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Web | www.netburner.com

Telephone | 1-800-695-6828

NetBurner Serial to Ethernet 
Development Kits are available 

to customize any aspect of 
operation including web pages,

data filtering, or custom network 
applications. All kits include 

platform hardware, ANSI C/C++ 
compiler,TCP/IP stack, web server,

e-mail protocols, RTOS, flash file 
system, Eclipse IDE, debugger,

cables and power supply.

SERIAL TO ETHERNET SOLUTIONS
Simple Ethernet connectivity

for serial devices

Works out of the box - 
no programming is required

Customize to suit any 
application with low-cost 

development kit

Features:

10/100 Ethernet

TCP/UDP mode

DHCP/Static IP Support

Data rates up to 921.6kbps

Web-based configuration

PK70EX232
4-port serial-to-Ethernet server
with RS-232 support

$269
Qty. 100

SB72EX
2-port serial-to-Ethernet server

with RS-232 & RS-485/422 support

$139
Qty. 100

SB70
2-port serial-to-Ethernet server
with TTL support

Device P/N:  SB70-100CR
Kit P/N:  NNDK-SB70-KIT

Device P/N:  SB72-EX-100CR
Kit P/N:  NNDK-SB72EX-KIT

Device P/N:  PK70EX-232CR
Kit P/N:  NNDK-PK70EX232-KIT

$69
Qty. 100

Need a custom solution?
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3x faster

and backward

compatible with TS-72xx

TS-7200 
shown with 
optional A/D 
converter,
Compact Flash 
and RS-485

Embedded Single Board Computers

Most products stocked and available

for next day shippingEngineers on Tech Support

Design your solution with one of our engineers (480) 837-5200

Custom configurations and designs w/

excellent pricing and turn-around time

Over 20 years in business

Never discontinued a product

Low Price, Low Power, High Reliability

using Linux development tools

options include:
onboard temperature sensor, A/D Converter 8 channel 12 bit, Extended Temperature, 

Battery Backed Real Time Clock, USB Flash, USB WiFi

8 boards, over

2000 configurations

2 USB ports

10/100 Ethernet - up to 2

DIO lines - up to 55

Fanless, no heat sink

Flash - up to 128MB onboard

SDRAM - up to 128MB

Linux, Real Time extension, Debian

COM ports- up to 10

200 MHz ARM9
Power as low as 1/4 Watt

Open Source Vision

Programmable FPGAs

High-End Performance

with Embedded Ruggedness

128MB DDR RAM

Gigabit ethernet

2 host USB 2.0 480 Mbps

12K LUT programmable FPGA

512MB high-speed

(17MB/sec) onboard Flash

Sleep mode uses 200 microamps

2 SD sockets

Linux 2.6 and Debian by default

10 serial ports

qty 100
229$Unbrickable

         design

5 ADC (10-bit) 2 SATA ports

110 GPIO

Boots Linux in < 2 seconds

Internal PCI Bus, PC/104 connectorshown 
w/ optional 
SD Cards

TS-7800

500 MHz ARM9

Low power - 4W@5V

qty 1
269$

qty 100
99$

qty 1
129$

as low as

SD card

option

VGA video

LCD ready
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Systems
Technologic

Visit our TS-7800 powered website at

We use our stuff.

www.embeddedARM.com

TS-ADC16

ADC, DAC and Digital I/O

Up to 100Ksps (10us)

Prog. pacing clock

1KB ADC RAM-FIFO

TS-RELAY8

see our website for more boards and option details

Featured Products and PC/104 Peripherals

qty 1
169$

16 16-bit ADCs

4 ADC voltage ranges

qty 1
89$

TS-TPC-7390

64MB SDRAM (128MB opt)

Dedicated framebuffer- 8MB RAM

800x480 customizable video core

Programmable FPGA- 5K LUT

512MB Flash w/ Debian Linux

Runs Eclipse IDE out-of-the-box

Boots Linux 2.6 in about 1 second

Unbrickable, boots from SD or NAND

Runs X Windows GUI applications

7” Color TFT-LCD Touch-Screen

Mountable aluminum frame

Low Power, Industrial Quality Design

Eight Software Controlled Relays

see our website for x86 SBCs, peripherals and option details

4 inputs, 1 output

4 16 bit counters

4 12-bit DACs

Externally triggered

Up to 277 VAC @ 5A

Up to 30 VDC@ 5A

8 SPDT relays

40mA draw per coil

I/O jumpers

Software controlled

qty 1
449$

Audio codec with speaker

200MHz ARM9 Touch Panel Computer
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TASK MANAGER

When any good engineer worth his solder finishes a long-term project,
he immediately begins assessing what he accomplished in an effort to
prepare for future endeavors. We like to do the same thing. So, after fin-
ishing this issue, we reviewed our 2008 editorial endeavor—publishing 12
fresh issues of Circuit Cellar—for the purpose of noting our accomplish-
ments and planning what is to come.

In late 2007, we set five major goals for 2008. We achieved them all.
The way I see it, we put a lot in and you got a lot out. Let’s review.

1. We planned to highlight Circuit Cellar’s 20th anniversary. We did so by
publishing Ed Nisley’s retrospective article, “That Was Then, This Is Now” (Issue
210), and introducing a new front cover layout. We also reinstated an old fan
favorite, the EQ section. Many thanks to Dave Tweed!

2. We set out to incorporate articles from the most diverse set of engi-
neers to date. We achieved this by running stellar articles by talented engi-
neers from such distant places as Dallas, Texas (Ben Smith, Issue 210),
Bogota, Colombia (Diego Mendez Chaves, et al, Issue 211), Tokyo, Japan
(Yoshiyasu Takefuji, Issue 213), Gorizia, Italy (Carlo Tauraso, Issue 216), North
Olmsted, Ohio (James Blackwell, Issue 218), and Pune, India (Mandar Bagul,
Issue 221).

3. We aimed to publish useful articles about renewable energy resources.
This year, we ran five articles on the subject in the Intelligent Energy Solutions
section of the magazine.We hope to continue publishing such articles in 2009, but
we need your help. It’s up to you to start planning the next batch of articles about
energy-efficient applications. Send article proposals to cj@circuitcellar.com.

4. We promised to continue running useful graphics-related articles even
though we were removing the Graphics & Video issue from the editorial
calendar. We came through by publishing several graphics-related articles.
James Blackwell’s article titled “Content Collection and Display” (Issue 218) is
an excellent example.

5. We resolved to challenge readers to work on articles about programma-
ble logic-related topics. This month, we deliver an article by Kareem Matariyeh
about the Verilog language and programming FPGAs and CPLDs (p. 78). More
will follow in 2009.

To make this issue memorable, we packed it with articles about real-
world applications and handy new design tools. Starting on page 14, John
Peterson describes an expandable platform for light and animation. Design,
program, and rearrange! Turn to page 24 for Tom Cantrell’s useful intro-
duction to Altium’s Designer and Nanoboard.To learn  about another handy
tool, check out Jeff Bachiochi’s article “Component Control” (p. 62). On
page 32, Mandar Bagul begins an article about an affordable mobile data
storage solution. On page 38, Ed Nisley covers the topics of NiMH charg-
ing and designing a three-pack charger. If you want to build an electronic
identification system, check out Jan Szymanski’s description of his MCU-
based badge project (p. 44). Robert Lacoste demystifies the topic of pro-
portional integral derivative (PID) control on page 54. On page 69, Martin
Courtney introduces two beamforming techniques: adaptive and fixed.

We will run dozens of thought-provoking articles in 2009.You can e-mail
me an article proposal or submission at any time. Our calendar is now avail-
able at www.circuitcellar.com/submissions/editorialcalendar2009.html.

2008 I/O

cj@circuitcellar.com
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Mixed Signal Oscilloscope
Capture and display analog and logic signals

together with sophisticated cross-triggers for

precise analog/logic timing.

Digital Storage Oscilloscope
Dual Channel Digital Scope with industry

standard probes or POD connected analog

inputs. Fully opto-isolated.

Multi-Band Spectrum Analyzer
Display analog waveforms and their spectra

simultaneously. Base-band or RF displays with

variable bandwidth control.

Multi-Channel Logic Analyzer
Eight logic/trigger channels with event capture

to 25nS.

DSP Waveform Generator
Optional flash programmable DSP based function

generator. Operates concurrently with waveform

and logic capture.

Innovations in modern electronics engineering are leading the new wave of

inventions that promise clean and energy efficient technologies that will

change the way we live.

It's a sophisticated world mixing digital logic, complex analog signals and

high speed events. To make sense of it all you need to see exactly what's

going on in real-time.

BS100U combines analog and digital capture and analysis in one cost

effective test and measurement package to give you the tools you need to

navigate this exciting new frontier.

USB Mixed Signal Oscilloscope
Inventing the future requires a lot of test gear...

...or a BitScope

�

�

�

�

�
Mixed Signal Data Recorder

Record to disk anything BitScope can capture.

Supports on-screen waveform replay and export.�
User Programmable Tools and Drivers

Use supplied drivers and interfaces to build

custom test and measurement and data

acquisition solutions.
�

BS100U Mixed Signal Storage Scope & Analyzer

BS100U includes BitScope DSO the fast and

intuitive multichannel test and measurement

software for your PC or notebook.

Capture deep buffer one-shots, display waveforms

and spectra real-time or capture mixed signal data

to disk. Comprehensive integration means you can

view analog and logic signals in many different

ways all at the click of a button.

The software may also be used stand-alone to

share data with colleagues, students or customers.

Waveforms may be exported as portable image

files or live captures replayed on another PC as if a

BS100U was locally connected.

BitScope DSO Software for Windows and Linux

Standard 1M/20pF BNC inputs Smart POD Connector Opto-isolated USB 2.0 12VDC with low power modes

www.bitscope.comwww.bitscope.com

Analog + Digital
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Everywhere You Are®

Performance and power consumption have always been key elements in the development of AVR® microcontrollers. Today’s 

increasing use of battery and signal line powered applications makes power consumption criteria more important than ever. 

To meet the tough requirements of modern microcontrollers, Atmel® has combined more than ten years of low power research and 

development into picoPower technology. 

picoPower enables tinyAVR®, megaAVR® and XMEGA™ microcontrollers to achieve the industry’s lowest power consumption. Why be satisfied with 

microamps when you can have nanoamps? With Atmel MCUs today’s embedded designers get systems using a mere 650 nA running a real-time 

clock (RTC) and only 100 nA in sleep mode. Combined with several other innovative techniques, picoPower microcontrollers help you reduce your 

applications power consumption without compromising system performance!

Visit our website to learn how picoPower can help you hammer down the power consumption of your next designs. PLUS, get a chance to apply 

for a free AVR design kit!

Hammer Down Your Power Consumption with picoPower™!

http://www.atmel.com/picopower/

THE Performance Choice of Lowest-Power 
Microcontrollers

picoPower 2008ad indd 1 8/8/2008 8:35:17 AM

/11/
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NEW PRODUCT NEWS Edited by John Gorsky

KickStart KIT FOR NXP LPC2478
The KickStart Kit for NXP LPC2478 is a complete develop-

ment kit that provides a design platform with a touchscreen
display for multiinterface communication applications featur-
ing Ethernet and USB device and host interfaces. The new
development kit is ideal for industrial, medical, point-of-sale,

and other connected applications. It contains all the
necessary hardware and software to enable you to
design, develop, integrate, and test new applications.

In addition to an LPC2478 development board and a
32-KB limited edition of Embedded Workbench for
ARM, the kit also contains evaluation editions of visu-
alSTATE, PowerPac for ARM, PowerPac USB, and
PowerPac TCP/IP. A J-Link for ARM is included in the
kit, along with example applications for the LPC2478
board as well as board support packages for both IAR
PowerPac and Micrium RTOSes. The kit includes the
LPC2478 device, a 3.5″ 320 × 200 24-bit color TFT
LCD with a backlight, and a touchscreen. It also
includes a wide selection of peripherals: an MP3
decoder DSP and VS1002D codec, a three-axis digital
accelerometer with 11-bit accuracy, 64-MB SDRAM, a
USB host and USB device connector, an IrDA trans-
ceiver, a PS/2 keyboard connector, a 100-Mbps Ether-
net port, a CAN driver and connector, an RS-232 inter-
face with ICSP control, an SD/MMC card connector, a
JTAG connector, a MICTOR trace connector, a Reset
button, two user buttons, a trimming potentiometer, a
UEXT connector, audio input and output, and an RTC
battery holder.

IAR Systems
www.iar.com

LOW-COST LatticeECP2M DEVELOPMENT KIT
The new LatticeECP2M PCI Express development kit is the first in a series of development kits that will support Lat-

tice devices and enable you to obtain working hardware in 30 min. and then a known good starting point for a design in
less than 2 h. There are several demos available, including a control plane application, and a throughput demo for high-
bandwidth applications. Two demos support scatter-gather DMA capabilities: a color bar demo and an image transfer
demo, which also uses the Scatter-Gather DMA
IP core. 

Based on a new PCI Express ×1/×4 evaluation
board, the kit accelerates development of PCI
Express designs using the LatticeECP2M family.
All of the demos use the LatticeECP2M PCI
Express ×1/×4 Endpoint ispLeverCORE IP Ver. 3.3.
The included low-cost LatticeECP2M PCI Express
×1/×4 evaluation board has been optimized with
several features designed to make the evaluation
process more productive, including support of
both ×1 and ×4 link edge card fingers and LEDs
for each link that are visible from outside the PC
chassis to indicate whether the link is active.
Also included are a 60-day evaluation license for
ispLEVER software design tools (for new users),
and the ability to evaluate the new LatticeECP2M
PCI Express ispLeverCORE IP and project source
directories, all of which can be used to create a
template for design exploration. 

The development kit costs $895.

Lattice Semiconductor Corp.
www.latticesemi.com
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INFRARED THERMOMETER MODULE
The MLX90614 infrared thermometer module is an intelligent noncontact

temperature sensor with a single-pin serial interface for connection to most
microcontrollers. The MLX90614 sensor is designed for the noncontact temper-
ature measurement of objects placed within the sensor’s cone of detection. The
sensor comprises an integrated ASIC and an infrared-sensitive thermopile detector.

The sensor communicates with an SX20AC/SS-G coprocessor over a digital
SMBus, which Parallax has programmed to simplify an otherwise fairly complex
communication protocol. With a temperature range of –70° to 380°C, auto-baud
detection, and a programmable alarm setting, this module
becomes useful in many applications such as surface temperature
measurement, human/animal presence detection, or HVAC.
Up to 100 modules can be connected on the same bus to
make multizone temperature measurement easy.

The MLX90614 costs $49.99.

Parallax, Inc.
www.parallax.com

www.circuitcellar.com CIRCUIT CELLAR® Issue 221    December 2008    9

NEW PRODUCT NEWS
TRANSCODER ENABLES BIDIRECTIONAL REMOTE CONTROL

The MT Series Transcoder IC provides unprecedented features for bidirection-
al remote control and command applications. In the past, encoder and decoder
ICs were commonly used to allow the status of inputs, such as switch or button
closures, to be sent
in one direction
across a wireless
link. While the MT
can perform these
basic unidirectional
functions with ease,
it also allows the
bidirectional
exchange of infor-
mation and recep-
tion confirmation
across an external
wireless link, such
as a Linx transceiv-
er module. When
combined with external feedback, the Transcoder can also verify that specified
actions have taken place. The MT is even capable of sending variable data such
as time, temperature, pressure, or text along with control information.

The transcoder provides eight lines, which can be configured as inputs or out-
puts and individually set for latched or momentary operation. A large 24-bit
address size makes transmissions highly unique, minimizing the possibility of
conflict between multiple devices. An automatic confirmation indicates that
the transmission was successfully received. The MT also outputs the originat-
ing transcoder’s ID for logging or identification.

In addition to these powerful features, a serial interface engine (SIE) allows
the transcoder to be configured and controlled from an external microcontroller
or PC. Permissions and users can be configured, modes and functions set, and
external data added to the transmission stream. A targeting feature allows com-
mands to be directed to specific devices. 

MT Transcoder ICs cost $2.37 in 10,000-piece quantities.

Linx Technologies, Inc.
www.linxtechnologies.com
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NEW PRODUCT NEWS
NEW LOW-POWER, FLOATING-
POINT PROCESSORS

Three new devices merge the
inherent advantages of floating-point
with a combination of connectivity
peripherals, low power, and low cost
that until now, has been available
only with fixed-point devices. The
new processors include the indus-
try’s lowest power floating-point
DSPs—the TMS320C6745 and
TMS320C6747—as well as the
OMAP-L137 floating-point-DSP-
plus-ARM applications processor.

The C6745, which runs at up to
300 MHz, includes an extensive set
of serial ports for system control as
well as multichannel audio serial
ports (McASP) with up to 16 serializ-
ers and FIFO buffers. For additional
system performance, the C6747
includes all of the features of the
C6745 DSP and incorporates an addi-
tional 128 KB of on-chip RAM. The
EMIFA and EMIFB on the C6747 are
also upgraded to 16-bit and 32-bit,
respectively. 

An LCD controller is on-chip,
allowing designers to quickly add
QVGA or other displays. The
OMAP-L137 applications processor
includes the C674x floating-point
DSP core plus an ARM9, providing
up to 300 MHz per core.

Using half of the standby power
and less than one-third of the total
power of previous-generation float-
ing-point DSPs, the C6745 and
C6747 are the industry’s lowest
power floating-point DSPs. Both
processors consume 62 mW in stand-
by mode and 470 mW in total active
power mode

You can now place an order for the
C6745 DSP, C6747 DSP, and OMAP-
L137 applications processor, which
start at $10.41, $11.72, and $18.93
(100-unit pricing), respectively. The
C6745 DSP, C6747 DSP, and OMAP-
L137 applications processor are sup-
ported by the OMAP-L137/C6747
Floating-point Starter Kit ($395),
which offers the flexibility of Linux
and DSP/BIOS kernels.

Texas Instruments, Inc.
www.ti.com
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NEW PRODUCT NEWS
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MIXED-SIGNAL MOTOR DRIVERS
The AMIS-30511 and AMIS-30512 bipolar stepper motor controllers elimi-

nate the need for many external components, reducing system cost and the bill
of materials (BOM). Both devices offer SPI ports and are capable of peak cur-
rents up to 800 mA.  

These new mixed-signal ICs contain two embedded H-bridges that can drive
two-phase stepper motors with sustained peak currents up to 400 mA and
maximum currents up to 800 mA for short duration. Each also allows a host
microcontroller to detect blocked rotor and end-of-run conditions without
additional switches, Hall sensors, or optical encoders. In addition to stall detec-
tion, these functions allow you to program the microcontroller to calculate rotor
position and dynamically adjust current or speed, as required, to prevent step
loss. This capability eliminates noise and vibration at end-stops and improves
motion-control accuracy and reliability without additional components. 

The 30512 contains a 5-V regulator to supply both internal logic and up to 50 mA
for external components, such as a microprocessor. The 30512 also includes
watchdog logic circuitry. Typical
uses for the 30511/512 include
security cameras, building and
industrial automation, motor con-
trol, textile processing, process
equipment, robotics, HVAC and
base station control, and status.

Available in a 24-pin SOIC
package, the AMIS-30511 starts at
$3.81 and the AMIS-30512 is $4.18
per unit in quantities of 1,000.

ON Semiconductor
www.onsemi.com

LINE OF PWM OUTPUT H-BRIDGE DRIVER ICs
A new line of H-bridge driver ICs offers designers a simple upgrade path to

PWM speed control using either analog or digital inputs. The new BD62xx
Series provides both a TTL-compatible interface to an external MCU as well as
an internal VREF-PWM conversion circuit, allowing implementation of energy-
saving PWM control from an analog voltage input. The product line is offered in
three maximum operating voltage classes (7, 18, and 36 V) with current ratings
in each class of 0.5, 1, and 2 A to cover applications ranging from portable elec-
tronics to automotive, appliance, and medical devices. Internal shut-down cir-
cuitry reduces standby current to less than 1 µA—particularly important in
portable designs.

All BD62xx H-bridge driver ICs include a complete suite of internal protection
circuits including over-voltage protection (OVP), under-voltage lock-out (UVLO),
over-current protection (OCP), and high-temperature shutdown (TSD). Overlap

(shoot-through) protection to prevent high
currents during motor reversal or breaking is
also built in. In addition, the devices are
designed to withstand 4 kV ESD.

All products in the series come in low-pro-
file surface-mount packages with a maxi-
mum height ranging from 1.15 mm (SSOP) to
2.2 mm (HRP7). All devices are specified for
–40° to 85°C operation. The ICs costs from
$0.80 (one channel, 7 V) to $2.60 (two chan-
nels, 36 V) in OEM quantities.

ROHM Electronics 
www.rohmelectronics.com
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ONLINE TOOL FOR DEVELOPING SENSOR SIGNAL PATH SOLUTIONS
The WEBENCH Sensor Designer tool significantly reduces design time and

cost by configuring a complete sensor signal path solution with just a few key-
strokes. Prior to this design tool, you would have to waste valuable develop-
ment time matching sensor characteristics and performance with an op-amp’s
DC performance and an ADC’s resolution and accuracy. Additional time would
then be required for circuit evaluation and prototyping.

The WEBENCH Sensor Designer tool can combine the PowerWise LMP7731
precision amplifier with the new ADC161S626 16-bit, 250-ksps, differential
input ADC. The LMP7731 features a
low-input voltage noise of 2.9 nV/sqrt
Hz with a 1/f noise corner of only 3 Hz,
while the ADC161S626 provides sig-
nal accuracy of ±0.003% over the
–40° to 85°C temperature range. Each
signal path solution amplifies condi-
tions and digitizes the sensor output
to directly link to a microcontroller
or DSP. The tool also allows you to
order a customized evaluation kit for
prototyping your simulated
WEBENCH solution in the lab.

Using the “Build It!” option, you can
generate solutions that you can use for
evaluation and prototyping. Cus-
tomized prototype kits can be shipped
within 24 h to accelerate test and vali-
dation. For engineers that would like to
interface directly to a PC, a separate
communications evaluation board and

TRANSLATORS GET VERILOG 2001 SUPPORT
A new version of V2V tools for translating between

VHDL and Verilog source code that supports Verilog 2001
code constructs is now available. In addition, BugHunter
Pro can now be used as a graphical debugging environ-
ment for translating and testing the new models. The tool
is also able to translate code automatically in several
cases that previously required
manual preediting for a suc-
cessful translation.

The typical translation
design flow involves an itera-
tive cycle where you must
make some manual changes
to either the original or the
generated code. To speed up
this flow, an optional graphi-
cal debugging front-end based
on the BugHunter Pro HDL
Debugger tool has been
added. With BugHunter, you
can launch the translators via
point-and-click mouse opera-
tions, set options to the trans-
lators via a dialog window, and
double clicking on errors and
warnings generated during

software is available. To begin a
design with the WEBENCH Sensor
Designer tool, go to
www.national.com/sensors. 

National Semiconductor Corp.
www.national.com

translation to launch a text editor and make changes at
the problematic lines in the source code. 

BugHunter can also launch VHDL and Verilog simula-
tors on both the original and the translated code, dramati-
cally speeding up the process of verifying and modifying
the translated code. BugHunter also supports full single-

step debugging, waveform cap-
ture, and variable inspection
with the following simulators:
SynaptiCAD’s VeriLogger
Extreme, Cadence Design Sys-
tems’s Incisive, Synopsys’s
VCS, Mentor Graphics’s Mod-
elSim, and Aldec’s ActiveHDL. 

The V2V translator software
is available on Windows and
Linux. The software can be
licensed on either a permanent
or leased basis, and both float-
ing and node-locked versions
are available. Contact Synapti-
CAD for more information and
pricing.

SynaptiCAD, Inc.
www.syncad.com
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NEW PRODUCT NEWS
PCI EXPRESS FPGA-BASED PROCESSING BOARDS

The WILDSTAR 5 for PCI-E FPGA-based processing boards use Xilinx’s newest, biggest, and highest pin count Vir-
tex 5 FPGAs. Now available with the XC5VLX110T, XC5VLX155T, XC5VLX220T, XC5VLX330T, and soon-to-be-
delivering XC5VFX100T, XC5VFX130T, XC5VFX200T, or XC5SX240T, and with a choice of DDRII DRAM, DDRII
SRAM, QDRII SRAM, SIO RLDRAM, or CIO RLDRAM. The WILDSTAR 5 provides a proven high-performance plat-
form for the most difficult parallel processing algorithms, for military, research, and commercial applications. But it
takes more than powerful FPGAs to build a successful SIGINT, DSP, or radar system. With up to 16 Rocket I/O
lanes and up to 96 differential pairs providing easy and fast access to the one or two mezzanine I/O
cards and DMA across the PCI Express bus back to the host, Annapolis has the fastest,
widest, and most encompassing range of A/D, D/A, and communication solutions.
Take in data, process it, store it, and redistribute it, all in real time, with
no degradation or compression of information.

The boards offer up to 2.5-Gsps A/D input, real-
time processing on Xilinx’s Virtex 4 and 5,
and data flowing to storage
RAIDs or disks with up to
36-Gb full duplex I/O.
These types of options
enable you to choose the
exact components needed for
your particular programs. 

The WILDSTAR 5 starts at
$22,529.

Annapolis Micro Systems, Inc.
www.annapmicro.com
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PIC24FJ64 microcontrollers. One runs
the tray and one controls each tile.

The project’s display is made of a
number of tiles, each about 2″ square
with an 8 × 8 array of red/green LED
pixels. Each tile is individually pow-
ered and animated. You can pick up
the tiles to rearrange them. To set up
a display, the tiles are placed in a spe-
cial tray. The tray has copper strips,
which carry a serial I/O signal across
the bottom. Each tile rests on four
spring-loaded contacts that make con-
tact with the strips to receive data

Every time you turn on a computer
screen or look at an animated sign, mil-
lions of pixels disappear into your work,
your correspondence, or your entertain-
ment. Imagine if you could capture
those dots of light and scoop them up
like grains of sand on a beach.  

