  V   R
R   RIN CC

PARALLEL

1 PARALLEL

= ×
+( )

the timer is able to capture an ade-
quate tick count during the charge/dis-
charge period for calculating the capac-
itance value with sufficient resolution.
When measuring large capacitors, a
smaller resistor is used to prevent the
large time constant from saturating the
16-bit timer or prolonging the measuring
period. The resistors are automatically
switched by the software. The system
initially uses the large resistor to meas-
ure the capacitor. If the timer is not trig-
gered within the threshold time window,
the software switches to the small
resistor to complete the measurement.

Inductance Meter mode uses the
same principle as Capacitance Meter
mode. However, the RL circuit time
constant is τ = L/R. Because R is the
denominator, it requires a small resis-
tor to measure a small inductor. The
small resistor in the LR circuit causes
a large current, which may exceed the
maximal allowance of the GPIO pin.
Therefore, the inductance meter is

charged periodically through a resistor
(the resistor value determines the test-
ing range) by turning a driving voltage
on and off. The voltage on the capaci-
tor, VC, cannot change instantly, but it
is a function of time with time con-
stant τ = RC. During discharge:

[6] 

while during charge:

[7]

where V0 is the capacitor at the
start of discharge and VDRIVE is the
driving voltage. At the time the
LM3S811 changes the driving
voltage, it also starts timer 2A.
When the VC reaches the thresh-
old of VIL (during discharge) or VIH

(during charge) of the LM3S811
GPIO input pin, the GPIO pin
state is changed. Because this pin
is the input of timer 2A, which is
set to Input Edge Time Capture
mode, the tick count of the time
period is captured and stored in a
register. Based on the captured
tick count, the capacitance can
be easily calculated. 

There are two charge/dis-
charge resistors. One resistor is
smaller (470 Ω) and another is
1,000 times larger (470 kΩ). The
large resistor is used for measur-
ing small capacitors (from few
pF to about 0.1 μF). Because the
larger resistor can compensate
for small capacitance and make
the RC time constant τ larger,

V V eC DRIVE

t

= −
⎛
⎝⎜

⎞
⎠⎟

−

1 t

V   V eC 0

t

=
−
t
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Figure 5—Ohmmeter mode shares the same analog circuit with the oscilloscope and the voltmeter, but with a dif-
ferent input resistor network. One of the 300-kΩ resistors is now connected to VCC rail. The resistor to be tested

(RTEST) is parallel with another 300-kΩ resistor. When the input is open, the circuit outputs the highest voltage. The

smaller the tested resistor, the lower the output voltage. By calculating the captured voltage, the resistor value can
be easily determined.

τ τ’ τ’’  
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Figure 6—The capacitor to be tested (CTEST) is charged or dis-

charged through the 470-Ω or 470-kΩ resistor. When the volt-
age runs across the GPIO input Schmitt trigger threshold, the
timer is triggered, and the tick count representing the charge/dis-
charge period is captured. The capacitance can be deduced from
the charge/discharge period, which is proportional to the RC
time constant.
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limited to large inductance measurement.
Frequency Counter mode uses the

on-chip analog comparator to convert
signal waveforms to square wave-
forms. The capacitor C3 is for AC cou-
pling of the input. A JFET voltage fol-
lower, Q1, is used to buffer the input
signal. The resistors R8 and R10 are
the bias resistors for the JFET gate.
The source voltage of JFET is set to
about 1.7 V. The positive input of the
analog comparator is connected to the
on-chip programmable band-gap volt-
age source and the reference voltage is
set to 150 mV above the JFET source
voltage. So, a small input signal
(greater than 150 mV) can trigger the
analog comparator, generating square
wave outputs. The diodes D1 and D2
are for over-voltage protection. The
comparator output is connected to the
Timer 2A input through the small
resistor R3. The timer is set to Input
Edge Time Capture mode so the tick
count between the rising edges of the
square wave (representing the signal
cycles period) are captured and then
converted to frequency measurement
by the software.

Logic Probe mode is shown in Figure 7.

It shares the JFET voltage fol-
lower circuit and the on-chip
analog comparator with Fre-
quency Counter mode, but
with a different reference volt-
age for the comparator. In addi-
tion, the input is connected to
another GPIO input pin (PB6).
It is straightforward for logic
low, logic high, and pulse
detection. However, it is a lit-
tle bit tricky to detect the
high-impedance open-circuit
condition (tristate). In order to

detect the open circuit, both the ana-
log comparator output and the pin,
PB6 events are observed.

Figure 7a shows high-impedance open
circuit detection. Assume the JFET gate
input impedance is large enough to
ignore. The voltage at the PB6 digital
input pad Schmitt trigger is determined
solely by the voltage divider constructed
by the 3-MΩ and 1-MΩ resistors (R8 and
R10 in the schematics) when the input
end is open. The voltage present at PB6
input is about: 

[8] 

which is lower than the LM3S811
input pin logic 0 threshold (maximal
HIL = 1.3 V). Then, the microcontroller
reads 0 from pin PB6. The output at
the JFET source is about 1.7 V due to
the gate-source voltage. The compara-
tor reference voltage is set to 1.5 V,
just below the JFET source voltage of
1.7 V. The comparator output is set to
Inverse mode; therefore, the compara-
tor outputs logic 1. Therefore, the soft-
ware can determine the high imped-

3 3.  V  1
1  3

  0.85 V×
+( ) =

Figure 7—This figure shows the logic probe
circuit detecting different input states. a—When
the input is high-impedance or open-circuit,
the comparator outputs 1 while the PB6 input
is 0. b—When the input is in high logic level,
both the comparator output and the PB6 input
are 1. c—When the input is in low logic level
or grounded, both the comparator output and
the PB6 input are 0.
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ance state if the PB6 input is 0 and the
comparator output is 1.

When the input end is presented a
logic-1 signal (3 to 5 V, the LM3S811
is 5-V tolerant), the voltage at the pin
PB6 input is forced to rise to a high
level. (R8 and R10 have a weak bias.)
The JFET follower output also moves
to a higher voltage level and the com-
parator output is maintained at a high
level. The software can now deter-
mine the high-level logic signal if both
the PB6 and comparator output are
logic 1s (see Figure 7b).

If, on other hand, the logic 0 is pres-
ent at input (or grounded), the voltage
at pin PB6 input is forced to 0 (again
due to the weak bias of R8 and R10).
The JFET follower output drops to a
lower voltage level (about 0.85 V).
Because it is below the 1.7-V reference
voltage, the analog comparator’s
inverted output is logic 0. That means
the software can determine the low
logic signal if both the PB6 and the
comparator outputs are 0 (see Figure
7c).

The PB6 interrupt is enabled on
both the rising and the falling edges.
When a pulse is presented to the
input, the GPIO interrupt service rou-
tine is called. Then the PB6 input

logic level and the analog comparator
output are checked. If they are the
same logic value, a pulse is detected,
the on-board LED is turned on, and a
beep tone is generated. The LED and
the tone are not turned off until after
a 500-ms delay. A software controlled
time delay makes sure the visual and
audio alerts can be easily noticed even
for the short pulses.

Pulse Generator mode uses a PWM
interface to output a stream of pulses.
The PWM is set to Countdown mode.
The PWM timer-load register deter-
mines the repeat frequency while the
value in the timer comparator match
register determines the duty
cycle. The potentiometer is
the user interface for setting
the repeat frequency and the
duty cycle. The voltage from
the potentiometer is sampled
by the on-chip ADC. The digi-
tized value is used to set the
PWM timer load register when
the menu is in Frequency Set-
ting mode and to set the PWM
timer match register in Duty
Cycle Setting mode.

Mode selection is made by
two double pole 4 throw
(DP4T) slide switches. We

could not find the miniature DP4T
slide switch during hardware con-
struction. Instead, we used two low-
profile, miniature, single-pole 4-throw
(SP4T) slide switches (Copal Electron-
ics CUS-14B) stacked up to form a
DP4T switch. Six GPIO pins on the
LM3S811 are used for decoding the
mode selection. The mode is selected
so that when switches S1 and S2 are
in positions one, two, and three, the
device is in Oscilloscope/Voltmeter
mode, Ohmmeter mode, and Pulse
Generation mode, respectively. When
switches S1 and S2 are placed in posi-
tion four, the mode selection is deter-
mined by switches S3 and S4. The
modes at positions one, two, three,
and four of switches S3 and S4 corre-
spond to Capacitance Meter mode,
Inductance Meter mode, Frequency
Counter mode, and Logic Probe mode,
respectively. The edge-triggered inter-
rupt and pull-up resistor on these
GPIO pins’ edges are enabled. There-
fore, when the slide changes position,
one of the GPIO pins is grounded and
triggers the corresponding GPIO inter-
rupt service routine. The software,
after a debouncing delay (described
later), terminates the previous mode
and starts the new mode function.

The menu system consists of a
thumbwheel rotary encoder (S5) and
display menus. The rotary encoder is a
quadrature encoder in which the out-
puts of two channels, channel A and
channel B, are 90o out of phase.
Between each rotating detent step,
each channel outputs a complete pulse
wave. Therefore, the combination of
the two channels’ outputs yields four

Photo 2—These are samples of the OLED display. The displays in the left column (from top to bottom) include a
single-channel oscilloscope trace, a dual-channel oscilloscope trace, and a menu display showing the oscilloscope
trigger selection. The displays on the right (from top to bottom) are an Ohmmeter mode display, a capacitance
meter display, and a Pulse Generation mode display.

Figure 8—This is a modification of the power supply circuit for
adding a battery source. You can see the power input (pin 2) and
the enable input (pin 6) of the linear voltage regulator. U7 is dis-
connected from the 5-V source. These pins are reconnected to a
switch, where either the battery or the USB 5-V source can be
selected as the power source.
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different phases in
sequence in between each
detent position. These out-
puts are coded, instead of
binary, in Gray code order
where only one bit alters
when the phase changes.
For example, the 2-bit
binary code sequence is
00, 01, 10, and 11. In Gray
code, the sequence is 00,
01, 11, and 10. The next
state of binary code 01 is
10, both bit 0 and bit 1
states change. In contrast,
the next state of Gray code
01 is 11, only bit 1 state
changes. Readers interested
in the rotary encoder and
Gray code may refer to
“Using Rotary Encoders as
Input Devices” (B. Millier,
Circuit Cellar 152, 2003).

The outputs of the rotary encoder,
with the mechanical switch debouncing
RC networks (R6, C1, R7, and C2), are
connected to two GPIO pins, PB0 and
PB1, on the LM3S811. Edge-triggered
interrupts on the GPIO pins are enabled.
When the encoder rotates, the ISR of
these GPIO pins is called. By checking
the bit change in the Gray code, the soft-
ware can easily detect the thumbnail
rotary encoder rotating direction.

The menu items are rendered in the
lower half of the OLED display screen.
(See Photo 2 for the display example.)
The menu display, when activated,
can display three items, each with no
more than four characters. If the menu
list is longer than three, arrows are
shown on the right and left ends of the
menu display to indicate that more
items are available. The currently select-
ed item is highlighted with inverted
background and foreground lighting.
Rotating the encoder’s thumbwheel
moves to the next or previous item,
depending on the direction of rotation
and the menu scrolls to the left or right
to show the available items if necessary.

The menu is organized as a hierar-
chy. For example, if the thumbwheel’s
rotary encoder push button or the
push button at the front panel is
pressed when the slide switch is in
Oscilloscope/Voltmeter mode, the top-
level menu is displayed where Oscillo-

scope or Voltmeter mode can be select-
ed. Highlighting Oscilloscope and
pressing the thumbwheel push button
brings up the Oscilloscope submenu,
where single and dual-channel, gain
setting, time scale, or trigger method
can be selected. Selecting an item and
pressing the thumbwheel will move
deeper down the menu hierarchy, and
so on, until a leaf item is selected.

Mechanical switch debouncing is
implemented in software. There are
many mechanical switches, including
push buttons and slide switches, used
in the device. To simplify the circuit,
a software debouncing mechanism is
used for all switches except rotary
encoder quadrature switch output.
The software uses the sysTick inter-
rupt to handle the switch debounce
delay. When a switch interrupt occurs,
the ISR does not execute the command
immediately. Instead, the ISR gets the
current sysTick count and registers a
time delay for the command. The
sysTick interrupt occurs at 1-ms inter-
vals. At each sysTick interrupt, the cur-
rent tick count is compared with the
registered delay tick count. If the regis-
tered delay is expired, the switch condi-
tion is reexamined. Only the delayed
reexamined switch result is used to
control the command execution.

Power supply modification for battery
operation is made on the LM3S811 eval-

uation board (see Figure 8).
It is powered by a USB 5-V
supply. A 3.3-V linear regu-
lator converts 5 V to 3.3 V
for the LM3S811 (and the
analog signal conditioning
PCB). In order to allow the
three AAA batteries to
power the circuit when it
is working in Standalone
mode, the power supply
circuit was modified. The
PCB trace to the 3.3-V
voltage regulator input is
carefully cut. Note that
the traces to voltage regu-
lator pin 2 and pin 6 need
to be cut separately
because they are connected
to the 5-V source at a differ-
ent location. (We had to use
a fine drill bit to carefully
drill the via on the board to

disconnect pin 2 from the back side of
the 5-V source.) These two pins are
resoldered together and connected to a
power switch. The power switch is
used to select either the USB 5-V source
or the battery to serve the system.

SOFTWARE DEVELOPMENT
The software was developed using

the Keil RealView microcontroller
development kit. The Keil RealView is
free for up to 16 KB of code. Unfortu-
nately, the footprint of our project is
about 18 KB, slightly larger than the
free version’s limit. 

The program is written in C and
does not use any RTOS. It is an inter-
rupt-driven system. A state machine is
implemented in the main loop. The
slide switch, push button, and thumb-
wheel rotary encoder as well as the
on-chip peripheral interrupts, are trig-
gered by the corresponding events.
The ISR sets and resets the states of
the state machine and the main loop
executes consequent commands.
Luminary Micro provided the Stellaris
peripheral driver library, which is an
abstract interface and hides the details of
on-chip peripheral register manipulation.
With the driver library, register file set-
ting becomes easier and the source code
is cleaner. Luminary Micro also includes
the source code to the driver library.
This enables you to look at the imple-

Photo 3—A screenshot of the oscilloscope trace is shown in the PC window. The data is
delivered through the USB serial emulation port. All the parameters and settings, along
with the oscilloscope on the PC screen, are updated automatically when the handheld
multifunction device’s mode changes.

http://www.circuitcellar.com
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PROJECT FILES
To download code, go to ftp://ftp.
circuitcellar.com/pub/Circuit_Cellar/
2007/205.

RESOURCES
Keil, “RealView Microcontroller
Development Kit,” www.keil.com/arm
/rvmdkkit.asp.

Luminary Micro, Inc., “Stellaris Peripher-
al Driver Library,” www.luminarymicro.
com/documents/download/227/chk,
666113193c85d62aefb475065abab521/.

SOURCES
LT6912-1 Dual-channel PGA
Linear Technology Corp.
www.linear.com

LM3S811 Microcontroller 
Luminary Micro, Inc. 
www.luminarymicro.com

CUS-14B Slide switches
Nidec Copal Electronics Corp. 
www.copal-electronics.com

TPS60403 Charge pump voltage inverter
Texas Instruments, Inc.
www.ti.com 

Jingxi Zhang is the senior system archi-
tect at Jupiter Systems in Hayward, CA.
He graduated from Zhongshang Medical
University in Guangzhou, China. He has
an M.S. in Electrical Engineering from
the University of California, Irvine,
and a Ph.D. in Neurosciences from the
University of California, Los Angeles.

Yang Zhang is pursuing a Master’s and
Ph.D. in Computer Science at MIT. He
has a B.S. in Computer Science from the
University of California, Berkeley.

mentation or modify it if necessary.
In order to capture fast ADC sam-

ples, the system runs at its maximum
rate of 50 MHz. The serial port data rate
is set to 115.2 kbps. When the USB
cable is connected to a host PC, the cap-
tured oscilloscope waveform can be sent
to a PC through the USB serial connec-
tion emulation. A window display pro-
gram written in C# on the .NET platform
accepts and displays the waveform and
the measurement data in other function
modes on the PC display (see Photo 3).

IMPROVEMENTS
Luminary Micro’s LM3S811 micro-

controller is a nice device to work with.
With its powerful ARM CPU core and
rich peripherals, hardware design
becomes easier. The Keil RealView is a
solid integrated tool to develop and
debug the embedded application. After
a few months of enjoyable effort, we
now have the multifunctional oscillo-
scope in our pocket. We are ready to
probe target devices to find bugs. 

But this is not the end of the story. The
multifunctional oscilloscope could be

easily extended to include more func-
tions, such as adding a function generator
using the PWM output. The LM3S811
has room to accommodate such
improvements. We encourage you to try
building your own handheld device. I

ftp://ftp.circuitcellar.com/pub/Circuit_Cellar/2007/205
http://www.keil.com/arm/rvmdkkit.asp
http://www.luminarymicro.com
http://www.linear.com
http://www.luminarymicro.com
http://www.copal-electronics.com
http://www.ti.com
http://www.circuitcellar.com
http://www.rabbitappkits.com
http://www.zigbeemodule.com/cc
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throttle or torque con-
trol. In this project,
motor power is con-
trolled by the amount of
torque you apply to the
pedals. For every bit of
torque you apply, the
motor will add more
torque to the rear wheel.

Think of it as having
bionic legs. This bike
makes you go really fast
with the same effort.
Hills will no longer be
obstacles, and drivers
will do double-takes
while you ride past
them with ease.

BRUSHLESS DC MOTOR CONTROL
We selected a Crystalyte 408 brush-

less DC three-phase hub motor for our
design (see Photo 2). The 408 has eight
poles and uses rare-earth alloy mag-
nets made of neodymium, ferrite, and
boron. According to Crystalyte’s web
site, the motor produces 473 W and
13.5 N-m of torque when drawing 15 A
at 48 V. Because power is always
directly proportional to fun, we
applied a maximum of 20 A at 75 V.

Brushless motors have significant
advantages over their brushed
brethren: better efficiency, less main-
tenance, quieter operation, less emit-
ted interference, and higher speeds.
The major drawback of brushless
motors is that their control systems
are more complex and expensive.

Motor commutation is accom-
plished by energizing the internal coils
in an appropriate sequence determined

Have you ever had someone pass
you on a bicycle while you were stuck
in gridlock? If you have, you probably
thought of how nice it would be to get
more exercise, curse less, and help the
environment. But, you may have
assumed that you didn’t have it in you
to ride a bicycle all the way to work
and back. After all, driving is more
convenient. And that’s not to mention
the fact that you’d need a shower after
each commute!

Electric vehicles are becoming a
popular alternative to internal com-
bustion engines because they are more
efficient, require little maintenance,
and don’t produce pollution. The main
disadvantage of electric motors is that
battery technology needs to be
improved to maintain the same range
as combustion engines.

For our final project at Camosun
College, we decided to design and build
an electronic bicycle (see Photo 1).
What is the point of a bicycle that
powers itself? What exercise are you
getting from that? What advantages
are there over a regular bicycle?

Every motor needs some form of

by the position of the rotor. Coils are
energized two at a time to provide a
current path through the motor. The
position of the rotor is determined by
three Hall-effect sensors embedded in
the stator.

The Hall-effect sensors are spaced
around the stator at 120° intervals.
The sensors produce a high or a low
for 180° of the electrical rotation,
depending on the magnetic field of the
rotor. As the rotor turns, the Hall-
effect sensors will produce a 3-bit
number from one to six, depending on
the position of the magnets in the
rotor. Using the position as an input,
the software determines which coils
to energize to make the motor turn.  

POWER SOURCES
There are two power sources on the

bike. The primary source is a bank of
lithium-ion batteries. The secondary
source is a bank of ultracapacitors.

FEATURE ARTICLE by Roxanne Ahmed, Michael Buchanan, 
Andrew Clarke, Chris Elder, & Warren Shrieves

Electronic Bicycle Design
This electronic bicycle will work only as hard as you do. Motor power is controlled by the
amount of torque you apply to the pedals: the harder you ride, the more torque is added to
the rear wheel. Lithium-ion batteries and ultracapacitors power the system.

Photo 1—This is our electronic bike. The ultracapacitor bank is mounted in a
plexiglass case. The metal case in the middle of the bike holds the lithium-ion
batteries. The red case on the handlebar holds the LCD and control buttons.

Photo 2—This is the Crystalyte 408 brushless DC
motor. The motor was ordered with the wheel and
spokes already mounted. The axle was modified using
a rotary tool in order to mount the four strain gauges.

http://www.circuitcellar.com


There is, of course, an external power
supply—the rider.

Lithium-ion batteries are ideal for this
project because they have a high energy
density, no memory effects, and mini-
mal leakage current when they aren’t
being used. However, there are several
inherent problems with lithium-ion bat-
teries that must be dealt with for them

to function properly and safely.
In order to keep the bicycle and

rider safe, the batteries should be
mounted in an enclosure in case of a
rupture. Also, protection circuits must
be implemented so all currents and volt-
ages stay within the specs. The battery
packs also include internal overdraw,
overcharge, and over-temperature shut-

downs.
In order to meet these specs

and keep this project as simple
as possible, we chose prepack-
aged Tenergy lithium-ion bat-
tery packs rated at 14.8 V and
2.2 Ah. We used 16 packs in a
parallel arrangement with four
series packs in each branch. This
provided us with a nominal volt-
age of 59.2 V and 8.8 Ah, which
is sufficient enough to power the
bike for rides of over 1.5 h.  

The ultracapacitors will initial-
ly power the bike when accelerat-
ing and absorb regeneration ener-
gy. They consist of 28 NessCap

ESHR-0100-2R7 2.7-V, 100-F capacitors
connected in series. This creates a 3.6-F,
75-V capacitor that can discharge 58.1 A
over 1 s and 26 A over 5 s until they
reach half of their maximum voltage.

HARDWARE
Three interconnected boards make

up the bike’s circuitry (see Photo 3).
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Figure 1—This is a three-phase H-bridge design using MOSFETs. Power to the motor is achieved by pulse-width modulating the low side of a single phase of the H-bridge.

Photo 3a—A power source selection board was created for the MOSFETs that direct the power to and from the batteries
and ultracapacitors. b—The drive board houses the H-bridge comprising the IR MOSFETs. Because of the high power sup-
plied to the motor, external wire was used instead of PCB traces. c—The dsPIC 30F6015 and all A/D conditioning circuitry
are located on the same board because of their low power characteristics and interference concerns.

a) b)

c)

http://www.circuitcellar.com
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Figure 2—The power control board allows the bike to be driven from the batteries or the ultracapacitors. It implements
the DC-DC converter using the internal inductance of the motor and controls the charging of the ultracapacitors.

http://www.circuitcellar.com
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away from the MOSFET. We did this
by using 25-V Zener diodes and the
appropriate current-limiting resistor,
which connects the gate to the source.
One issue that needs to be looked at
when using the Zener diodes is Regen-
eration mode. If the motor is engaged
in Regeneration mode under this
setup, we would effectively destroy
the high/low driver as well as the
MOSFET. To prevent this, we placed a
general-purpose diode in the opposite
direction of the Zener diode. By plac-
ing the diode in the opposite direction,
we blocked any current that might
flow into the gate from the source dur-
ing regeneration.

To protect against drain-source over-
voltage, we needed a different kind of
circuit than the gate-source protec-
tion. A simple snubber circuit was
used to eliminate any possible tran-
sients. The snubber circuit consists of
a series 1.5-kΩ resistor and a 1,500-pF

current through any coil of the motor.  
Since we used MOSFETs, we needed

to control the circuitry to turn on the
appropriate channels at the proper
time. This meant that drivers were
needed to float the 5-V logic signal
from the PIC up to 15 V above the
source voltage. We chose International
Rectifier IR2101SPBF high/low drivers
because they require a very simple cir-
cuit with two external capacitors, one
external diode, and current-limiting
resistors on the inputs and outputs.

In real-world applications, protec-
tion is always necessary for unpre-
dictable voltage spikes that occur
when powering an inductive load.
There are two different ways to fully
protect the MOSFETs: gate-source
voltage and drain-source voltage.

The IRFI4227PBF allows for a maxi-
mum gate-source voltage of 30 V. To
protect against over-voltage condi-
tions, we routed excessive current

The drive board controls the motor
drive operation. The power control
board controls the power source selec-
tion and regeneration. And, the
processor board houses a microcon-
troller and ADC conditioning circuit-
ry. All three boards are connected to
each other in a stack using 36-pin
headers.

Other hardware used on the project
includes four strain gauges to measure
pedal torque, a back-lit LCD with six
control buttons, and a slide poten-
tiometer for dynamic regenerative
braking control.

DRIVE BOARD
One of the key components of our

bike is the motor control board. It
uses a simple H-bridge configuration
with six International Rectifier
IRFI4227PBF MOSFETs (see Figure 1).
Using the three different channels of
the H-bridge, we controlled the flow of

Figure 3—This is the ADC portion of the processor board. These are the conditioning circuits for quantizing the current and voltage levels of the power sources and the motor.
The amplification for the strain gauges is also shown above.
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capacitor across the drain and source.
Thermal protection is the final safe-

guard. To protect the MOSFETs from
overheating, we placed a heatsink on
the bottom of the PCB to dissipate any
heat generated by the MOSFETs.

POWER CONTROL BOARD
The power control board has two

main purposes. Synonymous with the
name, the power control board houses
the control hardware used for power
source selection. The board also con-
tains circuitry for regeneration, includ-
ing a DC-DC converter that uses the
internal inductance of the motor.

Switching between power sources is
accomplished using IRFI4227PBF
MOSFETs (see Figure 2). When using
batteries, the SourceBattCutoff FET is
on. When using ultracapacitors, the
SourceCapCutoff is on. To prevent the
power sources from shorting together,
both control FETs can never be on at
the same time.

A MOSFET on each parallel branch
of batteries and ultracapacitors is used
to direct current going into the power

Figure 4—This is the second portion of the processor board.You can
see the dsPIC30F6015 and all of its pin connections. Also shown is
the RS-232 chip for serial communication, the RJ-11 port for program-
ming, the voltage references, and the 36-pin header that connects all
of the PCBs together.

http://www.circuitcellar.com
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The voltage of each of the four battery
branches, the capacitor bank, and the
line voltage in and out of the motor
are all monitored for drive control,
regeneration control, and shutdown
control. The current into each of the
four battery branches, the capacitor
bank, and the motor are also moni-
tored for safety and control.

