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Featuring 86dB signal-to-noise ratio over a 5MHz signal bandwidth, the ADS1610 data
converter provides state-of-the-art performance at 4x the speed of the nearest competition.
This unmatched combination of speed and precision extends TI’s portfolio of high-speed
delta-sigma converters for demanding measurements in communications, scientific
instrumentation and test & measurement applications.

Speed with Precision

High Performance. Analog.Texas Instruments

16-Bit,10MSPS ∆ΣADC

For a datasheet, sample and 
evaluation module, visit 

www.ti.com/ads1610
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The industry’s first 100,000-gate FPGA for only $2.00*
Spartan-3E Platform FPGAs offer an amazing feature set for just $2.00! You get 100K gates, embedded

multipliers for high-performance/low-cost DSP, plenty of RAM, digital clock managers,

and all the I/O support you need. All this in a production-proven 90nm FPGA with a

density range up to 1.6 million gates.

Perfect for digital consumer apps and much more!
With the Spartan-3E series, we’ve reduced the previous unit cost benchmark by over

30%. Optimized for gate-centric designs, and offering the lowest cost per logic cell in

the industry, Spartan-3E FPGAs make it easy to replace your ASIC with a more flexible, faster-to-market

solution. Compare the value for yourself . . . and get going on your latest design!

MAKE IT YOUR ASIC

The Programmable Logic CompanySM

For more information visit
www.xilinx.com/spartan3e

Pb-free devices
available now

© 2005 Xilinx, Inc. All rights reserved. XILINX, the Xilinx logo, and other designated brands included herein are trademarks of Xilinx, Inc. All other trademarks are the property of their respective owners. 

Introducing the new Spartan-3E family — the world’s lowest-cost FPGAs

* Pricing for 500K units, second half of 2006

Priced to go.
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WIRELESS WIRELINE OPTICAL MICROCONTROLLERS

©2004 Silicon Laboratories Inc. Silicon Laboratories and the Silicon Laboratories logo are trademarks of Silicon Laboratories. www.silabs.com

High-performance analog. Supercharged 8051.

Small. Fast. Flexible.

Complete Family of Mixed-Signal MCUs

Silicon Laboratories’ MCUs combine high-performance analog with the

fastest 8-bit CPU (up to 100 MIPS) packaged as small as 3 x 3 mm.

Programmable Flash and on-chip JTAG-based debug in each device

provide complete design flexibility and superior system performance.

Comprehensive

Development Kits

• Software CD

• Serial Adapter

• Target Board

• All Cables

• Power Supply

Buy Online

www.silabs.com

Precision 

Mixed-Signal

Small Form Factor

General Purpose

Precision performance for high resolution analog systems

Low power and small footprint with superior performance

Ideal for a broad range of embedded control applications

USB

CAN

Interface Products

Integrated USB 2.0 function controller and on-chip transceiver

Connectivity with integrated CAN 2.0 B controller

Single-chip USB-to-UART bridge for RS-232 to USB

For more information, visit www.silabs.com/MCU
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Data converters that simplify direct 
IF conversion architectures.

Unequalled Performance

AD9445: 14-bit, 125 MSPS ADC

• SFDR: 85 dBc @ 225 MHz input 
• SNR: 73.5 dB @ 225 MHz input 
• DC linearity: DNL � 0.25 LSB, INL � 0.8 LSB
• ADC jitter: 60 fs
• 14 mm � 14 mm, 100-lead TQFP

AD9779: Dual, 16-bit, 1 GSPS DAC

• ACLR: 83 dBc @ 80 MHz IF
• SFDR: 78 dBc to fOUT = 100 MHz
• Low power: 980 mW @ 1 GSPS, 

600 mW @ 500 MSPS
• 14 mm � 14 mm, 100-lead TQFP

Cut low-IF sampling parts and costs

A critical factor for data converters in communications applications is good spurious
performance at high signal frequencies. The AD9445 14-bit ADC, with up to 10 dBc
higher SFDR at 225 MHz than its closest competitor, and the AD9779 dual, 16-bit
TxDAC+®,  with the industry’s highest ACLR at an amazing 1 GSPS, provide this
superior performance. Both of these converters eliminate mixers, filters, amplifiers,
and oscillators as well as offload the digital processor and maintain signal integrity.
For optimum IF conversion, with fewer parts, try the data converters that deliver 
best-in-class performance for your design. For more information on the AD9445 
and AD9779, please visit our website.