Finding some large, bright LED
matrix displays inspired me to explore
this concept further. I created an ani-
mated display where each tile is inde-
pendent. I call it the Puzzlemation
system. You can pick it up and move
it around. Bring the tiles to life with
animated patterns, and you have a fas-
cinating puzzle where the pieces
you’re trying to put together are in
motion. You can also create an ani-
mated display sign of various shapes
and proportions.

Tackling this project brought up
some intriguing design challenges. If
each tile is an independent piece, how
do you power, control, and synchro-
nize them? How do you create and
store the animation? As you’ll see,
this project exposed me to a broad
range of technical issues, ranging from
TCP/IP Ethernet communication, to
real-time animation, to compact cir-
cuit board layout.

SYSTEM OVERVIEW
The system has two main compo-

nents, the tray and the tiles (see Photo 1).
It is based on Microchip Technology

from the tray (see Figure 1).
Animations are downloaded into the

tray via Ethernet and locally stored, or
loaded via an SD card. The tray broad-
casts animation to each of the tiles and
then synchronizes them. Once the
animation is synchronized and run-
ning, you can pick up the tiles and
place them anywhere. The display is
completely reconfigurable. Need a tall,
thin display? Need a square one? Or
how about a long skinny one? No prob-
lem. Rearrange the tiles as you please.

If the pieces are left in the tray, the

FEATURE ARTICLE by John Peterson

John designed an expandable platform for light and animation. You can use it to create
modular animated signs, animated puzzles, and more. The system features a tray and tiles,
which are based on 8 × 8 LED displays. Once the tiles are synchronized, you can pick them
up and rearrange them.

A Dynamic Tile Display
Board Layout, Real-Time Animation, and More

Photo 1—This is the Puzzlemation system. Each tile is individually powered and animated. The tray electronics on
the left download data into the tiles.
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the matrix, for a total of 24 connec-
tions (eight columns, eight red rows,
and eight green rows).

A PIC24FJ64GA004 microcontroller
drives the LEDs, stores the anima-
tions, and processes the serial data (at
9,600 bps) broadcast from the tray.
The microcontroller has 35 I/O pins,

animation can be updated over the
Ethernet connection. The tiles display
the animation for several hours with
their own rechargeable battery power.

The ability to rearrange the tiles
also offers an interesting challenge. If
you scramble the tiles before loading
the animation, a unique puzzle
emerges. You must then
rearrange the pieces of an
animated image. (This is
where the name Puz-
zlemation comes from.)
Of course, the tray can
ask the pieces to show
their ID numbers so you
can put them back in
order again. 

TILE HARDWARE
The tiles are based on

2″ square 8 × 8 LED
matrix displays. Each
pixel in the display has
red and green LEDs, shar-
ing a common cathode
tied to the columns of
the matrix. As you can
see in Figure 2, individ-
ual connections for the
red and green LEDs are
located along the rows of

24 of which are used to drive the dis-
play. Because the microcontroller can’t
quite sink enough current if all of the
LEDs in a column are on, the column
lines are connected through a
ULN2803AFW Darlington transistor
array to provide the necessary current
drive.

Because of the matrix configuration,
one column of the display is active at
a time. The microcontroller scans the
columns at about 1,000 Hz to provide
the appearance of a steady display.
The LEDs have a one-eighth duty
cycle, so current-limiting resistors are
not needed. The average current
received by the LEDs is well below
their rated maximum.

Power for each tile is supplied by
two AAA batteries and fed through a
Maxim Integrated Products MAX756
boost regulator to get the 3.3 V
required by the microcontroller. The
rechargeable NiMH AAA batteries
have about 800 mAh. Each tile draws
about 100 to 280 mA, depending on
the number of illuminated LEDs. The
boost regulator is approximately 80%
efficient, giving an overall battery life
of around 6 h.

Because accurate timing is required to
keep the animations in sync, an exter-
nal crystal oscillator is provided for each
microcontroller. This is significantly

Figure 1—Each tile contains a microcontroller and power to drive the display. The tray receives animations from an
Ethernet or SD card and broadcasts it to the tiles via serial I/O.

Control
switches

MAX756
Boost regulator

Status LEDs
PIC24F64GA002

Serial out (UART)

Buffer

3.3 V
Tray

AAA x 2 3

3

SPI

SPI
ENC28JC0 Ethernet

25LC256
EEPROM

SD Card
socket

PIC24FJ64GA004

Serial in
UART

Tiles

MAX756
Boost regulator

3.3 V

AAA x 2 

Driver
transistors

LED Matrix

Columns
Red
rows

Green
rows

8 88

Figure 2—The tile is implemented on two PCBs. This one holds the LED matrix display, the PIC24FJ64GA004 microcontroller, and a
ULN2803AFW transistor to sink the current for the common cathodes of the LED matrix. A crystal enables accurate timing.
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more precise than the on-chip oscilla-
tor. It uses the same 7.3728-MHz fre-
quency as the Microchip 28-pin
demonstration board.

The circuitry and power source for
the tiles must fit within the 2″ × 2″
footprint of the LED matrix display in
order for the tiles to fit snugly together
(see Photo 2). To accomplish this, the
components are split across two stacked
circuit boards connected by eight pins.

The top board has the
LED matrix display,
microcontroller, driver
transistor array, and crys-
tal. To fit within the dis-
play’s footprint, surface-
mount components were
used. I used Kester R276
solder paste and an old
toaster oven to reflow the
solder for the SMD com-
ponents. This was much
easier than trying to sol-
der the tiny components
by hand (see Photo 3).

A set of four “address”
jumpers sets the unique

ID for each tile. They allow the serial
data protocol to address a particular
tile. Using hardware jumpers enables
the tiles to use identical firmware.

The lower board has the boost
regulator and associated electronics,
batteries, and on/off and reset switch-
es. Underneath this board are four
spring-loaded “pogo” connectors for
making contact with the tray. Only
two are currently used: serial input

and a ground connection. The other
two allow for serial output (e.g., for
debugging or interactive games) and an
external power supply. The AAA bat-
teries just fit within the 2″ width of
the tile, so low-profile battery clips
were used to stay within bounds. Hav-
ing the batteries right over the tray
contact pins helps them make good
contact and keeps the entire tile
assembly stable. The eight connecting
pins carry the power, serial data, reset,
and in-circuit programming signals
from the bottom board to the top.
They’re also sturdy enough to provide
mechanical support for the top board
(see Figure 3).

A low-profile connector is provided for
hooking the tile up to the Microchip
MPLAB ICD2 debugger/programmer, so
the PIC24FJ64 is programmed in place.
A separate adapter board was construct-
ed to convert the Microchip ICD 2’s RJ-
45 connector to this one.

TILE SOFTWARE
The firmware for the tiles is com-

pletely interrupt driven. All software
functions are accessed via interrupt
service routines (ISRs). Two timers
control the display. The first (Timer 1
at about 1,000 Hz) scans the columns
of the display in its ISR. The second
(Timer 2) switches from frame to
frame at a rate controlled by the ani-
mation downloaded into the tile.

Animation frames are stored in the
tile as 8 bytes of red pixel values (1 byte
for each row of eight pixels) followed
by 8 bytes of green pixel values.
Because the LED matrix has common
cathode columns, pixels are displayed
by columns, rather than rows. A simple
routine rotates each animation frame
90° before it’s displayed. Each frame also
stores a 16-bit time value that controls
how long the frame is displayed. Hav-
ing a separate time value for each
frame is useful in sign display applica-
tions, where a message is displayed for
several seconds, followed by a brief
transition, then another message, and
so on. A frame time of zero shuts off
the frame timer for a static display.

A third ISR executes when a charac-
ter is received via the UART’s serial
input. The tiles respond to a simple
command language, with the first

Photo 2—This is the tile assembly. Spring-loaded contacts on the bottom of the
tile assembly (on the left side) make contact with the tray to receive serial data.
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character specifying the command
(see Table 1).

A simple software state machine
parses the commands with multiple
parameters. The serial data from
the tray is broadcast to all of the
tiles simultaneously. Some of the
commands, like those for starting
the animation or displaying the
tile’s ID, apply to all of the tiles.
Other commands specify a tile ID
and apply only to a particular tile.
In this case, all of the tiles must
parse the command data with

their state machines, but only the tile
with the ID matching the one speci-
fied in the command actually stores or
displays the data.

When downloading animation
frames, the tile displays a spinning
“pinwheel” animation while it’s
receiving data. If the pinwheel is red,
that tile is the one currently receiving
the data; otherwise, it’s green. The
tiles can display text using an 8 × 8
character set designed by John Reeves
Hall. This is useful for sign display
applications. It also provides a simple
way for the tray to display diagnostic
messages.  

THE TRAY
The tray takes data from the outside

world, broadcasts it to the tiles, and
synchronizes them. It also provides a
basic user interface for controlling the
tiles. It is based on a PIC24FJ64GA002
microcontroller, the 28-pin cousin of
the microcontroller used in the tiles.
One of the microcontroller’s SPI ports
connects to a Microchip Technology
ENC28J60 Ethernet controller. The
other is connected to either an SD
card socket or Microchip 25LC256
serial EEPROM. On-board power is
supplied by two AAA batteries boost-
ed by a MAX756 voltage regulator,
similar to the design of the tiles (see
Figure 4). A few push buttons and
LEDs provide a user interface and sta-
tus feedback. The serial output of the
tray’s microcontroller is buffered by a
74LS244 and then connected to the
copper foil strips that carry the serial
data to the tiles (see Photo 4).

I used a Microchip PICtail+ Ether-
net module that was designed for one
of Microchip’s design kits for the

Photo 3—These are
prototype tile boards.
The top board (left)
includes a microcon-
troller, crystal, and
display driver. It con-
nects via header pins
to the power board
(right) containing bat-
teries, a Maxim Inte-
grated Products
MAX756 power con-
verter, switches, ICD
connect, and spring-
loaded contacts
(underneath).
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ENC28J60 Ethernet interface. It
requires an expensive connector and
isn’t mechanically stable. A better
choice would have been an ENC28J60-
H distributed by Olimex. Unfortunate-
ly, I couldn’t locate one in stock at the
time I was working out the design. 

Having the Ethernet interface on a
removable card has another benefit:
battery life. The ENC28J60 runs
rather hot, and the module consumes
about 210 mA, enough to put a seri-
ous dent in the tray’s battery life.
With the module removed, the tray’s
battery life exceeds that of the tiles.

The SD card was far more useful
than the 25LC256 EEPROM for stor-
ing animations. The EEPROM has
limited storage (only 32 KB) and less
software support than the SD card. A
128-MB SD card has more than
enough space for Puzzlemation’s needs
and routinely sells for about $5 on the
’Net. That’s less than the
cost of the connector for it!

TRAY SOFTWARE
You might think managing

TCP/IP sockets and a PC-com-
patible file system requires a
32-bit RISC chip with a
megabyte of memory running
Linux. But thanks to some
clever software libraries from
Microchip, a $3 PIC24FJ64
handles all of this, as well as
communicating with the
tiles, in less than 64 KB of
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program memory. (Refer to the
TCP/IP Sockets sidebar.)

Using the Ethernet connection, ani-
mations are downloaded over the net-
work and stored as files on the SD
card. You can start, stop, and erase ani-
mations with commands over the net-
work. Sending simple text messages for
display on the tiles is also supported.
You can use a simple adapter to copy
animations from your PC to the SD
card. The PC card is formatted with
the FAT32 file system, which all PCs
(Windows, Mac, and Linux) operate
with. 

The TCP/IP interface is based on
Microchip’s TCP/IP stack library (avail-
able as C source code on Microchip’s
web site). This library provides a full
range of TCP services, including a web
server (HTTP), limited file transfer (FTP),
e-mail (SMTP), and more. For Puzzlema-
tion, only a couple of these high-level

services are used. The first,
DHCP, lets the TCP stack
auto-configure itself by query-
ing the network’s gateway for
address information. The sec-
ond, ICMP, responds to echo
requests. This is a useful
debugging tool because you can
ensure the networking software
is up and running by issuing a
“ping” command to the tray’s IP
address from a PC and see if
you get an echo packet back.

To communicate with a PC
host, the system sets up two
servers, each listening on its
own TCP port. One server
listens for commands to dis-
play text messages on the
tiles. Short text messages

(limited in length to the number of
tiles) sent to this port are displayed
on the tiles. The second server lis-
tens for commands to download and
manage animations. The animation
port interprets the commands listed
in Table 2 for downloading, display-
ing, and erasing animations from the
SD card. 

Unlike the tile software, which is
completely interrupt driven, the tray’s
main loop calls three routines. The
first two, DisplayTextServer and
LoadAnimServer, process requests on
the Animation and Text display ports. A
third routine, StackTask, is defined by
the TCP/IP library and takes care of all
the processing required by the TCP/IP
software. It’s important to add calls to
StackTask within the loops of the serv-
er routines, because that’s where the
TCP library does the actual data transfer.

The files on the SD card are managed
with Microchip’s MDD File
System library, which is also
available in source code form
from Microchip’s web site. It
implements a PC-compatible
FAT file system on a SPI-acces-
sible device like an SD card.
From a programming standpoint
it looks a lot like the standard
I/O library familiar to any C
programmer.

The key to using these
libraries, and getting them to fit
in 64 KB of space, is the com-
pile-time switches Microchip

Figure 3—The second tile PCB holds the MAX756-based boost regulator, the batteries, control switches, and the ICD2 pro-
gramming connector. Two four-pin headers connect it to the other PCB. Spring-loaded pins on the bottom connect to the serial
data lines on the “tray.”

Table 1—This table shows the tile serial protocol.

Command Parameters Description
D <N><T><frame data> Download N frames to tile T

C <T><char> Display character char on tile T

c <T><color><char> Display color character char on T

S None Start animation

R None Reset

F None Freeze (stop) animation

U None Unfreeze (continue)

T <8 bytes of pixels> Test (load green pixels, all tiles)

t <T><8 bytes of pixels> Load green pixels in tile T

V None Display test pattern

I None Display tile’s ID number
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data is split up into separate
blocks of frames for each
tile, in a special bit-mapped
format. The best way to
develop content for this
design is to use software
tools like Adobe’s Flash or
Photoshop. Both of these
PC-/Mac-based tools have
extensive facilities for creat-
ing graphics and animation.
Once the animations are
created, they are easily
exported to standard for-
mats, such as a series of
portable network graphics
(PNG) or graphics inter-
change format (GIF) files.

The job of bridging the
gap from high-level anima-
tion tools to low-level for-
mats is done by a script
written in Python. A nice
package called the Python
Imaging Library (PIL) sim-
plifies the task of reading
the standard image files,
carving them up into tile-
sized pieces, and reformat-
ting them into the bitmap-
based format the system
uses. The specially format-
ted files are either sent
directly to the tray over

Ethernet or downloaded onto an SD
card as PZM files.

PRODUCTION VERSIONS
With a hand-made prototype up and

running, it’s fun to envision what a

provides to disable portions of the
code that aren’t used. For example,
with the TCP/IP library, I enabled
only the DHCP feature and ICMP
services. The protocol in Table 2 was
implemented with lower-level socket
code. Similarly, I disabled hierarchi-
cal directory access and disk format-
ting in the FAT library, because I
wasn’t using those functions. The
two libraries, along with the rest of
the tray code, consume about 50 KB,
or 90% of the PIC24FJ64’s available
code space.

There are two buttons on the tray to
control the system. The first button
cycles among the animation files on
the SD card, displaying their names
on the tiles. It also shows some diag-
nostics, such as displaying the individ-
ual tile ID numbers and the IP address
of the tray. Pressing the other button
loads that animation and starts it. Of
course, it’s helpful to have the tiles

arranged in order when you’re trying
to read the filenames. 

HOST SOFTWARE
The network protocols implemented

by the tray are low-level. The animation

Photo 4—The tray takes data from the Ethernet or an SD card and broadcasts it to the tiles via the copper strips of
tape. Tiles pick up the serial data via spring-loaded pins underneath them.

Figure 4—The tray interfaces the tiles to the outside world via Ethernet (implemented on a PICtail card) and provides an SD card slot
for loading animations. It broadcasts animation to the tiles via a serial line that’s buffered through the 74HC244. It runs on battery
power using the same MAX756-based boost regulator used by the tiles.
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TCP/IP SOCKETS
Systems for accessing TCP/IP networks, such as the Internet or a local Ethernet LAN, are usually based on a socket model.

A “socket” represents an open TCP/IP network connection. When you write data to the socket, the computer on the end of
the connection (anywhere on the planet) is able to read it, and vice versa. The underlying TCP/IP protocol takes care of the
details. It chops the data into packets, routes them on their way, and even sends extra copies if some of the packets get lost.

Opening a socket requires two basic pieces of information: the address of the computer you’re trying to connect to and the
port, indicating the service or function on that machine you’re trying to access. Internet protocol (IP) addresses are currently
32 bits and usually expressed as groups of four 8-bit decimal numbers. For example, www.circuitcellar.com is found at
206.223.65.196. A network service called domain name service (DNS) converts convenient text names into their numerical
addresses. Many high-level socket libraries use names interchangeably with numerical addresses.

The “port” refers to the service you’re trying to access. For example, Internet standards reserve port 80 for accessing web
pages. Port 25 is used for sending e-mail. There
are hundreds of different services that use dif-
ferent ports. Some are standardized and well
established (like web and e-mail), while others,
usually with port numbers above 1,024, are
defined on the fly for particular applications. A
computer creates a service by opening a socket
on the port for that service and “listening” for
connections. When a connection is made from
a remote computer, it accepts the connection
and begins processing the data.

Many of the protocols are surprisingly sim-
ple. For example, try typing telnet
www.google.com 80 at your favorite command
line to open a connection from your keyboard
to Google’s web server (port 80). Then type
GET / HTTP/1.1 followed by two control-Js.
(Depending on your computer’s telnet imple-
mentation, your keystrokes may or may not be
echoed.) You’ll see the code for Google’s home-
page come flying back. Another useful com-
mand is ping hostname. It sends a special diag-
nostic packet to the remote host every second
or so and writes a message when it gets echoed
back.

Using Microchip Technology’s TCP/IP
library, it’s simple to create a service on a PIC
processor that listens for connections at a par-
ticular port. The top of Listing 1 is an excerpt
from the Puzzlemation tray code that listens
for text to display on the tiles. I arbitrarily chose
port 1092 for it to listen for text messages and
port 1093 for listening for animation data. To
send text to the tiles, you can use the telnet
command: telnet nnn.nnn.nnn.nnn 1092
(where the “n”s represent Puzzlemation’s IP
address). Or, use a simple Python program,
like the one at the bottom of Listing 1.

These days, most computers, particularly in
office environments, are behind network “fire-
walls” that remap IP addresses and restrict traf-
fic to a few standard ports. But, if they’re con-
nected directly to the Internet, you could run
the Python program in Listing 1 on a computer
in Paris and the message would appear on the
Puzzlemation tiles in California—without
changing a line of code. With TCP/IP sockets, a
“remote” connection really does mean remote.

Listing 1—This is sample code for communicating over a TCP socket. The top part (in C) implements
the server running on the Tray for displaying text messages. The bottom part (in Python) shows how
text messages are sent to the tray from a remote host.

//
// Server for displaying text messages.
// This routine should be called from the MCU's main loop.
//
void DisplayTextServer()
{

char msgBuffer[kMaxTiles + 1];
int charsAvailable;
int needDiscard = 0;
static int serverInitialized = 0;

if (! serverInitialized)
{

TextSocket = TCPListen( TRAY_TEXT_PORT ); // Port 1092
if (TextSocket == INVALID_SOCKET)

SendErrorMessage("No txt Sock!");
else

serverInitialized = 1;
}

if (! TCPIsConnected(TextSocket))
return; // No incoming connection yet...

// How much data is waiting?
charsAvailable = TCPIsGetReady( TextSocket );

// Limit what we'll take to the number of tiles we have
if (charsAvailable > kMaxTiles)
{

charsAvailable = kMaxTiles;
needDiscard = 1;

}

// Read the data
TCPGetArray( TextSocket, (BYTE *)msgBuffer, charsAvailable );

msgBuffer[charsAvailable] = '\0'; // Null terminate

// Send data to the tiles
SendString( msgBuffer, currentTextColor );

// Throw away what we couldn't use
if (needDiscard)

TCPDiscard( TextSocket );

// Send acknowledgement back
TCPWriteString( TextSocket, "OK\n" );
TCPDisconnect( TextSocket );

}
###################################################
# Python code for the host to 
# send messages to Puzzlemation
#

import socket

def sendTrayMessage(msg):
TrayHost = '192.168.0.200' # The IP address of the tray
TrayTextPort = 1092 # Port used for sending text messages
# Opens a socket to the text port
s = socket.socket(socket.AF_INET, socket.SOCK_STREAM)
s.connect((TrayHost, TrayTextPort))
s.send(msg)
result = s.recv( 2 ) # Check for acknowledgement from the Tray
print result
s.close()

sendTrayMessage( "PUZZLEMATION" )
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more memory for the pixels, a PWM
scheme could control the brightness
of the LEDs, allowing for more colors.
This has a serious memory trade-off,
though. Adding even a few extra bits
per pixel dramatically cuts the num-
ber of available animation frames.

Another interesting extension is using
full-color LED matrix tiles with red,
green, and blue pixels. By using a
demultiplexer for the column drive lines
and removing the address jumpers (the
tile ID may be written into the micro-
controller’s EEPROM with a special
command), the 44-pin PIC24FJ64GA004
would have enough I/O pins to drive a
full-color display. Unfortunately, cost is
a significant issue. At least in small
quantities, full-color RGB versions of
the LED matrices are nearly five times

RESOURCES
J. R. Hall, “8 × 8 Bitmapped Font,”
http://overcode.yak.net/12.

K. Maxon, “Have You Seen My New
Soldering Iron?,” Encoder, June 2006.

N. Rajbharti, “The Microchip TCP/IP
Stack,” Microchip Technology, Inc.,
AN833, 2008.

P. Reen and N. Mohaanswamy,
“Implementing File I/O Functions
Using Microchip’s Memory Disk
Drive File System Library,” Microchip
Technology, Inc., AN1045, 2008. 

John Peterson is a Silicon Valley soft-
ware developer whose work appears
in major applications software. He
received a B.S. and an M.S. from the
University of Utah, focusing on com-
puter graphics and image processing.
John holds seven U.S. patents. You can
contact him at saccade@gmail.com.
John’s other system design projects
are showcased at www.saccade.com.

mass-produced version would look
like. A production version of the tiles
could probably be built with a single
circuit board, a PIC24FJ64 microcon-
troller, a crystal and driver on the top
side underneath the display, and the
power electronics on the bottom. This
was undesirable in the prototype,
where everything had to be accessible
for testing and debugging. The batteries
and contact pins could be held in cus-
tom-molded plastics. A production tray
would have matching snap-in recepta-
cles for the tiles with built-in contacts.
This would make it easy to hang the
display on a wall. It could also double
as a charger for the tiles’s batteries.

The current prototype uses 2 bits
per pixel and allows four colors: dark,
red, green, and yellow. By allocating

SOURCES
25LC256 Serial EEPROM, ENC28J60
Ethernet controller, MPLAB ICD2
debugger/programmer, PIC24FJ64GA002
and PIC24FJ64GA004 microcontrollers,
and PICtail+ Ethernet
Microchip Technology, Inc.
www.microchip.com

Python Imaging Library (PIL)
PythonWare
www.pythonware.com/products/pil/

Author’s note: You can download
Microchip’s TCP/IP library, along
with the documentation (AN833), at
http://tinyurl.com/6dh7m7. Additional
photos and a video of this design are
available at www.puzzlemation.com.

PROJECT FILES
To download code, go to ftp://ftp.circuit
cellar.com/pub/Circuit_Cellar/2008/221.

Table 2—These are commands interpreted by the animation port. Animations are downloaded onto the SD card
with this protocol.

Animation port commands
Name Format Description
Add A<name>,<#tiles>,<#frames>\n<data...> Download animation

Start S[<name>]\n Start animation

Erase E<name>\n Erase animation
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more expensive than the red/green dis-
play used in the prototype.

My design is a platform for creating
animated LED displays. You can make
everything from puzzles and games to
animated signs that are easy to recon-
figure for any application. I
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suites. At the same time, it seems
that the historic vestiges of the differ-
ent tools remain just underneath the
surface, with only a cosmetic facade of
superficial integration hiding the dif-
ferences. Designers are left to deal
with what feels like a mish-mash col-
lection of parts cobbled together.

50,000 FEET
Originally founded in the 1980s as

Protel International, the company now
known as Altium was one of the first to
jump on the concept of using the then-
new PC as an EDA workstation for PCB
design. Having succeeded with their PC-
based PCB “point” tool in the mid-
1990s, the company turned their atten-
tion to bigger things with the introduc-
tion of Protel, a tool that combined PCB
and programmable logic design capabili-
ties. Subsequently, like many other tool
suppliers, Altium has pulled the pieces
of the development process together by
acquisition. An IPO in 1999 gave the
company the cash to aggressively fur-
ther their vision by adding logic syn-
thesis (Metamor, Accolade Design
Automation, Green Mountain
Computing Systems) and embedded
software (TASKING) tools to the mix.

Typically, this is about where the
integration-via-acquisition strategy
stalls out. Indeed, in many cases the
“point” product strategy continues vir-
tually unchanged, with “integration”

electronics design represents an obsta-
cle to progress. Traditionally, major
tasks such as chip design, system
design, software programming, PCB
layout, and physical packaging were
handled by completely separate groups
of specialists. Each group had only
narrowly defined linkage and commu-
nication with the others and would
otherwise work independently using
their own specialized tools.

But these days, crafting a superior
product requires a much more holistic
design approach. Not that every engi-
neer needs to become a jack-of-all-
trades, and thus master-of-none. But the
design process needs to be more team-
oriented, collaborative, iterative, and
flexible. Unfortunately, as each “point”
tool becomes more complex and self-
centered, the result is even less ability
to play cooperatively with others.

Responding to the problem, a partic-
ular point tool supplier may provide a
hook or path to “integration” with
another. For example, Electronic Data
Interchange Format (EDIF) is a well-
known standard that provides a con-
nection between various hardware
design specialties (i.e., chip and sys-
tem design and simulation). But there
are gotchas. Few tool suppliers have
the wherewithal to cover all the
“point” tool bases, leaving engineers to
craft their own lash-up by integrating a
collection of partially integrated tool

Imagine you’re embarking on a home
improvement project—say, a kitchen
remodel. Heading over to the local
home improvement store you find all
of the materials you need. There’s
finely milled wood, advanced compos-
ite countertops, precision-machined
plumbing fixtures, and so on. Ain’t
technology grand?