For voltage and current monitoring,
we used the Analog Devices AD623
instrumentation amplifier. The
AD623 is powered by a single 5-V sup-

supplies during regeneration. These
can be seen as the battery and capaci-
tor control FETs in Figure 2. Look at
the direction of the internal diodes of
the Cutoff FETs and Control FETs.
This configuration enables us to direct
current into and out of each branch of
each power source. 

The initial design of the system
used the MOSFETs’ internal diodes to
prevent current flow from one parallel
branch of the batteries to another.
After further testing, additional diodes
were needed in each parallel branch of
batteries to prevent one battery pack
from recharging another.

Because diodes were put in each bat-
tery branch, it limits the regenerative
braking to just recharging the ultraca-
pacitors. A future design will find a
different means of applying the regen-
eration to the batteries.

In order to implement regenerative
braking, we must increase the BEMF
of the motor. This is necessary
because the BEMF, even at high
speeds, is still lower than the maxi-
mum voltages of the batteries and
capacitors. To do this, we implement-
ed a charge pump circuit, which works
by pulse-width modulating a short
across the motor. Regeneration will be
discussed later in further detail. 

To charge capacitors (and batteries in
the future), we must be able to measure
the voltage and the current at all times.
Therefore, across every series battery
pack and the ultracapacitor bank, there
is a voltage divider circuit. For current
measurements, we use a 5-mΩ shunt
resistor in each battery branch and in
the capacitor branch.

PROCESSOR BOARD
The processor board houses our

Microchip Technology dsPIC30F6015
microcontroller. It has specific design
features for motor-control applications.
Features, such as 16 ADCs, 21 change
notification pins, and four pairs of dedi-
cated PWM pins simplified our design.
The fact that we had already acquired a
development platform using one of
these chips was another nice incentive.
The schematics for the processor board
are shown in Figures 3 and 4.

The majority of the A/D circuitry is
for monitoring voltages and currents.

ply rail. For voltage monitoring, the
AD623 is set to ground reference and
unity gain. For current monitoring,
the reference is set to 2.5 V and a gain
of 18. This configuration allows us to
monitor current during driving as well
as regenerative braking.

In addition to voltage and current
monitoring, the A/D conditioning cir-
cuits for the strain gauge force sensors
are also mounted on the processor
board. Because the differential output
of the gauges is so small, a large gain is

http://www.circuitcellar.com
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required to amplify the signal. Two
stages of amplification are used: the
first is through an Analog Devices
AD8553 instrumentation amplifier,
and the second is through an Analog
Devices AD8552 op-amp. Both stages are
powered with ±5-V supplies. The op-amp
uses a ground reference. The in-amp
uses an adjustable reference down to –5 V.

The maximum change in voltage reg-
istered across the strain-gauge bridge is
measured at 1.5 mV. If we have the max-
imum torque registering at 5 V into the

DSP, we will need a total gain of 3,333.
Because the CMRR of the in-amp is
greater than the op-amp, the majority of
the gain is left to the in-amp. This is
done because when cascading amplifiers,
the noise rejection of the first amplifier
determines the total noise of the system.
We set the gain of the AD8553 to 1,000,
and set the gain of the op-amp
adjustable from one to four.

TORQUE SENSOR
Figure 5 shows the flow of forces

applied by the rider. Starting from the
force the rider puts on the pedals,
torque is transferred to the front
sprocket and then to tension on the
chain. The chain pulls on the rear gear
cartridge that is threaded to the outer
casing of the motor. The case of the
motor has two ball-bearings that the
rear axle is mounted through. The
frame’s vertical drop-outs anchor the
ends of the axle. Overall, torque is
applied to the rear axle, which is
anchored at the ends and therefore
unable to twist. Following the flow of
forces, we see a very slight bending of
the rear axle when a force is applied to
the pedals.

In essence, we aren’t measuring
torque. We are measuring the deflec-
tion of the rear axle when a force is
applied to the pedals. To measure this
deflection, we used four thin-film
strain gauges mounted on the rear axle
(see Photo 4). Four gauges were used
in a full-bridge configuration to mag-
nify the voltage change and for tem-
perature compensation. The tricky
part was mounting the gauges on the
axle. We used a rotary tool to grind
and polish the vertical sides of the
round axle flat. Thinning the axle also
helps concentrate the deflection where
the gauges are mounted.

FIRMWARE 
So what happened behind the

scenes? We wrote our firmware in C
using Microchip’s MPLAB with the
student edition of its C30 compiler. To
program the chip, we used a Microchip
MPLAB ICD2. The handy device
allowed us to tweak our program with-
out removing the chip from its PCB.  

The main task of the firmware is to
measure the speed of travel (useful for
calculating back electromotive force),
handle user input (i.e., change the
assist level), and generate PWMs for
the motor and charging drivers. The
firmware also monitors currents and
voltages throughout the system to
ensure everything stays within the
regulated limits.

MAIN
To start things off, we implement-

ed a main() function. Most impor-
tantly, our main() function reads

http://www.circuitcellar.com
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power source voltages by calling the
Check_Voltages() function. A
flowchart for main() and
Check_Voltages() is shown in 
Figure 6. main() also takes an initial
torque reading to calibrate the motor
assistance to the rider (this reading
becomes the “zero” reference for
subsequent torque readings) and han-
dles input from the keypad on the
LCD user interface.

One very important ADC channel
to constantly poll is m_Brake, which
is connected to the brake potentiome-
ter. Whenever the brake is pressed, we
want it to instantly kill the motor,
whether or not regeneration is going
to be used. We allowed a
small brake depression
margin. This ensures that
braking routines are not
called if the rider lightly
taps the brake or travels
over a surface bumpy
enough to generate ADC
readings. (A maximum
depression ADC value is
1,023. Our margin is 50.) 
Check_Voltages()

decides which power
source (batteries or capaci-
tors) to use and whether to
charge the capacitors when
the brake is pressed. The
ultracapacitors have priori-

ty over the batteries, so we check
their ADC channel first. If the voltage
measured at the ADC channel
(m_VCap) exceeds 20 V, as well as the
calculated BEMF of the motor, the ultra-
capacitors are selected as the power sup-
ply by setting a flag. If the capacitor
voltage is too low, the flag is cleared. 

If the capacitor flag is clear,
Check_Voltages() will read the
ADC channel of the batteries
(m_VBatt1, m_VBatt2, m_VBatt3,
m_VBatt4). Since the battery packs
cease to operate safely below 48 V, we
check for an average voltage above 50 V.
If capacitors are not selected for use
and the batteries have enough charge,

Photo 4—The four strain gauges were mounted on the rear axle. The
axle was ground flat to allow more deflection and make it easier to
mount the strain gauges.

Motor bearings

Mounted strain gauges

Verticle axle dropouts

Pedal force translates 

to tension on chain
Rider applies force 

to pedals

Tension on the chain 
causes torque on 
the rear axle

Frame dropouts and motor bearings
act as anchors for the axle. 
Torque causes slight bending in the direction 
of the chain tension.

Figure 5—A small deflection of the rear axle occurs each time the rider applies force to the pedals. Resistance of
the thin-film strain gauges changes when the axle bends. This allows the pedal force to be quantized into a throttle
control.
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a flag is set to use the batteries. If at any
time the capacitors drop below 20 V
and the batteries are below 50 V, the
motor will disengage.

Note that a final operation of
Check_Voltages() checks if the capac-
itors are low enough to handle regenera-
tion. If the capacitors are low enough to
accept a charge, a flag is set to confirm
charging when the brake is pressed.

PWM MANAGEMENT
Most of the drive functionality is

controlled by interrupts. The dsPIC
includes change notification (CN)
pins, which can be configured to gen-
erate an interrupt when a change in
state is detected on one of the pins.
Figure 7 is a flowchart of the CN
interrupt. Using the interrupt, we can
monitor the three Hall-effect sensor
outputs from the motor to determine

which coils of the motor to energize.
This is the essence of our forward
motor control.  

Writing a value to the dsPIC’s OVD-
CON register states which PWM out-
puts should be driven high, and which
should be controlled by its PWM gen-
erator. OVDCON is a 16-bit register.
The upper byte dictates if the output
on the PWM pin is driven by the
dsPIC’s PWM generator or by the
active value (high or low) written to
the corresponding pin in the lower
byte of the value.  

With six possible Hall values (three
sensors, two states per sensor, no zero or
“all on” state), how did we know what
to write to the register to get the motor
spinning? Each of the three sensors out-
puts a logic high for a certain 180° of
electrical rotation, and a logic low for
the other 180°. On each interrupt, we

read the new incoming Hall value on all
three of the CN pins and combine these,
using bit-shifting, into an integer to cre-
ate a numerical value HallValue (1 to
6) for the three sensors. 

Now that we have proper Hall val-
ues, we simply use an array whose
contents are indexed by the incoming
Hall value on each interrupt:

unsigned int StateLoTable[] =

{0x0000, 0x0120, 0x1008,0x0108,

0x0402, 0x0420, 0x1002, 0x0000};

To write this drive sequence: 

OVDCON = StateLoTable[HallValue];

The values of this array were deter-
mined by which drive FETs in the H-
bridge should be energized to provide
a clockwise rotation of the motor. We
have shown you the array contents
above, but a detailed explanation of its
derivation would be too long for this
article. The array was borrowed from
Microchip application note AN957.
Check out the application note for
useful motor drive fundamentals.

ARE WE MOVING YET?
Now that we’ve written the array

contents to the OVDCON register, we
will use a state machine to track the
incoming Hall values before turning
on the motor. There are several rea-
sons for this. We don’t want the motor
to provide assistance if the rider is idly
pedaling backwards at a stop light, and
we don’t want the bicycle to take off if
the rider is walking his/her bike under
5 km/h with one foot on a pedal,
amongst other reasons. 

The state machine advances only
when the next proper Hall value is
received (see Figure 7). By connecting
the Hall-effect sensors of the motor to
an oscilloscope, we verified that the
incoming values were a repeating
sequence of 3, 2, 6, 4, 5, 1. Since we
used an eight-pole motor, this
sequence is repeated eight times for
one full rotation of the wheel. When
the state machine detects a full rota-
tion, it starts a timer (TMR2) and
reads the count value every time a full
rotation is encountered. Using a new
timer value every rotation of the
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Figure 6—The flowchart on the
left represents main(). The
flowchart on the right shows the
check_voltages() function
used for determining the power
source and if the ultracapacitors
need charging.
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wheel, we accurately measure the
speed of travel using the diameter of
the bicycle wheel. If the timer’s con-
tents translate to greater than 5 km/h,
it is safe to turn the motor by writing
the appropriate value to the PWM-
CON register.

CALCULATING TORQUE
Since the force used in pedaling isn’t

uniform over a rotation of the pedals,
we take 20 separate torque readings
from the strain gauge ADC and store
the values in an array. This is accom-
plished by triggering the Timer1 inter-
rupt every 50 ms. After 20 interrupts
(1 s), the dsPIC finds the largest torque
value and uses it as an argument in the
CalcDuty() function to calculate the
duty cycle for PWMs. After another 20
interrupts, a new largest torque value is
selected for CalcDuty(). Flowcharts for
Timer1 and CalcDuty() are in Figure 8.

In CalcDuty(), another ADC is
read to measure the actual motor cur-
rent, which is then converted into a
real current value. Next, the torque
argument is multiplied by a constant
to get a desired current value. The con-
stant will change for each assist level: 

[1]

IASSIST can be determined by the
maximum amount of current the

k   I
max torque ADC

ASSIST=

motor will draw at a selected assist
level. The higher the assist level, the
higher the maximum motor current.
The maximum ADC value of torque
(1,023) will correspond to the maxi-
mum motor current at the set assist
level.

If the actual motor current is less
than the desired current, we will
increase the duty cycle by 5%. If the
actual motor current is above the
desired current, the duty cycle decreas-
es by 5%. Because CalcDuty() is
called every Timer1 interrupt, the
duty cycle is updated every 50 ms.

DYNAMIC REGENERATIVE BRAKING
We designed the hardware and soft-

ware to implement regenerative brak-
ing, but due to a lack of time, we were
not able to test it. Let’s focus on how
it is supposed to work. The motor
always produces a back electromotive
force (BEMF) that varies with the
motor speed. (Refer to the BEMF ver-
sus speed graph on the Circuit Cellar
FTP site.) In order to use the voltage
for regenerative braking, we must rec-
tify it into a DC signal and amplify it
to a voltage above that of the batteries
or the ultracapacitors. 

To rectify the signal, we used the
internal protection diodes built into
the MOSFETs on the H-bridge circuit.
This provided us with a constant recti-
fied signal, which has a voltage that

varies with the
bike’s speed. 

In order to boost
the voltage above
that of the batteries
and the ultracapaci-
tors, we implement-
ed a basic charge
pump circuit (see
Figure 2). The only
difference is that
instead of using an
external inductor,
we used the internal
inductance of the
motor, which we
measured at approx-
imately 1 mH. 

When the PWM
DC_DC_CONVERT-
ER MOSFET is
turned on, there is

effectively a short circuit across the
motor. This charges the electromag-
netic field within the motor/inductor.
The field is still present when the
MOSFET is turned off. This forces
current through the diode, effectively
increasing the voltage. The capacitor
is used to smooth out the pulsed volt-
age for charging the batteries and
ultracapacitors. By varying the duty
cycle of a PWM signal going into the
MOSFET, we are able to control the
output voltage from the circuit.

The transfer function of this circuit is:

[2]

We are running it at 50 kHz. 

BRAKING SOFTWARE
The software controlling the regen-

erative braking needs to be fast and
accurate. Before operating the regener-
ation routines, it is very important to
turn off all drive MOSFETs and PWMs
to avoid shorting the power sources. If
an error is made, short circuits, com-
ponent damage, and fire may result
(and did).

The brake routines need a high pri-
ority. Therefore, the brake ADC is
polled in main() and the regeneration
functions are called from main().
When the brake is pressed and the
brake ADC inputs a value over a
threshold of 50, the motor, interrupts,
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Figure 7—The flowchart represents the CN interrupt. The state machine shows the Hall_sequence() function that enables and disables
the motor and determines the speed.
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and control MOSFETs are disabled and
the brake flag is set. 

Next (also in main()) we poll the
brake flag. If the brake flag is set from
the rider pressing the brake and the
capacitors need charging, the Brake()
function is called. Brake() controls
the PWM duty cycle of the DC-DC
converter MOSFET, as well as the
capacitor charge control MOSFET.

With dynamic regeneration, contin-
uous variable control of the braking
force applied by the motor means con-
trolling the amount of energy (current)
drawn from the motor. We set the
maximum current draw from the
motor to 10 A. This means that a full
pull of the brake lever will draw up to
10 A of braking current from the motor.
The same formula used to calculate the
assist-level constants for converting
torque ADC values into desired current
values can be used for braking.  

Using the brake ADC value (up to
1,023), the desired braking current, in
amps, is calculated:

Brake_Current =ReadADC(m_Brake)*0.01;

The actual motor current ADC is then
read and converted into amperage. The
constant used in this formula was

found using serial-port debugging
using a known current:

Charge_Current=ReadADC(m_Current)*0.078;

Now the brake and charge currents
are compared and the duty cycle of the
DC-DC converter is increased or
decreased as necessary until the actual
motor current matches the desired brak-
ing current. By increasing or decreasing
the duty cycle in 1% increments, the
output voltage of the DC-DC converter
will overcome the voltage stored in the
capacitors and cause current to flow into
the capacitors. When the potential differ-
ence between the capacitors and the DC-
DC output is great enough, the desired
charging current is established. In
essence, this function is identical to
the CalcDuty() function used for cal-
culating the duty cycle when driving.

Finally, in main(), when the brake
ADC is read to be under the threshold
required for regeneration (when the
rider releases the brake), the PWMs
are reset to operate in Drive mode and
the interrupts are reenabled.  

TESTING PROCEDURES
When we started writing the soft-

ware, we were still brainstorming

about what to do with the hardware.
This meant that we had to start the
software small and expand it to fit the
needs of the entire system later. 

We began by designing a basic
motor controller that would load theo-
retical values into the OVDCON reg-
ister based on which Hall values were
active. We simulated the three Hall
values manually using three switches,
and monitored the PWM outputs on
an LED bar. 

Next, we used our PWMs to run a
floppy drive motor. We set the PWM
outputs to the corresponding pins for the
floppy motor and started tapping away
Hall values on the switches. To our sur-
prise, the motor started spinning on the
first try! This gave us confidence and
allowed us to use the basic concepts to
design the final motor controller. 

To test the software as a whole, we set
up 14 potentiometers on a breadboard to
simulate various values, such as motor
current, battery, and ultracapacitor
voltages. Before we hooked hardware
up to this thing, we needed to be sure
that the software was going to respond
predictably.

Once we were confident with the
software’s effect on LEDs, we began
testing it with the hardware. We
mounted the bike on a wind trainer
that we got from the college gym,
attached all the hardware to the bike,
and started riding.  

The main problem we found was
that the values being read from our
ADCs weren’t ideal. We fixed this by
writing the ADC register values to the
U2TXREG and viewing them on a
serial program. Since we now knew
exactly what our PIC was seeing, we
were able to tweak the software to
deal with it.

RESULT
By the end of the three-month term,

we had an electronic bicycle that
could switch between lithium-ion bat-
teries and ultracapacitors, adjust the
assistance level relative to human
effort, and reach speeds above 40 km/h
in our testing environment.  The top
speed may not seem like much, but
getting to that speed takes little effort
and acceleration time. Furthermore,
the junkyard bike we used for the
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Figure 8—The flowchart on the left shows the timer1 interrupt. The flowchart on the right shows the calc_duty() function
used to increase/decrease the PWM duty cycle based on motor current.



project could go much faster with a dif-
ferent set of gears. At top speed, it was
impossible to go any faster because the
top gear felt like a granny gear.

A few things come to mind for
future designs and modifications. The
first would be to discard our motto of
more power equals more fun. This is
still true in our minds, but a lot of
design work and expense could be
saved by dropping the voltage to 48 V.
This would also give us a broader range
of components to select from, includ-
ing ICs that encompass most of the
control and protection circuits onto
one chip. Also, a lot of board space
could be saved by eliminating a lot of
the ADCs that could be deemed unnec-
essary. Obviously, further testing and
operation of the regeneration is at the
top of the list. I
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You are crawling over pebbles in a
low passage. There is a dim light at
the east end of the passage, but a huge
green, fierce serpent bars the way!
What do you do now? Do you type
EAST and circle back to look for
another way around? Do you ATTACK
SERPENT with your scepter? Maybe
you can feed it something. You type
INVENTORY to rummage around in
your pack. Meanwhile, the serpent in
your imagination wriggles around
your feet while the blinking cursor on
the computer screen waits for any-
thing you can dream up.

As you can tell, I spent many long
hours in front of the Pyramid 2000
text adventure game. The goal was to
find the fabulous treasures while dodg-
ing the creepy mummy, but the tricki-
est part of the game was the 5-min. bat-
tle with the cassette tape drive trying to
get the program to load.

I recently ran across a
binary image of the old
TRS-80 color computer
game on the ’Net. I
spent many more long
hours on the game—
this time digging into
the mysterious 6809
disassembly. In this
article, I’ll describe how
to breathe new life into
the old text adventure
game. I’ll show you
how I distributed the
game tasks among the
eight computers packed
into the Parallax Pro-
peller chip. The Pro-

40 Issue 205    August 2007 CIRCUIT CELLAR® www.circuitcellar.com

peller demonstration board hooks
directly to a TV and a PS/2 keyboard for
user interaction, but I used an SD card
instead of a tape drive (see Photo 1). I’ll
also show you how I interfaced an SD
card to the Propeller board.

Finally, I’ll introduce you to the Cog
Coordination language (CCL), a simple
interpretive language I created to run on
the Propeller. With CCL, you can create
your own text adventure games on your
PC, drop them onto an SD card, and play
them on the Propeller board. For simple
applications, CCL is a quick and easy
alternative to learning the propeller’s
programming languages and IDE.

THE PROPELLER
The Parallax Propeller chip is a col-

lection of eight 32-bit RISC processors
on a single die. Each processor, called
a “cog,” has 2 KB of RAM for code and

data. The cogs share access to 32 KB
of global RAM and 32 KB of system
ROM. The chip’s hardware manages a
“spinning” access window that gives
each cog a chance to access the global
memory one cog at a time. The cogs
also share 32 general-purpose I/O
lines, and there are no interrupts in
the system. Instead, you launch driver
cogs that bit bang outputs and poll
inputs for the devices you connect. 

Parallax has a wonderful develop-
ment environment for programming
the Propeller. The colorful GUI keeps
all of your code files organized in tabs
on the screen. You can download your
applications from the GUI, through a
USB cable to the shared RAM for test-
ing, or you can download your applica-
tion directly to a serial EEPROM con-
nected to the Propeller. During start-
up, the propeller automatically fills its

32 KB of global RAM
from the EEPROM.

You can program the
Propeller chip in either
assembler or Parallax’s
new interpreted Spin
language. Most applica-
tions will use a mix-
ture of both styles,
falling on assembly for
the critical timing sec-
tions. Multicog opera-
tions are built directly
into the processor’s
instruction set. The
coginit instruction
fills a target cog’s 2 KB
of RAM from global
RAM and starts the cog

FEATURE ARTICLE by Chris Cantrell

Text Adventure Gaming
Remember the old Pyramid 2000 text game? Chris shows you how to use a Parallax
Propeller chip and the Cog Coordination language (CCL)—a simple interpretive language
that he developed for the Propeller—to breathe new life into the old text adventure
game.

Photo 1—The SD card connector breakout board hooks to the Propeller demo board with two
resistors and a few wires.
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executing the newly loaded code. The
assembly rdlong and wrlong instruc-
tions read and write 32-bit values
from the shared RAM. The hardware
automatically halts the CPU until its
turn comes back around. 

The hardware also includes eight
individual mutex locks that you can
check and set atomically with the
lockset and lockclr assembly
instructions. Locks are used as flags to
tell other cogs when a resource (a sec-
tion of memory or an I/O pin or what-
ever) is in use by a cog and should not
be accessed. Implementation of a
mutex lock is tricky because you have
to make sure no other cog can change
the lock between the time you check it
and find it available and the time you
set it to lock others out. The lockset
instruction performs the check-and-
set-if-available in one step, preventing
the cogs from walking on each other.

Locks don’t solve all of your inter-
cog communications. You must still
program your applications to avoid
deadlocks. If you aren’t careful, you
might find cog A waiting on a lock
held by cog B, while cog B is waiting

www.circuitcellar.com CIRCUIT CELLAR® Issue 205    August 2007    41

Listing 1—A Propeller program is a smooth mixture of languages: Spin and assembly. This program for the
demo board launches keyboard and TV driver cogs along with two simple cogs that count up at different rates.
The program waits for a key press and displays the current value of the counters.

CON
_clkmode   = xtal1 + pll16x
_xinfreq    = 5_000_000        

OBJ
term : “tv_terminal”
kb   : “keyboard”        

VAR
long counterA
long counterB

PUB start

cognew(@r1, @counterA) ‘ Start a new COG
cognew(@r2, @counterB) ‘ Start a new COG  
term.start(12) ‘ Start the TV and graphics COGs
kb.start(26,27) ‘ Start the Keyboard driver COG     

repeat
kb.getKey           ‘ Wait for a key
term.hex(counterA,8) ‘ Print counterA
term.out(“,”)        ‘ Spacer
term.hex(counterB,8) ‘ Print counterB
term.out(13)         ‘ New-line            

DAT
org 0

r1 add    c1,#1 ‘ Add 1 to counter
wrlong c1,par ‘ Write register 3 to main RAM
jmp   #r1    ‘ Loop back

c1 long   0      ‘ Init counter to 0

org 0
r2 add    c2,#2  ‘ Add 2 to counter 

wrlong c2,par ‘ Write register 3 to main RAM
jmp    #r2    ‘ Loop back

c2 long   0      ‘ Init counter to 0

http://www.circuitcellar.com
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gram as an array of 512-byte sectors.
Each sector has a unique address starting
with sector 0. The larger the card, the
more sectors you can address. The small
256-MB card I used in this project has
over 500,000 sectors! You read a sector
by sending the READ command, which
includes the sector’s address. When the
card responds, you read 512 bytes, the
contents of the sector stored on the disk.
Similarly, you write a sector by sending
the WRITE command followed by the
512 bytes to store in the sector. You
always move 512 bytes at a time.

Having 500,000 sectors at your fin-
gertips can be a bit overwhelming.
Most processors have a hard time just
holding on to a 3-byte quantity like
“500,000,” let alone keeping up with
what’s in each of its many sectors.
That’s where a file system comes in
handy. File systems like FAT organize
unwieldy sectors into groups (files).
Files, in turn, are organized into a tree
of directories and subdirectories.
Instead of talking to the SD card direct-
ly, you talk to a FAT file system driver
that talks to the SD card for you. If you
want to use an SD card to share data
with another computer (like your PC)
you have to be FAT-aware.

The FAT file system is straightfor-
ward. There is plenty of code out on
the ’Net to help you navigate a disk to
find the data you want. The trouble is
that the FAT code and data structures
eat up a lot of precious RAM, and my
text game application already stretch-
es the Propeller’s memory limit. If you
don’t have the resources in your proj-
ect for a full-blown file system imple-
mentation, you can take advantage of
a shortcut I used in my project. 

On a freshly formatted file system,
the first file you copy to the drive will
always appear in contiguous sectors
(not fragmented). The starting sector
will always be the first data sector in
the file system, which you can calcu-
late from the information in the first
sector of the drive (the boot sector).
You need to read only the first sector
of the card and do a little math to fig-
ure out where the first file starts. 

Specifically, you must read the first
sector (the master boot record) and
parse the partition table to find the
boot sector. Then load the boot sector

are a lot of inter-cog communi-
cations under the covers. Take
the print statement term.out
from Listing 1. The Spin “out”
function fills a section of RAM
with a pointer to the message
string and a command number.
The graphics cog watches this
shared section of RAM and
processes the command. It
twiddles the bits in the screen
buffer’s RAM to draw the text.
The graphics cog reports back a
success and the “out” function
returns to the main code. Mean-
while, 60 times a second, the TV
driver cog reads the screen buffer
RAM and paints the TV screen. 

That’s a lot of cross commu-
nication that has to be perfect-
ly synchronized. Needless to
say, debugging multiprocessor

programs in mixed Spin and assembly
on the Propeller chip can be a chal-
lenge. As I will discuss later, CCL is a
simpler alternative for simple applica-
tions.