With your cart fully loaded with
material wonders of the modern age,
you head over to the tools section,
where you find some sharp rocks, a
bin full of sticks, and woven reed rope.
Gee, guess the first thing to do is
build a hammer.

I’m sure you can see where this is
headed. I’ve often lamented that the
tools electronic designers rely on
haven’t kept up with the materials,
namely silicon. The problem is that
there’s no Moore’s Law for tools.

Yes, tools have gotten better. But
they have to run as fast as they can
just to keep up with the capabilities of
rocket science silicon and the
demands of feature-creep designs.
After all, these days, even a simple
“Hello World”-class application seem-
ingly requires a 32-bit CPU with a
touchscreen graphics GUI, RTOS, and
megs of software.

MISSING THE POINT
The historical reliance on “point”

tools to handle various aspects of

Tool Time

SILICON UPDATE by Tom Cantrell

Tom has often bemoaned that the tools electronic designers rely on haven’t kept up with
the silicon. The answer to his complaint may be Altium’s Designer, which allows you to
complete an entire design, including hardware and software, from start to finish. When
you’re done, debug with Altium’s NanoBoard.
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being more a financial exercise in
“conglomeration” rather than a true
breakthrough (i.e., the whole is little
more than the sum of the parts).

So what’s the Altium difference?
Here’s an analogy. Imagine you’re
handed a few pieces of a jigsaw puzzle
and asked to make a picture out of
them. What you would
end up with depends on
how many pieces you
have and how well they
fit together. You could
probably come up with a
picture of some sort, but
it might not be a real
work of art.

Instead, Altium starts
with the big picture and
gives you all the pieces of
the puzzle you need to put
it together (see Figure 1).
With the passion of a true
believer, their vision goes
well beyond mere point
tool “integration” to true
“unification.” The scope
is sweeping, from the

gates buried deep inside a chip up to
and including the physical packaging
of the entire design (see Photo 1). To
Altium’s way of thinking, the pieces of
the puzzle (i.e., point tools) are just the
means to a larger end (i.e., a successful
product), not the end themselves.

Altium puts it all together in their

aptly named “Designer,” a single tool
that can accommodate an entire
design (i.e., hardware, software, PCB)
from start to finish.

NANO?
Designer’s high-concept tool “unifi-

cation” story is grand, but all for
naught without some
silicon behind it. Enter
the hardware half of the
story, the NanoBoard,
which paired with
Designer comprises
what Altium calls the
“Innovation Station.”
The “Nano” moniker is
a bit ironic because it
might imply something
small or insignificant,
but as you can see in
Photo 2, the NanoBoard
is anything but.
“MegaBoard” is more
like it.

NanoBoard is far
beyond the typical “EV
kit” or “demo board.”

Figure 1—Moving beyond the “point tool” era, Altium unifies all aspects of electronic product creation into a single comprehensive solution they call Designer.

Photo 1—Designer takes PCB layout to the next level with solid modeling. You can change a
chip on the schematic and quickly see how it affects the layout and packaging.
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boards and baseboard.
Contemplate the NanoBoard capa-

bilities a bit and you’ll realize it can
handle a wide, wide variety of applica-
tions. If there’s a particular chip or I/O
feature missing, you can certainly
bring it into the mix via the
NanoBoard “User Header” expansion
connectors, which feature jumper-
selectable 3.3- or 5-V power.

FIRE EXTINGUISHER
At this point, let’s take a bit of a

test drive to introduce key features
and get a feeling for
what “unified” design
is all about. Keep in
mind I’m scratching
only the surface of this
extremely deep soft-
ware. For every feature
I mention, there are 10
more behind it.

A Designer “project”
consolidates every file
associated with a
design (e.g., schematic,
VHDL, “C,” ASM,
PCB layout, documen-
tation, and more) in
one place. In turn,
every project starts
with a blank “sheet,”
which is the highest
level of the design. An
object on the top sheet
might be a stand-alone
chip, logic in an
FPGA, or yet another

lower-level sheet in a
hierarchical fashion.
When you hit the
“Build” key, Designer
crunches everything
(e.g., synthesizes the
VHDL, compiles the
“C”), drawing from
extensive libraries of
canned IP along the way.

Handling the gory
details of FPGA imple-
mentation (e.g., place
and route and timing
analysis) is the single
exception to Designer’s
“one-program-does-it-
all” philosophy. Instead,
at that point in the proj-

ect build, Designer hands off to the
vendor-specific (e.g., Xilinx, Altera)
FPGA toolchain to do the heavy lift-
ing. The transition is handled unob-
trusively behind the scenes and is
indeed completely transparent, at least
if all goes well (i.e., no place and route
or timing errors). 

One of the cool things about
Designer is that it enables you to
design in a rather FPGA brand-agnos-
tic fashion. In addition to vendor-spe-
cific FPGA libraries, there’s also a
comprehensive “generic” FPGA
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Think of it as an embed-
ded erector set that
enables you to quickly
bolt together all manner
of different applications.

The NanoBoard com-
prises three major sub-
systems. Along with
power and USB connec-
tion to the host PC, the
baseboard includes a
large complement of
generic I/O functions,
including the usual
switches, LEDs, serial,
parallel, ADC, DAC,
CAN, RTC, and so on.
The notably nongeneric
addition is the touch-
screen color LCD. Altium even
includes a stylus to poke it with.
Although you can’t see it in the photo,
underneath is an audio board with
stereo speakers and multicolor LEDs
for the light show.

Plugged into the baseboard on the
left side you can see a collection of
three “peripheral boards” that provide
more specialized I/O capabilities. The
larger board at the top (PB-01) is a
complete video graphics subsystem
with a 24-bit VGA and composite and
S-Video inputs and outputs. On the
lower left, the “mass storage” peripher-
al board (PB-02) provides a connection
for various flavors of hard disk drives
(1.8″, 2.5″, 3.5″) as well as multime-
dia flash cards (e.g., CompactFlash,
SD/MMC). The third board (PB-03) is
for networking with 10/100 Ethernet,
USB 2.0, and an IR interface (IrDA or
the included TV remote). According
to Altium, there are additional periph-
eral boards (e.g., 802.11) in the works
as well.

It takes a big brain to manage all
that I/O. There it is in the center of
the NanoBoard (under the plastic
cover) in the form of an FPGA card.
Two cards, one Xilinx and one Altera,
came with my kit and versions based
on Actel. Lattice chips are also avail-
able. The FPGA card also has a bunch
of memory, and I do mean a bunch, as in
64-MB SDRAM, 32-MB flash, and 2-MB
SRAM. Finally, there are three 100-pin
connectors routing signals between the
FPGA pins and the I/O on the peripheral

Photo 2—Are we having fun yet? Oh yeah. The NanoBoard is a new-age silicon sandbox for
designers to play in.

Photo 3—The black magic of turning “C” into stand-alone hardware is to
decide what portions of your “C” program you tell the “CHC” compiler to trans-
late to VHDL.
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GET STARTED IN 3 EASY STEPS
1. Visit the mTouch Sensing Solutions 

design center at
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2. Download FREE libraries and source code

3. For a limited time, save 20% off a 
variety of touch sensing development 
tools when you purchase from 
www.microchipDIRECT.com and use 
coupon code mTouch4U.
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Capacitive touch interfaces provide an excellent 
way to add low-cost, reliable and stylish buttons 
into your design. Microchip Technology’s mTouch™ 
Sensing Solution includes comprehensive 
development kits and a free diagnostic tool to 
make implementation easy and fast. Our free 
source code can be seamlessly integrated with your 
existing firmware on a single PIC® microcontroller – 
eliminating the need for additional controllers.

THE mTouch SENSING SOLUTION FEATURES:
FREE license libraries and source code
A FREE diagnostic tool
Integration with 8- and 16-bit PIC microcontrollers
Easy expansion, with support from 6 to 100 pins
Low-power operation
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library. By taking advantage of device
independence, it’s possible to retarget
a Designer project to a different brand
of FPGA late in the design cycle. The
same can’t be said for using vendor-
specific FPGA tools, which tend to
lock you into a particular brand of
chip.

Altium is a big believer in soft-core
processors when it comes to embed-
ding intelligence, so Designer includes
support for the usual suspects (e.g.,
Xilinx’s MicroBlaze, Altera’s Nios).
Indeed, Altium claims their in-house
(via the TASKING acquisition) “C”
compiler generates better code than
the GNU versions typically found.

Going a big step further, Altium
offers their own 32-bit soft core called
the TSK3000A. It’s a classic I Love the
80s, five-stage pipelined, 32-bit fixed-
length instruction, load-store RISC.
Indeed, although I can’t say every
detail is exactly the same, it’s pretty
obvious that the TSK3000A harkens
back to the original MIPS R3000. With
big iron features (e.g., hardware
divider, barrel shifter), it’s not the
leanest and meanest core on the block.

But it doesn’t matter because the most
unique and compelling feature of the
TSK3000A isn’t its architecture, but
rather that it works with different
brands of FPGAs.

The fact that Designer works with a
variety of processor cores and FPGAs
allows you to explore various hard-
ware options late in the cycle and
could lessen the pain caused by a sud-
den change of plans. Imagine a sce-
nario where you are 90% finished
with a design using Xilinx-specific
chips, tools, and IP (e.g., MicroBlaze).
All is going well until the boss
decrees: “We’re switching to Altera.”
Not a pretty picture, eh? Designer’s
multivendor capabilities are like hav-
ing “fire drill insurance.”

IF THE SHOE FITS
Long-time readers have probably

heard my joke before. These days,
every designer sits at a screen typing
stuff in, be it “C” or VHDL. So, how
do you tell the difference between a
hardware engineer and a software pro-
grammer? Easy, just check if they’re
wearing shoes. Ba-dum-dum. I’ll be

here all week.
It may not be so funny, but it has

never been more true than with
Designer. Click on a sheet object and
you might find a schematic symbol or
some VHDL. No surprise there. But
with Designer, you might also find a
chunk of “C” code. This goes beyond
the “C” code running on a soft-core
processor. Everybody can do that. I’m
talking about translating “C” to
stand-alone hardware.  

Here’s how it works. Under the
hood, Altium uses what they call a C-
to-Hardware Compiler (CHC) to trans-
late “C” to VHDL, which is then syn-
thesized to hardware in the usual way.
The beauty of the scheme is that you
can initially write and debug a soft-
ware version of your logic using the
conventional “C” tools. Once it’s veri-
fied, you can tell Designer which por-
tions (i.e., functions and variables) of
the software code to morph into hard-
ware (see Photo 3).

The result goes into a so-called
application-specific processor (ASP)
that’s wired up on a sheet like any
other component. ASP I/O lines pro-
vide the means for variable transfer
and function dispatch via automatical-
ly generated “wrapper” code that
replaces the now hardened “C” code
previously run by the host processor.

One of the nifty Designer demos
rotates a cube image on the
NanoBoard LCD using both software
and hardware options. The demo
starts by rotating the cube with “C”
software in the conventional way (i.e.,
running on a TSK3000A). With all the
matrix operations, it’s kind of pokey.
But hit a switch on the NanoBoard
and operation switches to a hybrid
hard and soft version comprising “C”
on the TSK3000A accelerated with
“CHC”-synthesized hardware. To
make a long story short, when you hit
the “go fast” switch, the demo runs
10× faster.

To be sure, there is a bit of fine
print. The documentation alludes to
the need for you to give “CHC” some-
thing to work with (i.e., code
amenable to hardware optimization).
Needless to say, that’s a weighty sub-
ject that’s on everyone’s mind. To
make the long story long again, you

Photo 4—Designer comes with plenty of IP to use in your designs including the TSK3000A, a pipelined 32-bit soft-
core RISC fully supported with a high-quality “C” toolchain.
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Photo 5—Here’s an example of the power, literally, of unified design. With everything under Designer’s control, it’s
easy to get a comprehensive view of what’s going on. Try that with your lash-up of traditional point tools.

can read the 100-plus page “CHC”
user manual, starting with the chapter
on “Parallelism.” 

So don’t expect “CHC” to somehow
“automagically” extract parallelism
and optimize hardware/software parti-
tioning. Nevertheless, it’s still pretty
darn cool. As with Designer’s ability
to port a project to different brand
FPGAs, “CHC” enables exploration of
hardware and software trade-offs late
into a design. Moving even a small
piece of critical path software into
“CHC” hardware might save the day
when the deadline is looming.

THE FUN HAS JUST BEGUN
Once your design is complete and

downloaded to the NanoBoard, the fun
is just beginning. It’s debug time! 

As you can see in Photo 4, software
checkout is supported with the typical
array of debug tools (e.g., breakpoints,
single-step, watches, and more). But
it’s hardware debug where the
Innovation Station really stands out.
By virtue of “unifying” all the tools
(i.e., Designer) and hardware (i.e.,
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NanoBoard and everything
on it) what otherwise might
be a cumbersome lash-up of
various downloaders and
debuggers (e.g., MCU and
FPGA) is reduced to a single
USB connection to your PC.
The USB umbilical cord talks
to a JTAG bus connecting the
various chips and peripherals
on the NanoBoard, or for that
matter, even across a chain
of multiple NanoBoards.
The result is complete visi-
bility into all aspects of your
design (see Photo 5).

Along with this tradition-
al hardware JTAG, Designer
also includes a so-called
“soft JTAG” chain. Notably,
it allows you to see what’s
going on inside the FPGA,
eliminating the need for a
bunch of traditional test
equipment, gear that’s of little use
these days with everything buried
deeply inside silicon. 

Designer comes with a library of
predefined instruments that includes
lab-bench favorites such as a frequen-
cy counter, a clock generator, and
even a logic analyzer (see Photo 6).
Just drop them onto the sheet and
wire them in just as you would a real
instrument. Even for a signal accessi-
ble externally (i.e., routed to a pin),
using a soft-JTAG instrument is much
easier than trying to hang a bunch of
probes on a chip with a zillion tiny
pins.

By now you may be getting the mes-
sage that the folks at Altium seem to

including both the vision and
execution. As far as I’m con-
cerned, these folks really “get
it” when it comes to embed-
ded design, today and tomor-
row. But lest infatuation
cloud reason, I want to make
a point of taking off the rose-
colored glasses. Note that
many of the concerns I raise
are generic across the indus-
try and not particular to
Altium.

First is the not-so-small
matter of getting everything
up and running, and keeping
it that way. Remember that
in addition to Windows and
the Designer software, you
need to install the tool
chains for every brand of
FPGA you use. I suspect it
will be a challenge to keep
the entire platform in sync

as each piece of software migrates
through updates and revisions, with
the whole XP/Vista migration com-
plicating it further. Witness the fact
that even during the short course of
this evaluation I had to upgrade
Designer to keep up with a new
release of the Xilinx tools.

If you enjoy lots of long and
leisurely coffee breaks, go ahead and
try to run all this stuff on some
hand-me-down PC. Otherwise, you’ll
want the biggest and baddest box on
the block, the more hot-rodded the
better. A big share of the finger-
pointing is aimed at the FPGA tool-
chains, where place and route is
seemingly a black hole for PC giga-
hertz and gigabytes. For instance,
building the aforementioned 3-D
cube demo took nearly 15 min. on
my admittedly blue-collar, 1-GHz
PC, but almost 90% of that was
spent in the Xilinx toolchain, and
that was for a design that fills just
one-third of the FPGA.

It’s hard to get the big “unified” pic-
ture on a small screen, so consider
investing in multiple displays. I’ve
seen Altium demo setups with two
and even three screens for the full
“Master of the Universe” feel. The
advanced display features (e.g., 3-D
solid modeling) are well-served by a fast

think of everything. It should come as
no surprise to discover that Designer
also gives you the ability to create
your own custom-designed instru-
ments. Just drop a custom instrument
onto the sheet and craft its appearance
using a selection of predefined widgets
such as virtual LEDs (discrete, seven-
segment, bar graph), a gauge, or a
graph (see Photo 7). If you want to get
really fancy, you can craft a script
with some processing capability that
fires periodically or in response to a
particular stimulus.

REALITY CHECK
Needless to say, I’m really

impressed with this Altium stuff,

Photo 7—Debugging a design isn’t always fun and can be a time-consuming chore. The ability to craft a custom
test instrument with Designer helps zero in on bugs fast.

Photo 6—Moving all the intelligence inside chips means you’ve got to move all
your bench-top test equipment inside too.
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graphics card (e.g., DirectX accelerator)
that can push pixels pronto. 

And then there’s the not-so-small
matter of the price—$4,300 for the
NanoBoard and a one-year license for
a “core” version of Designer (i.e.,
everything except PCB layout). Once
I was past the sticker shock, I real-
ized that’s actually a decent deal con-
sidering all that’s included. The
NanoBoard itself is by far the classi-
est piece of development hardware
I’ve come across, fully capable of
handling significant “real” designs.
And as for Designer, you’re getting
all you can eat tool-wise with beefy
entrées including schematic capture,
VHDL, CHC logic synthesis, and
multi-target “C” toolchain. And then
there are the vast libraries of IP you
can use for your own design soft-core
processors from 8 to 32 bits, I/O
functions of all sorts, the peripheral
board reference designs, predefined
instruments, and more.

If I have a problem, it’s as much
with the “licensing” model that
seemingly permeates the EDA soft-
ware tool market. The upfront price
is one thing, but over time you can
easily spend that much or more for
licensing. Again, this issue is not
unique to Altium, and their licensing
model actually seems pretty straight-
forward compared to some I’ve seen
that have a lot of fine print “nickel
and dime” and “let’s make a deal”
aspects.

WORLD BEYOND ’WARE
It’s amazing, and frankly refresh-

ing, to realize you can complete an
entire design (i.e., hardware, soft-
ware, PCB) launching a single pro-
gram. Altium’s vision gets to the
point of modern design, which is to
get beyond the point tools.

But even the most compelling vision
is hostage to real-world challenges. Yes,
issues such as price (as much the
“licensing” model as the upfront cost),
pokey place and route and the soft-core
gap (i.e., price/power/performance
compared to hard-core) remain a chal-
lenge. But the bottom line is that
Altium has definitely got it together
with a first-rate package that worked
better than I expected at every turn.

Indeed, this may be the first time
I’ve ever finished a column feeling
like the tools were keeping pace, or
dare I say even catching up, with the
silicon. 

It’s time to move beyond ’ware
(i.e., hardware and software point
tools) and get on to the bigger chal-
lenge of designing and innovating our
way to a brighter future. Altium’s
doing their part with Designer and
the Innovation Station. Now it’s
time for you to do yours. I
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storage than the ATmega32 has to
offer (flash memory/EEPROM). 

In this article, I will describe how to
interface an SD card to expand an
AVR microcontroller’s nonvolatile
data storage capacity, which should
fulfill the excessive memory require-
ments of a typical embedded applica-
tion. In this project, an ATmega32L is
interfaced with 256- and 512-MB SD
cards from Kingston Technology and a
1-GB SD card from Transcend Infor-
mation and SanDisk (see Photo 1).

DESIGN CONSIDERATIONS
The first design considerations for

this type of application are the supply
voltage, the current requirement, and
I/O lines and form factor. SD cards
typically operate at 3.3 V, with a mod-

est current requirement
of 75 mA (maximum).
Next, consider that the
number of microcon-
troller I/O lines used to
connect external storage
must be kept to a mini-
mum to interface. SD
cards support the SPI pro-
tocol, so just four I/O
lines are required to
interface. The form factor
of an SD card is 24 mm ×
32 mm × 2.1 mm. (Refer
to the file labeled

In the last couple of years, the
Secure Digital (SD) memory card has
become a widely-accepted memory
solution for a variety of portable
devices and equipment, including
cameras, PDAs, mobile phones, GPS
navigation modules, gaming consoles,
MP3 players, and more. Another use-
ful technology is the high-performance
8-bit RISC Atmel AVR microcontroller,
which is suitable for a variety of appli-
cations. The ATmega32 has 32 KB of
flash memory that can be used to
store code (e.g., Hex files). But what if
your embedded system is memory
hungry for applications, such as a data
logger for a weather station or an
industrial automation application to
log alarms and trends? Both systems
require more nonvolatile memory

pinout details.doc posted on the Cir-
cuit Cellar FTP site.) The previous
design considerations are the main
advantages of interfacing an SD card
in an embedded system.

Compared with other available flash
memories, an SD card is the better
option. For instance, the 512-KB
AT29LV512 flash chip requires 15
address lines, eight data lines, and
three control lines, when interfaced
with a microcontroller.

SPI and I2C-based external memory
devices require four or two interface
lines, but the maximum memory
capacity of these devices can go up to
64 MB (i.e, the AT45DB642D, which
costs $6 at Mouser Electronics). Cost
is an important factor. A 1-GB Tran-
scend SD card costs $6.15 (Source:
Amazon.com).

The on-chip integrated SPI available
in AVR microcontrollers is an advan-
tage of interfacing and accessing the SD
memory card (see Figure 1). Compared

FEATURE ARTICLE by Mandar Bagul

When it comes to designing an embedded application, memory matters. In this article,
Mandar explains how to expand a microcontroller’s nonvolatile data storage capacity with
an SD card. It’s an intelligent way to handle the excessive memory requirements of typical
embedded applications.

Cost-Effective Mobile Data Storage

Photo 1—This is an SD card compared with a 5-rupee coin.

Interface an SD Memory Card with an MCU

Figure 1—This is a schematic of the SD card and AVR microcontroller.
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quarter of 2000.

HARDWARE 
The SD card has a controller in it

(see Figure 2). The flash memory con-
trol enables you to perform basic func-
tions including erase, read, write, and
error control inside the memory card.
Data is transferred between an SD
card and a host-interfaced microcon-
troller in units of 512 bytes per block.

The first piece of hardware in the
project is the SD memory card head-
er. To enable you to easily connect to
the SD card, I used a 3M card connec-
tor SD (Mouser Electronics, SD-
RSMT-2-MQ).

The second piece of hardware is the
Transcend 1-GB TS1GSDC SD memo-
ry card. It is fully compatible with SD
card specification V1.1. To test the
setup, 256- and 512-MB SD cards
(from Kingston) and a 1-GB SD card
(from SanDisk) were also procured and
tested.

The third piece is the ATmega32L
microcontroller. The ATmega32L-
8PU is the best choice for this setup
because the operating voltage is from
2.7 to 5.5 V and it operates at 8 MHz.
The 1-KB internal SRAM is advanta-
geous because you can declare a
buffer size of 512 bytes to exchange
data with the SD card. A SPI is an
integral part of the microcontroller.
The full SPI details are covered in the
ATmega32’s datasheet. The micro-
controller and SD card are powered

with other popular detachable memo-
ry cards (i.e., CompactFlash), the SD
card supersedes it in terms of form
factor, cost, and ease of interfacing
(number of connections).

HISTORY
The SD card is specifically designed

to meet the security, capacity, per-
formance, and environmental require-
ments inherent in newly emerging
audio and video consumer electronic
devices. In August of 1999, Matsushita
Electric Industrial, SanDisk, and
Toshiba announced an agreement to
jointly develop, specify, and widely
promote a next-generation secure
memory card called the SD memory
card. At the 2000 Consumer Electron-
ics Show, the three companies
announced that a new industry-wide
association would be created to set
industry standards for the proprietary
SD memory card and promote its wide
acceptance in digital applications. 

The new organization, named the
SD Card Association (SDA), is based
in California and its executive mem-
bership includes about 30 world-lead-
ing high-technology companies and
major content companies. Sampling
of the SD card began in the first
quarter of 2000 and production ship-
ments commenced in the second

up at 3.3 V.
The fourth piece is the serial inter-

face. The setup has a MAX232 inter-
faced to a microcontroller, by which
the microcontroller can transmit the
block (512 bytes) read from the SD
card and the response (R1) to HyperT-
erminal (see Photo 2). 

FIRMWARE DESIGN DETAILS
The SD card has a dual personality.

The first one is SD Protocol (1 bit or
4 bits) Native mode. The second,
which is supported, is the SPI mode of
the SD card protocol. It is distinct
from the 1- and 4-bit protocols in that
the protocol operates over a generic
and well-known bus interface, SPI (see
Figure 3). 

A SPI is a synchronous serial proto-
col that is extremely popular for inter-
facing peripheral devices with micro-
controllers, where a microcontroller is
configured as a master and an SD card
as a slave. The initialization is covered
in the firmware routine. The micro-
controller development board commu-
nicates with a PC via an RS-232 inter-
face. The status and read data is trans-
mitted to HyperTerminal.

SD COMMAND FORMAT 
As you can see in Figure 3, the com-

mand that is transmitted by the
microcontroller to the SD card is in a
6-byte packet. The first byte is the
command. The next 4 bytes are the
argument. The sixth byte is the CRC

Figure 2—This is the internal architecture of an SD
card. (Source: Transcend, www.transcendusa.com)
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Photo 2—The SD card is interfaced with an AVR microcontroller development board.
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value. To construct the first byte, you
have to OR the SD card command
with 0x40. 

Note that for this application and
the sake of simplicity in explanation,
I’ve ignored CRC checksum imple-
mentation. Refer to Table 1 for impor-
tant SD commands.

COMMAND RESPONSE
The three command response for-

mats: R1, R2, and R3 depend on each
SD command. A byte of response R1

is returned for most of the commands.
The card sends the R1 response

token after every command with the
exception of SEND_STATUS com-
mands. It is 1 byte long and the most
significant bit (MSB) is always set to
zero. The other bits are error indications.
An error is signaled by a 1. The structure
of the R1 format can be seen in Figure 4. 

The idle state flag means the card is
in the idle state and running the initial-
izing process. Erase reset means an
erase sequence was cleared before exe-
cuting because an out-of-erase sequence
command was received. In illegal
command, an illegal command code
was detected. In communication CRC
error, the CRC checks of the last com-
mand failed. In erase sequence error,
an error in the sequence of erase com-
mands occurred. In address error, a mis-
aligned address that did not match the
block length is used in the command.

In parameter error, the command’s argu-
ment (e.g., address, block length) was
outside the allowed range for this card.

INITIALIZE THE CARD IN SPI MODE
During powerup, the SD card defaults

to the proprietary SD bus protocol. To
switch the card to SPI mode, the follow-
ing procedure must be followed: After
power on, wait a few milliseconds for the
power supply to stabilize. Then, set the
MOSI and Slave Select (SS) lines to logic
high and apply more than 74 pulses to

the SCLK line and the card will be able
to accept a native command. Set the SS
line to logic low. This enables/selects the
SD card. Now send CMD0. Reset the
SD card (i.e., 0x40 0x00 0x00 0x00
0x00 0x95). The first byte is the com-
mand and the last byte is CRC.

This switches the card to SPI mode,
but it is still in the IDLE state. Send
0xFF and check the response. If you
get 0x01, go to the next step or repeat
sending 0xFF for eight to 10 times. If
you don’t see a 0x01 (R1) response in
eight to 10 retries, something is wrong
with the setup or the SD card. So let’s
talk about interfacing with an SD card
in SPI mode!

Now that the SD card is in SPI mode,
initialize the card by sending command
CMD 1 (starts card initialization for
low-capacity cards like 256- or 512-MB
SD cards or the 1-GB SD card from
SanDisk). Set the SS to logic low. This

enables/selects the SD card. Send the
following 6 bytes: 0x41 0x00 0x00
0x00 0x00 0xFF. This is the format of
transmitting the CMD1 command to
the SD card. This leads to the SD card’s
initialization. Send 0xFF and check the
response. If the return value is “0xFF,”
ignore it and repeat sending byte
“0xFF” eight to 10 times. If you see
0xFF as the response, something is
wrong with the setup or the SD card. If
you get 0x00 as the response, continue
with the next step. If you get 0x01, the
card is still in the idle state. Set the SS
to logic high, send 0xFF to the SCLK,
and ignore the return value. This is the
end of command clocking. At this
point, the card is initialized and ready
to go for single-block write and single-
block read operations. 

INITIALIZATION PROCEDURE
While interfacing an SD card with an

AVR microcontroller, SD cards of differ-
ent makes and capacities were pro-
cured: a Transcend (1 GB), a SanDisk
(1 GB), a Kingston (512 MB), and a
Kingston (256 MB). To support back-
ward compatibility with the MultiMe-
diaCard (MMC), lower capacity 256-MB
and 512-MB SD cards from Kingston
support the command CMD1 for card
initialization by default.

A 1-GB card from SanDisk would
not accept the CMD1 command
because the card fully complies with
the SD card standard “Physical Layer
Specification” (Version 2.00). Accord-
ing to these specifications, CMD1 is
reserved. It should not be used for SD
card initialization.

There is an initialization sequence
for a SanDisk 1-GB SD card. A different
set of commands needs to be trans-
mitted after CMD0 (i.e., the SD card
is in “idle state”). The R1 response is
0x01. Now the initialization
sequence is different. Transmit

Figure 3—SPI-mode SD commands are issued to the card in a 6-byte format.

Argument - MSB0 1  Command Argument Argument Argument - LSB
7 6 5 4 3 2 1 07 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0

Byte 2Byte 1 Byte 3 Byte 4 Byte 5

CRC            1
7 6 5 4 3 2 1 0

Byte 6

Figure 4—This is the R1 response format.

In idle state

7

0

Erase reset

Illegal command

Com CRC error

Erase sequence error

Address error

Parameter error

0

Table 1—These are selected SD memory card commands.

Command Mnemonic Argument Reply Description
0 (0x00) Go_IDLE_STATE None R1 Resets the SD card

9 (0x09) SEND_CSD None R1 Sends card-specific data

10 (0x0a) SEND_CID None R1 Sends card identification

17 (0x11) READ_SINGLE_BLOCK Address R1 Reads a block at byte address

24 (0x18) WRITE_BLOCK Address R1 Reads a block at byte address

55 (0x37) APP_CMD None R1 Prefix for application command

59 (0x3b) CRC_ON_OFF Only bit 0 R1 Argument sets CRC on (1) or off (0)

41 (0x29) SEND_OP_COND None R1 Starts card initialization
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time can vary from 0 to 8 bytes after
NCR. So the best option is to transmit
0xFF, after 6-byte command packets and
wait for maximum NCR time by trans-
mitting 0xFF eight times (see Figure 5). 

SD CARD REGISTERS
Six registers are defined within the

card interface: OCR, CID, CSD, RCA,
DSR, and SCR. They can be accessed

only by corresponding
commands. If the applica-
tion demands, you can
read these registers at this
stage. For instance, to read
the operating conditions
register (OCR), the 32-bit
operation conditions regis-
ter stores the VDD voltage
profile of the card. The SD
card is capable of execut-

ing the voltage recognition procedure
with any standard SD card host using
operating voltages from 2 to 3.6 V.

Accessing the data in the memory
array, however, requires 2.7 to 3.6 V. The
OCR shows the voltage range in which
the card data can be accessed. Send
CMD58. Read OCR. Send byte “0xFF”
five times after transmitting CMD58 to
read the R3 response. You get an R1
response for every CMD58 command
transmitted to the SD card (see Figure 6).

The other two important SD card

CMD55 is the prefix command for
application-specific command
ACMDxx. The command format is
(0x40 | 0x37), 0x00, 0x00, 0x00, 0x00,
0xFF. Check for the R1 response by
transmitting 0xFF eight times (the
maximum Ncr response time). The R1
response for CMD55 can be ignored.

Now transmit the application-specific
command to start card initialization

(ACMD41). The command format is
(0x40 | 0x29), 0x00, 0x00, 0x00, 0x00,
0xFF. Check for the R1 response by trans-
mitting 0xFF eight times. The R1
response for ACMD41 should be 0x00.
This indicates that the card is initial-
ized and ready to perform a read/write
operation.

COMMAND RESPONSE TIME
Some SD cards took a longer time to

respond for a command than a specific
NCR time. The command response

registers are card identification (CID)
register and card specific data (CSD)
register. Please refer to the secure digi-
tal card product manual from SanDisk
for more information. 

One or more data blocks will be
sent in a write operation from the
microcontroller to the SD card and
vice-versa in a read operation. A data
block is transferred because a data
packet consists of Data Token, Data
Block, and CRC (see Figure 7).

SINGLE BLOCK WRITE
To write a single block (512 bytes) of

data to the SD card, the microcontroller
transmits the command CMD24 (0x40 |
0x18) to the SD card. Once the com-
mand is accepted by the SD card, it
sends an R1 response as 0x00 to the
microcontroller (see Figure 8). A micro-
controller sends a Data Token 0xFE,
followed by a Data Packet of 512 bytes.
A card responds with Data Response
0xE5 (i.e., data accepted).

SINGLE BLOCK READ
To read a single block (512 bytes) of

data from the SD card, the microcon-
troller transmits the command CMD17
(0x40 | 0x11) to the SD card. Once the
command is accepted by the SD card, it
sends an R1 response as 0x00 to the
microcontroller. The command is trans-
mitted along with an argument that
specifies the location to start to read in
bytes. A read operation is initiated and
the read data block will be sent to the
microcontroller (see Figure 9). After a
valid data token (0xFE) is detected, the
microcontroller receives the data
block followed by 2 bytes of CRC.

At this point, you have completed a
single block write task and a single
block read. If you are interested in a
multiple-block write and read, refer to
the Resources section.

COMMERCIAL APPLICATION
Markets such as industrial automa-

tion, medical, automotive, data collec-
tion, and portable computing devices
demand more memory in less space.
In those markets, the need for reliable
and high-performance data storage in
a small form factor is increasingly
critical.

In industrial automation, a large

Figure 5—This is a timing diagram of SPI lines that connect the SD card with a microcontroller. The command
response time (NCR) is the time delay between the transmission of the command packet on the MOSI line and the
R1 response received by the microcontroller on the MISO line.
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Figure 6—This is an R3 response interpretation for the OCR command.
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Figure 7—This is the structure data packet and data response.
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amount of data (e.g., alarms, trends, and
different parameters) is logged for analy-
sis for preventive maintenance or to
optimize process operation. One option
is a network of field devices. Or if the
field device is stand-alone or even if the
application is demanding for redundan-
cy in case of network failure, then the
field device will have an interface for
detachable nonvolatile memory storage
(SD card). Consider a particular exam-
ple: a human machine interface (HMI)
works as a stand-alone device and is
interfaced with a logic controller. It has
to log alarms, trends, and different
parameters at a regular interval onto the
SD card. The logged data will be used
for predictive analysis and preventative
maintenance or process optimization. 

FINDINGS
An SD memory card enables you to

implement robust, reliable, high-perform-
ance, and cost-effective memory storage
for today’s most demanding industrial
applications and portable computing
devices. SD cards offer a cost-effective
way to store a large amount of data in a

removable memory storage device. Its
interfacing flexibility and small form
factor make it ideal for use with micro-
controllers in embedded applications.
Multivendor product support and a
wide range of applications incorporating
SD cards is another plus point.

Combined with the low-cost, low-
power ATmega32 and its advanced fea-
tures (including an on-chip SPI), you
can quickly implement an affordable
data-logging solution. I

Figure 8—A write operation is a form of data transfer from a microcontroller to an SD card.

010: Data accepted
101: Transmission CRC error
110: Data write error

MOSI

MISO

Data transfer host to card

Command Data

Start token (OxFE)

Legend

Denotes don’t care

ST CRC

R1 ER

Write complete7 Bit 0
Data Resp 10 1

Figure 9—A read operation is a form of data transfer from an SD card to a microcontroller.
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Author’s note: I want to thank
Yashomani Kolhatkar (Ph.D.) for
proofreading this article. He provid-
ed a lot of valuable advice.
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An early version of the GPS radio
interface described in my October col-
umn accompanied us on our summer
bicycling vacation (“HT Audio, GPS
for APRS, and What Works,” Circuit
Cellar 219, 2008). I hadn’t finished the
replacement battery-pack enclosure,
so the circuitry traveled between
foam-rubber slabs strapped to the back
of the radio, with everything zipped
into a pannier on our daughter’s bike.
Somewhat surprisingly, the lash-up
worked fine, although there’s a bit of
RFI that a full metal jacket should
cure.

The radios can use any external volt-
age from 4.5 to 16 V, but require only
9.6 V to transmit at their rated 5 W.
Icom provided 4.8- and 9.6-V NiCd
battery packs with ratings in the 650-
to 800-mA•h range; the lower-voltage
pack produced about 1 W of RF.
Despite an absurd level of pampering,
all my original Icom packs have long
since failed, so our radios have sprout-
ed pigtails terminated with Anderson
Power Products Powerpole connectors
for external battery packs.

I made six- and eight-cell NiMH packs
from ordinary AA cell holders with
Powerpole-terminated pigtails. NiMH
cells have improved over the years:
the current crop sports a 2,600-mA•h
rating. The radios draw about 40 mA
while idle and I find that the packs
last about a week in ordinary use. The

GPS interface adds another 70 mA, so
its battery packs last a few days.

But on our bicycling vacations we
use the radios all day, nearly every
day, and that presents a problem: I
needed a three-pack charger with a
dead-simple interface. Given the
vagaries of travel, anything requiring
fussy handling just wasn’t going to be
useful.

In this column, I’ll describe the
trivially simple charger I lashed
together, then explore the history of
my battery packs. It turns out that
batteries don’t always behave the way
you expect, even when you expect
odd behavior.

CHARGING COMPLEXITY
As you saw in my April 2007 col-

umn, safely charging NiMH cells pres-
ents some challenges and, if your
application requires high-speed charg-
ing, you must deploy rather complex
circuitry to eliminate high-tempera-
ture failure modes (“Battery Capacity:
Charge,” Circuit Cellar 201). Some
straightforward arithmetic reveals the
magnitude of the problem.

Most “fast chargers” require an hour
or so to bring AA cells up to full
charge, but my Energizer
CH15MNCP4 charger does the job in
15 minutes for the quartet of 2.2-A•h
NiMH AA cells included in its pack-
age. The array of components on the

circuit board shown in Photo 1 attest
to the fact that this is not a dumb
charger; a second board holds a high-
current DC/DC power converter.

Because NiMH cells have a charging
efficiency of about 2/3, injecting a full
charge requires 150% of the nominal
capacity. Charging a cell in 15 min-
utes means you must deliver:

[1]

The data plate embossed on the
back of the charger states that it deliv-
ers 7.5 A to each AA cell; it can also
charge AA cells at 3.0 A. Working
backwards, that gives a charging time
of:

[2]

If you ignore the charging efficiency,
that’s 17.6 minutes. If you also figure
that most cells aren’t completely dis-
charged, the usual recharge time
should be under 15 minutes.

Just for fun, I discharged one of the
2.2 cells at 2.2 A•h down to 0.5 V,
well below the usual 0.9-V limit, and
then recharged it. The discharge required
54 minutes and delivered 2.0 A•h,
which is quite good performance at that
current. The recharge took 17 minutes
until the green “charged” indicator
blinked on and 29 minutes until the

26 min.  60 min.
1 h

  1.5  2.2 A • h
7.5 A

= × ×

13 2.  A  1.5  2.2 A  • h
0.25 h

= ×

During bike trips, Ed uses Icom handie-talkies for communication. To keep the radios’ batteries
working, he uses a three-pack charger that he designed at his workbench. The charger has
three 250-mA channels and one 100-mA channel so he can charge different packs.

ABOVE THE GROUND PLANE by Ed Nisley

Real-World NiMH Charging
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fan stopped.
The instructions tell you to wait

10 minutes after the green indicator
comes on for a full charge, so the
actual times are pretty close to my
estimates. They are, however, some-
what longer than the advertised “15
minutes,” so perhaps it’s no surprise
that the specs for the same charger
now indicate that it ships with four
1.85-A•h AA cells. That lower rating
means they recharge in exactly 15 min-
utes at their nominal capacity and 22
minutes if you allow for charging effi-
ciency.

However, that data applies to a single

cell: charging four AA
cells simultaneously
requires four times the
power. The charger’s
data plate claims an out-
put of 5.6 V at 7.5 A,
which is 42 W, and the
unit’s wall wart delivers
40 W (10 V at 4 A). So,
in round numbers, the
charger dumps 10 W
into each AA cell.

Remember that
NiMH cells mark their
end-of-charge state by
heating up, to the
extent that you can
actually build a good charger by not-
ing the rapid temperature rise. Miss-
ing that signal, however, will allow a
rapid charger to overheat the cells or,
worse, burst them. That Energizer
charger has a fan for a good reason: the
cells get rather warm!

The eight-cell packs for our radios use
2.6-A•h cells, so a true “15-minute”
charger would require:

[3]

The Energizer charger evidently
uses power FET switches to connect
the cells in series to its power supply
and switch them out as they’re
charged. I’m certain the charger
adjusts its nominal 5.6-V supply to
match the number of cells in series.

In round numbers, therefore, an
eight-cell charger would require a 12-V
source that could deliver nearly 16 A:
nearly 200 W. Charging three packs
at once becomes a 600-W proposi-
tion, which seems aggressive even to
a guy who built a kilowatt resistance

15 6.  A  1.5  2.6 A • h
0.25 h

= ×

soldering unit.
A 1-h charger draws a quarter of

that power and takes four times
longer, but that’s still a 150-W supply
for three packs. I decided that a slow
three-pack charger made a whole lot
more sense: it can work while I sleep
without fuss, bother, fans, or risk of
damage.

DEAD-SIMPLE CHARGING
The dumbest of dumb NiMH charg-

ers consists of a current source set at
10% of the battery’s nominal capacity:
260 mA for a 2,600-mA•h battery.
After 15 h, more or less, that current
will bring a completely dead cell back
to life. While further charging isn’t
recommended, contemporary NiMH
AA cells include sufficient catalyst to
recombine all the oxygen liberated by
low-rate overcharging without vent-
ing. The cells become warm, but will
not deteriorate due to overheating.

Photo 2 shows what I came up with in
the week before we left: three 250-mA
and one 100-mA current sources in a
box, with Powerpole connectors on
short pigtail leads. The thin black
wire supplies 14-V power from a sur-
plus laptop charger.

A slightly less dumb charger would
incorporate a 15-h (more or less) timer
to cut off the current after the maxi-
mum allowed charging time. An even
brighter charger could monitor the
pack temperature to detect the reliable
end-of-charge heating. A truly smart
charger would monitor the charging
voltage to detect the end-of-charge
plateau. All of those frills aren’t really

Photo 1—The amount of circuitry required for a safe
15-minute AA charger precludes a homebrew solution
for larger packs. A second circuit board behind this one
converts 16-V, 4-A input power from the wall wart into
the 7.5-A current required for high-speed charging.

Figure 1—Each charger channel uses a simple LM317 current source that dissipates nearly 2 W, making a good
heatsink mandatory. A surplus laptop charger provides the 14-VDC supply voltage.

Photo 2—The charger has three 250-mA channels and one 100-mA chan-
nel, suited for the different battery packs on our bikes. Those salvaged
heatsinks barely keep up with the thermal load.
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necessary if your plans include daily
charging and constant moving.

Figure 1 shows the trivial schematic
for a single charger channel. The
power source, common to all the
channels, is a surplus laptop charger
that delivers a regulated 14 V at up to
3.5 A. The 2-A fuse will blow at about
twice the maximum total charging
current.

A venerable LM317 three-terminal
voltage regulator acts as the current
source. The regulator adjusts its out-
put voltage to maintain 1.25 V
between its Out and Adj terminals, so
the parallel combination of R2A and
R2B determines the output current:

[4]

I picked 250 mA because it requires
a 5-Ω resistor that’s merely a pair of
10-Ω resistors. The 100-mA channel,
chosen to charge the slip-on batteries I
rebuilt in the original Icom packs,
calls for 22 Ω in parallel with 30 Ω.

The main disadvantage of this cir-
cuit comes from its profligate power
use: each LM317 regulator must dissi-
pate the product of its load current
and the voltage difference across it.
The lowest voltage across a six-cell
battery can be under 6 V at the start of
charging, R2 always drops exactly 1.25 V,
and D1 accounts for about 0.5 V: call
the total 8 V. The regulator will thus

IOUT   1.25 V
R2A  R2B

= =

see about 6 V, making its power dis-
sipation:

[5]

The full-charge voltage for a six-cell
pack is about 9 V, so the regulator dis-
sipation eventually drops to:

[6]

I selected a 14-V laptop power sup-
ply from my parts heap to ensure the
regulator had (just barely) enough
voltage headroom for a fully charged

0 8.  W  3.25 V  0.25 A= ×

1 5.  W  6 V  0.25 A= ×

eight-cell pack at 12 V.
A rackmount server power supply in

my heap disgorged the four TO-220
heatsinks and mounting hardware
appearing in Photo 2. They were
designed for use in a forced-air envi-
ronment: the LM317s run much hot-
ter than I prefer, despite the rows of
vent slots in the aluminum box I used.
A thermocouple poked into a blob of
heatsink grease on one of the regula-
tors showed that it hits 80°C at the
beginning of the charge cycle.

LM317 regulators shut down when
their junction temperature reaches
125°C. The TO-220 package has a
4°C/W junction-to-case thermal resist-
ance, so the internal temperature at
1.5 W falls well under that limit. It’s
too hot for long-term reliability, but at
least the regulator won’t incinerate
itself.

The charging process requires essen-
tially no thought at all. At the end of
the day’s ride, I unplug three battery
packs from our bikes and plug them
into the charger’s three 250-mA con-
nectors. Because even a full day’s use
doesn’t completely discharge the pack,
it’s generally ready for use in much
less than 15 h. Simply touching each
pack tells me when to unplug it as it
reaches full charge, but no harm
ensues if I do nothing until the next
morning.

Figure 2—The black trace shows how a single cell performed in early 2006. A six-cell battery made from the same
group of cells shows the capacity has declined about 10%. The blue trace shows the charge remaining after stor-
age. A data dropout caused the spike in the 1-A trace.

Figure 3—The black trace shows that one cell had about 400 mA•h less charge than the others in this six-cell
pack. Separately recharging that cell and the rest of the pack restored them to good health, although they’re not up
to their original spec.
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A friend points out that building a
battery charger with a touch-depend-
ent charge termination requires a cer-
tain, um, personality. All I know is: it
works for me!

PACK PERFORMANCE
I’ve been using AA NiMH battery

packs for about three years now and,
having both method and motivation
for tracking their performance, can
relate some interesting real-world
data.

Figure 2 shows the results for the

oldest cells in my collection: 2.0-A•h
cells made by Lenmar Enterprises. As
nearly as I can tell, it’s reasonable to
assume that all non-tier-1 NiMH cells
come from anonymous Chinese facto-
ries, which makes the brand name
largely irrelevant.

In March 2006, one of those cells
provided just over 1.5 A•h at 500 mA,
its C/4 rate, as shown by the black
trace (use the right-side Y scale). The
stairstep effect reveals the 10-mV volt-
age resolution of my West Mountain
Radio CBA II battery tester.

Figure 4—A new 2.6-A•h NiMH cell shows little evidence of improving performance during its first several cycles. It
provides much less than its rated capacity at a C/5 discharge. I used a C/4 charger for the initial charge and a 4C
charger for the others.

Figure 5—An eight-cell battery made from Duracell AA NiMH cells delivers nearly its rated 2.65-A•h capacity,
even discharging at 1 A.
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the cells go down together.
Adding the GPS interface to our

radios increases the current drain, so I
bought more AA cells to make up the
eight-cell, 9.6-V packs required for 5-W
transmitter power and the TinyTrak3+
voltage regulator. Surprisingly
enough, the new cells sport the same
Tenergy brand and the same 2.6-A•h
rating as before. I have no way to tell
if they also have the same internal
construction.

The traces in Figure 4 document the
first six charge-discharge cycles
applied to one cell. Common knowl-
edge has it that NiMH capacity
increases during the first few cycles,
but that’s certainly not obvious from
the data.

The first discharge, shown by the
black trace, had the lowest capacity,
but the other five traces don’t show
any particular progression. In fact,
under these conditions, the cell deliv-
ers only about 70% of its rated capaci-
ty. While that’s better than the year-
old Tenergy cells, it’s not really up to
spec.

Figure 5 shows that this need not be
the case. Earlier this year I made up
an eight-cell battery from Duracell
2.65-A•h cells; the additional 0.05 A•h
has no significance outside marketing
staff meetings. Although I cannot
vouch for how long this pack sat in
my rotation, the initial discharge and
subsequent cycle deliver nearly the
entire rated capacity. Notice that this
is at 1.0 A, rather than the 500 mA
used in the other tests.

The bottom line, I think, is that
there’s a difference between Tier-1
batteries and the rest, but that there’s
an even larger difference due to the
care and feeding the cells receive dur-
ing their lifetime.

CONTACT RELEASE
When we’re not on vacation, we

spend about an hour a day riding on
errands, to stores, and making other
trips around the neighborhood. I
change the battery packs on Friday
afternoons so that we’re all charged up
for our longer weekend rides, and
carry a spare pack. Under those condi-
tions, all of the packs continue to pro-
vide good service, but I plan a major

weak-cell purge when I get all three
GPS units running.

Even such a simple project requires
analog design, power management,
and EMI control. When you’re hand-
ed a new project, remember that it’s
never as simple as it seems and you
can’t work on any of the pieces in
isolation! I

A cell’s capacity strongly depends
on the discharge current, with lower
currents extracting more energy from
the cell. Different manufacturers may
use C/10 and C/20 rates, but typical
uses require far more current than
that; after all, NiMH cell advertising
touts their “high drain” abilities.

The remaining traces show the
capacity of a six-pack made from
those Lenmar cells, but tested in
recent months. These traces use the
left-side Y scale, where the CBA II’s
resolution isn’t nearly so obvious.

The blue trace corresponds to the
first discharge of the pack after I
pulled it from my battery FIFO. I
rotate the packs so that that they’re
neither freshly charged nor totally
dead. NiMH cells self-discharge up to
about 1% per day, so I estimate this
pack has been on the shelf about three
weeks.

The red trace shows roughly the
same capacity for a 1-A discharge as it
does at 500 mA, which is a good sign.
However, the other traces (made at
500 mA) show that the cells have lost
10% of their capacity during the last
two or three years.

Figure 3 shows the results of a year-
old six-pack made from Tenergy 2.6 A•h
at 500 mA. I ran the test that pro-
duced the black trace shortly after
removing the pack from the bike; you
can see that one cell was almost total-
ly discharged, even though the
remainder of the pack still had nearly
20% of the rated capacity. By defini-
tion, the weakest cell goes flat first.

The blue trace shows the other five
cells can provide about 1.3 A•h after
recharging. The final discharge slope
has a step at 5.0 V, revealing the next-
weakest cell in the pack. However,
they’re reasonably well matched.

Recharging the weakest cell, which
I labeled Q, produced the red trace
(use the right-hand Y scale). Obvious-
ly, it was suffering from under-charg-
ing, the typical cell failure mode,
rather than reaching its end-of-life
point.

Putting the pack back together
again and charging it for a good long
while produces the purple trace. The
pack now has about 1.3 A•h of capaci-
ty and the final dropoff shows that all
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challenging, and often contradictory.
When I started this project, I set out
to design an aesthetically pleasing,
small (lightweight), low-power (long
battery life) design that included
decent display quality. Because I

Most of the time, we want to pro-
tect and hide our personal identifica-
tion information. But, every so often,
it helps to be easily identified. For
instance, it makes sense to wear a
badge at exhibitions, trade shows, and
seminars. If you’ve been to such an
event recently, you’ve probably
noticed that electronic badges are
increasing in popularity. The electron-
ic badges currently on the market use
a matrix of discrete LEDs to display
scrolling text (e.g., names and adver-
tisements). Few, if any, of them fea-
ture an OLED display. That’s why I
decided to build my own.

My Mini-Badge design is an elec-
tronic badge built around a Microchip
Technology PIC24FJ64GA004 micro-
controller (see Photo 1). The handy
badge displays scrolling text, photos,
and color slide shows. In this article,
I’ll explain how I built the low-power
system.