INTERFACING TO AN SD CARD
Interfacing an SD card to the Pro-

peller demo board is easy. You need a
card socket to accept the SD card. The
$15 BOB-00204 SD breakout board
from Spark Fun Electronics brings all
the card signals to a nicely labeled row
of solder holes. You can wire 3.3-V
power and ground directly from the
Propeller board. Three of the four
standard SPI bus signals wire directly
from the socket board to the Propeller
chip’s port pins: chip select (CS), data
in (DI), and clock (CLK). The fourth
signal, data out (DO), is pulled up to
3.3 V with a 10-kΩ resistor and then
connected to a Propeller port pin
through a 220-Ω resistor. Photo 1
shows the SD socket board connected
to the Propeller board.

The Propeller chip does not include
dedicated SPI hardware. Instead, you have
to bit bang the communications your-
self by toggling the clock line to read
and write bytes one bit at a time. Com-
mands sent to the SD card are 6 bytes
long (a command ID, a 4-byte address,
and a checksum byte). The card sends
back a single-byte status response.

The SD card appears to your pro-

on a lock held by cog A. The two cogs
are then stuck in a face-off that you
must break up with the Reset button. 

You can buy Propeller chips individ-
ually. They require very few external
parts to get up and going. In this proj-
ect I used the Propeller demo board,
which includes connectors for a TV, a
VGA monitor, headphones, and a
microphone. There is also a small
breadboard for external development
and quick connectors for the port pins.
The Parallax web site has lots of infor-
mation about the Propeller, including a
400-page user’s guide and lots of free
code from the community of develop-
ers. Tom Cantrell (no relation) gave a
wonderful introduction to the Propeller
chip last August in “Turning the Core-
ner” (Circuit Cellar 193, 2006).

My text adventure game system
interfaces to three physical devices: a
TV, a keyboard, and an SD card. The
Propeller library includes the neces-
sary drivers for the TV and keyboard.
By including the “tv_terminal” and
“keyboard” modules in your code,
you actually launch three cogs: one to
bit bang the video-output signal to the
TV, one to bit bang the PS/2 keyboard,
and a third to manage the video graph-
ics (lines, sprites, text, and such).

Listing 1 shows a complete example
of starting cogs, printing to the screen,
and reading from the keyboard. The
flow looks straightforward, but there

Graphics
cog

TV

TV
cog

Screen
buffer

Keyboard

Keyboard
cog

Key
buffer

Print
manager

cog

Mailbox 1

Cluster

Cluster

Cluster

Cluster

DiskMgr
cog

SD

B
o
x 

0

Interpreter
cog

B
o
x 

3

Input
manager

cog

Mailbox 2

Variable
manager

cog

Figure 1—The text adventure game system uses all eight of the
Propeller cogs. Three of the cogs (shown in blue) are library driv-
ers for the TV and keyboard. The other five cogs communicate
through an array of mailboxes in shared RAM.
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and calculate the offset to the data
area as follows:

If the boot sector tells you that the
drive is FAT32, you must add number
OfSectorsPerCluster to the final
value to skip over the root directory
that is also stored in the data area.
The diskmanager.spin code (posted on
the Circuit Cellar FTP site) imple-
ments the calculation.

Of course, you have to remember to
reformat the SD card on your PC
every time you change the shared file.
This may seem like a kludge, but if
you simply don’t have the resources
for a full-blown file system implemen-
tation, then this will allow you to read
a single file written to the card from
your PC. That is all the functionality I
needed for this project. 

CCL
The Spin and assembly languages in

the Parallax IDE are great for advanced
Propeller applications. But they are
overkill for the simple logic, like
“print this if the lamp is on,” used in
text adventure games. I decided to cre-
ate my own simpler interpreted lan-
guage to run on the Propeller. Write
your CCL programs with your favorite
text editor (avoiding the complex Pro-
peller IDE). Then, compile and test
your program on your PC with my
Java tool. Finally, copy the CCL pro-
gram to an SD card and play it on the
Propeller. Thus, you can make simple
adventure games without ever having
to learn the Parallax IDE, assembler,
or Spin languages.

Best of all, a CCL program is organ-
ized into many small modules that
load from sectors on the SD card.
With Spin and Propeller assembly,
your applications are limited to 32 KB
of code and data. But with CCL, you
can fill an SD card with gigs of
code/data modules that come and go
from the card as needed.

The graphics, TV, and keyboard
drivers take up three of the eight Pro-
peller cogs. I used the code right out of
the Propeller library that comes with
the demo board. The Disk Manager

firstDataSector  numReserved  fatSize 

 numFatas  rootE

=

nntries

16

+

cog and CCL Interpreter cog make up
the heart of the CCL runtime. The
three remaining cogs implement func-
tions needed by text adventure games:
Text Output, Line Input, and a Variable
Manager that tracks 128 numeric vari-
ables for game logic. Figure 1 shows
the cogs and the communication paths.

The Disk Manager loads CCL code
modules from the card into one of sev-
eral cache areas in the global RAM.
Sectors are always loaded in clusters
of four (2 KB). Old clusters are auto-
matically ejected from the cache when
new clusters are requested, although
your CCL program can mark/unmark
important clusters, making them per-
manent in the cache. Video is very
memory intensive. The pixel screen
buffer eats up 13.5 KB of RAM. I man-
aged to squeeze the interpreter code
into 2.5 KB, leaving 16 KB left over for
a cache of four clusters.

The CCL Interpreter reads instruc-

tions from the cached clusters. It only
understands four commands directly:
GOTO, CALL, IF, and RETURN. These
are all 4-byte commands. The first three
commands contain a destination address
with both cluster and offset-within-
the-cluster. Thus, your code can GOTO
and CALL modules all over the card.
The CALL command pushes the current
cluster number and offset onto a small
stack. The RETURN command reloads the
needed cluster if it has been ejected.

All other commands besides these
four are passed to a target cog for pro-
cessing. The cog address is encoded
into the command itself. These “cog”
commands are all 8 bytes long and the
interpreter passes an additional 2-byte
offset to the currently loaded cluster.
This allows the target cog to find the
absolute address of any data it needs
from the cluster. For instance, a
PRINT command would reference a
string of data within the same cluster.

Listing 2—The assembly at the top of the listing is from the VariableManager cog. The code waits for data and com-
mand values to be written into mailbox 3. The Spin code at the bottom of the listing (from the LineInputManager)
writes command and data values into a mailbox and waits for the return value.

VariableManager        
mov mboxCommand,par  ‘ Base ptr passed at startup
add   mboxCommand,#3*3*4   ‘ We are mailbox #3
mov   mboxData,mboxCommand ‘ Second word of box ...
add   mboxData,#4         ‘ ... is the data

top rdlong  temp,mboxCommand ‘ Get command word
mov     op,temp wc ‘ Check the upper bit

if_nc  jmp     #top   ‘ Not a command

; Process the command here

wrlong valueB,mboxData ‘ Return value in data word
wrlong CODE_01,mboxCommand      ‘ Write 1 to the command word
jmp #top ‘ Wait for the next command

-------------------------------------------------------------------

PUB sendCommand(cogNum, com, data, ofs)

‘ Wait for the box to free up and lock it
repeat while not lockset(cogNum)

‘ Write offset, data, and command (command trigger last)
longmove(box+cogNum*4*3+8, @ofs,1)
longmove(box+cogNum*4*3+4, @data,1)
longmove(box+cogNum*4*3,   @com,1)

‘ Wait for the COG to respond
repeat

longmove(@com,box+cogNum*4*3,1)
while( (com&$80_00_00_00) <> 0)

‘ Get return data
longmove(@data,box+cogNum*4*3+4,1)

‘ Free the box for other cogs
lockclr(cogNum)

return data
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The CCL cogs communicate with
one another through an array of mail-
boxes. Each mailbox has a command
word (4 bytes) and a data word (4 bytes).
One cog talks to another by acquiring the
target box’s lock and writing data and
command values into the box. The target
cog processes the command and writes

return data and a response code to the
mailbox. The original cog then releases
the lock for another cog. Listing 2 shows
the communication process between the
Variable Manager (in Propeller assem-
bly at the top) and the Print Manager
(in Spin at the bottom).

The Disk Manager listens to mail-

box 0. The interpreter uses the Disk
Manager to load code clusters from
card. The Interpreter, which pushes com-
mands to everyone else, has no inbox.

The Print Manager listens to mailbox
1. There are three basic print commands
you can use in CCL: PRINTVAR N
prints the numeric content of a vari-
able N; PRINT MSG prints a text mes-
sage; and PRINT MSG[N] prints a mes-
sage from an array of messages
indexed by variable N.

The Line Input Manager listens to
mailbox 2. The INPUT command reads
a line from the keyboard and parses it
into individual numeric tokens. The
parsed tokens are then stored in the
system variables. You tell the cog
what words to recognize and what
token value is given to each with the
INPUTTOKENS command.

The Variable Manager listens to
mailbox 3. It is by far the most com-
plicated cog in the system. The cog
stores 128 variables in its local RAM.
Complex expressions like “A = [B] +
78” are encoded into cog commands,
and the cog returns the result of the
expression for any IF command.
Thus, an IF command is really a vari-
able-command and a GOTO address to
take if the returned value is 0. The
Java compiler tool automatically con-
verts nested IF/ELSE structures into
IF/GOTO sequences for you.

The Interpreter uses the Disk Man-
ager cog at mailbox 0, but it has no
knowledge of how many other cogs
are in the system or what they are
doing. The interpreter manages pro-
gram flow with IF, GOTO, CALL, and
RETURN, but all other commands are
passed to the other cogs untouched.
Thus, the interpreter acts as a coordi-
nator, sending the right commands to
the right cog at the right time.

COMPILER
The CCL compiler (written in Java),

which converts CCL text files into a
binary file of clusters for play on the
Propeller board, is posted on the Cir-
cuit Cellar FTP site. The CCL text syn-
tax is very simple. You will have no
trouble using the CCL files as a basis
for your own text adventure games.
Listing 3 shows a simple CCL program
ready to run through the compiler.

Listing 3—CCL organizes code into separate clusters. Here the “first” cluster calls a print function in “another”
cluster. Clusters come and go as needed from a cache in global RAM. The trick is to divide a large program
into 2-KB chunks.

define MaxValue 10
variable temp
; ----------------
Cluster first

temp = 0
here:

CALL another:PrintIt
temp = temp + 1
IF(temp < MaxValue) {

GOTO here
}

done:
GOTO done

; ----------------
Cluster another
PrintIt:

PRINTVAR temp
PRINT msg
RETURN

msg:
# “ Hello World!”,10,0

Listing 4—All 77 rooms in the Pyramid game have the same basic structure. The “Enter” pulls in a code frag-
ment that initializes variables. The “Middle” inserts code to read a line from the keyboard. The “End” pulls in
code to process commands not handled specifically by the room.

CLUSTER Room30

include RoomEnter.frag

currentRoom = 30
ambientLight = 0

include RoomMiddle.frag

; Process the room specifics

if(word1==WD_NORTH) {
GOTO Room32:Enter

}
if(word1==WD_EAST) {

GOTO Room42:Enter
}
if(word1==WD_SOUTH) {

GOTO Room43:Enter
}
; ...

include RoomEnd.frag

PrintDesc:
PRINT desc
CALL Objects:PrintDescriptions
RETURN

desc:
# “YOU ARE IN A MAZE OF TWISTY PASSAGES, ALL”,10
# “ALIKE.”,10,0
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PROJECT FILES
To download code, go to ftp://ftp.circuit
cellar.com/pub/Circuit_Cellar/2007/205.

The CCL syntax allows you to
“define” constants substituted
throughout the code, “reserve” vari-
ables, and give them string names.
You can also “include” other CCL
files, thus dividing your clusters into
manageable units. A CCL IF/ELSE
structure looks a lot like C/C++,
which uses nested brackets to define
code flow. The compiler converts the
brackets into GOTOs among the code
blocks as defined by your nested flow.

The compiler is also an emulator.
You can use it to test your games on
your PC. Once the compiler writes the
binary file, it begins playing your
game exactly as the Propeller would.
You can build and play the pyramid
game from this project file with the
following command line:

java CCL pyramid.ccl pyramid.bin

PYRAMID 2000 IN CCL
The detailed FAQ on the Pyramid

2000 game is available on the ’Net at
www.figmentfly.com. Take a few min-
utes to read through the walkthrough,
follow the link to the online color com-
puter emulator, and play the real game.

There are 77 distinct “rooms” that
you can move through in the game.
You can pick up and move around 21
objects, 11 of which are treasures you
have to get back to the entrance of the
pyramid. Each room has its own com-
mand script for actions that are specif-
ic to the room. There is also a detailed

Chris Cantrell holds an M.S. in Elec-
trical Engineering. He is a design engi-
neer at ADTRAN in Huntsville,
Alabama. Chris’s many hobbies
include teaching scuba diving, writing
code for the Game Boy Advance, and
evangelizing Java. You can reach him
at ccantrell@knology.net.

RESOURCE
“Pyramid 2000: An Interactive Fiction
game for the TRS-80 and TRS-80
Color Computer,” www.figmentfly.
com/pyramid2000/pyramid.html.

command script to
process common com-
mands, such as pick-
ing up and dropping
objects. The common
script processes all the
little cute error mes-
sages you get when
you try to do things
like rubbing the lamp. 

The game under-
stands 110 words,
which you can put
together in simple
phrases, such as “GET
LAMP” or “WAVE
SCEPTER.” In the
course of the game
you meet up with a
fierce serpent, a talk-

ing plant, a treasure-stealing mummy,
and a twisty maze. That’s a lot of
action packed into 14 KB of game.

The original game in 6809 opcodes
is 14,625 bytes long. In comparison,
my translation of the game to CCL
consumes 83 2-KB clusters (166 KB) on
the SD card! I chose to use a separate
cluster for each game room. Most of
the rooms are small and there is a lot
of empty space in the room clusters. I
also duplicated some common logic
processing into each separate room. The
rooms.ccl file contains all 77 room clus-
ters. The room clusters come and go in
the cache as you move between rooms.
Listing 4 shows the CCL code for one of
the rooms in the twisty maze.

There are three “sticky” clusters
that remain permanently cached in
Propeller RAM. The objects.ccl cluster
handles all the descriptions when you
see the objects in a room or in your
pack. The common1.ccl and com-
mon2.ccl clusters contain the long,
common command script. This is the
translation of the script for picking up
objects and delivering the classic pyra-
mid one-liner error responses. Even
though I spread the script over two
clusters, I still ran out of room and left
out some of the funny messages. You’ll
see them commented out in the code.

The inputs.ccl cluster contains the
token data used to initialize the
LineInputManager cog. If you get stuck
in the game, have a look at this file to
see what words you can use. The

Photo 2—I translated the classic Pyramid 2000 game into CCL, where it lives
again on my Propeller demo board.

SOURCES
32100 Propeller demonstration board
Parallax, Inc. 
www.parallax.com

BOB-00204 Breakout board 
Spark Fun Electronics
www.sparkfun.com

mummy.ccl cluster contains the logic
executed when the mummy steals your
treasure. This only happens once in the
game, so the logic and printed text
come and go in a separate cluster.

Finally, the pyramid.ccl is the initial-
ization cluster that places all of the
objects in their rooms. This file includes
all of the other CCL files. It also names
and initializes all of the game variables.

FIGHTING THE SERPENT
With this project, I brought new life

to the old Pyramid 2000 text game by
translating the original 6809 game
into CCL for play on the Propeller.
Photo 2 shows the game running on
my demo board. With a few wires and
resistors (and the project file for this
article), you can return to the myster-
ies of the ancient pyramid. Imagine
the serpent wriggling around your
feet, and suddenly you have an idea!
You reach into your pack and
“THROW STATUE.” As a result, the
bird statue comes to life, attacks the
serpent, and, in an astounding flurry,
drives the serpent away! I
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Do you waste a lot of time looking
for components that you purchased for
a project some time ago but are need-
ed now? This happens more than I care
to admit, so I did something about it. A
good starting point was my “log book”
program for the books that I’ve read.
(The data for that program was carried
forward from a Word Perfect document,
which I started years ago.) It did not
take long to transmogrify that applica-
tion to take over the functions of anoth-
er database, written in Paradox, where I
stored the data that described IC storage
locations. In fact, I had the system use-
able in less than 6 hours. In doing so,
the utility of the Paradox database was
greatly surpassed and user-friendliness
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was brought up at least a notch. Much
of the gain can be attributed to the
software tools that I used (the last
three components from the LAMP
suite of programs). Refer to the LAMP
sidebar for more information.

In this article, I hope to show you
how versatile the PHP language is.
One key aspect to the language is that
you can use your favorite browser to
access your programs and you don’t
have to generate a new GUI for every
new application. Refer to the PHP
Primer sidebar for more information.

SEARCHING
The initial screen contains a form

that is used to enter search data. The

same page can also be used to enter
data for a new part. This second func-
tion was added when it was realized
that searching and entering new parts
were the two most often used features. 

A simple example is if the invento-
ry of a drawer needs to be checked,
then you simply enter that drawer’s
name in the Location input box to get
a list of all the expected components.
If data is entered into more than one
input area, then the conditions are
ANDed together. This way, any combi-
nation of attributes, such as all 20-pin
DIP packages, can be sought. 

Once search criteria are entered and
the request has been made to look for
matching data by clicking on the

FEATURE ARTICLE by Keith Brown

Build a PHP Components Database
Keith introduces you to the LAMP software suite and walks you through your first PHP project:
a program for logging and tracking your parts. Now you can use your favorite browser to
access your programs without having to generate a GUI for new applications.

LAMP
There may still be people in the electronics world who

don’t realize how powerful these four tools are. Many
have worked with Linux, perhaps on a design worksta-
tion or using gcc to compile code for an embedded
processor, but many of the same people have not been
exposed to the others.

Apache is perhaps the most successful open-source proj-
ect ever, even more than Linux. It is, simply put, an HTTP
server. Whenever a web page is requested by a browser, the
request is fulfilled by this type of program. Web-wide, the
server is most likely to be a version of Apache.

PHP is a full-capability interpreted language, just as
Python and Perl. (Sometimes the “P” in LAMP is said to
be for Perl.) The closest language to it is Microsoft’s pro-
prietary ASP. PHP was specifically developed to work
hand in hand with HTML. A source file typically con-
sists of sections of pure HTML, sections of PHP, and por-
tions where PHP writes HTML code, which changes pro-
viding dynamic content.

MySQL is not an open-source database management

software system (DBMS), but for most intents and pur-
poses, it might as well be. It is not the only DBMS that is
supported in the Apache/PHP environment, but it does
claim to be faster and easier to use, and it is probably the
most popular. Interestingly, for non-Windows platforms,
the MySQL server can be used freely, unless you sell soft-
ware or services using it. For Windows, the server
requires a license; however, older versions are GPL’d. I’m
using version 3.23 of the server on an old Windows 98 SE
system without worrying about doing anything illegal.
(The current MySQL version is at least 5.0.)

Apache, PHP, and MySQL can be installed on most
Windows versions, although my Vista experience so far
indicates some subtle problems. Some versions of Win-
dows support either Microsoft IIS or a simpler HTTP
server, “Personal Web Server.” Either can host PHP
pages, which in turn can access MySQL tables, just as is
done under Apache. (I wonder: If Linux plus Apache plus
MySQL plus PHP is called LAMP, then what should Win-
dows plus IIS plus MySQL plus PHP be called?)
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Search button, three possibilities exist:
no matches, one match, or many
matches (see Photo 1). In the first
case, the search form is presented
again with a notification of what hap-
pened. If one match is found, then all
the data that exists for that part num-
ber is filled into a form, which is laid
out exactly like the search form. If
multiple matches are found, a summa-
ry table is presented and filled in with
the most important fields (see Photo 2).
In all three cases, a human-readable
version of the database query is also
given, so the search criteria can be
kept in mind.

The table produced in the third case
has, in its last column, a link for each
row. That enables the component to
be selected for editing or viewing.
When one of these is clicked, the com-
pletely filled out field set for the part

is produced, as if only one match
had been found in the initial search.

The program also enables the
user to enter a new part, list all of
the parts, summarize the parts
(total number of parts, total num-
ber of entries and summaries per
location, and per classification),
and edit and delete a record. A
crude import—from a comma-sepa-
rated value (CSV) format file—facil-
ity exists, but the PHP program has
to be edited to define the relation-
ship between the fields in the CSV
file and the fields in the database.
(Instructions for this are included
in the comments.) So, aside from an
export facility, pretty much any-
thing that one would expect is here.

PROGRAM STRUCTURE
All of this functionality was created

with little new code. The basis was
already there: the overall structure of

Photo 1—This screenshot shows the start-up condition with
one input field filled in. A search for all components manufac-
tured by Texas Instruments will be started when the Look but-
ton is clicked. Options near the bottom of the window deter-
mine what happens if multiple part numbers are returned. In
this case, the list will be sorted in part number order, and of
the optional fields, only the “description” field will be displayed.

PHP Primer
Every reader of this magazine has probably noticed

that more and more web pages do not have the .html file
suffix these days. Many now have .php instead. This is
no trivial observation; it is an indication of just how
useful PHP is.

The letters PHP don’t mean what they used to. In
1994, the letters stood for “personal home page.” Now
they stand for “PHP: Hypertext preprocessor.” 

New versions come out regularly. In the summer of 2004,
a major revision to version 5 came out. However, many
installations have not upgraded, and versions 4.3 and 4.4 are
still prevalent. It is almost like there are two separate lan-
guages now since Version 4 has not been abandoned. Releas-
es since 4.3.7 (up to 4.4.4 and counting as of August 2006)
have come out since the time of the Version-5 fork. 

PHP has all the usual elements of a modern language
and borrows much of its syntax from them. All of the
control structures exist (i.e., for(;;){}, while(){}, do{}while(),
switch(){ case():{} case():{} }), as well as a new one (to me):
foreach();. 

Variables (signified by an initial “$”) can be Boolean,
integer, float, string, arrays, objects, or a couple of spe-
cial types, including resource or NULL. Constants and
functions are used as usual. Comments can be in either
C style (/* ... */), C++ style (//), or Perl style (#). State-
ments are terminated by a semicolon and can be
grouped in {} brackets. 

PHP is a weakly typed language. Conversion from one
type to another happens when possible. It is quite legal
to add “3” to 3. This produces an integer with the value
6. Conversion even happens when one might not think
it would. The calculation “2 cows” × 3 returns the same
integer, 6! 

When the HTTP server receives a request for a file with
the PHP file extension, this kicks off the interpreter. If
there is no actual PHP code in the file, all the contents of
the file will be sent to the browser exactly as if it was an
HTML file. This also means that anything that is not in a
PHP section is similarly sent unmodified. A PHP section
is identified to the interpreter by a ”<?php some code ?>”
structure. Anything that matches the “some code” portion
of this syntax is expected to be PHP. It can be one state-
ment, a whole program, or anything in between. If any out-
put is produced by the PHP section, the string appears in the
data that the browser receives in the exact place that the sec-
tion appears in the original code.

Here is a simple example: 

<input type=‘text’name=‘part_type’value=‘<?php echo
$part_value;?>’>

This produces something like the following for the brows-
er to interpret as a filled-in form field. (Note that the
escape to PHP even works inside the quotes!) 

<input type=‘text’name=‘part_type’value=‘74LS00’>

One important concept in PHP is that double quotes and
single quotes do different things. A string that is enclosed
with double quotes has the extra property of allowing vari-
ables within it. The values of these variables replace their
name. So, another way of doing the same thing as above,
from within a PHP code section, is:

echo “<input type=’text’ name=’part_type’

value=’$part_value’>”

http://www.circuitcellar.com
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Submit button is clicked.
Chunks of code are included using the

PHP include() built-in functions. This
technique is used to make the program
easier to read. Most “commands,” in
other words, the actions for the different
values of $mode, are implemented this
way. The names of these files all start
with do_ (e.g., do_edit.php;). The
part after the underscore matches the
value of $mode. This naming conven-
tion allows the actions to be easily
identified and maintained.

It may not be obvious what one lit-
tle function and a Boolean variant of it
do. That’s the var_set ($string)
function. In some earlier versions of
PHP, this would not have been needed;
however, a security consideration has
changed how most PHP installations
work now. Previously, it was possible
to use a variable’s name and expect

into the browser the program has
stopped, so the programmer has no
choice but to start everything over
to carry out a new action. What is
run to produce the next page might
be the same program operating dif-
ferently, as I do here, or a totally
different program designed to per-
form the specific task. This is spec-
ified to the HTTP server as either
an action=’...’ value for an
HTML form or an href=’...’
value for a link.

Some of the facilities need two
sections (i.e., two values for the $mode
variable) to implement. An example is
Edit. The code in the Edit section
retrieves all the data corresponding to
the record that will be edited and fills
out a form with that data. Any
changed values are processed by Sub-
mit mode, which is entered when the

the program, the code that formatted
the two versions of the form (filled in
and blank), and the code that created
the summary tables. Sure, most code
had to be modified to work with the
different field names, but that did not
take much time.

Besides the common start-up and
completion code, the program consists
of one big switch statement, which
decodes the possible values of the
$mode variable (see Listing 1). The
variable must be “sent in” to the pro-
gram every time it is run. How this is
done tells a lot about how PHP (and
any other languages like ASP) runs.
There are four ways that a variable
can be passed into such a program:
GET, POST, Cookies, and Sessions. The
first two normally originate in an HTML
form, which the user has filled out. The
method, either get or post, must be
specified in the <form> tag’s action
parameter. From a practical point of
view, there is not much difference
between these two, except get variables
are tacked onto the end of the URL as in
EEcomponents.php?mode=list. 

Posted variables are handled differ-
ently. (They are a bit more secure in
that they cannot be casually edited by
the user, but that won’t stop some-
body who knows what he is doing
from changing them.) Reloading the
variables will seem strange if you are
used to writing application programs
that run until they are told to exit,
waiting for user input between bursts
of doing something. In the world of
web programming, however, you have
to get used to the fact that your serv-
er-based program is run afresh each
and every time an action is taken. By
the time the page has finished loading

Listing 1—The program’s structure is one big case (switch) statement. Here are the first four matched condi-
tions and the default, which would catch any erroneous values of the $mode variable. The first two share
some code: the difference is determined within the do_search.php code, which adds the extra capability
to enter a new part for the initial $mode=”” case.