BADGE BASICS
The Mini-Badge is designed to dis-

play a color picture slide show, but
you can develop its features depending
on your needs. For instance, you can
add an RFID for remote identification.

The requirements for portable devices
are usually demanding, technically

planned to incorporate a small battery,
I needed an easy-to-use user interface
that could display custom informa-
tion. I achieved my goals.

The hardware and software are rela-
tively simple. However, completing

FEATURE ARTICLE by Jan Szymanski

Jan’s electronic ID system is an MCU-based electronic badge that displays color slide shows.
Many electronic badges display scrolling text using a matrix of discrete LEDs. This low-power
system features a graphical OLED display and can be easily upgraded to handle animation,
video, or RF communication.

Electronic ID System

Photo 1a—The first prototype of the Mini-Badge fits inside the plastic case
for a 52 mm × 42 mm × 8 mm SD memory card. b—The device (shown
unfolded) is assembled on a double-sided PCB using mostly QFN and
0402 packages. Some bigger value capacitors come in 1206 and 0805
sizes. The OLED display is mounted on the front side. The battery is on
top of the components side.

A Display for Text, Photos, and Slide Shows

BEST USE OF PERIPHERAL PIN SELECT

a)

b)
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262,144 colors, and a COF package
with a built-in controller and SRAM
with 132 × 132 × 18 bits (SSD1339
from Solomon Systech). With a built-
in controller and display memory,
there is no need for an external con-
troller and SRAM. The readily avail-
able SD1339 is a good compromise
between the physical size, current
consumption, unit price, and interface
requirements. In addition, you can
programmatically select the picture

such a project requires sound engi-
neering skills. Small surface-mount
devices like 0402 resistors, fine-pitch
connectors, and ICs in QFN packages
are used. I completed the prototype
assembly by hand with a good solder-
ing iron and a magnifying glass. The
system’s layout is shown in Figure 1
and Figure 2.

OLED DISPLAY
An organic LED is a relatively new

display technology, where thin organic
layers serve as the source of light. Its
advantages over other technologies
include attractive colors and brighter
pictures, a lower power consumption
than LCDs or TFTs with a backlight, a
thin form factor (no backlight is need-
ed), and a fast response time, which
can be used for video, a wide viewing
angle and high contrast, and a wide
temperature range (–30° to 70°C). The
technology has some disadvantages
such as a limited lifetime, a low yield
(especially for bigger sizes), and an
uncertain future.

The display in this project is a 1.5″
Univision Technology UG-2828GFEFF01
OLED, which has 128 × 128 RGB pixels,

quality with the following color
modes: 262,143 colors with 3 bytes
per pixel, 65,536 colors with 2 bytes
per pixel, and 256 colors with 1 byte
per pixel.

As for the hardware interface to the
microcontroller, you have several
options: parallel interfaces with 8-, 9-,
and 18-bit with a Motorola 6800-
series-style bus or an Intel 8080-series-
style bus and a serial interface with a
SPI bus.

Figure 1—The Mini-Badge includes a PIC24FJ64GA004 microcontroller, the OLED display, serial flash memory,
and 3.3-V and 9-V power supplies. The additional modules are TransFlash (an alternative mass storage), a USB-to-
serial bridge for PC connectivity, a battery charger, power On/Off, switchover, and an optional Bluetooth module.

PIC24FJ64GA004
Microcontroller

Serial flash
SPI

SPI

UART

UART
USB

To PC

VBUS

PMD

3.3 V 12 V

microSD

Bluetooth

Power supply
Lithium-polymer

battery Battery charger

UART/USB Bridge

OLED Display

Figure 2—A Microchip Technology PIC24F64GA004 is at the heart of the system. Data is stored on an STMicroelectronics M25P40 serial flash memory chip (or the microSD
card, TransFlash). Both use a SPI. A Future Technology Devices International FT232RQ serial-to-USB bridge provides communication with a PC (virtual serial port).
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For an 8-bit parallel display inter-
face, after checking the timing specifi-
cation, the minimum time to write a
single byte to the display memory is
PWCSL = 60 ns.

With 128 × 128 pixels and 3 bytes
per pixel, the total time to fill the dis-
play is 128 × 128 × 3 × 60 ns = 49,152
× 60 ns = 2,949,120, or approximately
3 ms. This is a best-case scenario and
a rough estimate to show that the dis-
play is capable of displaying 30- or 50-
fps video (as 1 s/3 ms = 333 fps).

For a SPI, if you want to display 30
fps, you need a SPI clock of 30 × 128 ×
128 × 3 × 8 (for 8 bits per byte), or
approximately 11.8 MHz. That is, a
SPI clock speed that cannot be
achieved on any of the current PIC
microcontrollers. Also, when you
check the SSD1339 datasheet for the
SPI minimum tCYCLE, it is 250 ns,
which corresponds to a 4-MHz maxi-
mum SPI clock.

The 8-bit parallel 8080-style inter-
face was a good compromise between
speed and complexity. SPI is too slow.
In addition, an 18-bit interface is too
complex for PCB layout and it takes
up too many microcontroller pins  

“PIC”-ING THE BADGE
The system has a serial flash memo-

ry that requires a SPI with a clock
speed of up to 40 MHz. The microSD
memory card SanDisk (TransFlash)

also requires a SPI with a clock of up
to 25 MHz or more. The Microchip
PIC24F Family Reference Manual
states that the PIC24xxx series with
an FCY of 16 MHz has a maximum SPI
clock equal to 8 MHz. The PIC33xxx
series with an FCY of 40 MHz has a
maximum SPI clock equal to 10 MHz. 

This is not good enough to play video
using serial memories like serial flash
or TransFlash and a 262,143-color pic-
ture quality. However, for the lower
quality, it will work with 65,536 and
256 colors because it needs less data
leading to a lower SPI clock. 

The PIC’s (8080-like, 8-bit mode)
parallel master port gives it an advan-
tage over GPIO. The USB interface or
the UART together with an external
UART-USB bridge can be used to
interface to a PC. The second UART is
handy for a Bluetooth interface (see
Figure 3).

The PIC24FJ64GA004 microcon-
troller is a compromise between the
speed of execution, power consump-
tion, available peripherals, and more.
It has more than enough program flash
memory and data RAM, so it leaves
room for expansion.

The GPIO, PMP, UARTs, SPIs, and
timer peripherals are used. There are
some unused peripherals, which are
disabled to save power. It also comes
in a space-saving QFN package.

One of the nice features is a

peripheral pin select that enables you
to assign pin numbers to some periph-
eral functions. It can ease the PCB lay-
out process and make it possible to
implement functional changes with-
out changing the hardware.

MASS STORAGE
The STMicroelectronics M25P40

serial flash and the microSD memory
card (TransFlash) are used to store
images and configurations. The popu-
lar SD memory card is physically too
big. Both devices (the serial flash
memory chip and microSD memory
card) use similar hardware SPIs. The
file system is FAT16, the configura-
tion file is in XML, and the pictures
are BMPs. The current firmware rec-
ognizes only pictures with 128 × 128
pixels saved as 24-bit BMPs, giving
49,206 bytes per file without any com-
pression. Figure 4 is a brief description
of the bitmap format as it is used for
the project.

The basic version of the Mini-Badge
described here has no FAT table and
no directory. Instead, the files are
stored and accessed from a fixed loca-
tion within the serial flash memory
chip. Because the sector size for the
M25P40 is 64 KB and the file size is
49,206 bytes, there is one file per sec-
tor, which makes addressing easy. It
might look like a waste of memory, but
this arrangement provides software

Figure 3—The OLED screen shown here requires a
few external capacitors and an extra 12-V supply pro-
vided by the circuit around a Texas Instruments
TPS61040. The connection of Bluetooth modules
(WT12 used here) usually requires a UART with flow
control. A filter is recommended on its supply lines.
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compatibility between different hard-
ware versions—the one using serial
flash with a limited file system and
the one using TransFlash with a full
FAT16 file system implementation.

The XML file is located at address
0 and the seven images are located at
the addresses n × 0x10000 (n = 1..7).
There are eight pages (0, 1, 2, 3, 4, 5,
6, 7) for the M25P40 serial flash
memory, and n is a place holder for
the page number of serial flash. The
XML file is at address 0x00000 (the
hexadecimal notation for 0). So,
image 1 is at address 0x10000 (the
hexadecimal notation of 65,536),
image 7 is at address 0x70000 (the
hexadecimal notation of 458,752),
and so on. The images are in BMP

Figure 4—The is a BMP file format example, as
seen in the hex editor. Every pixel is represented by
3 bytes of RGB (24 bits per pixel). Only 6 bits of
each byte are used by the OLED in 18-bit mode.
(See the double bit shift operation in the code to
ignore 2 LSB.) The linear mapping of BMP data into
display RAM makes for easy the loading of BMP
files into the OLED display.
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format. So, for a 128 × 128
bitmap with a 24-bit quality,
the size of a file is 49,206
bytes. The XML and BMP
files are stored within the
serial flash memory (and
microSD memory card) with-
out any modification or
compression.

The XML and BMP files can
be copied from a PC into the
microSD card; while for the
serial flash, they are down-
loaded through the USB link.
A virtual serial port on your
PC is created when the Future
Technology Devices Interna-
tional FTDI232RQ USB
UART IC is connected and
enumerated. (The drivers for it
are built-in for Windows XP.)

PC INTERFACE
The FT232RQ is used as a

USB-to-UART bridge. One
side of it is connected to the
microcontroller’s UART
TxD and RxD lines. Two

Figure 5—The main ultra-low-dropout regulator provides a 3.3-V supply. A lithium polymer battery is charged through USB using
a Microchip Technology MCP73831 charging controller. The MOSFET diodes combination function is to switch between different
power sources. (When USB is available, the battery is charged and the circuit is supplied from USB.) There is a push button with
logic to power on and off.
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The ultra-low-dropout linear regula-
tor provides the 3.3-V supply for most
of the circuitry. I used a little switcher,
but it proved that the efficiency for
ultra-low current is comparable or bet-
ter when using a linear regulator
(instead of a switching one). With the
more complex circuit for a switching
regulator and more noise, it has the
advantage over the linear regulator for

general-purpose port lines are used as
RTS and CTS for flow control. The
FT232RQ acts as a virtual serial port,
so you can use HyperTerminal to test
the communication. The hardware
flow control is implemented using RTS
and CTS signals to cater to a proper
timing.

The 460,800 data rate works well even
with a data rate difference due to the
limitation of possible microcontroller
settings. To check the data integrity, a
simple protocol is implemented, as
described in the art7_SerialProtocol.doc
file posted on the Circuit Cellar FTP
site. To download the files, I use ter-
minal software (HyperTerminal) on a
PC. Refer to the System Tests section
for more details. 

POWER SUPPLY
The power source is a Varta

PLF263441B lithium polymer battery
(see Figure 5). The battery is rechargeable
and is charged through the USB. The
charging circuit is based on a Microchip
Technology MCP73831 charging IC.
Only the current programming resistor

needs to be set depending on your bat-
tery capacity. Check the device speci-
fication for the formula and the selec-
tion criteria.

The device has a standard Mini-USB
type-B connector for easy connection
to a PC to charge the battery and
download pictures. There is a small
push button on the back of the device
for turning the power on and off.

Listing 1—Use the following code to sense the USB connection through Interrupt on Pin Change. First Interrupt
on change is initialized and enabled. After detecting the USB connection/disconnection through the Interrupt, the
UART module connected to the external USB-UART bridge is turned on or off accordingly to save power.

// RP15/RB15/CN11 is USB SLEEP# (to detect USB)
_TRISB15 = 1; //
_RB15 = 0; 
CNEN1bits.CN11IE = 1; // INT on change on pin
IFS1bits.CNIF = 0; // clear the flag
IEC1bits.CNIE = 1; // enable INT on change

// To process the corresponding INT use the code
void _ISR _CNInterrupt(void)
{

unsigned int temp;
// read port
temp = PORTB;
_CNIF = 0; // clear the flag
set_timer(OS_USB_ONOFF, SEC_1, check_usb);

}
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Listing 2—Initialization is achieved through a table of parameters. The benefit of this approach is that any
changes can be done by simply modifying only the table.

const unsigned char oled_init_tab [36][2]= {
{0, 0xa0}, // command, 0xa0 Set Re-map / Color Depth

// 1010 0000
{1, 0xb2}, // data, 0xbc 262K_Color 8 Bit
//{1, 0x70}, // data, 0x70 65K_Color 8 Bit

{0, 0xa1}, // command, 0xa1 Display_Start_Line
{1, 0x00}, // data, 0x00 

{0, 0xa2}, // command, 0xa2 Display_Offset
{1, 0x80}, // data, 0x80 

{0, 0xa6}, // command, 0xa6 Display_Mode

{0, 0xad}, // command, 0xad Master_Conf
{1, 0x8e}, // data, 0x8e 

{0, 0xb0}, // command, 0xb0 Power_Saving
{1, 0x05}, // data, 0x05 

{0, 0xb1}, // command, 0xb1 Reset_Pre_charge
{1, 0x11}, // data, 0x11 

{0, 0xb3}, // command, 0xb3 Osc_Freq
{1, 0xf0}, // data, 0xf0 

{0, 0xbb}, // command, 0xbb Precharge_Color
{1, 0x1c}, // data, 0x1c 
{1, 0x1c}, // data, 0x1c 
{1, 0x1c}, // data, 0x1c 

{0, 0xbe}, // command, 0xbe VCOMH
{1, 0x1f}, // data, 0x1f 

{0, 0xc1}, // command, 0xc1 Contrast_Current
{1, 0x80}, // was 0xaa data, colour A 
{1, 0x80}, // was 0xb4 data, colour B 
{1, 0x80}, // was 0xc8 data, colour C 

{0, 0xc7}, // command, 0xc7 Master_Contrast
{1, 0x0c}, // was 0x0f data, 0x0f 

{0, 0xca}, // command, 0xca Mux_Ratio
{1, 0x7f}, // data, 127+1 

{0, 0xaf}, // command, 0xaf Display_ON

{0, 0x15}, // set column range
{1, 0x00}, // 0 - 127
{1, 127},

{0, 0x75}, // set row range
{1, 0x00}, // 0 - 127
{1, 127}
};
/***********************************************************/
/*  Name      : oled_init                        */
/*  Parameters : none                             */
/*  Returns  : none                              */
/*  Function : initializes OLED after power on    */
/*---------------------------------------------------------*/
void oled_init(void)
{

unsigned char i;

oled_reset();

for(i = 0; i < 36; i++)
{

if(oled_init_tab[i][0] == 0)
oled_writeCmd(oled_init_tab[i][1]);

else
oled_writeData(oled_init_tab[i][1]);

}
oled_cls();

}
/*--------------------------------------------------------*/
/* End of Function: oled_init                          */
/**********************************************************/
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higher-current applications. The
power switchover between USB and
the battery is achieved through the
MOSFET and diodes circuit.

Part of the power supply includes a
12-V low-current supply circuit built
around a Texas Instruments TPS61040
switch boost converter. The voltage
should actually be between 8 and 12 V.
I use 9 V, which can be set by resistors
R5_B and R6_B (see Figure 5).

To save power, the circuits sense USB
connection through one of the microcon-
troller’s lines capable of interrupt on pin
change—specifically RP15/RB15/CN11.
After detecting USB connection/discon-
nection, the firmware turns on or off
the UART module connected to an
external USB-UART bridge according-
ly for power saving. To initialize the
feature refer to Listing 1.

The OLED display doesn’t like stat-
ic pictures, but rather fast-changing
ones. There are periods when the
screen is blank when you perform a
slide show on the device. During that
time, the microcontroller goes into
low-power mode. 

SOFTWARE
The embedded software was developed

using Microchip’s MPLAB IDE and C30
compiler. The ICD2 was used to program
and debug the code. Because I had to use
a small connector for in-circuit program-
ming, I had to build an adapter between
it and a standard ICD2 connector.

The images are downloaded into the

serial flash memory or copied into the
microSD memory card together with
the script file. I use the XML docu-
ment to define the slide show. The
use of XML is due to its simplicity,
popularity, and compatibility with dif-
ferent platforms.

The embedded software works as a
simple non-preemptive scheduler. The
sources contain a number of modules
corresponding to the functionality. For
example, there are sflash.c and
sflash.h source files for the serial flash
module. Refer to the files posted on
the Circuit Cellar FTP site for details.
I will briefly explain some software
functionality of major modules.

The badge.c file posted on the Cir-
cuit Cellar FTP site is the main one
for the project and contains the power
on initialization and the scheduler for
system tasks. OLED software contains
the driver and library for the OLED
display. I use a table of parameters to
initialize the display using the manu-
facturer’s recommendation and sup-
plied examples. When checking the
initialization code in Listing 2, you
will see that there is no waiting or
delays between writings typical for a
classic character-based LCD.

After that, write to the display
memory through the parallel master
port. When checking the OLED con-
troller’s specifications, notice that
there are higher-level graphical func-
tions available, so you might consider
using them in your project. 

For serial communication, I use the
buffered, interrupt-driven code, which
is always a good way for fast, respon-
sive systems. I have to use the flow
control RTS/CTS mainly because the
fast transmission from the PC has to
be held while the serial flash memory
is reprogrammed or erased (slower
process). Although STMicroelectronics
provides a library for its range of serial
flash memory chips (available at
www.st.com), I used my own code,
which might be simpler, but it only
covers one device (M25P40).

SYSTEM TESTS
As with any hardware prototype,

make sure that the assembly process
is neat and clean. Perform your usual
inspections by looking at solder quali-
ty, unwanted solder bridges, and more.

When building a prototype, the idea
is to follow, if possible, a specific
sequence. First, assemble the power
supply circuitry and check the output
voltages and the idle current con-
sumption. The operation of the
On/Off button is a combination of
hardware and software. If there is no
software (blank device) or when chang-
ing the software, hold the button
pressed. A better way is to solder the
temporary link between the pins on the
push On/Off button (SW1_C) to turn
the power on permanently while you
are programming and testing. Discon-
nect it when the test is finished. 

You need a simple adapter to connect

Listing 3—The response to the view file command ($PBVF,010000*13) has the following format. It can be used to debug your design because it examines the con-
tents of serial flash memory. The data is displayed in ASCII and hex formats.

$PBVF,View File Command

00000000 < ? x m l  v e r s i o n = " 1 <?xml version="1
00000010 . 0 " ? > 0D 0A < P r e s e n t a .0"?>..<Presenta
00000020 t i o n > 0D 0A  < S c r e e n 1 tion>.. <Screen1
00000030 > 0D 0A    < C l s > t  r u e < / >..  <Cls>true</
00000040 C l s > 0D 0A     < D e l a y > 5 Cls>..  <Delay>5
00000050 0 0 < / D e l a y > 0D 0A      < T 00</Delay>..  <T
00000060 y p e > i m a g e < / T y p e > ype>image</Type>
00000070 0D 0A      < S c r o l l > l e f t ..  <Scroll>left
00000080 < / S c r o l l > 0D 0A     < F i </Scroll>..  <Fi
00000090 l e > 0 x 1 0 0 0 0 < / F i l e le>0x10000</File
000000A0 >       0D 0A    < D e l a y > 3 0 >  ..  <Delay>30
000000B0 0 0 < / D e l a y > 0D 0A  < / S 00</Delay>.. </S
000000C0 c r e e n 1 > 0D 0A  < S c r e e creen1>.. <Scree
000000D0 n 2 > 0D 0A      < C l s > t r u e n2>..  <Cls>true
000000E0 < / C l s > 0D 0A     < D e l a y </Cls>..  <Delay
000000F0 > 5 0 0 < / D e l a y > 0D 0A      >500</Delay>..
end of view
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Noise Ultra Low-Dropout CMOS Volt-
age Regulator,” DS101364, 2005.

Solomon Systech, “SSD1339: Advance
Information: 132RGB x 132 with 2
Smart Icon Lines Dot Matrix
OLED/PLED Segment/Common Dri-
ver with Controller,” 2006. 

SparkFun Electronics, “UG2828GFEFF01
OLED Display Module Datasheet,
Controller Specifications, and Exam-
ple Code,” Univision Technology, Inc.,
www.sparkfun.com/commerce/product_
info.php?products_id=712.

Texas Instruments, Inc., “TPS61040:
Low-Power DC/DC Boost Converter
in SOT-23 and SON Packages,”
SLVS413D, 2007.

Varta Microbattery, “PLF 263441 B
PoLiFlex Battery datasheet,” 2005,
www.elektronik.ropla.eu/pdf/stock/vmb
/plf263441.pdf. 

SOURCES
WT12 Bluetooth module 
Bluegiga Technologies
www.bluegiga.com

FTDI232RQ USB UART IC
Future Technology Devices Interna-
tional 
www.ftdichip.com

MCP73831 Charge management con-
troller, MPLAB C30 C compiler, and
PIC24FJ64GA004 microcontroller, and
TC2015 LDO
Microchip Technology, Inc.
www.microchip.com

SSD1339 OLED Driver
Solomon Systech
www.solomon-systech.com

M25P40 Serial flash memory chip
STMicroelectronics
www.st.com 

TPS61040 Switch boost converter
Texas Instruments, Inc.
www.ti.com

UG-2828GFEFF01 OLED
Univision Technology, Inc. 
www.univision.com.tw

PLF263441B Lithium polymer battery 
Varta Microbattery
www.varta.com 

RESOURCES
Microchip Technology, Inc.,
“MCP73831: Miniature Single Cell,
Fully Integrated Li-Ion, Li-Polymer
Charge Management Controller,”
DS21984A, 2005.

———, “PIC24F Family Reference
Manual,” DS39699B, 2007.

———, “TC2014/2015/2185: 50 mA,
100 mA, 150 mA CMOS LDOs with
Shutdown and Reference Bypass,”
DS21662E, 2006.

National Semiconductor Corp.,
“LP3985: Micropower, 150mA Low-

Jan Szymanski (janek@bigpond.net.au)
is an electronics engineer who special-
izes in embedded systems design. He
runs Cherry Microsystems, a consult-
ing company in Australia. In his spare
time, Jan enjoys music and sports.

PROJECT FILES
To download code and additional files,
go to ftp://ftp.circuitcellar.com/pub/
Circuit_Cellar/2008/221.

your ISP programmer to CON1_A.
Assemble the microcontroller circuit-
ry, open the MPLAB IDE application
and the project work space, connect
your ISP programmer, and program the
microcontroller. Now you can assem-
ble the rest of the circuit either gradu-
ally or in one go. Do not connect the
OLED display yet. Because it has a
zero insertion force (ZIF) socket, you
can connect or disconnect it at any
time. (Make sure the power is discon-
nected when you do it.)

Connect the USB cable to a PC. The
enumeration process should happen
and the FTDI232R should be recog-
nized automatically. On Windows XP,
the driver is built-in, so you don’t
need to install it.

Next, open HyperTerminal (or
another terminal application). Then,
select the newly created virtual serial
port number with the 460800, 8, N, 1,
hardware flow control settings. Use
menu Transfer>SendTextFile. Then,
browse to your downloaded test_files
directory and select test_0.txt. You
should see a response like this:

$PBUB,EWWWWw$BPUB*0B

In this step, program the serial flash
memory with a configuration file. Repeat
the aforementioned procedure, but select
PBVF_0.txt this time. You should see
a response like the one in Listing 3.

Next, press any key to examine the
contents of serial flash memory. Then
press the ESC key to receive the
response. In this step, program the
first picture into serial flash memory.
In a similar way, you can download
other test files, if needed. Disconnect
the power and connect the screen
(OLED display). When you reconnect
the power, the Mini-Badge system
should be operating.

SMART BADGE
Investigating new technologies and

ideas is always a great experience. The
purpose of the project was to create a
new device by taking advantage of a
few electronic technologies.
Microchip microcontrollers are useful
for intelligent devices. One of the
unique features introduced in 16-bit
PIC devices is peripheral pin select,

which enables the programmable
assignment of a peripheral function to
a pin number. They have other sup-
porting devices like an integrated intel-
ligent battery charger and the ultra-low
dropout regulator. The OLED displays
have an impressive picture quality
combined with a small size and low-
power consumption. The lithium poly-
mer batteries come in small sizes and
big capacities. The availability of com-
ponents in small packages enables you
to create small, lightweight devices.

An electronic badge like mine is
more than a nice gadget. You can easily
make it an intelligent device. It already
has a hardware provision for a Blue-
tooth module, so adding wireless con-
nectivity would be easy. That would
make it useful for use in remote identi-
fication systems. If you interface some
sensors to it, it could become a node in
a wireless sensor network. With your
mobile phone in one pocket and a PDA
in the other one, do you need another
device? The answer will be yes if it
does what other devices can’t do. I
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James Clerk Maxwell in 1868, fol-
lowed by a lot of inspired mathemati-
cians, such as Alexander Lyapunov
and Harry Nyquist, to name a few—is
not simple. The first pages of control
system books usually start with math-
ematical notions like pole placement,
Z-transforms, and sampling theorems,
which nonspecialists may find diffi-
cult to deal with, even if good books
have adopted a more engineer-oriented

Welcome back to the Darker Side.
The vast majority of real-world sys-
tems are based around feedback
loops, which are used to manipulate
the inputs to a system to obtain a
desired effect on its outputs in a con-
trolled way. Your DVD player uses a
feedback loop to drive its spinning
motor for a precise rotation speed.
Your mobile phone has a feedback
loop to adjust its transmit power to
the required level. And, of course,
your car has plenty of feedback loops
(not only in the cruise control mod-
ule). Systems incorporating feedback
work even if the relationship between
the desired value (e.g., the spinning
speed of a motor) and the controlled
one (in that case, the current applied
to the motor) is not straightforward.
Delay effects, inertia, and nonlineari-
ties make life more interesting, and
so do external conditions. For exam-
ple, a cruise control device needs to
apply more torque on the motor if
you are climbing a hill. It should
keep overshoots as small as possible
to avoid getting a fine after you get to
the top of a hill.

On the theoretical side, these prob-
lems have been well-known for years
and are covered by the Control Sys-
tem theory. The theory explains how
to design an optimized control loop
for a given problem, at least if the
problem is well formalized. The theo-
ry—which started with the works of

approach (e.g., Tim Wescott’s Applied
Control Theory for Embedded Systems,
Newnes, 2006). Should you give up?
No. Fortunately, some classical control
algorithms are applicable to a lot of
problems. More importantly, for design
guys like us, they are easy to implement
in firmware or hardware. The most
usual is the ubiquitous proportional
integral derivative (PID) control, which
has one interesting characteristic: it is

THE DARKER SIDE by Robert Lacoste

PID Control Without Math
If you need to design an optimized control loop for a hardware control problem, consider
trying a proportional integral derivative (PID) controller. In this article, Robert explains that
PID regulations are simple to code, wire, and tune to find the results you’re looking for.

Photo 1—This is the power supply and controller I built in 1987 and its Weller VR20 soldering iron. Its first basic
“threshold comparator” design was working, but it had a ±3°C oscillation around the preset temperature. A simple
control improvement reduced the oscillation to ±1°C.
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tuned by only three or four parame-
ters. As you will see, the parameters
can be determined by empirical

methods, without even knowing the
exact behavior of the controlled
process. Don’t get me wrong. I am

not saying that a PID will solve any
control problem, especially if the sys-
tem has multiple inputs and outputs.
But you may want to give it a try
before digging into more complex solu-
tions. In any case, it’s a must-have for
every engineer. So, let’s go with PID!

A BASIC CASE
The most basic example of a feed-

back loop is a temperature controller
used to drive a heater or cooler to get
a precise temperature (or temperature
profile) on a temperature sensor on a
device. Regular readers may remem-
ber my article about a home-made
reflow oven controller based on a
firmware PID loop (“Easy Reflow:
Build an SMT Reflow Oven Con-
troller,” Circuit Cellar 168, 2004).
This month, I will take an even sim-
pler example. Twenty years ago, I
bought a Weller VR20 soldering iron,
which had a built-in resistive temper-
ature sensor. At that time, I couldn’t
afford the corresponding power sup-
ply, so of course I built my own (see
Photo 1). It was easy. I used a 24-V
transformer, a potentiometer to tune
the temperature, a digital voltmeter
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Figure 1—For this article, I developed Scilab code based on this thermal latency model. The heater is heating a tube, which heats the iron tip. I assumed the respective tem-
peratures of the heater, tube, and tip to be homogeneous. The heat power transferred from heater to tube is supposed to be a constant factor multiplied by the temperature dif-
ference between both elements. The same goes for transfer from tube to tip or to ambient air. This simplistic model enabled me to get reasonably realistic simulation results.

Photo 2—This plot was taken on my new LeCroy WaveRunner 6050A oscilloscope connected to the iron controller
in its initial version. The top channel is the sensor measurement. The bottom is the command sent to the output
TRIAC. In this first design, I used a simple comparator. Both curves are exactly in phase; but as a consequence,
the oscillation is high due to thermal inertia: 19 mVPP corresponding to 6°C. Heating cycles are roughly 30 s each.

Heat  transfer coefficient =
k_heater_to_tube

Power =
p_heat

Heat  transfer coefficient =
k_tube_to_tip

Loss coefficient = kloss_tip
Loss coefficient = kloss_tube

Ambient temperature = T_ambient

Heater
Mass = m_heater
Specific heat capacity = c_heater
C_heater = c_heater × m_heater
Temperature = T_heater 

Tube
Mass = m_tube
Specific heat capacity = c_tube
C_tube = c_tube × m_tube
Temperature = T_tube 

Tip
Mass = m_tip
Specific heat capacity = c_tip
C_tip = c_tip × m_tip
Temperature = T_tip
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(see Figure 1). I have even coded a
Scilab simulation of this system (see
Figure 2). Close to the behavior of my
old iron controller, isn’t it? 

Just as a reminder: Scilab is an
open-source Matlab-like tool with
great simulation toolboxes. The
Scilab simulation sources I coded for
this article are posted on the Circuit
Cellar FTP site. Don’t hesitate to
read them because I’ve commented
them heavily.

As I will show you at the end of
this article, I improved this iron con-
troller a couple of years after its
assembly and got a drastically
improved regulation. On the hard-
ware side, I do not recommend that
you duplicate this design because it is
based on obsolete technology. But it
is a perfect example to introduce PID
controls.

PROPORTIONAL?
How do you improve the thermal reg-

ulation? Using a full on/off drive on the
heater is simple, but it is not the best
solution. Why should you use 80 W of
heating power if you are close to the tar-
get? It should be reduced more and
more as you approach. The simplest

gives oscillation around the thresh-
old. It is easy to model this behavior

(Remember the old CA3161/CA3162
three-digit voltmeter chipset?), and a
crude “control system.” I used an
LM311 comparator to drive an output
TRIAC on and off, whether the meas-
ured temperature was above or below
the threshold. For control system spe-
cialists, this is the most basic form of
a “bang-bang control” algorithm—and
it is so for obvious reasons. (Just imag-
ine yourself driving your car with only
two settings: throttle fully open or
brakes fully engaged.) It was working,
but the temperature regulation was
oscillating around 3°C above and
below the preset value. That corre-
sponded to an 18-mV oscillation on
the sensor measurement (see Photo 2). 

Why? Just because the heater is not
in direct contact with the sensor and
because the assembly does not weigh
0 g. The heat takes some time to go
from the heater to the tip, so if you
wait for the sensor to reach the target
temperature before switching the
power off, it is already too late. The
heat will continue to flow from the
heater to the tip and you will get a sig-
nificant overshoot, which ultimately

Figure 2—This is the simulation result for a simple “bang bang comparator” system like the one used in the initial
version of my iron controller. The top curves are respective heater, tube, and iron temperatures. The middle plot is
the power applied on the heater. The bottom curve is a zoom on the tip temperature, showing a 12°C swing around
the 350°C target with the parameters I have used.

Figure 3—A P control simply calculates the error between the target and measured values, and uses it to drive the output.
This is better than a simple threshold comparison but may induce overshoots. A PD control damps the system with the
addition of a derivative term, which is usually calculated as the difference between successive errors. Lastly, the full PID
control also adds an integral term, which is the sum of the error over time, in order to avoid any systematic error.

P control :

Error = actual – target
Command = Kp . Error
Command = Limit(Command,Commandmin,Commandmax)
Pheater = Pmax . Command

PD control (theoretical) :

Error = actual – target
Command = Kp . Error + Kd . d(Error)/dt

PD control (implementation) :

Previous error = Error
Error = actual – target
Command = Kp . (actual – target) + Kd/timestep . (Error – Previous error)

PID control (theoretical) :

Error = actual – target
Command = Kp . Error + Kd . d(Error)/dt + Ki . Integral (Error.dt)

PID control (implementation) :

Previous error = Error
Error = actual – target
Integral = Integral + error
Command = Kp . (actual – target) + Kd/timestep . (Error – Previous error)

+ Ki . Timestep . Integral

a)

b)

c)

b)

a)

c)

d)

e)
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way to do so would be to calculate the
heating power as proportional to the
distance to the target. This is where
the “P” of PID comes from. Rather
than just comparing the measured
value to a threshold and switching the
output on and off, a proportional con-
troller manages it more smoothly. The
algorithm calculates the error, which
is the target value minus the measure-
ment, multiplies it by a given gain
(usually denoted Kp), and uses the
result of this calculation to drive the
output after limiting it to reasonable
values. Refer to the pseudocode algo-
rithm in Figure 3a. 

You may criticize this approach as
a linear power supply stage would be
needed to implement such a propor-
tional control, with its power ineffi-
ciency and added complexity, and you
would be right. But for a thermal con-
troller, nothing forbids you from
using the “Pheater” value to directly
drive a high-speed PWM output
rather than a DC power generator.
The heating power will be propor-
tional to the mean PWM value,
which is the desired command. What
improvement could you get with

such a proportional control system? I
did the simulation in Figure 2. The

results show that the temperature
oscillation is reduced from 12° down
to 7°C, at least under the hypothesis
of the simulation (see Figure 4). 

The optimal value of Kp must be
determined for each application because
it is dependent on the system parame-
ters and your preferences. Figure 5
illustrates the system’s behavior with
different Kp values. My experience
tells me that it is to start with low Kp
values and increase it up to a point
where oscillations and ringing starts
to be a little too high. 

DERIVATIVE HELPS!
A proportional controller uses only

the current measurement to deter-
mine the output value. It doesn’t
have memory or forecasting to
improve the regulation. When you
press the brake as you park your car
in your garage, you don’t apply only a
pressure proportional to the distance
between your car and the back wall.
You also use other information, such
as the speed at which your car is
approaching the wall, and this makes
sense. As you may remember from
your youth, speed is the derivative of

Figure 5—This simulation shows you the behavior of the simulated system with a proportional control and different val-
ues of the Kp gain. With small Kp values (top plot), the actual temperature takes a long time to reach the target, and may
not reach it. The loop is “soft.” If you increase the Kp gain, the regulation becomes quicker and quicker up to a point where
overshoot starts to appear. The optimum value is often just after the appearance of oscillations (Kp = 0.1 in this instance).

Figure 4—A proportional control enables you to generate an analog output value. It’s low if the current measure-
ment is close to the preset target but higher if the target is far (medium curve). The overall temperature oscillation is
reduced from 12° down to 7°C, as compared to the “bang-bang” control in Figure 2.

2812005Lacoste.qxp  11/10/2008  3:21 PM  Page 58

http://www.circuitcellar.com


www.circuitcellar.com CIRCUIT CELLAR® Issue 221   December 2008    59

the distance over time. A proportion-
al-derivative control (PD) adds the
derivative of the error to the calcula-
tion with another gain noted as Kd
(see Figure 3b). 

For discrete time systems (e.g.,
microcontroller-based), the derivative
of the error can be approximated as
the current error minus the previous
one, divided by the duration of the
calculation time step. The result is
the algorithm in Figure 3c.

How does it work? If the error is
increasing quickly, then the
d(Error)/dt term is high. So, for the
same absolute error, the command
applied on the output is higher. This
enables you to return to the target
quicker. On the contrary, if the error
is quickly reducing, then the
d(Error)/dt term is negative. This
reduces the power applied on the out-
put, which reduces risks of over-
shoots. For simple systems, like the
one I simulated, a PD algorithm pro-
vides an impressive improvement,
even if the situation is not so easy in
real life (see Figure 6). 

How do you tune the Kd coeffi-
cient? As illustrated in Figure 7, the

system is more and more damped
when Kd is higher. If Kd is null, then

we are back to a simple proportional
control. An increased Kd reduces
oscillations and overshoots but also
increases the time needed to reach a
new setpoint. If you increase Kd even
more, the system starts to be soft and
often too soft. This is why I previous-
ly said that the Kp proportional
parameter should usually be set a lit-
tle higher than the value which gave
the first oscillations because Kd will
help reduce them. So, in a nutshell,
with a PD regulation, you can first
set Kd and Kp to 0, increase Kp until
small oscillations appear on the out-
put, and then increase Kd until there
is enough damping but not more. The
resulting parameter set is often close
to optimal for common systems.

INTEGRAL, FOR FULL PID
Take another look at the PD con-

trol simulation in Figure 6 and you
will see that the system reaches a
steady state, which is not exactly the
target value. On this simulation, the
long-term sensor value is 347°C, 3°
lower than the preset 350°C target.
This is because the system is dissipa-
tive, meaning that some energy flows

Figure 7—This is what usually happens when the derivative gain Kd is increased. The oscillations are damped
more and more. At a given point, the system is no longer oscillating but starts to be long to reach its target. The
optimal setting depends on the system constraints.

Figure 6—The addition of a derivative parameter gives a PD control loop. Thanks to the derivative, the oscillations
are damped out and the system reaches a steady state, at least in this simulation. However, note that the stabilized
value is not exactly the preset 350°C. It’s a little lower (347.4°C) due to heat dissipation in the ambient air.

2812005Lacoste.qxp  11/10/2008  3:21 PM  Page 59

http://www.circuitcellar.com


60 Issue 221   December 2008 CIRCUIT CELLAR® www.circuitcellar.com

Ki gives higher oscillations and
longer stabilization time. Practically
speaking, it is best to always start

an improper Ki gain can make the sys-
tem unstable. Moreover, the effect of
Ki is usually opposed to Kd: a higher

from the iron to the ambient air. At
equilibrium, the heat loss to the
ambient air is exactly equal to the
3°C error multiplied by Kd. The sys-
tem is stable but will never reach its
target setpoint: the error stays con-
stant so its derivative is null and Kd
is useless. 

“PID” appears in this article’s title.
I already covered “PD” feedback
loops, so we need to add the “I” in
order to avoid such long-term errors.
Not only do you need to take into
account the error and its derivative
over time, but also its integral over
time. If there is a constant error, this
integral will be higher and higher
over time. If you add it to the com-
mand through another Ki gain, then
the equilibrium state will be forced
to be exactly at the setpoint value
(see Figure 3d). The result, for time-
sampled systems, is the algorithm in
Figure 3e. 

This works and it is the final form of
the PID control algorithm (see Figure 8).
However, please take care. The inte-
gral term must be manipulated with
caution. Contrary to the Kd and Kp
gains (at least with reasonable values),

Figure 9—At the top is the original schematic of the temperature control section of my iron controller. A 13-mA constant current generator was driving the resistor temperature sensor, providing
a voltage roughly proportional to the temperature. The voltage was simply compared to a preset threshold through an LM311 comparator, then driving a TRIAC through an optoisolator. The
modification involved the addition of a quad TL084 op-amp to buffer (U4.A), derive over time (U4B), and sum (U4.C) the signal with its derivative. The potentiometer RV4 sets the Kd gain.

Figure 8—The addition of an integral term enables you to ensure that the steady point is equal to the preset 350°C target.
However, note that the oscillations and stabilization time are a little higher than with a simpler PD control loop as on Figure 6.
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with Ki = 0. If it is mandatory,
increase Ki a little after determining
the optimal Kp and Kd parameters,
just to a value providing a good, long-
term convergence. Then, you will
probably need to retune Kd and Kp to
readapt the short-term behavior, and
then Ki again, and more. Another
good way to reduce the risk of insta-
bility is to limit the maximum and
minimum value of the integral term
to a given range with a new parame-
ter MaxIntegral. This is another value
to determine by experimentation; but
globally, you end up with only four
numbers to optimize, which is far
easier than going through the full
control system theory.

HARDWARE IMPROVEMENTS
It is time to go back to my dear

1987 soldering iron regulator. What
did I do in 1989 to reduce the temper-
ature oscillations? I simply added a
differential term. I didn’t even change
the output stage, which is still a
TRIAC driven by a comparator in full
on/off mode, but I no longer com-
pared the measured value to the pre-
set value. I compared the measured
value plus Kd times d(measured
value)/dt to the preset value. Think

about it twice. This is exactly the
same as the PD algorithm as long as
the preset value is constant. A PD
control loop can be 100% analog (see
Figure 9). What were the actual
improvements? Compare the oscillo-
gram in Photo 3 with the initial one
(see Photo 2). The addition of a Kd
parameter reduced the temperature
oscillation from 6° down to 1.3°C.
That’s not bad with just a couple of
op-amps more. Photo 3 shows the
derivative term in action. The output
is no longer fully in phase with the
sensor. It starts to increase as soon as
the sensor temperature starts to reach
its maximum, even if the actual tem-
perature is still above target. This is
anticipation.

WRAPPING UP
To be honest, I no longer use the

iron controller on a daily basis
because I have a newer one. However,
I still use it from time to time, even
if it is not lead-free compatible. Any-
way, I hope I have demonstrated that
PID regulations are simple to code, or
even to wire with a couple of op-
amps. Moreover, they are easy to
tune at least for simple systems.
Using only the proportional term

Photo 3—This is how the actual iron temperature regulation behaves with the addition of the derivative term. The
oscillation of the sensor output is reduced to a little more than 5 mVPP, four times less than with the simple compara-
tor, providing a stability of 1°C.

PROJECT FILES
To download code, go to ftp://ftp.circuit
cellar.com/pub/Circuit_Cellar/2008/221.

SOURCE
WaveRunner 6050A Oscilloscope 
LeCroy Corp. 
www.lecroy.com

may already give good results. The
derivative term could be added to pro-
vide damping (or shaping) of the
response. The addition of an integral
term ensures that there will be no sys-
tematic errors. If the average error is
not zero, the integral term will
increase over time, reducing the error.
However, the integral term is a little
more difficult to manage than the Kp
and Kd terms because it can make the
system unstable. Handle it with care,
or add limits on the integral term
allowed values. Don’t forget that these
coefficients can be negative too.

Lastly, note that playing with the
Kp, Ki, and Kd coefficients is easy,
and looking at their effects on the
real-life controlled system is fun.
Consider experimenting with a small
controlled system rather than exer-
cise yourself directly on your nearby
nuclear plant. Anyway, I hope that
PID is no longer on the darker side
for you! I
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mine what other devices might be in
parallel with and affecting the device
under test (DUT).

WHAT DOES IT DO?
The Smart Tweezers meter auto-

matically determines the type of com-
ponent, resistor, capacitor, or inductor
(RCL), and selects the proper range
and signal frequency for the highest
accuracy measurement. Using a small
32 × 96 dot graphics display, the Smart
Tweezers meter clearly displays the
component type, measurement
results, and test conditions used to
determine the results. The display is
divided into three areas. The central

be seen again! 
Frankly, I’m surprised I haven’t seen

a good tool like the Advance Devices
Smart Tweezers handheld LCR meter
sooner (see Photo 1b). The small,
lightweight format fits comfortably,
enabling operation with just one hand.
Although it is designed to easily grab
SMT devices with its tweezer-type
probes, it can perform its magic on
through-hole parts as well.

You can use the Smart Tweezers
(ST) to identify and evaluate loose
components and those already sol-
dered on a PCB (unpowered). Of
course, you may need to have some
knowledge of the circuitry to deter-

CIRCUIT CELLAR®

If your work area is like mine, you
probably have a small box that col-
lects all the odd components that end
up on your bench after a project (see
Photo 1a). I am a little more careful
when it comes to surface-mount parts.
They are usually purchased as taped
strips (reels) of parts and are better
protected from getting jumbled togeth-
er with other parts (if left taped). How-
ever, one of the big problems with
SMT stuff is that it is usually too
small to be labeled. Thus, you can eas-
ily lose track of parts and their values.
I can’t tell you how many times I’ve
picked up an SMT part only to have it
shoot out from the tweezers never to

FROM THE BENCH by Jeff Bachiochi

It’s time to take control of your components.You can identify tiny surface-mount parts with a
handheld LCR meter. The lightweight tool automatically determines the type of component,
inductor, capacitor, or resistor (LCR), and selects the proper range and signal frequency for
the most accurate measurement. The component type, measurement results, and test
conditions used to determine the results are displayed on a dot-matrix display.

Photo 1a—Here’s a few of the hundreds of unmarked (or unreadable) parts in my “junk” box. Every one of these parts is
identifiable using the Advance Devices Smart Tweezers LCR handheld meter. b—The Smart Tweezers meter can identify
a component type and value by picking it up. The auto function will identify capacitors, resistors, and inductors.

Component Control

a) b)

2812002-bachiochi.qxp  11/10/2008  3:46 PM  Page 62

http://www.circuitcellar.com


(and largest) area contains the compo-
nent type and determined value. The
top area shows additional parameters
and testing conditions. The bottom
area displays a horizontal bar graph
indicating the value’s percentage of
the test range.

If you’ve had the pleasure of assem-
bling any circuit using surface mount
technology (SMT) components, you
probably have at least one pair of
tweezers for picking up and placing
surface-mount devices (SMDs). The
Smart Tweezers meter has conductive
pincer-like contacts that can measure
and identify an SMD if picked up the
correct way (see Photo 1b). The small
and lightweight enclosure fits well in
your hand, kind of like writing with a
pen or pencil. At first, I thought the
small LCD might be custom glass
with specific glyphs. But after playing
with it a while, I realized it was a sim-
ple dot-matrix display. The design can
be used with either of your hands.
When configured for lefties, all of the

LCD text and graphics are rotated
180°. I’m guessing this is done rather
simply by manipulating the LCD data
and where the data is stored (mirror-
ing each most significant for least sig-
nificant bit/register).

Automatic mode determines the
device type (LCR) and measures, cal-
culates, and displays the appropriate
value. Manual modes are available to

force the tests to use particular
parameters. All modes are accessed
via a jog dial—actually three switches
(push left, push right, and push
down). 

WHAT IS GOING ON?
Figure 1 shows the system’s major

building blocks. The microcontroller
of choice is a 16-bit Texas Instruments
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Figure 1—A Texas Instruments MSP430F135 microcontroller orchestrates the user I/O, D/A, A/D, and power management circuitry to identify common devices, including resistors,
capacitors, inductors, and diodes.

Source
resistor

Voltage
Vmp
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Current
amp
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circuit
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circuit

Reference voltage
source

DUT

MUX

MUX

ADC

DDS

Microcontroller

LCD and Navigation switch

Low-pass filter

Battery

LPF

DC Voltage

Photo 2—The internal PCB has the MSP430F135 microcontroller and all the other SMT parts (except the LCD)
mounted on one side. The three button cell batteries can provide over 80 h of use.
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MSP430F135 (see Photo 2).
Besides handling the user
input/output through a jog-
dial/LCD, the microcontroller
calculates the impedance of a
DUT by measuring the voltage
across it and the current
through it, as shown in the
front-end circuitry (see Figure
2). The MSP430F135 controls
both the amplitude and fre-
quency of the voltage source
(VS) and is typically approxi-
mately 1 V (sine wave). VS is
applied to the DUT through
the source resistance RS. DUTV

is the voltage measured by the
first amplifier (AU) directly
across the DUT and is measured by
one A/D channel. Current through the
DUT (DUTI) is converted to a propor-
tional voltage by a second amplifier
(AI) and the feedback resistor RI (V =
DUTI × RI) so it can be read by a sec-
ond A/D channel.

The DUT’s impedance is a combina-
tion of resistance and capacitive or
inductive reactance. The proportions

of each of these are based on the rela-
tionships between applied voltage and
the measured voltage and current.
With an ideal resistive DUT, the
impedance, and thus resistance, is the
same because the DUTI and DUTV are
in phase. With an ideal capacitor
DUT, the impedance is the capacitive
reactance because the DUTI will lead
the DUTV by 90°. The capacitance

must be calculated based on:

[1]

With an ideal inductor DUT,
the impedance is the inductive
reactance because the DUTI

will lag the DUTV by 90°. The
inductance must be calculated
based on:

[2]

Manufacturing and materi-
als will play a role in a
device’s quality. Capacitors,
inductors, and even resistors
may be less than ideal compo-

nents. We all consider a resistor to be
pretty much an ideal device. Howev-
er, many resistors are made by
depositing a material on a form and
etching or cutting a spiral pattern in
the coating, creating a lengthy strip to
achieve the required value, but also
looking a bit like an inductor. This is
perhaps more clearly seen in wire-
wound resistors. While this is usually

L  
  f XL

= −1
2 π

C  
  f XC

= −1
2 π

Figure 2—The analog front end uses a DAC to provide AC excitation to the
DUT. The resultant voltage across and current through the device is meas-
ured by A/D circuitry to provide data back to the microcontroller.
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minimal, it must be considered in cir-
cuits where the frequencies used may
cause this inductance to affect circuit
operation. 

All current-carrying conductors are
inductors to some extent. That is, the
magnetic field created by a change in
current in them is not instantaneous
and therefore opposes the change.
This opposition can be enhanced by
providing a medium (core) that col-
lects and hangs onto the magnetic
energy, as well as concentrating
(wrapping) the conductors around the
core. As shown in the previous equa-
tions, there is a direct relationship
between the inductance (opposition to
change) and frequency (rate of
change). Therefore, testing a compo-
nent at a number of frequencies is
required to obtain measurement
results that are within analytical lim-
its. It’s likely an inductor will be
somewhat less than ideal. Series
resistance will be part of the DUT’s
impedance. This can be determined
by the phase relationship between the
DUTV and the DUTI. With the ideal

resistor (phase shift = 0°) and the ideal
inductor (phase shift = 90°), any
inductor that is not ideal will have a
resistive/inductive reactance relation-
ship of phase difference equals arctan
(XL/R). The relationship (XL/R) is also
known as the quality factor (Q). The
closer the inductor is to ideal, the
higher the Q.

A capacitor, on the other hand,
opposes a change in voltage due to its
physical makeup. The leads of a
capacitor are connected to large plates
held just a fraction of an inch apart by
thin insulating material. Ideally, there
is infinite resistance between the
plates. When a voltage is applied
across the plates, maximum current
flows because the potential difference
between the source and the plates is
greatest. Electrons are in fact not flow-
ing through the device but being
stored on (or released from) the plates.
The electrons create an electric charge
(voltage) across the plates. As the
potential between the source voltage
and the plate voltage decreases, so
does the current flow. Capacitance

goes up as the plate size increases or
the spacing decreases. Although the
dielectric insulating material also
affects capacitance, it has a greater
effect on losses that are affected by
things like temperature and frequen-
cy. As shown in the previous equa-
tions, there is a direct relationship
between the capacitance (opposition
to change) and frequency (rate of
change). Therefore, testing a compo-
nent at a number of frequencies is
required to obtain measurement
results that are within analytical lim-
its. It’s likely a capacitor will be
somewhat less than ideal. There will
be some parallel resistance that will
be part of the DUT’s impedance. This
can be determined by the phase rela-
tionship between the DUTV and the
DUTI. With the ideal resistor (phase
shift = 0°) and the ideal capacitor
(phase shift = 90°), any nonideal capac-
itor will have a resistive/capacitive
reactance relationship of phase differ-
ence equals arctan (XC/R). The rela-
tionship (R/XC) is also known as the
dissipation factor (D). The closer the

2812002-bachiochi.qxp  11/10/2008  3:46 PM  Page 65

http://www.circuitcellar.com
http://www.usbee.com


enables/disables a beep whenever a
measurement is taken. The DISPLAY
setting lets you set the display’s con-
trast and determine whether the dis-
play is formatted for right- or left-hand
use. Finally, the TIMEOUT setting
lets you set the timeout (the delay
after any measurement or selection
before shutting off) from 10 to 200 s.