// The start of the action-specific code: //
switch ($mode):

case “”:
case “Search”:

//present a form to fill out: (page display is slightly differ
ent depending on value of $mode)
include(‘do_search.php’);  //the blank form, mostly
menu();

break;

case “Enter”: //accept data to define a new component
echo “

<h3>New: fill in the form with data for a new component...</h3>
<form action=’index.php’ method=’post’>”;

disp_fields(false);
echo “
<input style=’font-size:20px;font-weight:bold;color:red’ type

=’submit’ name=’mode’ value=’File’ />
(Put the data in the data base)

“;
echo “

</form>”;
menu();

break;

case “File”: //put the data away.
include(‘do_file.php’);
menu();

break;

... (rest of the modes) ...

default:
echo “

<h3 style=’color:red;’>Invalid mode! ($mode)</h3>
<span style=’color:red;margin-left:10em;font-
weight:bold;’>&gt;&gt;&gt;&gt;&gt;&gt;

<a href=’$PHP_SELF’ style=’color:red;text-decoration:none;back
ground-color:white;’>Re-start</a>
</span>”;

menu();
endswitch;

Photo 2—This is the return from the request in Photo 1.
It shows that I have 28 ICs of eight types in stock that
have the manufacturer field filled in with the letters “TI.” It
shows where I can find each type, for instance the last
remaining TL082CP is the “LIN-1” bin.
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that if it had been sent into the pro-
gram (by GET, POST, Cookie, or Ses-
sion means) and it would be defined.
This accepting mannerism allowed
attackers to guess which variables
might be used and override them.
Now, variables have to be explicitly
specified to be brought in.

MySQL CALLS AND QUERIES
The interface between PHP and

MySQL consists, not surprisingly, of a
set of function calls. The program uses
the following: mysql_connect(),
mysql_select_db(), mysql_query(),
mysql_error(), mysql_fetch_row(),
mysql_fetch_array(), mysql_num
_fields(), mysql_num_rows(), mysql_
errno(), and mysql_field_name().
This represents only 10 of the 50 avail-
able functions. Some of the remaining are

involved with more advanced features
and more are simply variations of others.

The first two, mysql_connect()
and mysql_select_db(), are
responsible for establishing where
the database is and logging onto it.
They are run each and every time the
program is run (via my own little
function, auth_sql()). If the data-
base can be opened, a check for the
table specified by the $table1 vari-
able is made. If the table does not exist,
an attempt is made to create it. This is
mostly needed just after installation;
however, it also allows the same pro-
gram to handle multiple tables as long
as they share the same structure.

The next function in the list,
mysql_query(), returns some data
from the database or stores some new
data into it. (Or, if there is trouble, it

indicates an error. If that is the case,
mysql_error() can be used to fetch
the error message.) A query is a string
that has been preassembled to be a
valid SQL command. It specifies a
table within the database, what data
in what fields to look for, and what to
do with them. Much of the work of
this program is assembling these
strings (see Listing 2). A query can be
written to do most anything that is
possible to do with the data or the
table itself. 

Data returned by mysql_query() is
not in a form that can be used imme-
diately. That is where the rest of the
functions in my short list above are
used. They all take what is returned
by mysql_query() as an argument.
The classification of what is returned
by mysql_query() in PHP is called a
resource. Resources are also seen, for
example, when a file is opened. In
other words, an open file’s handle is
also a resource.

As an example of a query, consider
the following string: 

select * from Parts where (pins
LIKE ‘14’ AND pkg LIKE ‘so’ AND
class LIKE ‘I’ AND location LIKE
‘cmos-1’). 

A more English-like translation is
displayed by the program: 

pin count to match “14” AND
package to match “so” AND clas-
sification to match “I” AND bin
to match “cmos-1”

Both of these strings would be pro-
duced by the code in Listing 2 if 14
was entered in the pin count input
box, “so” was entered in the package
input box, “IC” was selected in the
classification drop-down box, and
“cmos-1” was entered in the location
input box. (Note that the raw queries,
as well as a lot of other debug infor-
mation, can be seen if the $dbg value
is changed to true from false. This
variable can be found right near the
start of index.php.)

SOME FINER POINTS
As you can see in Listing 3, a good

example of how PHP writes HTML can

Listing 2—This is how you build up a complex database query. The foreach loop traverses through the
$_REQUEST array, which is provided by PHP. This array contains all variables, which have been passed into
the program, whether through get, post, cookie or session means. Here you are only looking for ones that exist
in the $titleArray variable, which is used to identify names of fields in the database. The two strings
built up are $qual and $summary. The first is used within the query to specify what fields need to match
what values, and the second is a more English-like version to show to the user. The loop also looks for super-
fluous table headings. Flags such as $loc_no_wild are set to true if the associated heading and column
are removed by the software that builds the table.

$qual = ‘(‘; $add = ‘ ‘; $summary = ‘’;
$class_no_wild = false;  $qty_no_wild = false; $loc_no_wild = false;
foreach ($_REQUEST as $key => $value){  
$_REQUEST[$key] = trim(strip_tags($_REQUEST[$key]));
if ($value !== “”){ //skip any blank categories
if (array_key_exists($key,$titleArray)) { //skip any that are not fields 

//in database
if (!($key==’class’ AND $value==’X’)){  //look up the translated

//classification names   
$qual.=”$add $key LIKE ‘$value’”;
$summary .=”$add {$titleArray[$key][3]} to match \”$value\” “;
$add = “ AND”;

}
// The next two ifs set flags to delete columns if no wild 
// card has been specified (they do the job partially so far). 
// It is rather useless to search for only transistors and 
// then be told, in each row, that the item is a transistor!
if ($key==’class’ AND $value!==’X’){

$class_no_wild = true;
}
// These next two are only handling ‘%’ wild cards right 
// now. Ideally want any non-escaped ‘_’ or ‘%’ to be caught! 
// Would likely have to use preg_match() to do this fully...
if ($key==’qty’ AND !$value==”” AND (false===strpos($value,’%’)) ){

$qty_no_wild = true;
}
if ($key==’location’ AND !$value==”” AND (false===strpos( $value,’%’)) ){

$loc_no_wild = true;
}

}
}

}
$qual .= ‘)’;
$query=”select * from $table1 where $qual”;
if ($dbg) echo “Query (look 1):”.$query.”<br />”;
echo “<h3>Searched for: $summary”;
$result = mysql_query($query)
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PROJECT FILES
To download code, go to ftp://ftp.
circuitcellar.com/pub/Circuit_Cellar/
2007/205.

Keith Brown, P.Eng., lives on Vancou-
ver Island, B.C. He has been operating
PLD Designs, consulting in the selec-
tion of PLDs and designing circuit
boards for customers (with and with-
out PLDs) since leaving Spar Aero-
space in 1992. During the last few
years, he has been adding web pro-
gramming techniques to his toolbox.

RESOURCES
E. Faivre, “Easy PHP,” 2003,www.easy
php.org/?lang=en.

J. Fiala, “PSPad,” 2007,www.pspad.com/
en/.

G. Papayiannis, “How to: Install
Apache, PHP, Pear, MySQL, and PHP-
MyAdmin for Windows XP,” 2006,
www.sematopia.com/?p=28.

The PHP Group, 2007, www.php.net.

be seen in the code that creates a drop-
down list, which allows you to select
the component classification (IC,
resistor, capacitor, etc.). The applica-
tion uses the technique of cascading
style sheets (CSS) to define the presen-
tation. CSS is a relatively new
methodology. As well as encouraging
separation of content from how that
content is displayed, it allows a style
to be defined, which can be used
throughout a page or set of pages.

When it comes to the creation and
changing of the multiple files used in
an application like this, it helps if a
PHP-aware editor is used. There are
many others, but I find that PSPad
does the job. When set up to interpret
what it calls “XHTML multihigh-
lighter” type files, it differentiates
between the PHP and the HTML sec-
tions, highlighting each one’s key-
words appropriately.

INSTALLATION
If you have a web server up and run-

ning, and if you have access to MySQL
on that server or another one, then
you have to decide where you want
the code to reside under the HTML
root directory and copy it there. Plunk
my files down there, keeping the
Include directory as a subdirectory.
Then, decide where the database will
live and change the values of $user,
$host, $password, and $database
(it can be called anything, I call it
parts) in the index.php file so that it
is pointed to properly and can be
logged into.

If you don’t have an HTTP server
available, you have many choices. If
you have a LAN-connected PC, you
should be able to install one of the
packages that exist, such as EasyPHP.
This sort of package bundles Apache,
PHP, and MySQL together into one
installer. I got my start with the CD
that came with a certain “for dum-
mies” book, and that has been fine. (I
have since upgraded the version of
PHP.) If you want to do it yourself by
downloading the modules from each
supplier’s site, the install order is
Apache, PHP (this step includes edit-
ing Apache’s httpd.conf and PHP’s
php.ini files), then MySQL, testing
each component as you go. Search

the Internet, there is a lot of help
available.

Once all the tools are available, the
database has to be created. If you have
not used MySQL before, this will be
the hardest step. There are several
ways to do it. The easiest way is to tell
it to use the MySQL command, which
should exist as c:\mysql\bin\mysql.exe
(Windows) or /usr/local/mysql.bin
(Linux). In Windows (DOS), this would
look like the code in Listing 4. Once
the database is created, the compo-
nents database program can be run to
create the necessary table.

THE PRICE YOU PAY
Most of us are rightly suspicious

when something is free. The phrase to
remember with free software, howev-
er, is “free as in freedom, and not free
as in beer.” Totally free software (as
in beer) would come preinstalled,
work properly from the outset, and
have a zero-time learning curve (and
would run on a $1 pocket calculator, I
suppose). Instead, free software takes
time to install, requires hardware
resources to run on, and takes some
time to learn how to use it and even
more time to use it effectively—but
this can still be better than the alter-
native. (In this comparison, the only
difference between what you pay for
and the free stuff is that you pay for
the other!)

I have attempted to show how use-
ful the LAMP suite of software is by
producing a practical application. And

the “L” isn’t even required! I may
make a much-improved version of
the program available as shareware,
or even buyware, in the near future.
In the meantime, keep an eye on my
site (www.island.net/~kdbrown) for
updates beyond the version posted on
the Circuit Cellar FTP site. I

Listing 4—The required procedure to create an empty database in MySQL is quite simple. You are just
required to be in the right directory. The writing between the square brackets are comments, and they must not
be typed.

cd C:\mysql\bin             [assuming that mysql was installed in root]
mysql -h hostname -u root -p [the password will be prompted for]
mysql> CREATE DATABASE parts;  [note the uppercase and the semicolon]
mysql> exit

Listing 3—This short piece of code has a lot of power. These few lines traverse through the array $classArray,
which is a set of key => value pairs (e.g., “Q”=>”Transistor”), and creates a drop-down list on the HTML page. This
allows the user to select the category of the component being looked at or entered.

echo “<select name=’class’>”;
foreach ($classArray as $key => $value){

$sel = ($class == $key)?” selected=’selected’”:””;
echo “\n       <option value=’$key’{$sel}>$value</option>”;

}
echo ‘</select><br />’;

http://www.island.net/~kdbrown
ftp://ftp.circuitcellar.com/pub/Circuit_Cellar/2007/205
http://www.easyphp.org/?lang-en
http://www.pspad.com/en
http://www.sematopia.com/?p=28
http://www.php.net
http://www.circuitcellar.com
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Color LCD Scope

Owon - 25MHz or 60MHz

2-ch + trigger standalone USB

bench scope with 7.8” color

LCD. Also battery models!

PDS5022S (25MHz)         $349

PDS6062T (60MHz)         $599

Handheld Scope

Owon - 20MHz or 60MHz

2-ch standalone USB scope

with 3.8” color LCD.  Built-in

meter - great for your tool kit.

HDS1022M (20MHz) $529

HDS2062M (60MHz)       $799

Logic Analyzer

ZeroPlus - Intuitive full-featured

16-channel with 4mb memory.

Sophistcated triggering. I2C, SPI,

and UART monitoring. Includes

clipleads, USB cable and software.

LAP-16128U                           $399

Pen Scope

PS2105 - 25MHz USB powered

scope - i n -a -p robe !  Up  t o

100MS/s,  24kS buffer C/VB/

Delphi/LabView/VEE drivers.

PS2105 (25MHz, 100MS/s) $366

PS2104 (10MHz, 50MS/s)   $229

Devasys - Provides a simple

“drop-in” solution for connecting

your PC to 90kHz I2C + 20 I/O

lines. Free software. Use mul-

tiple boards for more I2C/IO.

USB I2C/IO                          $79

USB to I2C Ethernet to I2C

NM7010A-LF REV 2 - Complete,

hardwired TCP/IP-I2C module. Offloads

stack for hi-speed Internet-enabling

microprocessor systems. Drop-in

W3100A-based board for instant

network speeds to 8Mbps.     $22

Ethernet to I2C

Fiveco - TCP/IP server with I2C,

19 x digital I/O, 5 x 10-bit A/D

inputs, and UART serial interface.

Connect I2C devices/sensors

to an Ethernet network!

FMod-TCP from $250

I2C for  PCs

Stepper Motor

Easy-Step 3000 - Advanced stepper

motor drive and control system for

unipolar stepper motors up to

35V/3A- ideal for robots/industrial

control - turns you into an instant

motor control expert!        from $84

Touchpanel Controller

CUTOUCH - 320 x 240 Blue

Graphic LCD Touchpanel/controller.

CUBLOC Program in BASIC

and/or LadderLogic. 82 I/Os and

2 RS232 MODBUS support.

CT1720        $359

PCI93LV: industry-standard I2C card

for PCs. WINI2C/PCI software

gives windows-interface to develop

and debug I2C bus systems.

UCA93LV is USB version.

Transparently monitor at

400kHz!  $499

Ether-IO

Ether-IO - UDP/IP-controlled 24

X digital I/O board. 3 x 8-bit TTL

ports each independently

programmable. Connects to any

TCP/IP Ethernet network. 

Ether-IO 24 $109

Easy USB

microUSB - Tiny ready-made USB

Interface to 1 Mbps 0.7” x 0.5”

based on SiLabs CP2101.

Gnd/RX/TX Suspend, Reset, &

3.3V 100mA source.

microUSB                              $25

USB-Serial Adapter

FTDI - based serial port laptops.

Instantly adapts older RS232

products to USB! Included drivers

provide virtual COM port.

USB-COM-S (45”) $24

USB-COM (13”)              $29

GPS Logger

TrackStick II - Pocket-sized logger

tracks position data for vehicles,

personnel, etc. Records date, time,

location, route and speed. Shows

data on Google maps!            $199

Super TrackStick II     $239

3ALogics

RFID Reader Chip - Reads FIVE

International Standards ISO14443

A/B, Tag-IT, Felica and ISO15693.

Single-chip solution.                 

TRH031M                     $6.95

RSK-100 Eval Kit $350

Bluetooth

Emxys PearlBlue - 100m-Bluetooth

module (UART master/slave bridge).

Easy connection for micro's to PCs,PDAs,

phones, etc. microIceBlue - PIC16F877

based emb. dev. system for  shortest

Bluetooth development. $99

LPRS easyRADIOTM makes

wireless data transmission

simple for US and Europe! Add

wireless capability to your project

today!

ER900TRS from $38 (100)

Transceiver Modules

GSM/GPRS/GPS/Bluetooth/

Ethernet wireless controllers

for M2M - for autos, machines,

etc. RS232/485/CAN/ A/D-I/O. 

Owasys                   from $441

Wireless Controllers Data Modem

USB-powered radio transceiver

boards add wireless RS232 to

your device! Get remote control

for your product from PC USB

port!

RTM-USA $89

Ethernet to Serial 

WIZnet - Ready-to-go serial-to-

Ethernet Gateway. Simple set-up

for 10/100Mbps Ethernet -

230kbps serial. Ethernet/

Internet-enable any serial part.

EG-SR-7150MJ $34

Touch-Sensing ICs

Quantum ICs - World’s best capacitive

sensor ICs for switching & control.

Patented Adj. Key Suppression,

Spread-spectrum. In use worldwide

by the world’s largest consumer/

appliance mfrs                from $1

WIZnet TCP/IP IC

10/100 Ethernet controller on a

chip! Fully hardwired TCP/IP core.

No OS required. TCP offload

improves system performance.

W5100 (integrated PHY)  $6.95

NM7010B+ Eval                    $22

Motion Control

PIC-Servo - Motion control boards with

integrated power amplifiers for DC-

servo/brushless-servo/stepper-

motors.Easy connection to standard

serial ports for powerful multi-axis,

mixed-motor control. from $160

Micro ALFAT-SD - Easily add

SD storage to your product.

Serial data in - FATfile data

out.   

uALFAT-SD $40

uALFAT IC  $14

FATfile Storage

Micro LCD - Easy way to add 2” sq

128 x 128 color LCD to your project.

Add text/graphics/animations for

any micro with serial or USB. 

Micro LCD MK II                 $81

Micro LCD-OLED                $99

Easy LCD

Serial-Ethernet Cable

Network you serial product easliy

without a PC using the 28” cable

Provides an instant IP address.

RS-232 port compatible with most

10/100mpbs Ethernet hubs. 

eCOV-110-P                         $99

TinyOne ZigbeeTM

Complete RF solution for fast & reliable

datatransmission. Miniaturized OEM

RF module ensures fast and easy

integration into wireless applications.

TinyOne Zigbee $55

B915FH-tiny/40-SMD-WA             $61

www.saelig.com

1-888-7SAELIG
1-888-772-3544

info@saelig.com

585-385-1768 fax

Thousandss off 

productss withh more

arrivingg everyy day!

Pleasee visit

www.saelig.com

too seee thee latestt 

additions.

Mixed-Signal  PC Osci l loscope

100 MHz  Scope and Logic Analyzer

lets you do complex triggering to find

hard-to-get-at glitches, spikes, etc.
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of milliseconds to a few seconds. Relays
would clearly be a bad substitute for the
IGBTs. But, if we could move each indi-
vidual IGBT out next to the heater con-
trols, we could distribute the heat. That
would also reduce the amount of heavy
power wiring, and weight is expensive
in any aircraft installation. More
importantly, we could dissipate the
heat into one of the best heatsinks
imaginable—an aircraft skin with ice
frozen to the other side and below-
freezing air blowing past at a couple
hundred knots!

WORLD OF BUREAUCRACY
The Federal Aviation Administration

(FAA) requires an extensive certification
process for every piece of software used.
I was already planning a software certifi-
cation effort for the controller, as spelled

As a general aviation enthusiast, cer-
tified flight instructor, and former U.S.
Air Force flight instructor, I’m always
happy to work on a project that com-
bines my two favorite fields. Many years
ago, I was in an aircraft accident when
the small aircraft I was flying was
brought down by in-flight structural
icing. Now I work as an independent
electrical engineering consultant. Thus, I
jumped at the request from what is now
Kelly Aerospace Thermal Systems to
take a deicing system for small aircraft
from a laboratory prototype into the real
world. Photo 1 shows a sneak peek at
the ThermaWing Deice System. A clean
wing is in the protected area, while there
is significant ice accumulation on the
unprotected landing light lens.

It quickly became clear that the
electric deicing system required some
form of distributed switching to
spread out the thermal load of
the switches. The heat resulting
from rapidly switching 7,500 W
among six to 12 heaters or more
is quite substantial. The labora-
tory prototype attempted to do
all of the switching in one box,
but a brief test simulating a real-
world operation ended with the
heatsinks hotter than a Texas
tarmac in the summertime.

The power switches were big,
insulated-gate bipolar transistors
(IGBT) because mechanical relays
lacked ruggedness when they
were switched rapidly. The sys-
tem requirements mandate that
the heaters repeatedly switch at
intervals ranging from a few tens

out in “RTCA/DO-178: Software Con-
siderations in Airborne Systems and
Equipment Certification,” but I had nei-
ther the plans nor budget for a parallel
effort for another piece of software to
run in a remote switch module. Thus, I
needed a way to remotely control the
switches and monitor the temperature
of the heater surface and the switch
itself (for diagnostics) via a remote com-
munications link, all without requiring
a local processor and the attendant soft-
ware.

I have considerable experience with
Dallas Semiconductor 1-Wire bus and
chips, both on a board level in embed-
ded systems and on a longer bus of tens
of meters. The 1-Wire protocol and
some of the early chips were described
in great detail by Jeff Bachiochi in
“Dallas 1-Wire Devices” (Circuit Cel-

lar 105 and 106, 1999). I have
the original Dallas Semiconduc-
tor promotional 1-Wire weather
station, and I have expanded it to
include a number of extra tem-
perature sensors, a barometer, a
rain gauge, humidity sensors,
and more. Based on my experi-
ence with the reliability of 1-
Wire in that application, it was
with some trepidation that I
introduced the idea of using 1-
Wire in this application.

APPLICATION 
Reliability is clearly

required. Turning a 7,500-W
heater on when it should be off
could do nasty things to an air-
frame. Less obviously perhaps,

FEATURE ARTICLE by Steve Hendrix

1-Wire in the Real World (Part 1)

Steve explains the challenges of taking a 1-Wire deicing system for small aircraft from a labora-
tory prototype to a real-world application.The ThermaWing Deice System relies on a proprietary
algorithm requiring tight control of surface temperatures to enable the system to melt ice.

The Challenges

Photo 1—The protected area covered by the gray heater is clean, while the
unprotected landing light lens shows the severity of the icing where the test
flight took place. (Popsicles fly poorly!) Also note the “nose caps” of ice on
the wheel fairings, and the chunks of ice that are falling on the ramp as the
unprotected areas of the airframe warm up after landing.
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turning it off with high current flow-
ing from a highly inductive source (the
alternator) could cause voltage spikes
in hundreds of volts. Such voltage
spikes could do considerable damage
to the electronics or even cause elec-
trical arcing. After switching to my
pilot hat, it was clear that reliability
would be a very high priority.

Accurately sensing the heater’s sur-
face temperature is almost as important
as the switching. The system relies on a
proprietary algorithm requiring tight
control of surface temperatures. The
algorithm makes the system shed ice
from the aircraft skin without melting a
significant quantity of ice, which would
become liquid and run back from the
leading edges where ice forms, to
refreeze in unprotected areas.

Taking a laboratory demonstration out
into the real world also requires some
serious considerations of protection
against voltage spikes and other electri-
cal problems. Although the system spec-
ification doesn’t require the electronics
to survive a direct hit from a lightning
bolt, the voltage spike tests in
“RTCA/DO-160E: Environmental Con-
ditions and Test Procedures for Airborne
Equipment” anticipate a near-miss light-
ning bolt that induces substantial volt-
age and current for a brief interval.

TEMP-SENSING SWITCH
A number of 1-Wire chips include

some form of internal temperature sens-
ing. I selected a Maxim Integrated Prod-
ucts DS2751 multichemistry battery fuel
gauge for the temperature-sensing sec-
tion of the remote-switch architecture.[1]

The chip includes an internal tempera-
ture sensor with 0.125°C resolution, a
single-ended voltage-sense input with
4.88-mV resolution from 0 to 4.75 V, and
a differential current-sense input intend-
ed for use with an external current-sens-
ing resistor over a range of ±64 mV with
a resolution of 15.625 μV. The chip
also includes 32 bytes of lockable EEP-
ROM that could be used to store con-
figuration information.

Our original intent was to laminate
this or a similar 1-Wire chip directly into
each heater to allow us to read the heater
temperature directly without external
analog electronics, and to couple the
EEPROM contents with one specific

heater. This tight coupling would also
allow us to store the heater’s serial
number and other characteristics (i.e.,
total area and nominal resistance) to
help adjust applied power and diagnos-
tics. Although this approach was ele-
gant, it exposed the chip and intercon-
nections directly to the hazards of
impact damage on the leading edges of
airfoil surfaces.

Therefore, I chose to sense tempera-
ture using a rugged 100-Ω platinum
resistance temperature device (RTD)
laminated into the heater, with the
chip cowering safely inside the potting
in the switch enclosure mounted
inside the wing. Turning the chip’s
logic upside down, I chose to use the
voltage-sense input to confirm current
through the RTD and use the current-
sense input to measure the resulting
voltage. The VDD of 5 V nominal
excites the series string of R40, R41,
and the RTD (Rext) (see Figure 1). The
RTD resistance can range from 84 to
133 Ω over the temperature range of
interest. Thus, the voltage measured
at the top of R41 is applied to a total
resistance ranging from 10,084 to
10,133 Ω. If the firmware blithely
assumes 10,100 Ω and divides the
sensed voltage at VIN by this resist-
ance, the computed current will be in
error by no more than 0.3% due to the
change in RTD resistance. If we need-
ed more accuracy, a bit of algebra
would correct this error, but the error
is so small relative to the other errors

(notably the use of 1% resistors) that it
is negligible. However, we can use the
VIN voltage to correct for any reasonable
variation in VDD. We also could have
used a four-wire sensing arrangement to
correct for resistance in the wires to the
RTD, but the wires are short and the
resistances are small and predictable,
so we simply allow for that resistance
and apply a correction in firmware.

By applying a nominal 5 V to the
12,100-Ω string (2 kΩ plus 10 kΩ plus
the 100-Ω RTD), we achieve a nominal
current of 413 µA. At the coldest oper-
ating point of –40°C, the RTD resist-
ance of 84 Ω produces a sense voltage of
34.7 mV. At the hottest operating point
of 85°C, the RTD produces 133 Ω and
55 mV. The 15.625-µV resolution
yields 1,300 measurable steps between
the endpoints for a resolution of just
over 10 steps per degree centigrade.
Linearity is good, but not perfect. The
system spec, however, requires good
accuracy at only a single point (freezing)
and allows degraded accuracy as the
temperature moves away from freezing.
The software provides for a single-point
offset calibration to achieve the required
accuracy at freezing, with the offset con-
stant stored in the DS2751E’s EEPROM.
The calibration data is thus tightly cou-
pled to a specific heater and RTD. Note
the combination of surge protection and
antialias filtering provided by the combi-
nation of R42/C42/R43/C43.

To allow for the rapid and repeated
reading of a single temperature while
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Figure 1—LED D20 provides the visual indication of heater switching for troubleshooting and R10/D10 provide protection
from incoming transients. Temperature is sensed via REXT, a 100-Ω platinum RTD. The DS2751 voltage sense input con-
firms and corrects for current variations, while the current-sense input measures the actual voltage developed across the
RTD. Ohm’s law yields the RTD resistance and firmware converts the measured resistance to heater temperature.
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the data line. With multiple slaves
attempting to share the data line, relia-
bility suffers. Because this application
required regulated power within each
enclosure for other purposes, I chose to
ignore the parasite-power capability
and provided separate power directly to
each chip on its dedicated VDD pin.