While the Smart Tweezers can meas-
ure most devices using the AUTO
mode (RES/IND/CAP), you can use the
measurement settings to change or
force a mode of operation. For instance,
if you have a wire-wound resistor, you
can select inductor (IND) to determine
the resistor’s inductive reactance due to
its physical makeup. If the DUT is a
diode, you must force a switch to
DIODE mode. A pictograph of a diode
will be displayed with its orientation
matching the polarity of the connec-
tion. The VOLTAGE selection allows
for measurements of up to ±8 V. A tiny
slide switch on the side of the case
must be moved to enable this function.
(The LCD prompts you when to slide
it.) Note that the auto-off function is
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capacitor is to ideal, the lower D will be.

FINGERTIP CONTROL
The jog dial provides up, down, and

select functions. An initial press (in
any direction) initializes the Smart
Tweezers and configures it to the last
selected functions before it turns itself
off. You can immediately begin taking
measurements of components. A sec-
ond push brings up a menu of func-
tions you may choose from. The menu
road map is shown in Figure 3. Choos-
ing AUTOSET resets all parameters to
the default setting and returns you to
Operational mode. There are two
other selections you can choose
instead of EXIT, SYSTEM, and MEA-
SURE. If you choose SYSTEM, you
can select one of the four system set-
tings: SOUND, DISPLAY, TIMEOUT,
and SERVICE. If you choose MEA-
SURE, you can select one of the seven
modes of operation: AUTO, RES, IND,
CAP, DIODE, VOLTAGE, and TRACE.

The system settings enable you to
customize the operation of the Smart
Tweezers. The SOUND setting

disabled while this switch is used.
TRACE mode is similar to VOLTAGE.
Instead of a text display of the voltage
value, a graphic display over time is
used, like an oscilloscope. You can
dynamically change the time base using
the left/right jog dial switches. Because
of the delicate and sensitive front end,
you should not measure live circuits
with more than 1.6 V without selecting
VOLTAGE or TRACE modes and mov-
ing the slide switch as prompted.

PRACTICAL LIMITS
There are a few things that might seem

obvious but must be taken into consider-
ation for the most accurate measure-
ments. When measuring small resist-
ances, the physical connection resist-
ance between the (gold plated) tips and
the DUT is approximately 25 mΩ (this
can vary with contact pressure). You
must subtract this from the measured
value, if appropriate, when it is a large
percentage of the DUT. For the most
accurate measurements of small capaci-
tors (pF), you should force the test fre-
quency into its highest range (10 kHz).
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Measuring physically small size capaci-
tors will inherently add a small offset of
up to a couple of puffs (picofarads) due
to the close proximity of the tips. Mea-
suring inductive extremes is most accu-
rate by forcing the test frequency as
well (highest frequency for low values
and lowest frequency for high values).

USE IT
After each project, I spend a little

(sometimes too little) time cleaning
up my workspace. It’s not unusual for
there to be a bunch of leftover compo-
nents on my bench top. If I’m bad, I
sweep them into a box of miscella-
neous parts. If I’m worse, I toss them
out! Many parts are unique enough to
be easily separated and put back into
their proper places. Components like
connectors and ICs (generally any-
thing that is large enough) can be
handled through divide-and-conquer

techniques. When it comes to smaller
discrete or SMT parts, I need to get
out the hand magnifier to read values.
While the colored stripes on 5% resis-
tors are noticeable, I often can’t tell
which end is which with the resistors
that are 5%. Even though I know 0603
SMT resistors have digit values on
them, I can’t make them out, even
with a magnifier. Other small surface-
mount capacitors and inductors have
room only for a logo. I no longer need
to strain my eyes and guess at which
parts I’m trying to store away because
I can use Smart Tweezers to pick up,
identify, and place the part in one easy
movement. 

I’ve always used a small pair of
tweezers to help position SMT compo-
nents on PCBs that I hand assemble.
I’m pretty good at soldering tiny
devices. One of the most frustrating
things is to find that I’ve either used

the wrong part in the right place or
the right part in the wrong place.
Being able to verify a part’s type and
value prior to hand soldering is helpful
in the long run. Likewise, being able to
identify components and values that
have been placed and soldered can save
time. You don’t have to remove and
replace a part because you don’t know
if it’s the right part. This goes a long
way in reducing stress, especially
when a circuit is not working correct-
ly. Of course, you need to know how
the component is connected in the cir-
cuit to determine if its measured value
is being affected by the surrounding
components. Note that you should
always measure components with the
circuit in an unpowered state, unless
you are specifically using the Smart
Tweezers in the voltage mode. 

Have you ever had a circuit you
were trying to understand? Maybe you

Figure 3—The dot-matrix LCD provides resultant data as well as function menus for changing default parameters. You can scroll through the menu selections using the jog
dial’s left/right switches. By pressing it, you can choose the highlighted selection. Use this chart to follow the menu hierarchy.
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Jeff Bachiochi (pronounced BAH-
key-AH-key) has been writing for
Circuit Cellar since 1988. His back-
ground includes product design and
manufacturing. You can reach him at
jeff.bachiochi@imaginethatnow.com
or at www.imaginethatnow.com.

SOURCES
Smart Tweezers Handheld LCR meter
Advance Devices Corp.
www.advancedevices.com

MSP430F135 Microcontroller 
Texas Instruments, Inc. 
www.ti.com

needed to determine the cut-off fre-
quency of an analog filter? The ST is a
great tool to help you identify the
components and values used in a cir-
cuit so you can make the calculation
necessary to determine operating
parameters. While the Smart Tweezers
is made for measuring those parts that
fit between its fingertips, you can put
clip leads on its tips and measure
physically larger parts as well.

Are you a coil winder? Say you need
that power inductor for some switch-
ing circuit and want to wrap your own
coil. After winding what you’ve calcu-
lated to be the proper turn ratio, you
will wonder if it will be close enough
to do the job. The Smart Tweezers can
give you peace of mind by measuring
the inductance (and the ESR as well).
You can also experiment with how the
inductance is affected by the core
material you are using. 

PORTABILITY
Thanks to the extremely low power

requirements of Texas Instruments’s
MSP430F135, the Smart Tweezers

device operates for over 80 h on three
alkaline (357 A) button cells. For me,
shelf life will most likely be the limit-
ing factor on operational life. The
auto-off feature will keep your batter-
ies from running down should you for-
get to turn it off. Even with intermit-
tent use in a production environment,
your batteries should last weeks. If
you don’t want to be bothered with
keeping a supply of batteries on hand,
there is a rechargeable option.

You can upgrade your standard
Smart Tweezers device any time
because the inductive charger is field-
upgradeable. Simply replace three
alkaline cells in the Smart Tweezers
with the 3.6-V NiMH battery and sol-
der in the inductive receiver. The
inductive transmitter is fully assem-
bled and can run off either an AC wall
wart or via USB (power only). 

Inductive charging is becoming a hot
item for cell phones and other devices.
I think inductive charging deserves a
column of its own, so let me know if
you’d like to see more on that technol-
ogy, or any other topic for that mater.

The Smart Tweezers device is just
the kind of tool I would have liked to
design. It combines a good mix of ana-
log and digital circuitry into a com-
pact, easy-to-use unit. The low-power
design is kind on current consump-
tion, which helps stretch battery life.
You will find this tool invaluable
when verifying, analyzing, and identi-
fying components both in and out of
circuit. I
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spaced microphones. Next, imagine a
wavefront consisting of noise plus
the signal you want to detect, strik-
ing this uniform line array. Finally,
make two common simplifications,
valid for many applications. One,
assume that the wavefront originated
in the far field so that it can be

Tensions are high and a hostile sub-
marine lurks in the waters just off the
coast. A patient exhibits troubling
symptoms—do layers of tissue mask a
tumor? A driver checks his mirrors
and begins to change lanes but never
sees the truck hiding in his blind spot.

It’s better to go looking for trouble
than to have it find you. But how
do you do that? Whether it’s sub-
hunting sonar, medical ultrasound,
or collision-avoidance radar, how do
you uncloak danger?

One important arrow in your
quiver is beamforming. Think of it
as a way to focus and measure the
energy falling on an array of sensors
as you “look” in different direc-
tions. You can do your own hands-
on investigation with only a com-
puter, a dual-channel A/D card, a
pair of microphones, and the soft-
ware developed in this article.

Beamforming techniques come in
two flavors: adaptive and fixed.
Adaptive methods are haute cui-
sine. Fixed methods are burgers
with fries. Each has its place, but
blue-collar fare will be served up
here.

TIME DOMAIN BEAMFORMING
To understand how beamforming

works, picture a line of identically

approximated as a flat surface propa-
gating toward the array and any cur-
vature it possessed near the source
can be disregarded. Second, ignore
the three-dimensional quality of
wave propagation and restrict your
attention to the two-dimensional
plane. With this in mind, Figure 1

shows what it would look like if
you wanted to focus the energy
arriving perpendicular (broadside)
to the array.

Each phone is excited by the
same wavefront at the same time.
To get the total energy falling on
the array at any instant, sum
together the data from each phone.
Refer to Figure 2 if you want to
focus the energy from some other
direction.

To sum the energy across a
given wavefront, you need to
insert delays because the wave-
front has to travel a different dis-
tance to strike each phone. The
extra distance the wavefront trav-
els from one phone to the next is
d sin θ, where d is the uniform
spacing between the phones and θ,
the look direction, is by conven-
tion measured clockwise from
broadside to the array. If the wave-
front travels through the medium
(e.g., air or water) at speed c, then

FEATURE ARTICLE by Martin Courtney

Beamforming enables you to find problems in your system before they occur. As Martin
explains, you can perform your own investigation with a computer, a dual-channel A/D card, a
pair of microphones, and some software.

Beamforming 101

Figure 1—When a wavefront arrives from broadside, it strikes
every sensor of a linear array at the same time.
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values) at time:

[2]

With Δt, d, and c fixed, and n
and k restricted to be integers,
this limits the available choic-
es for the look direction, θ.
What should you do?

PHASE SHIFT BEAMFORMING
If you’re looking for period-

ic signals, like the vibration
produced by rotating machin-
ery, you can use the Fourier
transform and work with
Equation 1 in the frequency
domain instead of the time
domain. (If you’re not famil-
iar with the Fourier trans-
form, you can treat it as a
black box whose output pro-
vides the magnitude and
phase of the frequencies
inherent in a time domain
input.)

To begin, let the frequency-dependent

t  n t  k t  
pd sin 

= = − ( )Δ Δ
θ

c

the difference between the time it
strikes one phone and the next is (d
sin θ)/c. Generalizing, from Figure 2
the wavefront strikes phone p at (pd
sin θ)/c units of time before it strikes
the reference phone. So, for phone p
and time t, if you call the phone’s
response yp(t), then the time-shifted
summed output of the line array is
given by:

[1]

where P is the number of phones in the
line array, numbered from 0 to P – 1.

Great, you’re done. Just sweep
around the array and find the direc-
tion that gives the maximum
response, right? Actually, in practice,
this time domain, delay, and sum
beamformer has drawbacks because
the data acquired is sampled, not
continuous.

For an ADC clocking in data at
some constant interval Δt, t can
assume only values that are integer
multiples of Δ. Of course, that also
means y is known only at integer
multiples of the sample interval as
well. Equation 1 says you want the
value read from each phone (the y

z t y
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function Yp(ω) be the Fourier trans-
form of the time-dependent function
yp(t). Then, according to the shifting
property, the Fourier transform of:

[3]

is as follows:

[4]

Equation 1 transforms as:

[5]

The variables in Equation 5 are con-
tinuous. However, because your data
is sampled, in practice you will apply
the discrete Fourier transform with N
bins, and for a representative bin n the
discrete form of Equation 5 is:

[6]

where fS is the sampling rate. By
doing this you’ve turned the time
delay beamformer into a phase shift
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Figure 2—When a wavefront arrives from any direction other than
broadside, it strikes each sensor at a different time. This time lag
must be accounted for when processing the data. One way to pro-
ceed is to introduce compensating delays. For a uniform line array,
the time lag is the same for any adjacent pair of sensors.
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Figure 3—Plotting the peak power versus the look direction for a narrowband source results in a pattern of lobes.
This figure was generated by steering the beamformer about a point and calculating the power spectrum for each
look direction. The maximum value in each spectrum was then plotted.
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narrowband beamformer and you can
point the steering vector wherever
you want. The Narrowband_Beam-
former.sce file posted on the Circuit

Cellar FTP site shows how to apply
Equation 6 using Scilab, a freeware
alternative to Matlab.

The five-channel, 5-kHz sampled

Figure 5—While the phase shift beamformer is useful for direction finding on a narrowband source, it is not effec-
tive when used on broadband energy. In the latter case, a plot of the power spectrum gives no hint where the
source is located.

Figure 4—A beam pattern shows what the beamformer will produce when it is pointed in a fixed direction and a
source at a given frequency moves around the array. Ideally, you would have pencil-thin lobes, and they would be
present only in the look direction.
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wavefile (Narrowband.wav,
posted on the Circuit Cellar
FTP site) contains noise
plus synthesized data for a
1,250-Hz narrowband signal
traveling through a medium
at 1,500 m/s (a typical sound
propagation speed in ocean
water), falling on a five-ele-
ment linear array with uni-
form spacing of 0.6 m
between phones, at an angle
of arrival of 30°. (The phone
spacing for this example
was chosen deliberately.
Ideally, you’d like the spac-
ing to be half a wavelength
or less.) When that data is
processed using the code in
the Narrowband_Beam-
former.sce file posted on
the Circuit Cellar FTP site
and the maximum magni-
tude of the beamformer
output (by frequency) is
plotted for look directions
around a circle in 3° incre-
ments beginning at 0°, the

result is shown in Figure 3. The
absolute maximum occurs when the
array is steered to point at the
source—just what you want! As a
bonus, the use of an array improves
the signal-to-noise ratio because the
noise component tends to average
out as more phones are added.

But there’s more to the story. Note
the shape of the beamformer output.
It’s telling you that if you point a little
bit away from the source, your beam-
forming will leave the waves slightly
out of phase, but you’ll still pick up a
good deal of power. But as you point
farther and farther away from the
source, the waves become increasingly
out of phase and add destructively,
causing the power received to drop
rapidly. Keep going and the waves
come back into phase a bit, adding
more constructively before going back
out of phase and adding destructively
again. This process repeats as you look
around a circle centered on the array.

The same idea holds if you fix the
look direction and move the source
around the array instead. This is the

Figure 6—Here you see the correlation of two data sets. In the
shaded region (the interrogation area), the vertically aligned points
are multiplied and the products are summed to produce one output
point. The upper-data set steps by one and the process repeats until
all points have moved through the interrogation area.

This data set moves

This data set is fixed

Region where two data sets are correlated
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basis for plots called
the beam pattern or
radiation pattern of an
array. The variables in
these plots are the
number of elements in
the array, the location
of the elements, the
frequency of the wave,
the angle of arrival of
the wavefront, and the
look direction. For a
simple uniform line

array, the beam pattern b(θ) can be
expressed as:

[7]

θS is the steering angle and λ = c/f is
the wavelength. Using Equation 7,
the beam pattern for the array in the
Narrowband_Beamformer.sce file on
the Circuit Cellar FTP site for a wave
at 1,250 Hz is plotted in Figure 4.

The large teardrop-shaped curve in
the look direction is called the main-
lobe. The other curves are called side-
lobes. When plotting beam patterns
for a line array, you need to deal with
factors of 0/0. L’Hospital’s rule
(remember your calculus!) comes to
your rescue here. Using it you can
show that this ratio equates to 1 for
the case at hand.

Why should you care about the
beam pattern? Because narrowband
tones may fall on your array from
more than one direction. It can hap-
pen if the wavefront is reflected and
takes multiple paths to your array. It
can happen if there is more than one
source present. In any event, these
undesired interferers can feed into
the sidelobes and adversely affect the
output from the beamformer.
Depending on your application, you
may be able to ignore the problem
caused by sidelobes. But if you can’t,
there are methods for minimizing
them called array shading that apply
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Figure 7—Here is what you get when you apply Equation 10.
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gation area.
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received at pairs of phones. The data
from one phone is fixed in time while
you slide the data from the second phone
past it. For discrete data, the sliding is
really stepping, where each step repre-
sents one tick of the sample clock of your
ADC (see Figure 6). At each step, calcu-
late the similarity of the two data sets.
The goal is to find the number of steps
you have to shift the second data set to
get the best agreement with the first data
set. Once you know the shift as a lead
or a lag (often nominally called a lag in
either case), it’s easy to determine the
angle of arrival of the wavefront.

The first question is how do you
measure similarity. That’s where
cross-correlation comes into the pic-
ture. For two functions f(t) and g(t),
their cross-correlation is denoted by: 

[8]

which is defined as:

[9]

which for a finite set of discretely

h f  τ τ= ✰ dt( ) = ( ) +( )
−∞

+∞

∫f  g  t g t   

f   g✰

cross-correlation beamformer.

CROSS-CORRELATING
Beamforming by cross-correlating

works by comparing the wavefront

weights to the data on a phone by
phone basis.

Let me make a final point concern-
ing Figure 3 and Figure 4 regarding
the symmetry they possess. From the
standpoint of a line array for a given
angle, the difference between the
times a wavefront strikes any particu-
lar pair of phones is the same regard-
less of the side of the array from
which the wavefront arrives. For this
reason, depending on your applica-
tion, you might want to consider
using a different phone configuration
or using two nonparallel line arrays.

What if the wavefront consists of
broadband data and you can’t resolve
narrowband tones (e.g., the data in
the BroadbandStochastic.wav file on
the Circuit Cellar FTP site consists of
noise)? The parameters are the same
as those used with the
Narrowband.wav file on the Circuit
Cellar FTP site, except that the sam-
ple rate is 44.1 kHz and the phone
separation is about 20.41 m. Making
those adjustments to the code in the
Narrowband_Beamformer.sce file on
the Circuit Cellar FTP site and run-
ning it against this new file produces
the output in Figure 5.

Although this wavefront is also
falling on the array at an angle of 30°
that’s not what the phase shift beam-
former is telling you. What do you
do? The solution is to turn to the

Without zero-padding

With zero-padding

Figure 9a—The discrete
Fourier transform views its
data as one period of an infi-
nite number of identical data
sets extending from negative
infinity to positive infinity.
When correlating two data
sets, the replicated data from
one set slides into the interro-
gation area, corrupting the
result. b—Zero-padding elimi-
nates the problem in Figure 9a
by inserting zeros that pass
through the interrogation area.
This turns circular correlation
into linear correlation.

a)

b)

Figure 10—If the maximum lag
(indicated by the width of the
region between the two vertical
lines in the center of the interro-
gation area) is relatively small,
the effects of circular correlation
will be relatively small (over the
time of interest), as well. The
impact will be further minimized
if a window, such as a Ham-
ming window (not shown), is
applied to the data before the
Fourier transform is performed,
because it will taper the ends of
the data toward zero. Figures
10a, 10b, and 10c show the
progression of the first data set
and how little circular correlation
comes into play for a small
maximum lag.

a)

b)

c)
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sampled data becomes:

[10]

Be careful about blindly applying
Equation 10. Suppose you collected
two sequences 2, 1, 1, 1 and 1, 1, 1, 2.
Applying Equation 10 gives Figure 7.
You can see that because the data sets
are finite. The result at each stage is
influenced by the number of nonzero
products in the sum—more so, in fact,
than by how well the peaks align. To
adjust the result, you can divide each
sum by the size of the interrogation area
(see Figure 8). As expected, the maxi-
mum occurs when the peaks are aligned.

There is one drawback to Equation 10.
It is computationally expensive for all
but the smallest data sets. Once again,
the solution is to use the discrete Fourier
transform and work in the frequency
domain. This is called fast correlation.
Instead of generating a set of values
where each value is formed by summing
products (as in Figure 7), fast correlation
requires only the discrete Fourier trans-
form, a single pointwise multiply of the
two transformed data sets, and an inverse
discrete Fourier transform. It only sounds
longer than the direct method!

In symbols, if x and y are the data sets
to be correlated, and if F and F–1 are the

  h m f n g n
N

( ) = ✰ = ( ) +( )
= −
∑f  g    m

n  

N

Fourier transform and inverse Fourier
transform operators respectively, then:

[11]

where * means the complex conjugate.
There is a twist. The discrete Fourier

transform assumes your data is periodic.

x F x F y  y  F✰  = ( )⎡⎣ ⎤⎦ ( )⎡⎣ ⎤⎦{ }−1 *

That means that when you perform fast
correlation, the result is the same as
what you get by performing direct cor-
relation on the two periodic sequences
in Figure 9a. The periodic extension of
the actual data bleeds into the sum of
products and you’ve got a mess. This is
called circular correlation (because you
can equivalently think of the actual
samples of the first data set as wrapping
around in a circle as they march past
the actual samples in the second data
set). If you want to match the results of
direct correlation (also called linear cor-
relation), you need to zero-pad your
input data (see Figure 9b).

But zero-padding is more work to code
(in real-time C/C++ code, anyway). In
general, if one data set is N samples long
and the other set is M samples long, to
correlate in the frequency domain you
must tack zeros to the end of both sets so
that each set has length N + M – 1. Then,
following the inverse transform, you need
to select the proper subset. More impor-
tantly, padding makes for larger, slower-
to-execute Fourier transforms. So skip
it! You can if the worst lag possible
(which occurs when the wavefront
arrives from endfire) is small relative to
the number of sample counts by which
the phones are separated. That’s

Figure 12—The basic cross-correlation beamformer can have trouble when both broadband and narrowband data
are present. The dominant periodic peaks from the narrowband tones mask the relationship of the broadband data
received at the two sensors.

Figure 11—The cross-correlation beamformer is effective for direction finding on a broadband source. The strong
peak indicates the number of sample delays needed to best match the data received at one sensor with the data
received at the other sensor. The sample delay count can be readily converted into a bearing.

Shift (in samples)
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Formally trained in mathematics,
Martin Courtney has been writing
software for more years than he cares
to admit. Although his preference is
signal processing and algorithm
development, he has written code for
real-time embedded systems and
graphically intensive PC-based appli-
cations as well. You can reach Martin
at mcourtn1@san.rr.com.

because over the interval of interest,
circularity will come into play for only
a few samples (see Figure 10). Add to
that the fact that windowing typically
precedes the application of the Fourier
transform, tapering the ends of the
sequences toward zero, and you can
see that the effects of circularity are
further minimized.

Once you’ve determined the lag, all
that’s left is to turn it into a bearing.
That’s easy. As you can see in Figure 2,
the time difference of arrival could be
expressed as:

[12]

But note that:

[13]

where fS is the sample frequency and L
is the number of lags required to align
the data received at the relative phone
with the data received at the reference
phone. (A delay is a positive shift and
an advance is a negative shift.) So, the
bearing is given by:

[14]

The Broadband_Beamformer.sce
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RESOURCES
W. S. Burdic, Underwater Acoustic
System Analysis, Peninsula Publish-
ing, Los Altos, CA, 2002.

R. V. Churchill, Operational Mathe-
matics, McGraw-Hill, New York, NY,
1972.

Scilab, www.scilab.org.

PROJECT FILES
To download additional files, go to
ftp://ftp.circuitcellar.com/pub/Circuit_
Cellar/2008/221.

file on the Circuit Cellar FTP site pulls
these ideas together with Equation 11
to calculate a broadband bearing.

When this code is run against the
BroadbandStochastic.wav file on the
Circuit Cellar FTP site, the result is
shown in Figure 11. The peak occurs
at a shift of 300 sample counts, which
translates into a bearing close to the
actual value of 30°.

Typically, when beamforming via
cross-correlation, you can use multi-
ple phone pairs—for N phones you
can form N(N – 1)/2 phone pairs—
and add the results from each. This
gives a better estimate of direction of
arrival. It is also especially valuable
if the phones are not collinear
because it eliminates bearing ambigu-
ity. The true bearings will add con-
structively while the false bearings
will add randomly and contribute to
the noise.

If there is a complaint to be had
about the cross-correlation beam-
former, it is that it will be fooled by a
noticeable narrowband tone within a
stochastic broadband signal. But
there’s a solution for that too!

A slight modification to the cross-
correlation beamformer makes a big dif-
ference in the result. After multiplying

Figure 13—When the basic cross-correlation beamformer is modified by using the phase transform (PHAT), the
relationship of the broadband data received by the two sensors is enhanced. The PHAT is just one of many modifi-
cations occasionally made to the cross-correlation beamformer.

the Fourier transform of the two
input sequences, the phase transform,
or PHAT, divides the complex value in
each frequency bin by its magnitude.
(This is equivalent to applying a filter
to the original time series data
because multiplication in the frequen-
cy domain corresponds to convolution
in the time domain.) With the magni-
tudes equalized, the correlation then
relies on only the phase of the input
sequences. Interfering narrowband
tones are neutralized. To see what a
dramatic difference this can make,
refer to Figure 12 (cross-correlation
without the PHAT) and Figure 13
(cross-correlation with the PHAT).
The input file (BroadbandStochastic-
PlusTone.wav on the Circuit Cellar
FTP site) is the same as BroadbandSto-
chastic.wav, except for an added nar-
rowband tone at a bearing of 64°.

Despite their low-brow status, fixed
beamformers make their way into
commercial products, where they
prove their worth. Here’s hoping they
can point you in the right direction
too, so the next time you go looking
for trouble, you find it! I

Shift (in samples)
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interface. Another complex design
such as an Ethernet controller can
also be written in Verilog and imple-
mented in a programmable device. 

This article is mostly tailored to
engineers who need to learn Verilog
and do not know or know little
about the language. Those who know
VHDL will benefit from reading this
article as well and should be able to
pick up Verilog fairly quickly after
reviewing the example listings and
referring to the Resources at the end
of the article. This article does not
go over hardware, but I have includ-
ed some links that will help you
learn more about how the hardware
interacts with this language at the
end. 

THE VERILOG LANGUAGE
First, it is best to know what vari-

able types are available in Verilog.
The basic types available are: binary,
integer, and real. Other types are

Programmable logic has been
around for well over two decades.
Today, due to larger and cheaper
devices on the market, FPGAs and
CPLDs are finding their way into a
wide array of projects, and there is a
plethora of languages to choose from.
VHDL is the popular choice outside
of the U.S. It is preferred if you need
a strong typed language. However,
the focus of this article will be on
another popular language called Ver-
ilog, which is a hardware description
language that is similar to the C lan-
guage. 