Having eliminated the requirement
to provide parasite power, we can
afford more resistance in the data line.
The data line just has to supply
enough current to charge the cable
capacitance plus the chip-input capaci-
tance of 50 to 60 pF per chip during
transitions and enough steady current
to feed the 1 to 5 µA of leakage at
each chip’s input. A simple 1-kΩ resis-
tor R1, where the 1-Wire data line
departs each enclosure, limits the
amount of fault current. Schottky
clamp diodes D1 to the supply rails
then limit the maximum voltage that
can be applied to the sensitive inputs
of the 1-Wire chips and the microcon-
troller. Figure 2 shows the complete 1-
Wire connection between the micro-
controller port pin and the external
bus. Although it is simple, the protec-
tion allows the hardware to survive
applications of full aircraft bus voltage
(even if it is reversed) for an extended
time and short spikes of a few hun-
dred volts with no hardware damage.

Also, note the 1,000-pF capacitor C1
from the data line to ground. This
capacitor aids in slew-rate limiting
and helps absorb fast transients until
the clamp diodes have time to switch,
but it looks a little odd between the
port pin and the resistor. You might
expect to see such a filter arrangement
reversed with the resistor between the
port pin and the capacitor. But we

one heater is in operation, I placed a
Maxim Integrated Products DS2409
MicroLAN U10 between the main 1-
Wire bus and the DS2751E U40.[2] With
all the temperature-sensing sections
similarly behind such a coupler, the
software can select a single sensor on
the bus and repeatedly read the tempera-
ture without going through the com-
plete addressing protocol for each read-
ing. This is a useful technique in any 1-
Wire design that requires bursts of
readings from a specific sensor. More
importantly, the DS2409 also provides a
single bit of digital output, which the
system uses to enable the IGBT driver
and turn on the heater. The digital out-
put is an open-drain output that can
sink current to ground and drive an
optocoupler (see Figure 1). The balance
of the circuit beyond the optocoupler
is proprietary and includes transient
protection and the IGBT driver. Isn’t it
amazing how this heater power switch-
ing, the primary function of the circuit,
appears as almost an afterthought to all
the ancillary functions, such as temper-
ature sensing?

1-WIRE BUS PROTECTION
Maxim Integrated Products touts

the fact that 1-Wire chips can run
from “parasite power.” That is, each
chip includes a diode and enough
capacitance to maintain a workable
internal supply voltage by stealing
power from the data line during its
logic-one state. When the data line is
high, the current flows through the
diode to power the chip and charge the
capacitor. When the data line is low,
the reserve charge in the capacitor is
sufficient to run the chip. The proto-
col guarantees that the data line
should never go low for longer than
the “ride-through” of the capacitor,
except in the case of a deliberate reset
signal. This scheme works well when
only a few chips use parasite power
and the data line is completely con-
tained within a circuit board or other
well-controlled enclosure.

Protection is required to prevent
transients from damaging either the
master or the slaves where the data
line travels through hostile territory.
Protection components limit the
amount of energy that can transfer on

must be aware of what we’re trying to
filter. We are primarily concerned
with keeping transients induced on
the line from getting to the electron-
ics. Reducing the slew rate of the sig-
nal we place onto the line is a second-
ary consideration and helps reduce
radiated emissions. Here, the limited
current available from the microcon-
troller port (approximately 20 mA)
limits the slew rate to about 20 V per
microsecond, preventing significant
radiated energy above a handful of
megahertz while still keeping signal-
transition times under 1 µs.

But wait. R2 provides the 1-Wire
bus passive pull-up, and it’s shown as
100 kΩ. Maxim Integrated Products
recommends a pull-up of 5 kΩ. With
several chips on the bus, we could
have leakage current in the tens of
microamps, and our pull-up would
have a volt or more of drop, so the
positive swing of the data line would be
severely limited. Even worse, the rise
time of the data line with this weak pas-
sive pull-up will run into the hundreds
of microseconds—and we need to be
able to distinguish between pulses of
approximately 1, 60, and 120 µs. Just
how can we make this work reliably?

I’m gl-a-a-a-a-a-d you asked that
question. By making the hardware and
the software sing together, we can do
magic. Here’s how.

BITS AND PIECES
First, bury the archaic idea that a

microcontroller output pin must be
either high or low, or even that it
must be either an output or an input.
Virtually all modern microcontrollers
have the capability to float an output
pin. I have implemented 1-Wire mas-
ters using both the Freescale Semicon-
ductor 68HC family and the
Microchip Technology PIC family,
both of which have this capability and
have made very nice 1-Wire masters
for me. Usually, the documentation
describes this as changing the direc-
tion of the pin from Output to Input
mode, but that mode of thinking is for
the digital-only guys. We need to put
on our analog hats and see an output
port as a complementary pair of MOS-
FETs that can be controlled independ-
ently. After looking at the implemen-
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Figure 2—A simple and robust microcontroller to 1-
Wire bus interface. R1 limits the available fault current
into or out of the microcontroller pin, while dual-diode
D1 clamps the pin voltage between the supply rails. R2
provides a very weak bus pull-up when the microcon-
troller is not providing an active pull-up, such as during
microcontroller reset and firmware start-up.
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tation of a general-purpose port pin
(watch out for special cases, such as port
A on the PIC family), we see that the pin
is always an input pin and the controller
can read the state of the pin at any time.
We configure a pin as an output by stor-
ing a zero into a TRISx register on a PIC
or a one into a DDRx on a Freescale
Semiconductor microcontroller. Making
the pin an output does not change the
input function. It simply guarantees that
one or the other drive transistors will be
turned on depending on whether you
have written a one or a zero to that port
pin’s data register. Thus, we can very rap-
idly change a port pin between driving
low, floating, and driving high.

The 1-Wire protocol is defined so
each unit, master, or slave asserts the
bus low to actively place data on the
bus and allows the bus to float high via
a passive pull-up when it is not active-
ly driving the bus. The master is also
allowed to actively drive the bus high
at certain times in order to augment
the passive pull-up and provide addi-
tional parasite power.

Dallas Semiconductor almost got this
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Photo 2—The driver’s 1-kΩ impedance interacts with cable capacitance to produce a very slow R-C waveform. The
slow edge rates can combine with noise to cause false edges. The long delay to reach valid logic levels causes
serious timing problems with the 1-Wire protocol.
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right. A number of e-mail interest groups
have sprung up around the 1-Wire bus
and their promotional “1-Wire Weather
Station” in particular. A number of
extended discussions on these groups
have focused on the reliability problems
with extended cable lengths, as well as
the ramifications of branches in the line.
One common thread in most of these
discussions is a general susceptibility to
reflections developed in long cables.

Take a look at the actual reflections
in real cables in a controlled environ-
ment. Photo 2 shows the 1-Wire wave-
form with our protected driver
attempting to access a bus containing a
single device with a 500′ tail consisting
of a box of Cat5E cable. The dominant
feature is the extremely slow R-C time
constant as the 1-kΩ driver attempts to
discharge the cable capacitance. The
waveform takes approximately 15 µs to
fall past the guaranteed-zero threshold
of 0.8 V. The 1-Wire slave must see this
valid zero before it begins the 15-µs
timing to the sampling point. That
delay is going to wreak havoc with the
synchronization between master and
slave. Reflections? What reflections?

In my college days, the late Capt.

Grace Hopper gave a talk on the histo-
ry of computers, the development of
COBOL, and other topics. One thing
that has always stuck with me came
when she promised to pass out nanosec-
onds to each student since none of us
had ever seen a nanosecond. She passed
out pieces of AWG #30 wire-wrap wire
cut to exactly 11.8″, the distance light
or any electromagnetic wave travels in a
nanosecond. Although the illustration
was graphic (and lasting), there’s a slight
inaccuracy: propagation at the speed of
light applies only in a vacuum. In real
wires or on real circuit boards, speed is
slowed by a factor that depends on the
surrounding medium—the insulation on
a wire, the core material on a PCB. If we
were to assume a factor of about 0.66
the round trip on a 500′ wire (1,000′
total) should take about 1.5 µs. See
those tiny steps right at the beginning of
the falling waveform?

Photo 3 expands the tiny steps for bet-
ter visibility. The first step lasts 1.6 µs.
When the reflection returns, the voltage
steps down again as the attempt to drive
the line low is reinforced by the reflec-
tion. After another 1.6-µs passes, this
reflected step has made another round

Photo 3—The master attempts to drive the line low at T. The reflection on the 500′ cable returns at 1.6 μs, as
marked by the first cursor, and returns a second time after another 1.6 μs, at the second cursor.

trip, and we see another (less pro-
nounced) step in the waveform. By the
third round trip, the reflections are just
barely visible and they essentially die
out completely after that.

A 1-Wire master with sufficient drive
to provide parasite power to the slaves
will, of course, provide much faster
edges as well—if the slaves do not fur-
ther burden the line. But even in this
extreme case, with 500′ of cable, the
reflections are completely finished with-
in 3 µs, well before there should be any
sampling going on. With old-time, full
5-V logic, we should have plenty of
noise margin against any noise picked
up on that long line. So why do long
lines cause such a problem?

As noted in the documentation of the
DS2480 used in 1-Wire masters, the
Maxim Integrated Products master drives
the bus low to produce a 1-µs pulse, then
releases the bus and watches to see if a
slave replies with a zero or a one.[3] A
slave replying with a zero will hold the
bus low for at least 60 µs, whereas a
slave replying with a one allows the pas-
sive pull-up to pull the bus high within
15 µs. Because the recommended 5-kΩ
pull-up provides a relatively slow rise
when asked to charge up the capacitance
of a significant amount of cable, their
master watches the line to see if it’s ris-
ing. If the line rises above a defined
threshold voltage of approximately 1.2 V,
the master assumes the slave is return-
ing a “one” and switches to an active
pull-up to “help” the line return to a
high (logic one) state. All was well and
good until users started deploying 1-Wire
weather stations with a couple hundred
feet of cable.

With a significant cable length, echoes
occur. But more importantly, the cable
capacitance smears out the signal edges
and the cable itself picks up noise.
Because of the reduced-threshold voltage
of 1.2 V, these unwanted signals can fool
the active pull-up into driving the line
high while a slave attempts to drive the
line low. Such contention continues
through the sample point of the master,
yielding an undefined voltage when the
bit is sampled. Thus, very frequent
errors occur, to the extent that commu-
nication essentially ceases.

With the bus protection in place, there
is a 1-kΩ resistor between each active

http://www.circuitcellar.com
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PROJECT FILES
To download code, go to ftp://ftp.
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how a more detailed view of an output
pin enables us to write a firmware 1-
Wire master that avoids some of the
noise-susceptibility problems that can
make the Maxim Integrated Products 1-
Wire masters appear to be less than
robust. We’ll then build on that founda-
tion to see how neatly 1-Wire fits into the
application. I

device and the bus. In the worst-case
contention situation, the master drives
high while the slave is driving low. Both
ends then see a fairly reasonable 2-kΩ
load resistance and the bus goes to a
well-defined voltage at one-half the sup-
ply voltage. However, even though the
slave is driving the line to ground to
present a logic zero, the master is driving
the line high with the active pull-up on
the same side of the protection resistors
as the sampling point. The master reads
a logic one even though the slave is pre-
senting a logic zero. All we need to pro-
voke the situation is 1.2 V of noise,
minus the residual voltage on the still-
settling cable at the sample point. Thus,
our noise margin is reduced to much less
than the 1.2-V threshold of the “helper”
detector, rather than the full 3.5-V
(70% of VDD) logic-one threshold we
might expect from other digital inputs.

Now, we have the information needed
to build a truly robust master that can
drive any reasonable length of cable.
I’m out of space for this month, so I’ll
give you time to think about how this
all fits together. Next month, we’ll see
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too late. It is electromagnetic interfer-
ence, or EMI for short. 

EMC BASICS
Electromagnetic compatibility

(EMC) is about being reasonably sure
that a given piece of equipment will
work peacefully with other equipment
in its neighborhood. “Peacefully”
means the equipment should not be
perturbed by others (EMI immunity),
and it should not perturb them (EMI
emission limitation). 

Let’s look at the details. In the
EMC/EMI world, equipment is usually
classified into two categories: volun-
tary versus unintentional transmitters
(or receivers). For example, a voluntary
transmitter could be your remote con-
trol transmitter, while an unintention-
al transmitter could be a badly
designed power supply generating plen-

Welcome to The Darker Side! I am
really excited to present this new col-
umn devoted to some of the lesser-
known, more obscure aspects of elec-
tronic design. Scary, isn’t it? If you
find the title strange for a magazine as
serious as Circuit Cellar, note that I
chose it after a brainstorming session
with the magazine’s great editorial
staff—so the responsibility is shared.

The purpose of this column is to
highlight concepts too often perceived
as expert-only subjects. If you read
“analog” between these words, you
will probably be right 90% of the
time. I will do my best to help you
understand what’s really going on
while focusing on application-oriented
explanations and pragmatic tips rather
than painful theory and math
(although some equations may show
up from time to time). Lastly, because
dark subjects may some-
times be understood differ-
ently from other points of
view, and because I will
probably be wrong or
imprecise from time to
time, I will be more than
happy to receive your feed-
back. Just drop me an e-
mail and I will be in touch! 

I want to start with one
of the darkest possible sub-
jects. It is something that
can give headaches to engi-
neering managers evaluat-
ing the risks on their proj-
ects. It is something that is
often not learned until it is

ty of EMI noise. Similarly, a voluntary
receiver could be your FM radio, while
an unintentional receiver could be your
MP3 player picking up the RF noise
transmitted by your cell phone. 

EMI immunity relates to voluntary
transmitters (generating strong RF
fields, because they are designed to
transmit something) and unintention-
al receivers (low-sensitivity receivers)
that could be agitated by these strong
RF fields. Reciprocally, the EMI emis-
sion limitation is a concern between
unintentional transmitters (low-level
but not expected) and voluntary
receivers (high-sensitivity because they
are designed to receive). Inspired by Tim
Williams’s very good book, EMC for
Product Designers, Figure 1 illustrates
these two fundamental EMC gaps.

Because nobody knows which EMI
environment a given product will be

used in, legislation defined
the absolute maximum
admitted emission power
and minimum immunity
requirements. Legislation
on EMC was initially limit-
ed to radio communications
(i.e., voluntary transmitters
and receivers), but it was
extended to unintentional
transmitters about 20 years
ago, particularly in Europe.
The first EC EMC directive,
89/336/EEC, was ratified in
the early 1990s and was
made mandatory in 1996. It
covers both immunity and
emissions limitations. In

THE DARKER SIDE by Robert Lacoste
“The Darker Side” is a new column devoted to some of the lesser-known aspects of electronic design. It will appear every other month.

Let’s Play with EMI!
Robert sheds light on the “dark” subject of electromagnetic interference. He covers every-
thing from electromagnetic compatibility (EMC) issues to helpful design techniques. With a
few modifications to your next design, you will be able to reduce the amount of unwanted
radiation emission.
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Figure 1—This figure illustrates the two main EMC requirements: EMI immunity, related
to the interaction between voluntary transmitters and unintentional receivers, and EMI
emission limitations, related to the interaction between unintentional transmitters and
voluntary receivers.



the United States, FCC Part 15 limits
emissions of unintentional transmitters
(spurious emissions, subpart B), as well
as low-power, unlicensed transmitters
(subparts C to G). But as far as I know,
emission compliance with RF immunity
standards is not mandatory for most
products under the FCC’s guidelines,
even if additional standards are usually
requested by the marketplace. In all
other countries, the international stan-
dards IEC61000-xxx from the IEC’s TC77
are usually translated into national stan-
dards, providing a similar framework.

Finally, electromagnetic signals can
be either radiated (through the air) or
conducted (through wires). Standards
usually deal with these two aspects
separately, even if they are often close-
ly linked, as you will see. 

You probably think that I was lying
in my introduction when I promised to
focus on application-oriented explana-
tions and pragmatic tips rather than on
long and painful theory. Agreed, I am
going to the bench. Because the EMC
subject could fill up thousands of pages,
I will concentrate on only one topic:
unintentional emissions. To demon-
strate the basics of this nasty phenome-
non I will not describe a rocket science
project. I’ll focus on one of the simplest
unintentional transmitters: a small
TTL oscillator built around a 74HC00
chip and the 3.5795-MHz crystal I had
on my desk, with a 1-kW load resistor
simulating a clocked device on the
board (see Figure 2). 

Before I demonstrate the phenome-
non, I need to introduce the EMC
guy’s “pocket knife.” 

THE SPECTRUM ANALYZER
You will need a way to see and

measure RF because EMI is mainly
about RF signals covering a large fre-
quency range (from nearly DC up to
several gigahertz) and a large signal

amplitude range (from watts down to
nanowatts or lower). A spectrum ana-
lyzer, an expensive but invaluable
tool, must be used. Oscilloscopes are
currently available far above the giga-
hertz region (even up to 18 GHz for
those with really deep pockets), and
high-end digital models provide a
spectrum analyzer using a fast Fourier
transform of the time-acquired signal.
Don’t be confused. This is often a use-
ful feature, but by no means equivalent
to an RF spectrum analyzer. The reason
is the dynamic range. The average high-
speed oscilloscope uses an 8-bit ADC in
the giga-samples-per-second range and
may be a 10-bit ADC for higher-range
scopes. This provides, at best, seven or
eight effective bits. From MSB to LSB,
this provides, at best, a dynamic range
of 1 to 256 (i.e., 28). This is in terms of
voltage. Because power is proportional
to voltage squared, this translates to a
dynamic range of 1 to 65,536 (i.e.,
2562) in terms of signal power. This is
not bad, but it represents only 48 dB
(i.e., 10 log(65,536)). The worst real
spectrum analyzer provides at least 80
or even 100 dB of dynamic range.

A spectrum analyzer is nothing
more than a tuned, swept, very selec-
tive receiver. The architecture of a
simple RF super-heterodyne spectrum
analyzer can bee seen in Figure 3. The

measured signal, coming from a wire
or an antenna, first goes through a
step attenuator to avoid saturation. A
low-pass filter gives it a clean signal
from kilohertz up to the maximum
frequency of the equipment. Assume
the maximum is 3 GHz. The signal is
then mixed with a clean high-frequency
swept local oscillator covering a 3-GHz
range (from 3.5 to 6.5 GHz). It is band-
pass filtered around a frequency just
higher than the maximum usable fre-
quency (3.5 GHz). This architecture
allows it to limit spurious receptions.
For example, when the local oscillator
is set at 4.223 GHz, the only input fre-
quency that will provide a signal going
through the 3.5-GHz filter will be at
723 MHz (i.e., 4.223 GHz – 3.5 GHz).

The 3.5-GHz intermediate frequency
signal is amplified and down-converted
through several mixing stages to a low
intermediate frequency. Then, one of the
most important parts of the spectrum
analyzer comes in: the resolution filter.
This is a very selective, calibrated, and
variable band-pass filter that allows it to
set the measurement bandwidth, which
has a strong influence on sensitivity, fre-
quency discrimination, and measure-
ment speed. The signal is sent through a
logarithmic amplifier, allowing the ana-
lyzer to display a power level in a loga-
rithmic scale over several decades. Final-

ly, its amplitude is detected, fil-
tered again to remove noise by
averaging, and displayed.

This presentation is simpli-
fied because digital techniques
are heavily used from the latest
intermediate frequency blocks
down to detection through digi-
tal resolution filters and FFT.
Moreover, the microwave
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Figure 3—Here is the overall, but largely simplified, architecture of a super-heterodyne low-band RF spectrum analyzer.

Figure 2—My experiments will be conducted with a very simple project, a crystal oscillator built using a 74HC00
NAND gates chip and a 1-kW load resistor.



reluctant to use decibels,
this means that this inter-
ference is no less than 794
times (i.e., 1029/10) more
powerful than the radio sta-
tion you want to listen to!

What happened? Any AC
current going through a con-
ducting loop generates an
electromagnetic field that
will propagate in the space
with an amplitude roughly
proportional to the current, to
the surface of the loop, and to
the square of the frequency.
Because your crystal oscilla-
tor is more or less using
square waves, all harmonics
of the clock signal are trans-
mitted and unfortunately
well received, up to the maxi-

mum frequency of the HC00 gates.
What should you do? First, try to

reduce the area of the current loops.
Photos 3a and 3b show what happened
when I routed the wires differently,
connecting the 1-kW resistor different-
ly. The spectrum looks the same, but
the maximum peak is now –39 dBm.
That seems like a small improvement,
but remember that you are using a
logarithmic wide dynamic scale.

environment, but what happens when
you switch on the test crystal oscilla-
tor? I built it on a small prototyping
board, even if you don’t agree that it is
the nicest idea for a good RF design
(see Photo 2a). I then dropped it on a
desk 2 m away from the receiving
antenna (that’s around 6¢or 7¢for
those living on the wrong side of the
ocean), and powered it from a 5-V
bench supply. Photo 2b shows what
was displayed on the spectrum analyz-
er’s  screen. I am not joking! The sepa-
ration between peaks is close to
3.5795 MHz, which is not a surprise.
You can see all the harmonics of your
crystal oscillator from 20 MHz up to a
few gigahertz. That’s a good illustra-
tion of unintentional emissions, isn’t
it? Note the power of the maximum
peak on the first test as a reference.
The top of the screen is –7 dBm. The
vertical scale is 10 dBm/div. I found
the maximum peak at about –34 dBm
(including a gain of the preamplified
antenna, air path loss through the 2 m
between the test oscillator and the
antenna, and so on). 

Go back to the reference spectrum in
Photo 1. In the same setup, the FM broad-
cast peaks were measured at –63 dBm.
That means the EMI field transmitted
by the small crystal oscillator is 29 dB
(i.e., 63 – 34) more powerful than the
FM broadcast signals, even if the crys-
tal oscillator is 2 m away from the
receiving antenna. And, if you are still
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equipment that has a fre-
quency range far above a few
gigahertz uses a different con-
version scheme for its input
section. They use exotic Yig-
based preselection band-pass
filters and harmonic mixers.
Anyway, this simplified
architecture fairly matches
the architecture of 20-year-
old spectrum analyzers, such
as my Hewlett-Packard
HP8569. If you want to
know more about spectrum
analyzers, the bible is “Spec-
trum Analysis Basics” (appli-
cation note AN150).

Now that you have a spec-
trum analyzer, connect a
wideband antenna, or better
yet, a preamplified electric
field probe to its input. Now you have
a real-time view of the surrounding RF
environment (see Photo 1). Such a test
setup is not adequate for EMC formal
assessments requiring calibrated anten-
nas and shielded anechoic chambers,
but it is a very useful relative measure-
ment tool, as you will see.

RADIATED EMI
Photo 1 was taken with a “clean”

Photo 1—The plot shows the background RF field in my lab from nearly DC up to
100 MHz with a 10-MHz/div horizontal scale. The left-most peak at 0 Hz is an artifact
of the spectrum analyzer. Significant emissions are visible from 20 to 50 MHz with a
peak at 40 MHz (short waves, police, and so on), as well as from 90 to 100 MHz (FM
broadcast). The vertical scale is logarithmic.

Photo 2a—This is the test crystal oscillator in its first
nonoptimized version. b—This is the spectrum received
2 m away from the test oscillator in Photo 2a. The spu-
rious emissions are nearly 1,000 times more powerful
than the FM broadcast signals.

a)

b)

a)

b)

Photo 3a—The first improvement to the test oscillator
was to move the resistor load wire to reduce the loop
area. b—When compared to Photo 2b, the improve-
ment in this photo provides a reduction of 5 dB of the
unintentional emission. Not bad.



www.circuitcellar.com CIRCUIT CELLAR® Issue 205   August 2007    69

That’s a 5-dB improvement (from –34
down to –39 dBm). It means the power
of the received signal is 105/10 lower, so
it was reduced by a factor of 3.2 just
by moving a wire. Not so bad. So, the
golden rule is to limit all loops carry-
ing high-frequency signals or low-fre-
quency signals with abrupt slopes like
logic signals. Because the return-cur-
rent path is usually the ground, this
recommendation translates into the
most important EMC tip: build your
circuits with a full ground plane on
one layer of your PCB. That will
ensure that there is always a return
path just below every wire. Some will
argue that split ground planes could be
good, but I’m sure that 99.9% of the
designs will work better with a full
ground plane rather than with more
complex schemes (except for some
audio designs well packed in a shielded
enclosure and not really affected by
radiated EMI). For example, if you
design a board using two ground planes
joined only by a small bridge, then
there will be current loops, except if all
other wires going from one area to the
other are passing exactly over the
bridge, which is not easy to do.

How do you go further with minimal
changes to the design? The level of har-
monics generated by our test project is

as high as it is because the signals are
steep square signals, but is this steep-
ness actually needed? Why use a 74HC00
with a propagation delay of 7 ns, high
output current, and more importantly
heavy current peaks at each transition
due to its CMOS technology to build a
simple 3.5-MHz clock? I dug into my
shelves and swapped the HC00 with an
old LS00. The maximum peak was
immediately reduced to –45 dBm,
which is a 6-dB incremental improve-
ment. Compared with the initial situ-
ation, these two small changes reduced
the transmitted noise by 11 dB, or more
than a factor of 10, just by moving a
wire and swapping a chip with an older
one! Let me summarize the lesson
learned by this second experience.
Always use the slowest possible tech-
nology for a given project, with the
slowest possible output currents and
the slowest possible voltages, particu-
larly in digital signals. That’s obvious,
but it’s too late when you remember it
after the design is complete.

CONDUCTED EMI
I didn’t want to talk about conduct-

ed EMI in this column, but I have to.
Assume that the noise level is still
higher than acceptable. You can con-
tinue to improve the design every-

Photo 4a—Using an H-field probe allows it to pinpoint
a key contributor to the radiated emissions, namely the
5-V and GND power wires. b—The H-field probe shows
a high level of radiated signals from the power lines.

Photo 5a—This is the next improvement: coils and fer-
rite filters on the power lines and a slower LS00 chip.
b—With the improved design in Photo 5a, the uninten-
tional emissions are drastically reduced.

a)

b)

a)

b)

http://www.xgamestation.com
http://www.labjack.com
http://www.lvr.com
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SOURCES
HP8569 Spectrum analyzer 
Agilent Technologies, Inc.
www.agilent.com

HZ530 Probe set
Hameg Instruments 
www.hameg.com

where you can and see the result on
the transmitted noise 2 m away, but
that could be quite time consuming. It
would be easier if you could pinpoint
the precise location of the transmitted
noise source. Luckily, this is also pos-
sible with a spectrum analyzer. The
only additional tool needed is a mag-
netic field probe (H-field probe). The
reason is that an H-field is decreasing
as the cube of the distance, while the
E-field is decreasing as its square. So,
using an H-field probe is far more
effective to locate a transmitter at
very short ranges because the H-field
is decreasing very quickly when you
leave the immediate surroundings of
the emitter. You can buy good, low-
cost, preamplified H-field probes like
the Hameg HZ530 probe set that I’m
using, but after buying the spectrum
analyzer your pockets will be empty.
Fortunately, a simple H-field probe
can be easily built using a small 50-W
shielded wire. Just strip the cable a
few millimeters from the end, turn it
to make a small loop, and solder the
inner connector back to the shield
braid. The end of the braid should not
be connected to itself in order to pro-
vide a gap in the shield. That’s it. Now
you have a good magnetic field probe.

Robert Lacoste lives near Paris, France.
He has 18 years of experience working
on embedded systems, analog designs,
and wireless telecommunications. He
has won prizes in more than 15 interna-
tional design contests. In 2003, Robert
started a consulting company, ALCIOM,
to share his passion for innovative
mixed-signal designs. You can reach him
at rlacoste@alciom.com. Don’t forget
to write “Darker Side” in the subject
line to bypass his spam filters.

Photo 6a—This is the last improvement. The load
resistor is moved close to the oscillator. b—All of these
improvements give an accumulated reduction of the
unintentional emissions by 21 dB as compared to
Photo 2a. That’s more than a factor of 100!

RESOURCES

Agilent Technologies, “Spectrum
Analysis Basics,” application note
AN150, www.metrictest.com/resource
_center/pdfs/agl_spec_analyzer_basics.
pdf.

T. Williams, EMC for Product Designers,
Newnes, 2007.

a)

b)

Assuming that you have an H-field
probe connected to the spectrum ana-
lyzer, move it around the design, and
in particular, around the wires con-
necting it to the 5-V power supply
(see Photos 4a and 4b). Bingo! You can
see that the power cables are radiating
a strong RF field in particular in the
50- to 100-MHz range. The current
peaks drawn by the logic chip show
up as conducted current peaks on the
power lines because of insufficient
decoupling, even though the ubiqui-
tous 100-nF capacitor is in place on
the power rails. The conducted EMI is
then radiated due to the long
unshielded power wires. That’s why
conducted and radiated EMI are often
linked.

You must reduce the conducted EMI
through the power lines. I’ve modified
the test oscillator with the addition of
a 1-mH coil plus a ferrite bead both on
the GND and 5-V lines, as well as the
addition of a 10-µF low-ESR capacitor
in parallel to the 100-nF one (see
Photo 5a). One caution regarding fil-
tering coils: in high frequencies, a
higher-value coil is not always better,
because parasitic capacitances can
quickly make it useless. Technology
does matter, and that’s why ferrite
coils are usually far more efficient for
EMI reduction than standard coils of
the same value. This subject will need
a column by itself. 

Back to the spectrum analyzer. The
maximum received peak is now at
only –51 dBm if you consider only the
HF contributors above 10 MHz, anoth-
er 6-dB improvement (see Photo 5b)!
As a last improvement, I tried moving
the 1-kW resistor closer to the chip
(see Photo 6a), and the received EMI
level is down to –55 dBm, 4 dB better
(see Photo 6b). 

IS IT ALL? 
Using one of the most simplistic

designs (a crystal oscillator) built on
the most simplistic platform (a proto-
board), I found a couple of very simple
design modifications that allowed me
to reduce its unwanted emissions by
21 dB (i.e., 55 – 34), effectively reduc-
ing the spurious noise power by 99.2%
(1021/10 = 125, 1/125 = 0.8%)! With
these changes, the FM broadcast sig-

nals are now clearly visible on the
spectrum analyzer, which means that
you will be able to hear your favorite
songs. And more importantly, these
design changes were really minor,
including rerouting some wires, an
HC00 replaced by an LS00, coils, and
ferrites on the power supply. Impres-
sive, isn’t it?

In this short article, I have high-
lighted some key points of one aspect
of EMC, unwanted radiated emis-
sions, and some design tips that will
make your life easier. The EMC-
minded designer will also need to
take care of immunity, conducted
EMI, common mode noise, ESD, and
the regulation side of the EMC. Any-
way, I hope that I have successfully
demonstrated that the EMC is not
black magic, even if it is occasionally
on the darker side. I

http://www.agilent.com
http://www.hameg.com
mailto:rlacoste@alciom.com
http://www.metrictest.com/resource_center/pdfs/agl_spec_analyzer_basics.pdf
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a laptop PC through a Creative Tech-
nology Sound Blaster USB MP3+ exter-
nal “sound card” and the Shure E2C
ear beetles. The laptop’s built-in sound
hardware would also work, but the
USB box had a nice analog volume dial.

A threshold test requires setting the
volume of a calibration tone so that it’s
not quite audible, then recording the
level at which each test frequency
becomes audible. The results depend
on the ambient noise level, audio hard-
ware imperfections, listener attention
span, and many other factors, but my
results remain consistent within a few
decibels over several tests.

The blue trace in Figure 1 represents
my unassisted hearing, which is most
sensitive around 1 kHz, drops off by
20 dB between 2 and 3 kHz to a
plateau out to 6 kHz, and is essential-

Several years ago, my hearing went
from pretty good to pretty bad over
the course of a few days. After exten-
sive testing, I received a diagnosis of
“Stuff happens” and some disconcert-
ing pictures of my head’s innards. My
hearing loss wasn’t severe enough to
warrant hearing aids, but it punched
the treble right out of my life.

Maxim recently introduced their
MAX5406 Audio Processor with Push-
button Interface, which provides vol-
ume, balance, and tone control for
portable devices. As soon as I read the
datasheet, I thought it might be useful
as a “treble boost” for my ears.

After I made a few measurements
and doodled some initial designs, I dis-
covered that simple filters can accom-
plish much of what I need. I learned a
bit about sound and hearing, though,
which you may find interesting, too.

This month I’ll present my meas-
urements on ears, earphones, and
microphones, as well as the SPICE
simulation of a filter that compensates
for the largest part of my poor hearing.
My next column will describe a hard-
ware implementation, along with a
switching power supply, and take a
look at some real-world problems.

PROBING THE EARS
Audiologists performed several hear-

ing tests on me, eventually determin-
ing that I had “no aidable loss.” That
simply means that I could hear well
enough to get by, not that I could hear
well, and I didn’t need hearing aids.
One test showed my hearing dropped
off by 10 dB at 2 kHz and was 25 dB
down at the test’s upper limit of 8 kHz.

Telephones and amateur radio use a
3-kHz bandwidth, so I have “commu-
nications grade” hearing. In essence,
everything I hear sounds like it’s com-
ing through an old landline telephone
and, no, I don’t like on-hold music any
more than you do.

When I’m traveling by train or air-
plane, I use a pair of Shure E2C sound-
isolating earphones with my MP3 play-
er. Although they resemble nothing so
much as a pair of large beetles jammed
in my ears, their foam sleeves elimi-
nate much of the background noise and
the transducers have good fidelity even
for normal ears. I bought these before
my hearing tanked and they’re obvious-
ly overqualified for my present needs.

I measured the lower threshold of
my hearing using Digital Recordings’s
Audio-CD hearing test disc, played on

ABOVE THE GROUND PLANE by Ed Nisley

Hearing Clearly
After experiencing some hearing loss, Ed decided to perform several measurements on
ears, earphones, and microphones. In this article, he introduces a circuit that compensates
for his poor hearing.

Figure 1—These traces show the sound level required to distinguish a pure sine-wave tone. The lower trace
shows that my daughter hasn’t burned out her ears, while the blue trace indicates my “communications-grade”
hearing. The filter circuitry in Figure 2 improves my overall response, as shown by the purple trace.
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ly dead by 12 kHz. The plot shows the
additional volume above each listen-
er’s threshold, so this is not an
absolute pressure measurement.
Lower numbers are better: 80 dB over
the threshold is really loud.

The brown trace near the bottom of
Figure 1 shows my 14-year-old daughter’s
hearing. While it’s not perfect, it does
show that the hardware is actually mak-
ing sounds that I cannot hear and the cal-
ibration is reasonably flat. However, even
though the test CD tones begin at 20 Hz,
it seems the hardware isn’t much good
below 100 Hz, where my low-frequen-
cy response matches hers.

The first step in correcting my hear-
ing will be to fill in that bowl around
1 kHz. There’s not much point in cor-
recting anything beyond 7 kHz, for
reasons that will become clear when
we look at dynamic range.

MIC CHECK, ONE TWO
I plan to use this circuit to correct

the output of digital music players,

rather than as a true hearing aid, if
only because I cannot stuff the circuit-
ry into my ears. Despite that, I want
to see how it works at concerts, which
means I need microphone inputs and
some degree of portability.

My parts collection includes a wide
variety of electret microphones, so I
spot-checked their frequency response
at 100 Hz, 1 kHz, and 10 kHz. Photo 1
shows the test setup: a boom box driv-
en by a sine-wave signal generator, with
the microphone and a sound level meter
from Radio Shack on-axis at 10 cm. I set
the test frequency and adjusted the signal
generator amplitude and boom box vol-
ume control to produce 100 dB SPL at the
meter, then recorded the microphone’s
output voltage from the RMS value
computed by my digital oscilloscope.

I set the sound level meter to show
fast-response C-weighted levels, which
provides a reasonably flat response
across the entire audio spectrum.
Because I was using a single test tone
in a quiet environment, the meter’s
integration of all sounds at all frequen-
cies wasn’t relevant. Moving the meter
slightly didn’t produce any large
changes, so I believe the readings are a
fair estimate of the actual levels, despite
the layout’s acoustic imperfections.

Electret microphones include a pream-
plifier that modulates the current drawn
through a bias resistor to produce a volt-
age output corresponding to the sound
input. I attached a 2.2-kΩ resistor and
a 4.5-V power supply using clip leads,
which worked well enough for these
quick measurements.

I don’t have room for the table here,
but some mics were flat within a few

decibels and others had dramatic
differences at either the high or
low frequencies. You’re welcome
to test your own mics and generate
far more data points!

I picked a mic with a reason-
ably constant response at the
three test frequencies for further
use. I think it was intended for a
mobile phone, but it’s a surplus
find lacking pedigree and exact
specifications.

The output signal at 100 db SPL
was 14.6 mVrms at 1 kHz. It
increased by 2.2 dB at 100 Hz and
dropped by 1.6 dB at 10 kHz, so

the overall range is about 3.8 dB. This
is for a bare mic held in mid-air, which
means I must remeasure it when I fig-
ure out what sort of case I’ll use.

Remember that a decibel value is a
power ratio. Because power varies as
the square of the voltage, the decibel
value for a voltage ratio is:

[1]

For example, I measured 18.9 mV at
100 Hz, so the decibel value is:

[2]

I then measured the mic’s output for
sound levels of 90, 100, 110, and 120 dB
at 1 kHz. Referred to the 90-dB level,
the voltage increased by only 7, 9, and
8.5 dB for successive 10-dB input steps,
so the microphone does induce some
compression.

I wore liquid-filled shooting-sports
ear protectors during these tests to pre-
vent further injury to my ears. If you
must ever endure a 1-kHz tone played
at over 100 dB SPL, you’ll understand
my motivation. Permanent hearing
damage starts at levels over 85 dB: pro-
tect your ears!

ARTIFICIAL EAR CANAL
The Shure E2C spec sheet shows

the earphones produce 105 dB SPL
with 1 mW input and that they have a
16-Ω impedance. Delivering 1 mW to a
16-Ω load requires a voltage of:

[3]

Permanent hearing damage occurs

0 126.  V  1  10  W  16  -3= × × Ω

2 2.  dB  20  log 18.9 mV
14.6 mV

 10 = × ⎛
⎝⎜

⎞
⎠⎟

dB  20  log  V
V10

TEST

REF

= ×
⎛
⎝⎜

⎞
⎠⎟

Photo 2—A 7 × 22 mm brass tube resembles an ear
canal closely enough to measure my Shure E2C earphone
response. The foam plugs seal tightly in a real ear canal to
exclude sounds that don’t come from the electronics.

Photo 1—Accurately measuring microphone response
requires better equipment than this, but even a simple
measurement helps separate the good from the bad.
The Radio Shack sound-level meter helped set a con-
stant volume for each test tone.

Figure 2—The response of an E2C earphone in a simulated ear
canal shows that it requires more power at low frequencies and
less at high frequencies than its 105-dB SPL at 1 mW spec would
indicate. Some of the variations certainly come from my technique.
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The microphone produces
about 130 mV at 120 dB
SPL, the loudest sound it
should ever hear (at least
near me!). Amplifying that
level by 25 dB corresponds
to a voltage ratio of:

[5]

That produces a 2.3-Vrms
signal, a peak sine-wave
voltage of 3.2 V.

That may not sound like
much, but circuits powered
from a 5-V supply have a
maximum voltage swing of
about ±2.3 V around the
midpoint. Unlike SPICE
simulations, real circuits
put a solid upper limit on
the maximum signal
swing and, therefore, limit
the maximum allowable

input signal amplification. The chips
you choose determine how much gain
you can apply: your block diagrams
must include maximum signal levels
along with decibels of gain.

It should be obvious that I do not
intend to jam 120-dB SPL sounds into
my ears, but both analog and digital sig-
nal processors have strict limitations on
the dynamic range they can handle. Lim-
itations on the high end come from ana-
log signal swing limits or digital word
sizes, while noise typically limits the
low end. As always, trade-offs abound!

As a result, rather than amplify the
high frequencies, I chose to attenuate
the signals around 1 kHz by 25 dB. I

17 8.   10
25
20=

signal requires 3 to 7 dB less power
than expected, while the 100-Hz bass
requires much more. The 10-kHz tre-
ble requires slightly more power than
the 1-kHz signals.

Although I didn’t wear the shooting
muffs for this part of the project, the
sounds coming from that poor ear bee-
tle were just about as loud as those I’ve
heard out in the real world. Yes, people
really do listen to music at 120 dB and,
yes, they are destroying their ears in
the process.

COMPENSATING FILTERS
The MAX5406 has a maximum bass

and treble adjustment range of about
±10 dB relative to the level
at 1 kHz, but, as Figure 1
shows, a 20 dB range would
be just barely adequate. I’d
also have to shift the filter
shoulders from 1 kHz to the
3 kHz required by my ears.

However, I found that if
I amplify everything
above 3 kHz or attenuate
everything below 3 kHz by
about 25 dB, the overall
response should be more
or less flat from 100 Hz to
7 kHz. Well, even if it’s
not flat, it’ll be much bet-
ter than it is now!

instantaneously at levels above 120 dB,
which explains why many young peo-
ple have degraded hearing. Assuming
the earphones behave linearly, produc-
ing 120 dB (15 dB above 105 dB)
requires a voltage of:

[4]

Unlike microphones, you must meas-
ure an earphone’s output in its intended
environment, an ear canal, rather than in
the open space more suited to a speaker.
A typical human ear canal seems to be
about 0.25″ in diameter and 0.75″ long,
so I found a 7 × 22 mm brass tube in my
heap, mounted an E2C ear beetle at one
end and the electret mic at the other, and
sealed them in place with modeling clay.

Photo 2 shows the test setup on my
workbench. The mic circuitry is the
same clip-lead kludge as before and the
earphone connects to the boom box’s
speaker/headphone output jack. My digi-
tal oscilloscope displayed both of these
voltages and calculated their RMS values.

I adjusted the level of a 1-kHz sine
wave to produce 90, 100, and 110 dB SPL
at the microphone, for the same three
test frequencies as before, by matching
the mic’s output voltage I measured
earlier for each SPL in open air.

Figure 2 plots the power required for
each level, relative to the spec sheet’s
nominal 1 mW. The midrange 1-kHz

0 71.  V  0.126 V  10
15
20= ×

Figure 3—Combining the 0-dB output of a 3-kHz high-pass filter with the 25-dB attenuated output of a 1-kHz low-pass filter compen-
sates for the 25-dB high-pass attenuation in my ears. U3 inverts the low-pass phase; you can see its effect by fiddling with R20 and
R30. The 1-Ω and 1-GΩ resistors are modeling conveniences that act as switches to pass or block the corresponding signals.

Photo 3—Although I’m no fan of solderless breadboards, they work well
enough for a low-frequency application like this.
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picked two-pole, 1-dB Chebyshev fil-
ters to get a fairly steep drop-off at the
corner frequency. In this application,
the usual Chebyshev band-pass ripple
doesn’t matter. Analog Devices’s on-
line filter synthesizer made short
work of the design, Linear Technolo-
gy’s SwitcherCAD III verified the
results, and the breadboard shown in
Photo 3 worked the first time.

The high-pass filter built with U1 in
Figure 3 passes everything above 3 kHz
at 0-dB attenuation. The low-pass fil-
ter around U2 passes everything below
1 kHz at 0 dB to the 25-dB attenuator
formed by R15 through R18, which
reduces the low-pass level to match my
ear’s response. The sum of those two sig-
nals in U4 has the response shown by
the simulated “HP+LP” trace in Figure 4
and the actual “Measured” results
match it quite closely. At this scale, the
1-dB Chebyshev ripples aren’t visible.

Putting the low-pass cutoff at 1 kHz,
rather than 3 kHz, flattened the over-
all response. A filter’s cutoff marks the
point where its response is down 3 dB
from its peak, but the bump in my
hearing around 3 kHz called for a bit
more attenuation between 2 and 3 kHz.

I measured the filters with RealAu-
dio’s Real-Time Analyzer PC-based
audio spectrum analyzer. The test sig-
nal from the PC’s Line-Out goes to the
filter, which then drives Line-In.

After collecting the numbers, I con-
nected the filter output to Line-In on
the boom box, plugged the E2C ear-
phones into its Speaker-Out, and
played music from the PC through the
filter to my ears. It sounded awful: no

Ed Nisley’s an EE and author in Pough-
keepsie, NY. Contact him at ed.nisley@
ieee.org with “Circuit Cellar” in the
subject to avoid spam filters.

PROJECT FILES
To download additional files, go to
ftp://ftp.circuitcellar.com/pub/Circuit_
Cellar/2007/205.
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American Academy of
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www.entnet.org/healthinfo/hearing/
noise_hearing.cfm.

Analog Devices, Inc., Active Filter
Synthesis, www.analog.com/Analog
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Tools/interactiveTools/filter/filter.
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J. Beale, “Microphone Comparison

bass, hot treble!
That was, in

fact, pretty much
what I expected.
After all, I’ve been
listening to audio
with severe high-
pass attenuation
for the last few
years, so any tre-
ble at all should
sound unfamiliar.
This will require
fine tuning, but I
think I’m on the
right track.

CONTACT RELEASE
I’ll put these pieces together into a

complete system in the next column.
Meanwhile, you can examine my
measurements and schematic on the
Circuit Cellar FTP site.

Keep in mind that I am not an audi-
ologist. If you’re having hearing prob-
lems, this is definitely not the place to
get advice or hearing aids. What
you’ve seen here is just one geek’s
way of experimenting with his own
ears; you’re welcome to do the same
at your own risk. I

Figure 4—The “Measured” filter response tracks the “HP+LP” simulation reasonably
well, given the accuracy of the parts. My ears are the weak link in this project, so a few
decibels one way or the other really don’t make any difference.
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has made this possible. One of the
most exciting aspects of a PDA is its
operating system, which opens the
door for third-party applications.
While you’ve seen that an open sys-
tem also invites rogue applications, it
would be unfortunate if you allowed
the possibility of evil to limit free
access and its potential good.

Years ago, I bought a Handspring
Visor to play with its potential, rather
than its PDA functionality. To access
its potential, I investigated NS Basic’s
(NSB) Palm operating system (see
Tables 1 and 2). As the name implies,
the version of BASIC can create applica-
tions for handheld devices with the
Palm OS. This column will describe
how you can use NSB to connect your
Palm device to a microcontroller
through its hardwired serial connection.

Like any application generator, NSB
is only as good as the tools that make
it easy to use. Just having a language
that’s easy to use is not enough. Now
most development systems come with
an IDE to make the process as pain-
less and productive as possible. The

when a youth will enter the family
car and ask it to be whisked off to,
say, soccer practice; but for now, we
are still required to remain in con-
trol.

LCDs can offer more than just an
electronic representation of the
mechanical gauges we are so content
with. They can offer a personal recon-
figuration of the display, such as the
skins we have become accustomed to
in our PCs, cell phones, MP3 players,
and so on. That small touch of per-
sonal choice helps us accept and feel
more comfortable with the technology. 

POWER IN YOUR HAND
Whether you are a PDA user or

someone who has refused to deposit
your life into its depths, you must
agree that they can be amazing and
useful gadgets. Today’s cell phones are
beginning to lean toward PDA func-
tionality, while some PDAs have inte-
grated phones. The lines are becoming
blurred. The use of an LCD as a GUI

CIRCUIT CELLAR®

Veteran readers of Circuit Cellar
may remember the Amulet Technologies
GUI that I presented in my January
2003 article “GUI Interfacing: A
Straightforward, Simple Solution”
(Circuit Cellar 150). The tools available
for the LCD and the touchscreen
required little programming to use the
graphical and touch user interface.
Although the interface is a bit expen-
sive for my current (electric bike) proj-
ect, it would make sense for a true
electric vehicle graphical user interface
(EVGUI). The Toyota Prius hybrid and
others are now using the GUI for many
automotive functions (see Photo 1).
Dashboards, like vehicles, are under-
going a radical change.

Many people have rejected having
their car talk to them. I don’t need my
car telling me to “buckle up” or “get
gas now”! The gentle reminder of an
idiot light is sufficient, thank you very
much. The industry is beginning to
understand what we, as drivers, are
willing to accept. I foresee a time

Graphical User Interfacing

FROM THE BENCH by Jeff Bachiochi

Jeff explains how he used NS Basic to connect the Palm operating system to a microcon-
troller through its hard-wired serial connection. Now he can create applications for handheld
devices and harness his PDA’s full potential.

Photo 1—The Toyota Prius hybrid features a GUI that
brings all vehicle functions to a central location on the
dashboard. The real-time display of energy consumption
and the dynamic interplay between internal combustion
and the electric motor is fascinatingly educational.

Table 1—Most code contains statements that perform arithmetic operations and manipulate variables and objects.

Statements Descriptions
Structure END FUNCTION, END SUB, EXIT FUNCTION, EXIT SUB, FUNCTION, SUB

Flow of control CALL, CASE, CASE ELSE, CHAIN, DO, DO UNTIL, DO WHILE, END SELECT, ENDIF, EXIT
DO, EXIT FOR, FOR, GOSUB, GOTO, IF, LABEL, NEXT, NEXTSCREEN, RETURN,
SELECT CASE, STOP

Menus MENUDRAW, MENUERASE, MENURESET

Variables DEFINE, DIM, DISPLAY, END TYPE, GLOBAL, TYPE

Drawing CREATEWINDOW, DRAWBITMAP, DRAWCHARS, DRAWLINE, DRAWRECTANGLE,
ERASEWINDOW, FILLRECTANGLE, REDRAW, DESTROYWINDOW

Other BEEP, CURSOR, DELAY, LET, MSGBOX, SETCURRENTWINDOW, SETEVENTHANDLED,
SOUND

Variable types INTEGER, FLOAT, DATE, TIME, STRING, BYTE, SINGLE, DOUBLE, SHORT, DATABASE,
USERTYPE
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NSB IDE for a Windows PC is no
exception. Don’t have a Palm device?
No problem. The Palm OS Emulator
(POSE) enables your application to run
on your PC.

INTERACTIVE DE
Windows displays a look and feel

that makes most applications feel
friendly, even if you have never used
them before. The NSB IDE also dis-
plays the familiar top row of shortcut-
enabled pull-down menus for support-
ed functions. The rest of the screen is
dedicated to the work area, which
includes other tools that are made vis-
ible using the View menu item. They
include the Project Explorer, Proper-
ties, and the Toolbox, as well as a
Toolbar and a Status Bar (see Photo 2).

Applications written with the NSB
IDE become a project file (.prj) that
incorporates all forms, program code,
menu definitions, and more for a specif-
ic application. All of that gets boiled
down into the application file (.prc). An
exception to this is a database file (.pdb).
It is the .prc (and possibly the .pdb) that
actually gets downloaded to the PDA
with HotSync, which is an automatic
exchange of information, between a
PDA and a PC, to update any applica-
tion (or data) that has changed.

Your application or project will con-
tain one or more forms (or screens of
information). A form is a collection of

CIRCUIT CELLAR®

objects. Objects are buttons, fields, lists,
labels, bitmaps, or other items used to
display or collect information. NSB is an
object-oriented programming language
that is much different from the top-
down, linear programming of many
BASIC languages (i.e., the PC’s early
GW BASIC). This means that execu-
tion is based around the objects.

When you begin a new project, the
NSB IDE starts by placing a single
form in it. The project has two areas
associated with it that can contain
code. Startup code is executed before
any forms are created and termination

code executes
after all forms
have been
closed. (This
includes switch-
ing applications.
One of the
advantages of a
PDA is the abili-
ty to switch
applications
quickly and easi-
ly.) Each form
also has three
areas that can
contain code
even before you
place any objects
on it: before
code is executed
before the form
is displayed,

after code is executed after the form is
displayed, and event code is executed
when the form detects an event.

Most of the standard Palm OS
objects are supported by NS Basic.
Refer to Table 3 for a list of objects
found in the toolbox. I chose a num-
ber of different objects to help illus-
trate the usefulness of the language in
an application that lets you monitor a
microchip’s registers via a Palm device.
The application can view and change
internal registers via a three-wire seri-
al TTL connection made between the
PDA and the microcontroller.

The objects I placed on the applica-
tion’s form are in Photo 2. The
“Choose a Register” popup at the top
of the form will provide the user with
a list of the available registers’ names.
The chosen name will replace the
“Choose a Register” label. Two button
objects, whose actions will be based
on the chosen register, are just below
the object. The “Read this Register’s
Value” button will send a request out
the serial port for data and look for a
reply. The second button, “Write this
Value to the Register,” will use the
data entered into any of the following
three formats, send an update request
out of the serial port, and look for a
reply.

One byte of data is displayed and
collected in all formats: binary, deci-
mal, and hexadecimal. I used individ-
ual buttons for each digit of each for-

Photo 2—The NS Basic IDE is similar to many development tools used in the Win-
dows environment. From here you can design screens, write code, compile, and down-
load to either hot-sync the application to your handheld or download into the Palm OS
Emulator (POSE).

Table 2—Functions allow programmers to use modular code. These might be written by the programmer, provided
as calls to built-in routines, or accessed via libraries.