Typically, Verilog is used in the
ASIC design industry. Companies
such as Sun Microsystems, Advanced
Micro Devices, and NVIDIA use Ver-
ilog to verify and test new processor
architectures before committing to
physical silicon and post-fab verifica-
tion. However, Verilog can be used in
other ways, including implementing
complex designs such as a VGA

available but they are not used as
often as these three. Keep everything
in the binary number system as
much as possible because type cast-
ing can cause post-implementation
issues, but not all writers are the
same. Binary and integer types have
the ability to use other values such
as “z” (high impedance) and “x”
(don’t care). Both are nice to have
around when you want a shared bus
between designs or a bus to the out-
side world. Binary types can be
assigned by giving an integer value.
However, there are times when you
want to assign or look at a specific
bit. Some of the listings use this
notation. In case you are curious, it
looks like this: X’wY, where X is the
word size, w is the number base—b
for binary, h for hex—and Y is the
value. Any value without this is con-
sidered an integer by default. Keeping
everything in binary, however, can
become a pain in the neck especially

FEATURE ARTICLE by Kareem Matariyeh

If you are new to programming FPGAs and CPLDs or looking for a new design language,
Kareem has the solution for you. In this article, he introduces you to Verilog. Although the
hardware description language has been used in the ASIC industry for years, it has all the
tools to help you implement complex designs, such as a creating a VGA interface or writing
to an Ethernet controller.

An Introduction to Verilog

Table 1—These are basic variable types frequently used in Verilog.

Type Length Notes
Binary 1-bit to n-bit No type declaration needed just variable name (unsigned)

Wire 1-bit to n-bit A connection that does not store its value (typically used in combinational logic and module connections, some derivatives have
tristate logic) (unsigned).

Reg 1-bit to n-bit Similar to wire but needs to be used in sequential designs. It retains its value until updated (unsigned).

Integer 32-bit Thirty-two-bit integer (a binary word can be signed)

Real 64-bit Double-precision word. When used, its value is truncated to a whole number (signed).
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(add, subtract, multiply) operations.

VERILOG MODULES
In Verilog, designs are called mod-

ules. A module defines its ports and
contains the implementation code. If
you think of the design as a black
box, Verilog code typically looks like
a black box with the top missing.
Languages like Verilog and VHDL
encourage black box usage because it
can make code more readable, make
debugging easier, and encourage code
reuse. In Verilog, multiple code

when dealing with numbers larger
than 8 bits. Table 1 shows some of
the variable types that are available
in Verilog. Integer is probably the
most useful one to have around
because it’s 32 bits long and helps
you keep track of numbers easily.
Note that integer is a signed type
but can also be set with all “z” or
“x.” Real is not used that much,
when it is used the number is trun-
cated to an integer. It is best to keep
this in mind when using the real
type, granted it is the least popular
compared to binary and integer.
When any design is initialized in a
simulator, the initial values of a
binary and integer are all “x.” Real,
on the other hand, is 0.0 because it
cannot use “x.” There are other types
that are used when interconnecting
within and outside of a design. They
are included in the table, but won’t
be introduced until later. 

Some, but not all, operators from C
are in Verilog. Some of the operators
available in Verilog are in Table 2. It
isn’t a complete list, but it contains
most of the more commonly used
operators. Like C, Verilog can under-
stand operations and perform implic-
it casting (i.e., adding an integer with
a 4-bit word and storing it into a
binary register or even a real); typi-
cally this is frowned on mostly due
to the fact that implicit casting in
Verilog can open a new can of worms
and cause issues when running the
code in hardware. As long as casting
does not give any erroneous results
during an operation, there should be
no show-stoppers in a design. Signed
operation happens only if integers
and real types are used in arithmetic

implementations cannot have the
same module name. This is in stark
contrast to VHDL, where architec-
tures can share the same entity
name. The only way to get around
this in Verilog is to copy a module
and rename it. 

In Listing 1, a fairly standard shift
register inserts a binary value at the
end of a byte every clock cycle. If
you’re experienced with VHDL, you
can see that there aren’t any library
declarations. This is mainly due to
the fact that Verilog originated from

Table 2—These are commonly used operators in Verilog.

Operator Symbol HW Equivalent Notes

Addition A + B Binary adder (Binary and integer result)

Subtraction A – B Binary subtraction (Binary and integer result)

Shift left M << N Logical binary shifter Shift M left N times and appends zeros at LSB. N is treated as an integer.

Shift right M >> N Logical binary shifter Shift M right N times and append zeros at MSB. (Does not sign extend.)

Relational A > B    A < B    A >= B    A <= B Logical comparator If an input value is “X” or “Z,” the result is automatically false. This is for all relational operators.

Equality A == B    A !=B Logical comparator If an input value is “X” or “Z,” the result is “X.”

Concatenate {M, N, …} Group words Groups words into a larger word with M being the most significant (binary result)
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an interpretive foundation. However,
there are include directives that can
be used to add external modules and
features. Obviously, the first lines
after the module statement are defin-
ing the modules’ port directions and
type with the reserved words input
and output. There is another decla-
ration called inout, which is bidirec-
tional but not in the listing. A mod-
ule’s input and output ports can use
integer and real, but binary is recom-
mended if it is a top-level module.

The reg statement essentially acts
like a storage unit. Because it has
the same name as the output port it
acts like one item. Using reg this
way is helpful because its storage
ability allows the output to remain
constant while system inputs change
between clock cycles. There is
another kind of statement called
wire. It is used to tie more than one
module together or drive combina-
tional designs. It will appear in later
listings.  

The next line of code is the
always statement or block. You

want to have a begin and end state-
ment for it. If you know VHDL, this
is the same as the process statement
and works in the same fashion. If you
are completely new to programmable

logic in general, it works like this:
“For every action X that happens on
signals indicated in the sensitivity
list, follow these instructions.” In
some modules, there is usually a

Listing 1—This is an example of a shift register modeled in Verilog.

module shiftr (clk, inbit, outbyte); // module name and its connectors

// direction definitions
// if there is no type to the dedition its automatically binary
input clk;
input inbit;

output [7:0] outbyte;

// bucket to hold the output
reg [7:0] outbyte;

// implementation
always @ (posedge clk)
begin // block of code that triggers when the clk has a positive edge

outbyte <= outbyte << 1;
outbyte[0] <= inbit;

end 

endmodule  // this is the end of the module
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Listing 2—This is an example of using functions to perform simple math.

module listing2(itema, itemb, resultc, opcode);
input [31:0] itema;
input [31:0] itemb;
input [1:0] opcode;

output [7:0] resultc;// function

reg [31:0] resultc;

// function
function integer myalu;
input integer a; // arguments
input integer b;
input [1:0] opc; 
begin // function block

case(opc) // case statement 
// (if X'bY did not exist, we would have to use 0, 1, 2, and 3)

2'b00: myalu = a + b; // binary add
2'b01: myalu = a - b; // binary subtract
2'b10: myalu = a << b; // shift a left b times
2'b11: myalu = a & b; // logical and
default: myalu = 0;

endcase
end

endfunction

assign resultc = myalu(itema, itemb, opcode);

endmodule

Listing 3—This is an example of using tasks to keep tank contents equal.

module listing3(tank1, tank2, pump1, pump2);

input [7:0] tank1;
input [7:0] tank2;

output pump1;
output pump2;

`include "tankcheck.v"

always begin
check(tank1, tank2, pump1, pump2);

end

endmodule

// tankcheck.v contents
task check;
input [7:0] vol1;
input [7:0] vol2;
output switch1;
output switch2;

if(vol1 == vol2) begin
switch1 = 0;
switch2 = 0; 

end
else if(vol1 > vol2) begin

switch1 = 0;
switch2 = 1;

end
else  begin // vol2 > vol1 

switch2 = 0;
switch1 = 1;

end

endtask
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Finally, the last statement is a log-
ical left shift operation. Verilog bit-
wise operators in some instances
need the keyword assign for the
operation to happen. The compiler

begin and an end statement. This is
the equivalent of curly braces seen in
C/C++. It’s best to use these with
decision structures (i.e., always, if,
and case) as much as possible.

will tell you if an assign statement
is missing. From there, the code does
its insertion operation and then
waits for the next positive edge of
the clock. This was a pretty straight-
forward example; unfortunately, it
doesn’t do much. The best way to get
around that is to add more features
using functions, tying-in more mod-
ules, or using parameters to increase
flexibility. 

TASKS & FUNCTIONS
Tasks and functions make module

implementation clearer. Both are
best used when redundant code or
complex actions need to be split up
from the main source. There are
some differences between tasks and
functions. 

A task can call other tasks and
functions, while a function can call
only other functions. A task does not
return a value; it modifies a variable
that is passed to it as an output.
Passing items to a task is also
optional. Functions, on the other
hand, must return one and only one
value and must have at least one
value passed to them to be valid.
Tasks are well-suited for test bench-
es because they can hold delay and
control statements. Functions, how-
ever, have to be able to run within
one time unit to work. This means
functions should not be used for test
benches or simulations that require
delays or use sequential designs.
Experimenting is a good thing
because these constructs are helpful. 

There is one cardinal rule to fol-
low when using a function or task.
They have to be defined within the
module, unlike VHDL where func-
tions are defined in a package to get
maximum flexibility. Tasks and
functions can be defined in a sepa-
rate file and then attached to a mod-
ule with an include statement.
This enables you to reuse code in a
project or across multiple projects.
Both tasks and functions can use
types other than binary for their
input and output ports, giving you
even more flexibility.

Listing 2 contains a function that
essentially acts like a basic ALU.
Depending on what is passed to the

Listing 4—This is a shift register and parity generator tied in different modules.

module listing4 (clk, 
inbit, out9word);

// input words
input clk;
input inbit;

// output words
output [8:0] out9word;

// wires
wire [7:0] shiftByte;
wire paritybit;

// instances of modules
// format: module_name   unique_inst_name   port_map
shiftr u0 (clk, inbit, shiftByte);
epg u1 (shiftByte, paritybit); 

assign out9word = {paritybit, shiftByte[7:0]};

endmodule

// file epg.v
module epg(inbyte, 

outparity);

input [7:0] inbyte;
output outparity;

wire outparity;

assign outparity = (inbyte[0] ^ inbyte[1] ^ 
inbyte[2] ^ inbyte[3] ^ 
inbyte[4] ^ inbyte[5] ^  
inbyte[6] ^ inbyte[7]);  

endmodule

// file shiftr.v
module shiftr (clk, inbit, outbyte);

// port defs
input clk;
input inbit;

output [7:0] outbyte;

// bucket to hold output
reg [7:0] outbyte;

// implementation
always @ (posedge clk)begin

outbyte <= outbyte << 1;
outbyte[0] <= inbit;

end

endmodule
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pipelined system. This enables you
to use the same kind of module over
multiple areas of a system. Older
modules can also be used this way
so less time is used on constant
recreation. 

That is the idea of code reuse in a
nutshell. Now I will discuss an exam-
ple of code reuse and multiple modules.
The shift register from Listing 1 is
having its data go into an even parity
generator and the result from both
modules is output through the top-
level module in Listing 4. All of this
is done across multiple files in one
listing for easier reading. In all mod-
ular designs, there is always a mod-
ule called a top-level entity, where
all of the inputs and outputs of a sys-
tem connect to the physical world. It
is also where lower-level entities are

function, the function will process
the information and return the cal-
culated integer value. Tasks work in
the same way, but the structure is a
little different when dealing with
inputs and outputs. As I said before,
one of the major differences between
a task and a function is that the for-
mer can have multiple outputs,
rather than just one. This gives you
the ability to make a task more com-
plicated internally, if need be. 

Listing 3 is an example of a task in
action with more than one output.
Note how it is implemented the
same way as a function. It has to be
defined and called within the module
in order to work. But rather than
define the task explicitly within the
module, the task is defined in a sepa-
rate file and an include directive is
added in the module code just to
show how functions and tasks can be
defined outside of a module and
available for other modules to use.

BUILDING WITH MODULES
If too much is added to a module,

it can become so large that debug-
ging and editing become a chore.
Doing this also minimizes code
reuse to the point where new coun-
ters and state machines are being
recreated when just using small
modules/functions from a previous
project is more than adequate. A
good way to get around these issues
is by making multiple modules in
the same file or across multiple files
and creating an instantiation of that

module within an upper-level mod-
ule to use its abilities. Multiple
modules are good to have for a

Figure 1—This is a top-level design view of a Verilog project.

RelatedTasks.v SRAMController.v

WRBlock.v AddressBlock.v DataBlock.v

WriteController.v AddressCounter.v

ReadController.v DirectAddress.v

Listing 5—In this instance, parameters are overloading two modeled memories.

module dummy(in1, out1);

// local parameters
parameter x = 1;
parameter bus1w = 10;
parameter bus2w = 8;
parameter intbus = 1 << (bus1w + bus2w); 

input [bus1w-1:0] in1;
output [bus2w-1:0] out1;

// rest of dummy implementation here

endmodule

module listing5 (inbusa, inbusb, outbusa, outbusb);

// local parameters
parameter a = 16;
parameter b = 10;

input [a-1:0] inbusa;
input [b-1:0] inbusb;

output [b-1:0] outbusa;
output [a-1:0] outbusb;

wire [b-1:0] outbusa;
wire [a-1:0] outbusb; 

// defparam method
defparam I0.x = 2;
defparam I0.bus1w = a;
defparam I0.bus2w = b;

dummy I0 (inbusa, outbusa);

// newer method
dummy  #(.x(3),

.bus1w(b),

.bus2w(a)) I1(inbusb, outbusb);

endmodule
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spawned. Subordinates can spawn
entities below themselves as well
(see Figure 1). Think of it as a large
black box with smaller black boxes
connected with wires and those
small black boxes have either stuff
or even smaller black boxes. Pretty
neat, but it can get annoying. Imag-
ine a situation where a memory con-
troller for 10-bit addressing is created
and then the address length needs to
be extended to 16 bits. That can be a
lot of files to go through to change
10 to 16. However, with parameters
all that needs to be changed is one
value in one file and it’s all done. 

PARAMETERS
Parameters are great to have

around in Verilog and can make code
reuse even more attractive. Parame-
ters allow words to take the place of
a numerical value like #define in
C, but with some extra features such
as overriding. Parameters can be put
in length descriptors, making it easy
to change the size of an output,
input, or variable. For example, if a
VGA generator had a color depth of
8 bits but needed to be changed to
32-bit color depth, then instead of
changing the locations where the
value occurs, only the value of the
parameter would be changed and
when the module was recompiled it
would be able to display 32-bit color.
The same can be done for memory
controllers and other modules that
have ports, wires, or registers with 1
bit or more in size. Parameters can
also be overridden. This is performed
just before or when a module is
instantiated. This is helpful if the
module needs to be the same all the
time across separate projects that are
using the same source, but needs to
be a little different for another proj-
ect. Parameters can also be used in
functions and tasks as long as the
parameter is in the same file the
implementation code is in. Parame-
ters with functions and tasks give
Verilog the flexibility of a VHDL
package, granted it really isn’t a
package, because the implementation
is located in a module and not in a
separate construct.

There are many ways to override

Listing 6—Test benches in Verilog are modules with no ports and have an instance of the top level-module within.

module listing6tb ();

reg clktb;
reg resettb;
wire [7:0] counttb;

// create an instance of the module
listing6 mycounter(.clk (clktb),

.reset (resettb),

.count (counttb));

// setup the initial state of the system                   
initial 
begin
$display ("Time\tClk\tReset\tCount"); 

$monitor("%d\t%b\t%b\t%b", $time, clktb, resettb, counttb); 

clktb = 0;
resettb = 0;
counttb = 0;

#20 // delay for 20 units

// test reset condition
#20 resettb = 1;
#20 resettb = 0;

// stop testing at 200 time units
#200 $finish; 
end

// clock generation
always begin

#10 clktb = !clktb; // every 10 time units invert clocks value
end

endmodule

// counter module
module listing6 (clk, reset, count);

// inputs
//input clk;
input reset;
input clk;

// outputs
output [7:0] count;

// buffers
reg [7:0] count;

// implementation
always @(posedge clk, posedge reset)
begin

if(reset) begin
count <= 8'b0; // reset counter

end
else begin

count <= count + 1; // inc counter 
end

end

endmodule
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RESOURCES
ASIC World, A great source of Verilog
tutorials, www.asic-world.com.

Information about large projects,
www.opencores.com.

W. K. Lam, Hardware Design Verifica-
tion: Simulation and Formal Method-
Based Approaches, Prentice Hall,
Upper Saddle River, NJ, 2005.

A programmable logic community
web site, www.fpga4fun.com.

Kareem Matariyeh (asm2750@gmail.
com) graduated with a B.S. in com-
puter engineering from the Universi-
ty of Nevada, Las Vegas, where he
focused primarily on programmable
logic, verification and testing, and
embedded systems. His final design
project involved implementing an
HTDV pattern generator using a
CPLD and HDMI transmitter.
Kareem’s interests include RC air-
craft and PC modding.

parameters. One way is by using the
defparam keyword, which explicitly
changes the value of the parameter in
the instantiated module before it is
invoked. Another way is by overrid-
ing the parameter when the module
is being invoked. Listing 5 shows
how both are done with dummy
modules that already have defined
parameters. The defparam method
is from an older version of the lan-
guage, so depending on the version of
Verilog being used, make sure to pick
the right method.

TEST BENCHES
Any system, regardless of whether

it’s a simple multiplexer or a large
complex memory controller, should
be run through a test bench for test-
ing and simulation before moving
into a hardware medium for physical
verification. A test bench is really
just a normal Verilog module but
with unsynthesizable code such as
delays, system directives, and loops.
Some test bench code can be put
directly into a normal module like
delays. When the compiler synthe-
sizes, it will just ignore the delays
and continue onward to fitting and
timing analysis. Still, it is best to try
and keep all of this kind of code in
the test bench module and not in the
unit under test.

Designing a test bench is like
making a new top-level module, this
time with no ports defined, and with
an instance of the main project mod-
ule inside. From there, test code can
be added, comprising keywords like
initial, which sets the initial state
of the test bench when started. Sys-
tem commands like $monitor,
$display, and $finish, which can
be used to display values of signals
when they change, display signal val-
ues when called, and then stop the
simulation after so much time has
passed respectively are also good to
have in a test bench. Another direc-
tive that is useful is timescale.
Timescale defines how big a time
unit is within a test bench. There is
no default value for a time unit and
it needs to be defined in the test
bench for a simulation to occur.

Listing 6 is an example of a test

bench for an 8-bit up-down counter
with async reset. It runs through a
simulation for 200 time units (with
a time unit equal to 1 ns). The $moni-
tor command prints any changes
that happen to the input and output
signals. This is a common test bench
used in Verilog. It’s usually best to
pick up a book on test benches to
learn how to write more elaborate
and thorough test benches. In indus-
try, verification and testing of
designs alone account for a huge
amount of work. Most people on a
design team will do verification
work to make sure the architecture
designed operates as intended and
does not lock into any invalid states.
For small or hobbyist projects, a
simple simulation should suffice,
unless the design runs into errors
that lock up the system. If that hap-
pens, run the code through a test
bench to find where the issue is
located in code.

MANAGING LARGE PROJECTS
Regardless of what is done in a

programmable logic project, it is
going to get huge. Although design
abstraction at such a high level
makes code more understandable to
a human, it still needs to be verbose
enough for the compiler to synthe-
size. VHDL tends to excel at large
designs due to having actual pack-
ages, configuration statements, and
generics. Verilog has some of these
features. Initially, the language did
not because it was made for model-
ing lower-level constructs. But, as
time progressed, newer versions were
released that made higher level
abstraction available. When manag-
ing large projects in Verilog, keeping
track of all the functions/tasks, mod-
ules, and parameters used gets hard.
IDEs like Xilinx ISE and Altera Quar-
tus II help manage project files and
module levels. They should be used
when writing Verilog projects
because they help keep a project on
track during development. 

Other good ideas include keeping
most functions and tasks in a sepa-
rate file, and trying to keep parame-
ters in a separate file as well. This
way, when system-wide changes are
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needed or modules need more abili-
ties, all that has to be added to the
code are include statements. This is
a bit crude when compared to VHDL
and packages, but it gets the job
done. Don’t worry if the function file
has 100 functions. The compiler will
synthesize only the number of func-
tion instantiations used in the actual
implementation code. 

Take care of the order of compila-
tion. Keeping track of this will
ensure simulation and test results
stay the same and do not change rad-
ically. It is best to ensure the type of
top-level module and make sure all
other modules are in their correct
levels in the file hierarchy. If these
guidelines are followed, there should-
n’t be any issues when writing a Ver-
ilog project. 

Designing with a programmable
logic controller is probably the most
fun and rewarding experience an
engineer can have. If you have any
questions, or if you want to start
practicing the language, refer to the
Resources section of this article. I
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CCRROOSSSSWWOORRDD

The answers are available at
www.circuitcellar.com/crossword.

Down
1. Cat
3. A blog maintained by an anonymous author
4. Its reciprocal is the period T
6. 0.16 inches
7. Bridge + router
10. One-millionth of a meter
11. The layer of software that links different software systems

together
12. Nonuple
14. Fossil fuel gas substitute. Combustion ≠ greenhouse gas.
15. #
16. Katal
18. Circular option button

Across
2. Place on the back of a computer for a PCB
3. Algorithmic language
5. 42 gallons
8. Bell Labs Intelligent Terminal (or "Bacon,

Lettuce, and Interactive Tomato”)
9. Invented the relay in 1835
13. AVR, ARM, PIC
17. Your screen name
19. ZH
20. A GUI theme
21. Singleton
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I remember talking about the concept of the paperless office a few years ago (“Filers Versus Pilers,” Circuit Cellar 185, 2005). You know, now
that we all have computers, paper in our lives would become unnecessary and obsolete. Everything will be digital and we’ll only require a few
key-placed, multifunction, high-resolution displays to satisfy all our text and graphics interactions without crushing trees and filling landfills.
However, if I remember correctly, I suggested at the time that, contrary to expectations, evidence suggested that the advent of cheap printers had
actually increased the use of paper. Surely we’ve progressed since then.

It isn’t like this has been a nagging topic on the back burner for years that I suddenly had to write about. It’s just that I had a few curious obser-
vations this week that prompted me to think about it again.

Last Thursday was the trigger. I was about to sit at the breakfast table when I realized I was moving about 30 to 40 lb. of newspapers and
magazines out of the way so I could fit the dishes. I’m typically an obsessive neatnik, but I have this thing about periodicals. Magazines and news-
papers get piled on the table all week before they go to the recycling bin. The trouble is that it seems I need two bins these days. Wanting only
the Sunday newspaper resulted in getting it all week for the price of just Sunday’s paper. Add to that two more daily newspapers, a few each of
news, science, automobile, and cooking magazines, along with a plethora of trade journals that refuse to take me off their list (for the life of me I can’t
even guess how I ended up receiving metal plating, erosion control, and food engineering journals, among others), and the pile is over 2′ high!

After breakfast I stopped at the doctor’s office for a flu shot. Before seeing the doctor, I was given a clipboard with about 20 different printed
forms that I had to fill out or sign for their records. There was the form that confirmed that I knew what a flu shot entailed, the one about egg aller-
gies, the one about conflicts with current medications, the one about who was going to pay for it (that I wasn’t indigent), the one to list all of the
medical events in my life, the one authorizing them to contact my insurance company, and on, and on. There was even a form to sign that author-
ized distribution of the forms.

“Aren’t you guys computerized yet? Where’s the portable tablet with all this stuff on one electronic form?”
The receptionist’s answer was both interesting and horrifying. “Certainly we’re computerized.We spend all day typing your answers into our database

so we have a printed record to go in your record folder here at the office. Then, we put all the hard copies in our filing cabinets in case they are ever
needed. And finally, at some point, we either scan all the documents or physically ship them to a large medical records company for archive storage.”

Say what? Hand reentry, physical storage, archiving tons of paper? What gives? 
Welcome to computers, medicine, and the law. Doctors may have efficient in-house databases, but it seems that laws in many states don’t like

electronic copies when it comes to medical liabilities. In many places, and I guess here in Connecticut, for some specified period of time there
still has to be a complete physical paper trail when it comes to medical stuff. I grinned and went in to get my flu shot (and signed another piece
of paper that I actually received it).

Unfortunately, my next stop was the Department of Motor Vehicles—a true bastion of bureaucratic competence and computerized efficiency!
Seriously, the Connecticut DMV has been unusually efficient these days when it comes to the few things I do, but transactions are always a snake
pit of uncertainty. We all have horror stories about missing records, transposed numbers on keyed data entries, and obtuse rules requiring the
presentation of all the same physical documents again and again that are clearly electronically archived (usually on the terminal in front of the
examiner you’re talking to) from the last time you did a related transaction. I confirmed that the world is still firmly paper-based as I left the DMV
with a dozen more sheets of paper that I must securely store forever or my cars and I may get erased.

So, is there less paper in my life than the last time I talked about this? Yes and no. I looked around the Circuit Cellar and there are indeed
fewer piles of paper that I generate. Certainly the greatest factor for me was simply adding a second LCD on my computer. It turned out that a
considerable amount of what I used to print was simply so I could refer to it while viewing something else on my computer screen (like a schemat-
ic and a spec sheet). Switching back and forth between windows just doesn’t hack it. Now I just put the spec sheet on one display and the
schematic on the other—no paper.

Of course, even though I’ve reduced that volume of paper in my life, keeping everything electronic has introduced an entirely new problem. It
used to be that I could just thumb through the stack of papers or manuals and quickly find things. Now I need a Google map or personal butler
to find whichever hard drive, CD ROM, DVD, flash drive, or digital storage thingy contains the actual file I want. Worse yet, once I find the media,
can I still read it? Electronics is nice, but something tells me that paper is still king! 

My Life and Paper—Take 2

PPRRIIOORRIITTYY IINNTTEERRRRUUPPTT

steve.ciarcia@circuitcellar.com

by Steve Ciarcia, Founder and Editorial Director
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