Functions Descriptions
Math ABS, ASC, CEILING, CHR, FLOOR, INT, MOD, RAND, REM, ROUND, SIGN

Trigonometric ACOS, ASIN, ASINH, ATAN, ATAN2, ATANH, COS, COSH, DEGTORADIANS, EXP, LOG,
LOG10, POW, POWER10, SIN, SINH, SQRT, TAN, TANH

String FORMAT, INSTR, LCASE, LEFT, PROPER, RIGHT, RIGHTPAD, RTRIM, STR, TESTNUM,
TRIM, TRUNC, UCASE, VAL, LEFTPAD, LEN, LTRIM, MID, NOOCCURS

Date ADDDAYS, ADDMONTHS, ADDYEARS, DATEMMDDYY, DATEVAL, DAY, DAYOFWEEK,
DAYOFYEAR, FIRSTOFMONTH, LASTOFMONTH, MMDDYYTODATE, MONTH, NOW,
POPUPDATE,SUBTRACTDAYS, SUBTRACTMONTHS, SUBTRACTYEARS, TODATE,
TODAY, YEAR, YEARMONTH

Time HOUR, HOURMIN, HOURMINAMPM, MINUTE, POPUPTIME, SECOND,
TIMEVAL,TOTIME

Miscellaneous ALERT, GETEVENTTYPE, GETKEY, SYSEVENTAVAILABLE

Database DBCLOSE, DBCREATE, DBDELETE, DBERASE, DBFIND, DBGET, DBGETNORECS,
DBINSERT, DBOPEN, DBPOSITION, DBPUT, DBREAD, DBREADNEXT, DBREADPREV,
DBRESET, DBUPDATE

Serial SERIALCLOSE, SERIALDIAL, SERIALHANGUP, SERIALOPEN, SERIALRECEIVE, SERI-
ALSEND, SERIALSET
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mat. I did this not because it is the
most efficient form of data entry, but
merely for its interesting display. A tap
on any digit increases that digit by one
rolling over from “1 to 0” for binary, “9
to 0” for decimal, and “F to 0” for hexa-
decimal. All of the displays are updat-
ed each time a digit is changed.

Two field objects are at the bottom
of the form. The left-hand field dis-
plays the transmitted data string. The
right-hand field shows the received
data string (or received error). I chose
to use an ASCII format so the data
could be viewed easily. The request-
for-data format is seven characters:
three hexadecimals (register), two
hexadecimals (checksum), <cr>, and
<lf>. A PIC can have multiple banks,
more than 256 registers, so three dig-
its are used. The checksum is a single-
byte representation of the total of all
bytes up to the checksum. The update
request contains three additional char-
acters for a total of 10 characters:
three hexadecimals (register), “=”, two
hexadecimals (data), two hexadecimals
(checksum), <cr>, and
<lf>. Again, the checksum
includes all of the charac-
ters up to the checksum.

The replies for both
requests have the same
format. In fact, the reply
for the update request is
nothing more than the
same 10 characters
returned. While both
replies have data, only the
request for a data string
carries new information.
The returned value is dis-
played on the form via each
of the data formats. I wrote
simple ASC2Integer and
Integer2ASC routines
for this application, but
these functions and many
more are available via
shared libraries. For
instance, MathLib con-
tains functions: log, sqrt,
sin, cos, tan, asin, acos,
and atan. The BitsNBytes
shared library contains all
of the format conversions
and bit manipulations.
Some shared libraries are

specific to a particular flavor of Palm
handheld. These give access to addi-
tional hardware for playing MP3s or
color LCDs.

PHYSICAL FEATURES
My Handspring Visor’s cradle con-

nector has eight pins and a direct-con-
nect cable (see Photo 3). Both USB and
TTL serial connections are available
on this connector; however, only USB
is used by the cradle. While USB
requires a host to connect, the serial
port can be easily connected to other
devices (see Photo 3). Note most hand-
helds run on 3 V, so interfacing with
5-V circuitry requires level shifters (or
at least current limiting). I modified
my cradle with a stereo phone jack for
making connections easily. However,
you can purchase a plug-in connector
to use the PDA without the cradle.
You can see the application running
from the cradle in Photo 4.

On the microcontroller side, the
three-wire connection is made to a
Microchip Technology PIC16F687.

Photo 3—The eight-pin cradle connector has both USB and TTL serial
signals available. I added a stereo jack to my cradle for easy access. Pin
one equals RX, two equals KbdDetect, three equals HotsyncInterrupt,
four equals GND, five equals USB+, six equals USB-, seven equals
VUSB, and eight equals TX.
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of the “request to store data.” The rou-
tine finally returns to the main loop
after clearing FLAG.LF and setting
FLAG.SEND. Any interrupt can take
control from the Process_Buffer rou-
tine (and any code in the main loop):

“ppp=ddcc<cr><lf>”

where p is an ASCII HEX character
(register location), d is an ASCII HEX
character (data), and c is an ASCII
HEX character (checksum). Thus:

093=003A<cr><lf>
SSPADD=0x00(checksum=0x30+0x39+
0x33+0x3E+0x30+0x30=0x3A)

The other check in the main loop
will be continually called as long as
the FLAG.SEND is still set. The
Send_a_Character routine handles
sending a single character from the
buffer. To prevent any interruptions to
this time-critical code, system interrupts
are disabled within the routine from the
clearing of the PORT.TX (beginning of
start bit) until the raising of PORT.TX
(beginning of the stop bit). This requires
468 µs (i.e., approximately 9 × 52) of
exclusive execution time. The routine
doesn’t return until it has timed all of
the stop bits. However, since interrupts
are enabled right after the beginning of
the stop bit, any interrupt can take
control from the Send_a_Character
routine after that point.

string can be processed. The call to
Process_Buffer first determines
whether the string is requesting to store
or retrieve register data. This is based on
the string’s length. The string’s check-
sum is verified to assure the data has
not been corrupted. With a little data
conversion, the ASCII characters are
converted to a register pointer (when
retrieving data) and data (when storing
data). Only the “retrieval of data” path
requires adding characters to the buffer
so both responses use the same format

Since the serial communication is
TTL (no need for level shifters for true
RS-232), the idle state is a logic “1.”
The start bit is a falling edge. The
only requirement for the microcon-
troller is that it has a falling-edge
external interrupt. Sure, a UART
would be handy, but what if it was
already being used for the microcon-
troller’s application? Instead, I wrote a
bit banging interface for this applica-
tion. (I certainly wouldn’t go through
the exercise if I had access to a
UART.) This project takes into consid-
eration that the microcontroller will
be (eventually) using its LIN interface
for LIN bus monitoring and that oper-
ation requires the hardware EUART.
So, even though that has not been
implemented, I want to reserve it for
that purpose.

The bit banging must have as low an
impact on the microcontroller as possi-
ble, while still taking care of business.
(The flowchart outlining the code strate-
gy is available on the Circuit Cellar FTP
site.) The main program loop is shown
in Figure 1. Only two checks need to be
added to whatever application has been
written for the microcontroller. The
checks look for flag status, indicating
actions that need to be performed by the
monitoring program. FLAG.LF is set
whenever a line-feed character has
been received from the PDA. This sig-
nals that a complete string has been
received and the buffer holding the

Initialize

FLAG.SEND=1?

Call 
send a character

FLAG.LF=1?

Call 
process buffer

Regular application
for this microcontroller

N

N

Y

Y

Figure 1—Three routines need to be added to whatev-
er application is running in your microcontroller. A
falling-edge interrupt routine handles
received data. The Process_Buffer routine
processes the received data in the buffer. The
Send_a_Character routine transmits a serial
response. The last two routines are positioned within
the main application loop, as shown in the flowchart.

Table 3—This table of standard Palm objects forms the pallet from which you can create dazzling interactive applications with little support code.

NS BASIC object What is it? What can it do?
Bitmap A fixed area for the display of a bitmap An event is triggered when it is tapped (with no visual cue)

Button A framed or frameless area containing text An event is triggered when it is tapped (with a visual cue)

Checkbox A selection box that can be grouped with others such
that the selection of one clears others in group

An event is triggered when it is tapped (visual cue alternates checked and unchecked
condition)

Field An area for data entry and display An event is triggered once the focus of this field is changed. Gather data input to the field
or be used strictly for displaying data.

Gadget A frameless (invisible) area An event is triggered when it is tapped (with no visual cue). The pen position of the tap
can be determined.

Label An area for data display An event is triggered when it is tapped (with no visual cue)

List An area for a list of data An event is triggered once a selection is made.

Popup A button holding a list’s selection An event is triggered when it is tapped. A list is presented for the user and disappears
once an item is selected.

Push button A selection button that can be grouped with others. The
selection of one clears others in the group.

An event is triggered when it is tapped (visual cue alternates between the normal
and the selected condition)

Repeater A framed or frameless area containing text An event is retriggered as long as the stylus remains in contact (with a visual cue)

Scrollbar A horizontal or vertical indicator An event is triggered when it is tapped. Position can be determined (visual cue position)

Selector An area for data entry and display with a dotted border An event is triggered when it is tapped (with a visual cue)
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NS Basic enables you take
advantage of the handheld
screen and touch interface that
make PDAs so popular. I love
the idea of using a piece of
equipment you may already
own or were itching to get
around to playing with. If you
put off getting a PDA because
you weren’t interested in the
kinds of applications that
come installed, NSB offers you
a way to look at a PDA in a
whole new backlight.

Perhaps you are a power
user and you own a Treo
Smartphone. This particular
phone/PDA comes with either
a Palm or a Microsoft CE OS.
You can purchase NS BASIC
support for either OS for $129.
Visit www.nsbasic.com for a
list of other high-powered
PDAs that are supported by
NS Basic. I
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The last routine necessary for this
monitoring example is the falling-edge
interrupt on PORT.RX. The interrupt
must take precedence over any other. A
sample of the incoming datastream must
take place 1.5 bit times from the start
bit (halfway between the beginning and
the end of the first data bit). After that,
additional bits are sampled every 1-bit
time (halfway through each additional
bit). A little time can be saved if you
don’t bother looking for the stop bit.

AN LCD WITH BUTTONS
I don’t complicate things without a

reason. Most information can be dis-
played on a standard character LCD.
These can even include graphic-like bar
graphs for visual interest. And yes, a
couple of mechanical push buttons
aren’t that hard to add for user feed-
back. The use of a graphic LCD usually
requires considerably more program-
ming. And the addition of a touch-
screen for user input also adds com-
plexity. And that’s if you can find the
pieces to construct something. I don’t
think you will find any prepackaged
terminal-type graphic/touchscreen
solution for less than a few hundred
dollars. Inexpensive Palm devices are
still available for less than $100.

SOURCES
CCA00-000-0007 Handspring visor
connector
Cypress Industries
www.cypressindustries.com

PIC16F687 Microcontroller
Microchip Technology, Inc. 
www.microchip.com

NS Basic
NS Basic Corp.
www.nsbasic.com

PROJECT FILES
To download code, go to ftp://ftp.
circuitcellar.com/pub/Circuit_Cellar/
2007/205.

Jeff Bachiochi (pronounced BAH-key-
AH-key) has been writing for Circuit

RESOURCE
M. Verive, NS Basic Programming for
Palm OS, The Eastwood Group, 2002. 

Photo 4—Here is my Visor running the Micro Commander Application.
A three-wire serial interface to your microcontroller (with a little support
code in the microcontroller) enables you to visually retrieve and store
register data while your microcontroller executes its application.

Cellar since 1988. His background
includes product design and manu-
facturing. He may be reached at
jeff.bachiochi@circuitcellar.com.

HMIDistributed
I/O

Industrial
Computing

Serial
I/O

Digital
I/O

We Listen. Think. And Create.We Listen. Think. And Create.

SeaDAC USB Modules Offer:
• Optically Isolated Inputs, Reed

Relay Outputs, Form C Relay
Outputs, Digital/Analog Combo

• Status Indicator LEDs for
Communication, Fault, & Status

• Field Removable Terminal Block
Connectors

• High-Retention USB Type B
Connector

• Rugged Plastic Tabletop
Enclosure

• Extended Temperature Option
Available

SeaDAC USB modules 
are the fastest, most

reliable way to connect 
I/O to any computer.

F CUS
On Success

http://www.nsbasic.com
mailto:jeff.bachiochi@circuitcellar.com
ftp://ftp.circuitcellar.com/pub/Circuit_Cellar/2007/205
http://www.cypressindustries.com
http://www.microchip.com
http://www.nsbasic.com
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shut down 1,300 illegal factories
(maybe that should be “fake-tories”).
In another case, more than 500
patients, mostly children, were killed by
fake analgesic syrup that contained poi-
sonous diethylene glycol. During a 1995
Meningitis epidemic in Niger, up to
66,000 people were inoculated with what
turned out be a fake vaccine. The list of
horror stories goes on.[1] Hmm, you
might want to think twice before you
score that cheap Viagra over the Internet.

TAG, YOU’RE IT

Malaysia Car Thieves Steal Finger

Police in Malaysia are hunting for
members of a violent gang who
chopped off a car owner’s finger to get
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with a company that urgently needed
some MCU chips, which were in short
supply at the time. Desperate for
parts, they made a deal with some
shady overseas “Midnight Chip
Supply” broker. When the parts
arrived, they looked completely legiti-
mate (i.e., package mark), but they
didn’t seem to work. It should come
as no surprise that upon popping the
hood it was discovered that the motor
was missing (i.e., no die in the pack-
age).

Losing money is one thing, but los-
ing your life is another. Did you know
that even the FDA admits that up to
10% of the drugs sold in the global
pharmaceutical market are counter-
feits? And in parts of Asia and Africa,
the percentage of fake drugs is estimat-
ed to be as high as
50%. These esti-
mates are found in
Robert Cockburn’s
article “The Global
Threat of
Counterfeit Drugs”
in PLoS Medicine,
with other
instances outlined
that make for dis-
turbing reading
indeed. For
instance, an esti-
mated 192,000
Chinese people
were killed by
counterfeit drugs in
a single year (2001),
during which
Chinese authorities

The good news is that modern tech-
nology, such as the PC and the
Internet, gives us the ability to handle
our affairs from the comfort of home
and even when we’re on the road. The
bad news is that such power can easi-
ly be turned against us if we’re not
careful. You need go no further than
the headlines to see the growing con-
cern over identity theft, fake IDs, etc.

I’ve personally been lucky, but some
of my acquaintances haven’t. Imagine
you show up at the bank one day and
step up to the counter to find that all
your money has disappeared? That
will make your day, eh? That’s just
what happened to one of my friends.
It turns out thieves had simply print-
ed copies of his checks (and presum-
ably fake IDs to go with them). The
bank ended up eating the loss, which
actually means the honest customers
of the bank ended up eating it in the
form of higher fees, interest rates, etc.

What goes around sometimes comes
around. Another acquaintance told me
of the time $80K suddenly appeared
out of nowhere in his friend’s checking
account. That person informed the bank
of the problem, but the bank insisted
the money must be his! At that point, it
must have been tempting to head to
Vegas with the “lucky” $80K, but this
honest fellow simply sat on it. About six
months later, the $80K simply disap-
peared with nary a peep from the bank. 

Fake financial transactions are only
the tip of the iceberg, with fake prod-
ucts now posing a threat that goes
well beyond knock-off DVDs and
Rolexes. Another story I heard starts

Silicon Secrets

SILICON UPDATE by Tom Cantrell

Tom assuages your concerns about identity theft with information about some new chips that
can protect your embedded designs. Atmel’s AT88SC CryptoMemory lineup features pass-
words, encryption, and other security features that will guard your system from hack attacks.

Photo 1—Dogs and cats are already getting “chipped.” Can people be far behind?
The world may be braver and newer than you think—it’s already happening.
(Source: www.rfidtoys.net/author.asp)

http://www.rfidtoys.net/author.asp
http://www.circuitcellar.com
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round the vehicle’s hi-tech security
system. The car, a Mercedes S-class,
was protected by a fingerprint recog-
nition system. 

By Jonathan Kent 
BBC News, Kuala Lumpur
http://news.bbc.co.uk/2/hi/asia-pacific
/4396831.stm 

Constantly losing your keys? Prone
to forgetting your passwords? Fear
someone will fake your ID? Consider
getting “chipped” (see Photo 1).

Implanted RFID tags are already at
work in livestock and pets, so isn’t it
just a matter of time before humans
get tagged?

Actually, it’s already happening.
One company, VeriChip, claims to
have thousands of “installations”
using their FDA-approved implantable
RFID tags. For now the company is
mainly targeting relatively niche
healthcare applications, namely stor-
ing ID and medical information for
patients who are likely to experience
loss of consciousness (e.g., diabetic

Figure 1—Atmel offers serial EEPROMs with a difference, namely built-in security features, such as passwords,
authentication, and encryption. The AT88SC CryptoMemory lineup ranges from 1 Kb to 256 Kb, and is offered in
DIP, surface-mount, and Smartcard packaging.

Power  
management 

Synchronous 
interface 

VCC 

GND 

Asynchronous 
ISO interface 

Reset block 

SCL/CLK 

SDA/IO 

RST 

Authentication,
encryption, and
certification unit

Data transfer 

Password 
verification 

Answer to reset 

Random 
generator 

EEPROM 

Photo 2—Pick a card, any card. The AT88SC demonstration kit (AT88SC25616C-DK) packages the memory chips
in Smartcard format and comes with a USB-based reader for connecting to your PC.

http://news.bbc.co.uk/2/hi/asia-pacific/4396831.stm
http://www.circuitcellar.com
mailto:shannon@circuitcellar.com
mailto:sean@circuitcellar.com
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ities from 1 to 256 Kb) that includes
passwords, encryption, and other secu-
rity features that harden it against
hack attacks. The part is very versa-
tile, which means it may well offer an
answer to your security concerns, at
least once you figure out exactly what
those concerns are and how to deal
with them.

The AT88SC is like the chips you’d
typically find in a “Smartcard” used,
for example, in a building’s security
and access control system. However,
two features set it apart in ways that
broaden the spectrum of potential
applications.

First, in addition to the “Smartcard”
format, Atmel is offering the line-up
in a variety of standard IC packages,
including SOIC and even DIP. That
means you can incorporate the chips
in designs that don’t need or can’t
accommodate the packaging and relia-
bility issues associated with a bulky
“Smartcard” connector.  

Smartcards typically use a special-
ized asynchronous serial interface
(ISO 7816), and the Smartcard versions
of the AT88SC naturally support that
option. However, the IC-packaged ver-
sions use a synchronous clock serial
interface. This so-called “Two-Wire
Interface” (TWI) is similar to I2C, but
not exactly the same. Where I2C uses

coma) or are otherwise unable to iden-
tify themselves (e.g., stroke victims,
the mentally disabled, and infants) in
the event of a medical emergency.

More provocative is the case of
Amal Graafstra, a fellow who had
himself “chipped” and then hacked
his car, motorcycle, door locks, and
PC to automatically open sesame at
the wave of his hand.[2]

Many barrels of Op-Ed page ink will
be spilled before a “chipped” future
comes to pass.[3] At the same time,
there’s no doubt that confidentiality
and authenticity concerns are no
longer confined to traditional “securi-
ty applications” (e.g., banks, alarm
systems, and the military).

Indeed, if there’s a message in this
month’s column, it’s that every
embedded designer should take a
moment to consider the situation, no
matter how innocuous or traditionally
“trustworthy” your application. What
is the downside if your product is
stolen, copied, adulterated, or other-
wise perverted in a malicious manner?
For instance, if fake drugs are already
a problem, can the entire food chain
be far behind? Considering such exam-
ples as the recent E. Coli outbreaks
and contaminated pet food. I think the
answer is clear.

HIDDEN MEMORIES
Usually, when I write

about a chip, I’ve got a few
preconceived ideas of how
it might be useful in par-
ticular applications. But,
when it comes to the gen-
eral subject of “more secu-
rity” for embedded applica-
tions, I must admit the
variety of issues and use
cases has me a bit stymied.
I’ve got a strong feeling
that designers need to
think about this stuff, but
it’s hard to get a handle on
specific tactics for specific
applications.

With that said, let’s take
a look at the AT88SC
“CryptoMemory” line-up
from Atmel (see Figure 1).
As the name implies, it’s a
family of EEPROMs (capac-

the least significant bit of an address
to differentiate between reads and
writes, TWI uses separate read and
write commands. In any case, it
appears to be a fairly simple matter to
interface one or more (up to 15)
AT88SC chips to any MCU with a
couple of spare pins for bit-banging.

The AT88SC chips run on any volt-
age from 2.7 to 5.5 V and the clock seri-
al interface runs from DC to 1 MHz,
so there’s no critical timing. Since the
open collector data line (SDA) relies
on a pull-up resistor, do note that
designs using higher frequencies

(and/or more bus
loading/devices) require a
stronger pull-up (i.e., weak-
er resistor), which increas-
es power consumption. 

Otherwise, the chip itself
draws about 5 mA in oper-
ation and 100 µA in stand-
by (5.5 V). The standby
consumption seems a little
high, but for many applica-
tions a viable option is
simply to power down the
chip between accesses.
That works for situations
where the EEPROM is idle
much of the time and a bit of
power-up delay (up to 70 µs)
can be tolerated. The active
power consumption is low
enough that you can likely
just power the chip with
an MCU I/O pin for easy
on/off control.

Photo 3—Here you can see encryption in action. The top window shows the cleartext
stored in the EEPROM, while the lower window shows how the data is encrypted
once it leaves the chip to stymie eavesdroppers. Note that the encryption algorithm is
dynamic (i.e., the encrypted version is recalculated and will change every time the
EEPROM is read).

AT88SCxxxx
Device

Zones Capacity Multibyte
transfer

0104C 4 1 Kb 16

0204C 4 2 Kb 16

0404C 4 4 Kb 16

0808C 8 8 Kb 16

1616C 16 16 Kb 16

3216C 16 32 Kb 128

6416C 16 64 Kb 128

12816C 16 128 Kb 128

25616C 16 256 Kb 128

Table 1—The various parts in the AT88SC family parti-
tion their EEPROM memory into four, eight, or 16
zones, depending on capacity. Each zone can be con-
figured individually with its own security setting (pass-
words, encryption, etc.). Zone(s) can also be config-
ured with security disabled, allowing that portion of
the memory to mimic a standard (i.e., no security)
EEPROM.

http://www.circuitcellar.com
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Putting aside the security features
for a moment, AT88SC operation is
similar to that of a typical serial EEP-
ROM. Basic read and write commands
require 4 bytes: one for the command
(e.g., read or write), two that specify
the byte address, and one that speci-
fies the number of bytes of data to
transfer. Smaller capacity parts can
transfer up to 16 bytes at a time,
while the larger units handle bursts of
up to 128 bytes.

Keep in mind all the security fea-
tures in the world won’t help a mem-
ory chip that can’t hold its bits.
Notably, the concern for an EEPROM
is what happens if power fails during
the long (multi-millisecond) write
cycles.  

The AT88SC solves the problem
with a nifty double-buffered write
option called “anti-tearing.” When
enabled, writes are directed to an
intermediate EEPROM buffer and
then transferred to the ultimate EEP-
ROM destination in a second step. If
the first (buffer) transfer is interrupt-
ed, the main array is left untouched.
On the other hand, if the second
(main array) transfer is interrupted,
the chip will redo it at the next
power-up.   

There’s no free lunch, so enabling
the “anti-tearing” option does involve
some compromises. Multibyte writes
are limited to 8 bytes rather than the
larger transfers (e.g., 16 or 128 bytes)
otherwise allowed. Furthermore, the
scheme essentially doubles the time
(and the energy consumed) for write
cycles since you have to wait for
the second (main array) write to
complete successfully before pro-
ceeding. Similarly, you must be
prepared for the possibility of a
much longer (milliseconds versus
microseconds) power-up delay if a
prior failed transfer needs to be
redone.

TRUST BUT VERIFY
So far, we’ve seen you wire up

and talk to the AT88SC pretty
much like any other serial EEP-
ROM. Now let’s get into the secu-
rity features that set it apart from
its loose-lipped cousins.

Protecting the family bits starts
with a separate area of “configura-
tion” EEPROM that defines the
various security settings. Nothing
prevents an application from
accessing the configuration memo-
ry per se, but most scenarios

would have the AT88SC configuration
initialized in production and only
rarely (e.g., change passwords) modi-
fied by the application.

Key to the versatility of the chip is
that the main memory array is broken
into zones, which feature independent
security settings (see Table 1). A typi-
cal application might find the chip
configured with a combination of
“public” information accessible to all
and one or more “private” areas, each
with its own access rights and limita-
tions. The chip holds up to eight pass-
word sets comprising separate 3-byte
read and write passwords, and multi-
ple zones can be assigned a single
password to accommodate larger (i.e.,
bigger than a single zone) data items.

The 3-byte passwords provide a
basic level of protection. Of course, it
wouldn’t take long to crack them just
by brute force. Let’s see, trying all 224

combinations at roughly 213 combina-
tions per second (i.e., assuming some-
thing on the order of 100 µs per trial)
means it would only take about 211

seconds, or a little more than half an
hour, to break in. To counter that
threat, the chip has options to restrict
failed password attempts to four or
eight trials, after which access to the
zone is permanently blocked.  

Of course, the failed password

Photo 4—Unlike a regular memory chip, the AT88SC requires significant set up, such as setting zone-by-zone
security options, passwords, etc. Get a bit wrong, such as inadvertently blowing a fuse or garbling a password, and
you’ll be sorry. The Initialization utility that comes with the demonstration kit makes it quick and easy to get the
AT88SC configured correctly.

Photo 5—Bring a magnifying glass and tweezers. The
AT88SC development kit (AT88SC-DK1) comes with a ZIF
socket adapter for experimenting with the oh-so-tiny surface-
mount chips.
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count accumulates across power
cycles, as it must to prevent a brute-
force attack. However, that probably
makes it too finicky for any situation
where typo-prone humans are
involved in the password entry, so
there’s also an “unlimited trials”
option. In any case, the ultimate rigor
of the password scheme is compro-
mised if the passwords travel as
“cleartext” between the host and the
AT88SC and are thus subject to eaves-
dropping.

Upping the security ante is “authen-
tication,” which relies on an 8-byte key
as the means for both the host and the
AT88SC to verify that the chips on
the other end of the line are who they
say they are. Authentication uses a
challenge-and-response scheme that
has both the host and the AT88SC
able to determine that the other
knows a secret without passing the
secrets themselves. That approach
should stymie eavesdroppers, but in
addition, as with passwords, authenti-
cation can be configured to lock-up
after four or eight failures. In any case,
a brute-force attack isn’t likely to suc-
ceed since a full search would take 251

seconds (i.e., 264 trials at 213 per sec-
ond), which is…a long time.

Note that even with password and
authentication protection, the system
is still subject to real-time “man-in-
the-middle” attacks. Yes, it would
take an authorized user to “unlock”
the AT88SC, but after that, cleartext
data transfers could be monitored. The
AT88SC counters the threat of eaves-
dropping with an option to encrypt
data transfers across the channel.

Besides passwords, authentication,
and encryption, there are additional
zone-by-zone restrictions you can
choose from. Once initial data is
loaded into a zone, it can be set to
read-only to prevent further modifica-
tion. One variation breaks the zone
into 8-byte pages, the read-only or read-
write status for each of those 8 bytes
is controlled by a bit in a ninth byte.
Another “Countdown” mode allows
bits to be programmed, but only from a
“1” to a “0.” Besides setting the securi-
ty for each zone, the configuration
memory also handles device-wide set-
tings, such as the aforementioned

Listing 1—Here’s an example of the Atmel CryptoMemory library and API at work. It makes accessing the
AT88SC easy and only consumes about 4 KB of code space. Just keep in mind that there are strings attached
if you want to use it with anything other than an AVR.

#include “cm_Lib.h”
#include “ll_port.h”
// These 2 files are required to allow access to the library.

// How many unique CryptoMemory devices are on the bus.
#define NUM_DEVICES 1

// Device Address Table.  One entry per CM device on the bus
const uchar device_addresses[NUM_DEVICES+1] PROGMEM = {0xb, 0};

// Registers to store the state of each CM device address on the bus.
CM_DEVICE_REGISTERS device_registers[NUM_DEVICES];

// Device Index table used by cm_FindDeviceIndex()
const uchar cm_DeviceIndexes[16] PROGMEM = 

{CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, 
CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, 
CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, 0,               
CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR, CM_NUM_DEV_ADDR};

int main(void) { 
RETURN_CODE ucReturn; 

/* This is a character array to hold some data for the example. */
unsigned char ucData[8] = {0,1,2,3,4,5,6,7} ; 

/* This is a character array to hold a secret seed for the example. */
unsigned char ucSecretSeed[8] =
{0xa5,0x16,0xd2,0x39,0xa4,0x55,0xf6,0xc7} ; 

/* This is a character array to hold a password for the example. */
unsigned char ucPasswd[3] = {0xdd,0x42,0x97} ; 

ll_PowerOn() ; // Calls the low level function to start up the CM bus.
if (cm_Init() != SUCCESS) 

return 0 ;

/* cm_Init() initializes the CryptoMemory Devices (defined in 
device_addresses) and the allocated memory for them. */

ucReturn = cm_SetUserZone(DEFAULT_ADDRESS, 3, FALSE); 
/* Tells the device we will be working with User Zone 3.
if (ucReturn != SUCCESS) return ucReturn ; 

ucReturn = cm_VerifyCrypto(DEFAULT_ADDRESS, 1, ucSecretSeed, NULL, FALSE);
/* Activates the authentication mode using key set 1. 

NULL passed as the next to last parameter means create random number.
FALSE passed as the last parameter means no encryption. */

if (ucReturn != SUCCESS) return ucReturn ; 

ucReturn = cm_VerifyPassword(DEFAULT_ADDRESS,ucPasswd,7,0); 
/* Presents the Write Password, Password set 7, to the device for authentication.

Passwords are automatically encrypted when in Authentication Mode.
The second parameter is the password tested.  */

if (ucReturn != SUCCESS) return ucReturn ; 

ucReturn = cm_WriteUserZone(DEFAULT_ADDRESS, 0, ucData, 16); 
/* Writes the data defined in ucData to the Device

(to previously specified User Zone 3). */
if (ucReturn != SUCCESS) return ucReturn ; 

ucReturn = cm_ReadUserZone(DEFAULT_ADDRESS, 0, ucData, 16); 
/* Reads back the data (from User Zone 3).*/ 
if (ucReturn != SUCCESS) return ucReturn ; 

ucReturn = cm_DeactiveSecurity(DEFAULT_ADDRESS); 
/* If we want, cm_DeactiveSecurity() deactivates the Authentication mode.*/
if (ucReturn != SUCCESS) return ucReturn ; 

return SUCCESS ;
}
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four-, eight-, or unlimited password
trials option. There are also fields you
can program with card-specific IDs,
such as a 128-bit card number.

Once everything is configured
properly, a “Permanent” (PER) fuse
can be blown to lock in the configura-
tion. Once the PER fuse is blown, the
only items in the configuration memo-
ry that can be changed are passwords
(presuming you’ve got the password to
do that). The advice here is to check
your configuration carefully, because
once the PER fuse is blown, there’s no
going back. 

A car thief can steal your car by steal-
ing your keys (or your finger), but that’s
not the only way. Like cars, security
chips must also be able to stymie some-
one who gets under the hood and tries to
“hot-wire” it. To that end, the AT88SC
incorporates various hardware meas-
ures to counter sophisticated break-in
techniques, such as physical examina-
tion of the die itself (i.e., pop the lid) or
stressing the device (e.g., voltage, clock
frequency) to probe for weakness.

If some of the details seem nebu-
lous, it’s not entirely my fault. It
turns out there’s one more spy-versus-
spy trick up Atmel’s sleeve, namely
you’ve got to sign a nondisclosure
agreement (NDA) to get a copy of the
“real” datasheet with all the security
details, such as the particulars of the
encryption algorithm.  

PLAYING WITH A FULL DECK
Atmel offers two different

CryptoMemory evaluation kits. The
“demonstration” kit (AT88SC25616C-
DK) uses AT88SCs packaged in
Smartcard format, while the “develop-
ment” kit (AT88SC-DK1) supports chip
versions, in this case the tiny 4 × 5 mm
SOIC.

The demonstration kit comes with
five 16-Kb AT88SC-based Smartcards
and a USB card reader that connects
to your PC (see Photo 2). Various PC
utility programs are provided to han-
dle programming, verification, and
testing of the Smartcards. For exam-
ple, a “Security” utility let’s you try
out AT88SC features, such as pass-
words and encryption (see Photo 3).

Of these, the “Initialization” utility
is super helpful (see Photo 4). Fact is,
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initializing the AT88SC configuration
involves setting lots of bits in lots of
configuration memory locations. It’s
tedious and error prone to figure out
manually. Furthermore, the stakes are
a bit higher than with most chips,
since getting a single bit wrong may
lock something up permanently. 

The “Initialization” utility software
handles all of the bit-twiddling details
of AT88SC configuration for you, lead-
ing you step-by-step through the
process of choosing device options (e.g.,
password trial count) and the security
settings for each zone. It’s easy to jump
back and forth between the steps, play-
ing around until you get things just
right. Once you’re satisfied, just click
on “Initialize” and the Smartcard is
configured and ready for application
duty. There’s also the option to save a
text file with a complete dump of the
configuration. That’s highly recom-
mended during evaluation (“…darn,
what did I set that 64-bit authentica-
tion to?”), as well as using labels to
keep track of which card is which. 

The AT88SC-DK1 “development”
kit takes a bit of a different tack.
Besides the fact that it targets the
chip version with a ZIF-socket-
jumper-cable lash-up, the software is
quite different as well (see Photo 5).
This kit is all about a CryptoMemory
library and application program inter-
face (API) Atmel has developed for
embedded applications (see Listing 1).   

The library version that comes with
the DK1 kit targets an AVR-based
STK500 evaluation board. According
to Atmel, the library can theoretically
be ported to other little Endian MCUs
(e.g., ARM) that have about 4 KB to
spare. However, getting access to the
source code for the library requires
signing the aforementioned NDA, as
well as convincing Atmel that you
have a justifiable need to know (e.g.,
medical applications). In short, this kit
is really only useful if you plan on
hooking the AT88SC to an AVR. If
not, another easy (and cheaper) proto-
typing solution is to just score some
AT88SC’s in the eight-pin DIP package.

CENTS AND CENTS-ABILITY
Whether your application needs

security upgrades is something all
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embedded designers should think
about. For those who conclude such
are in order, the AT88SC represents a
very cost-effective alternative. Note
that besides Smartcard and IC pack-
ages, Atmel offers an RF version of the
AT88SC for contactless applications.

Volume pricing is generally under a
buck, maybe way under depending on
capacity, volume, and packaging. The
system cost adder shrinks further if
you’re already using a serial EEPROM
in your design. All you have to do is
get a larger AT88SC, configuring a por-
tion to work just like your existing
EEPROM (i.e., no security) and using
the extra capacity for new security
features.  

Many vehicle thefts occur when the
keys are left in the ignition. Don’t
make the same mistake with your
embedded design. I

http://www.fip.org/files/fip/counterfeit/The%20Global%20Threat%20of%20Counterfeit%20Drugs.pdf
http://www.atmel.com
http://www.circuitcellar.com
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IDEA BOX
THE DIRECTORY OF PRODUCTS AND SERVICES

AD FORMAT: Advertisers must furnish digital submission sheet and digital files that meet the specifications on the digital submission sheet. 
ALL TEXT AND OTHER ELEMENTS MUST FIT WITHIN A 2" x 3" FORMAT. Call for current rate and deadline information. Send your disk and digital submission sheet
to: IDEA BOX, Circuit Cellar, 4 Park Street, Vernon, CT 06066 or e-mail adcopy@circuitcellar.com. For more information call Shannon Barraclough at (860) 875-2199.

The Suppliers Directory at www.circuitcellar.com/suppliers_dir/ 
is your guide to a variety of engineering products and services.

UUSSBB
Add USB to your next 

project—it’s easier than you
might think!

USB-FIFO up to 8 mbps

USB-UART up to 3 mbps

USB/Microcontroller boards

pre-programmed with firmware

2.4GHz ZigBee™ & 802.15.4
RFID Reader/Writer

Absolutely NO driver software

development required!

www.dlpdesign.com 

phyCORE® OEMable Single Board Computers

PHYTEC America, LLC �  203 Parfitt  Way SW, G100 � Bainbridge Island, WA  98110   USA

XScale:XScale:XScale:XScale:XScale: PXA270, PXA255

ARM:ARM:ARM:ARM:ARM: LPC3180 (ARM9); LPC22xx, LPC229x, AT91 (ARM7)

PowerPC:PowerPC:PowerPC:PowerPC:PowerPC: MPC5554, MPC5200B, MPC565, MPC555

ColdFire:ColdFire:ColdFire:ColdFire:ColdFire: MCF5485

C 1 6 6 / X C 1 6 x / S T 1 0 / 8 0 5 1 CANCANCANCANCAN
x86x86x86x86x86::::: Elan SC520

www.phytec.com � (800) 278-9913 � www.phycore.com

Faster-to-Market: Save time by

integrating a PHYTEC Single

Board Computer Module into

your target circuitry.

Make -or - Buy: Why make

your own when you can buy

PHYTEC off-shelf solutions,

cost-effective to 1000s units/year?

Integrated Support Services: Let PHYTEC assist you in the design of your

end product: from tools and RTOSes to production. Our hardware is

bundled with leading compilers (Keil, IAR, CodeWarrior), RTOSes  (WinCE,

Linux) and debuggers.

Immediate Support: Talk to PHYTEC technical staff with every call. No

waiting for answers.

Your OEM solution: With 20 years design, production, and integration

experience, PHYTEC is your OEM partner.

Blackfin:Blackfin:Blackfin:Blackfin:Blackfin: BF537

mailto:adcopy@circuitcellar.com
http://www.circuitcellar.com/suppliers_dir/
http://www.dlpdesign.com
http://www.phytec.com
http://www.phycore.com
http://www.circuitcellar.com
http://www.technologicalarts.com
http://www.tri-plc.com/cci.htm
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Embedded DSP Hands-On
Workshops 

Avoid confusing datasheets.

Rapidly learn to program, design
and debug your application.

Reinforce course concepts with
included development tools. 

Let us help you accelerate your 
design process.  Visit:

www.dsp-workshops.com
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High-speed USB 2.0 + Xilinx FPGA 
Complete Software API 

XEM3001:
� 400,000-gate FPGA 
� Programmable PLL 
� Over 80 I/Os 
� 0.1” expansion headers 
� Business-card size 
� $199.95 / Qty 1 
� $174.95 / Qty 10 

XEM3010-1500P:
� 1,500,000-gate FPGA 
� Programmable PLL 
� Over 110 I/Os 
� 32 MB SDRAM 
� Configuration PROM 
� 0.8-mm expansion 
� $399.95 / Qty 1 
� $349.95 / Qty 10 

                               FrontPanel Software API:
�Windows XP, Mac OS X, Linux � C/C++, Python, Java 
� Configure FPGA and communicate with your design 
� The easiest way to integrate USB into your product 
� Use for image capture, control, test equipment, etc.
� Up to 38 MB/s transfer rate! 

3.5“ x 2.0”
$199.95 

75mm x 50mm 
$399.95 

Opal Kelly Visit us online at:

www.opalkelly.com 

5% off with Coupon Code: CKTCLR73* 

* Valid for first order only. Void 30-days after issue publication.

http://www.dsp-workshops.com
http://www.opalkelly.com
http://www.circuitcellar.com
http://www.steroidmicros.com
http://www.ontrak.net
http://www.intrepidcs.com
http://circuitcellar.wcscnet.com
http://www.frontpanelexpress.com
http://www.smxrtos.com/usb
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Sales@mylydia.com

WWW.MYLYDIA.COM

mailto:Sales@mylydia.com
http://www.circuitcellar.com
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http://www.arcusainc.com
http://www.reachtech.com
http://www.earthlcd.com
http://www.imagecraft.com
http://www.tern.com
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ABACOM
Technologies

ABACOMABACOM

ABACOM
Technologies

ABACOMABACOM

SAVE 5%SAVE 5%

ABACOM
Technologies

ABACOMABACOM

SAVE 5%

extend

100’s feet

tens miles

16IO-SSRT

Pioneer Hill Software
360 697-3472 voice
pioneer@telebyte.comPHS

SpectraPLUS 5.0
Audio Spectrum Analysis
Features
Sound Card based I/O
FFT sizes to 1048576pts, 1/96 Octave
Up to 24 bit, 200kHz sampling rates
3-D Surface and Spectrogram
Digital Filtering, Signal Generation
THD, IMD, SNR, Transfer Functions
DDE, Macros, Data Logging,
Vibration Analysis, Acoustic Tools

FREE 30 day trial!
www.spectraplus.com

http://www.spectraplus.com
mailto:pioneer@telebyte.com
http://www.circuitcellar.com
http://www.abacomdirect.com
http://www.abacomdirect.com
http://www.abacomdirect.com
http://www.stx104.com
http://www.bgmicro.com
http://www.rabbit-u.com
http://www.canusb.com
http://www.mcc-us.com
http://www.can232.com


www.schmartboard.com

ANYONE 
Can Now  Easi ly

Hand Solder  Surface-  
Mount  Components!

Even A 10 
Year Old!
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DDevelopment Tools for PIC® Microcontrollers

microEngineering Labs, Inc. Phone: (719) 520-5323
Fax: (719) 520-1867

Box 60039
Colorado Springs, CO 80960

Order online at:
www.melabs.com

BASIC Compilers for PICmicro®

PICBASIC PRO™ Compiler� $249.95

Easy-To-Use BASIC Commands
Windows 9x/Me/2K/XP Interface

PICBASIC™ Compiler $99.95
BASIC Stamp 1 Compatible
Supports most 14-bit Core PICs
Built-In Serial Comm Commands

Supports Microchip PIC10, PIC12, PIC14, 
PIC16, PIC17, and PIC18 microcontrollers
Direct Access to Internal Registers
Supports In-Line Assembly Language
Interrupts in PICBASIC and Assembly
Built-In USB, I2C, RS-232 and More
Source Level Debugging

See our full range of products, including
books, accessories, and components at:

www.melabs.com

USB Programmer 
for PIC® MCUs

With Accessories for $119.95:
Includes Programmer, Software, USB Cable,
and Programming Adapter for 8 to 40-pin DIP.

Pre-Assembled Boards
Available for 8, 14, 18, 28, 
and 40-pin PIC® MCUs
2-line, 20-char LCD Module
9-pin Serial Port
Sample Programs
Full Schematic Diagram

Pricing from $79.95 to $349.95

PICPROTO™ Prototyping Boards
Double-Sided with Plate-Thru Holes
Circuitry for Power Supply and Clock
Large Prototype Area
Boards Available for Most PIC® MCUs
Documentation and Schematic

Pricing from $8.95 to $19.95

LAB-X Experimenter Boards

Parallel Port Programmer
starting at $59.95
Serial Port Programmer
starting at $79.95EPIC™

(as shown)
$89.95

RoHS
Compliant
Programs
PIC MCUs
including
low-voltage
(3.3V) devices

Includes
Windows
98, Me, NT,
2K, and XP
Software

Mosaic Industries Inc.
tel: 510-790-1255 fax: 510-790-0925

www.mosaic-industries.com

QScreenTM - Low Cost
Versatile Instrument Controller

� Touchscreen  Operated GUI
� 128x240 CCFL- Backlit Graphic Display
� Programmable in C or Forth
�  Hundreds of Screens, Buttons,  & Menus
� A/D and Two RS232/485 ports
� 8 Timer-Controlled Digital I/O Lines
� Up to 1 MB Flash, 512KB RAM
� Wide Selection of Plug-in I/O

$359/100s

Low Cost EDA Software
For Windows 98, XP, NT, 2000

Circuit design package with
schematic entry, circuit board
layout and simulation (SPICE
and digital) for only $599
Buy modules for as low as 
$119
Purchase and download
products instantly from our
website! 
Libraries include latest micros, 
memories, analog, and others 

Contact Mental Automation at
(253) 858-8104

http://www.mentala.com

http://www.mentala.com
http://www.mosaic-industries.com
http://www.melabs.com
http://www.melabs.com
http://www.circuitcellar.com
http://www.tracesystemsinc.com
http://www.smxrtos.com/ffscc.htm
http://www.ezpcb.com
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CCRROOSSSSWWOORRDD

The answers are available at
www.circuitcellar.com/crossword.

Down
1. Using an acid to remove the unprotected

parts of a metal surface to create a design
3. A chemical process during which a sub-

stance combines with oxygen to produce
heat and light

4. A circuit board with sockets where other
electronic devices on circuit boards can be
plugged in

5. A circuit that removes a ripple signal after a
push button is pressed

7. Common in automotive applications, this
electrochemical capacitor has a higher ener-
gy density than most other capacitors.

8. Create a CD or DVD
10. A small piece of data from a larger group
15. The point in an orbit closest to a planet
17. The Swedish engineer (1889–1976) who stud-

ied data transmission. His theory states that
the number of independent pulses that could
be put through a telegraph channel is limited
to twice the bandwidth of the channel.

Across
2. The decrease in amplitude and intensity of a signal
6. A numeric system, in base-16, that represents binary code in a

format that is easy to read
9. A small piece of wire used to connect two pins on a circuit

board
11. Hardware or software that enables a CPU to run programs

designed for a different system
12. A protocol used to retrieve e-mail on a remote server
13. Software that displays advertisements on your computer
14. A software application that surveys the web and collects and

analyzes documents for indexing
16. A force that causes a change in rotation
18. A graphic representation, on a computer screen, of an audio sig-

nal generated by an oscillator
19. An amplifier that strengthens weak electronic signals and

transmits them for further amplification
20. A material with zero resistance to the flow of electric current

and no interior magnetic field

http://www.circuitcellar.com/crossword
http://www.circuitcellar.com
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And that’s in
addition to the
industry-best
pricing you
already get 
at Jameco
every day!

You already
know about
Jameco’s
best-in-the-
business

low pricing...
Now we’re

out to get a new
message across:
Major Brands—at
Jameco pricing!

To dramatize the
point, we’re giving

you an additional 15% discount on two
different major brands each week. From
now through the end of May!

And that’s on top of our
everyday discounted pricing!

We wanted to make this
so good a deal that you just
couldn’t pass it up. 
So... Want to know which
two major brands you can

save extra-big on this week? Just head
to the website...

WIN
BIG

G r e a t  P r o d u c t s .  
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T he primary way most of us have been lowering power consumption is by swapping out incandescent lights with compact florescent lights (CFLs).
Putting in a 15-W CFL in place of a 60-W incandescent amounts to a 75% average power saving—provided it works.

Like PV, I was one of the first people on the CFL bandwagon, too. About five years ago, the local power company offered CFLs at a real bargain
and I bought over 100 lights. Don’t laugh, I have more lights around here than the average landing strip and they add up. (Heck, I’m sitting here on an
11′ × 16′ enclosed “porch” writing this editorial and I count 11 individual lights just out here.) Before we all got energy conscious and a kilowatt hour
was $0.06 instead of $0.20, designing rooms with 20 to 30 track lights and banks of dimmer switches was the norm. The one saving grace in all of
this incandescent lighting overkill is that much of my house uses “room occupancy sensing” via my home control system (HCS), and they are not just
needlessly burning power all the time.

The unfortunate problem I ran into with CFLs was that you can’t just substitute them for every incandescent. It depends on the control circuit (man-
ual switch versus something electronic). They absolutely didn’t like dimmer switches of any kind and they wouldn’t work properly with my HCS X-10
controllers either. Consequently, five years ago, I was able to swap out only about 20% of my incandescents with CFLs.

The encouraging responses from everyone cheering my PV installation along prompted me to take a new look at my lighting issues. I hoped that CFL bal-
last electronics had improved in five years. While I didn’t expect these new lights to all be dimmable, perhaps the new electronics might tolerate the full-on
TRIAC of a dimmer switch and work with my X-10s. After buying another five dozen CFLs of various brands, I can categorically state that a game of roulette
has better odds than making every kind of CFL automatically controlled. It’s too much to discuss here, but I’ll go into it more in my PV installation articles.

After not having much additional luck with newer CFLs, I then went “from the frying pan into the fire.” I decided to see if using LED lights would
provide an alternative solution. After all, they offer the same energy reduction as CFLs if you read the advertising hype. Were they the best lighting
solution since the whale oil lamp or just a new version with the same light level and no fishy smoke?

The first problem was separating the hype from the real facts when it came to the people selling LED bulbs. It’s easy to come away with the impres-
sion that LED lights, like CFLs, are an instant swap for incandescents. As an LED lighting neophyte, I eventually put my trust in Best Home LED
Lighting (www.besthomeledlighting.com) and sampled or purchased a dozen different LED bulbs to experiment with. Again, I’ll cover this in greater
detail in later articles, but let me give you the punchline while I have your attention. Basically, if the lumen level is acceptable, LED bulbs work well
with simple AC line toggle switches, but anything else and it’s back to Vegas. Ironically, we all think of LEDs as being much simpler electronics than
a CFL and hence easier to control. My reality was that I can’t even tell you that two units of the dozen LEDs I tried have the same electronic config-
uration. Hence, any automatic control devices are an adventure in customization. Here is the short list of my experience:

1. LED lights have a wide range of efficiencies and configurations. Current units seem to be about 50 lm/W, while new high-output bulbs are approaching 100 lm/W.

2. The number of LEDs is not the determining factor of bulb brightness. Different types of LEDs vary greatly in brightness. A better indicator of luminous intensity
is the quoted bulb wattage. Current generation white LEDs are about 30 lm/W, while the newest power LEDs from CREE seem to be about 65 lm/W.

3. Currently, there are no LED bulbs that can match the light output of a regular 60-W incandescent bulb. The brightest LED bulbs are directional floodlights and
spotlights with the brightest being comparable to a 45- to 50-W incandescent. The brightest nondirectional LED bulbs are more like a 25-W incandescent.

4. In my experience, LED bulbs don’t like dimmer controls because most 120-V AC dimmers need a minimum amount of resistive load in order to function proper-
ly. Because most of these bulbs are under 10 W and many have reactive-capacitive loads, TRIACs go nuts.

5. In my experience LED bulbs don’t like traditional X-10 modules either. While some LEDs may turn on successfully, many will not turn off. Instead, the trickle cur-
rent used to sense manual lamp or appliance control causes the LED to flash.

6. No one wants to admit that the biggest problem with using LEDs is heat—they self-destruct. Currently, most manufacturers tell you not to install LED bulbs in
enclosed ceiling fixtures for that reason. Ironically, the multi-LED bulbs have a larger surface area to dissipate heat even if they are less efficient. The new high-
intensity CREE bulbs are more efficient, but they are constructed on a large aluminum heatsink for a reason.

Don’t get me wrong. Even with all my criticism, I think LED bulbs are the real future of lighting. In my opinion, right now they are at the same evo-
lutionary point that CFLs were five to eight years ago. I’m encouraged that in just the few weeks I’ve been playing with them, I’ve seen a doubling in
lighting efficiency and power. It won’t be long before there really is a 7-W 800-lm LED that doesn’t double as a space heater. I don’t mind being early
on every bandwagon when I see progress like this. Stay tuned. The fun is just starting.

Let’s Count the Lumens

PPRRIIOORRIITTYY IINNTTEERRRRUUPPTT

steve.ciarcia@circuitcellar.com

by Steve Ciarcia, Founder and Editorial Director

http://www.besthomeledlighting.com
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Stellaris® Means…

Luminary Micro Stellaris 

microcontrollers are designed 

for serious embedded applications:

 The industry’s first ARM® Cortex™-M3 implementation.

 Always single-cycle flash for maximum performance.

 Real MCU GPIOs — always interruptible.

 32-bit performance at 8-bit & 16-bit prices.

 No functional pin muxing; easy to select the device you need.

 No peripheral sharing — all peripherals operate concurrently.

Discover what Stellaris can mean for your next design at:

www.LuminaryMicro.com/StellarisMeans

http://www.LuminaryMicro.com/StellarisMeans


From evaluation to development to prototyping,

Stellaris® Family Evaluation Kits
contain everything needed to develop and run applications

for Stellaris microcontrollers out-of-the-box.

Compact. Versatile. Cost-effective.

Stellaris LM3S6965 
Evaluation Kit
featuring integrated Ethernet.

$79

Stellaris LM3S811
Evaluation Kit
Discover the exciting ways  

this evaluation kit was used  

in DesignStellaris2006 at:  

www.LuminaryMicro.com/

DesignStellaris2006.

$49

Stellaris LM3S2965
Evaluation Kit
featuring integrated CAN.

$89

An embedded Web 
server out-of-the-box.

A CAN network out-of-the-box.

Discover what Stellaris can mean for you:
www.LuminaryMicro.com/StellarisMeans

                                                is the creator of the award-winning Stellaris 

family of microcontrollers. For more information about the entire Stellaris 

family of products, please visit our website at LuminaryMicro.com!

http://www.LuminaryMicro.com/DesignStellaris2006
http://www.LuminaryMicro.com/StellarisMeans
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