w w w . a n a l o g . c o m / I F d a t a c o n v e r t e r s
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One design fits all

59With the latest FPGA
technology and drop-in
configuration com-

ponents, one board design may
suffice for hundreds of embedded-
system applications. 

by Warren Webb, Technical Editor

contents

Mac (under) the knife:
piecing together the
PowerPC puzzle

44Apple’s dropping the
PowerPC and moving
to x86. Microsoft’s

dropping x86 and moving to the
PowerPC, joining Nintendo and
Sony. Which company is right, or
are they all right? And what’s the
best choice for your design?

by Brian Dipert,
Senior Technical Editor

Thermal integrity: a must for
low-power-IC digital design

37This year’s Design Automation
Conference had no shortage of
established vendors and start-

ups introducing power tools purporting to
give digital-IC designers a better way to
estimate power. 

by Michael Santarini, Senior Editor

9.15.05
The right way to use
instrumentation
amplifiers

69Avoid common applica-
tion problems when
connecting real-world

signals to instrumentation 
amplifiers. by Charles Kitchin and

Lew Counts, Analog Devices

In search 
of cool computing

77Multiprocessor-chip
designs head down 
a blind alley of power

and heat problems. 
by Marc Tremblay, PhD, 

Sun Microsystems

Extensions to the IEEE
1149.1 boundary-scan
standard

81Despite the success 
of the IEEE 1149.1
boundary-scan standard,

acceptance of the 1149.4 mixed-
signal extension has been slow.
The industry badly needs that ex-
tension and others, however, and
several companies are hard at work
to put them on the fast track.

by Pete Collins,
JTAG Technologies
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Ultra-Low Power 

• 0.1µA RAM retention 

• 0.8µA standby 

• 250µA/MIPS

• Zero-power BOR

• 1µs clock startup

• 50nA pin leakage

MICROCONTROLLERS

TMS320C2000, Technology for Innovators and the red/black banner are trademarks of Texas Instruments. ARM7 is a registered trademark of ARM Holdings plc. 1187A0                             © 2005 TI

High-Performance

• 1k-128kB ISP Flash

• 16-bit RISC CPU

• 14-100 pin options

• USART, I2C, Timers

• 10-/12-/16-bit ADC

• Op Amp, DAC, LCD Driver

Do you want to learn how to maximize
the performance of the 

World’s Lowest Power MCU with
a versatile set of peripherals and 

features like no other? Join the experts
at the 2005 MSP430 Advanced

Technical Conference (ATC).

$595 conference cost includes:

• Customizable schedule including
courses and hands-on labs – 
BRAND NEW CONTENT!

• Training on the Newest Devices
• Meet MSP430 Experts and 

3rd Parties
• Experimenter’s Board
• 2 Nights Lodging, All Meals and 

Evening Events

1000 and 1 Uses
One Conference to Learn Them All

You may know the MSP430 for its ultra-low power – but thousands of engineers
are also using the MSP430’s modern 16-bit RISC architecture and advanced 
peripherals to solve a variety of design challenges. See for yourself how useful the
MSP430 can be in your next project.

Register Today to Attend the MSP430 Advanced Technical 

Conference and Save $100 Visit: www.ti.com/atcdiscount

World’s Lowest Power MCU

Dallas, Texas – Nov 1-3
Taipei, Taiwan – Nov 15

Hangzhou, China – Nov 17
Landshut, Germany – Dec 6-8

$100 off 

Conference

Registration!

557147_008.indd   1557147_008.indd   1 8/25/2005   2:04:32 PM8/25/2005   2:04:32 PM



21 Digital imaging makes wafer probing more fun 

viewing than satellite TV

21 EPIC computer handles shock, vibration, and 

temperature

21 0� resistor is bridge over troublesome pc-board

tracks

22 Processor enables integration of high-end control-

and data-plane processing

22 Actuator uses shape-memory alloy to provide design

benefits

24 Diverse books span wireless-system security, circuit-

test sources

24 Clock-circuit-design tool recovers engineering time

26 Aircraft ice detector shows sensing challenge, 

innovation

26 Low-lane-count PCle switch ventures into new 

applications

28 Global Designer: Energy-efficiency standards play a

role in external-power-supply design; Indian semicon-

ductor companies upgrade engineering skills

30 Research Update: Bendable electronic paper in-

cludes image memory; Laser-enhanced printer gives

paper-cutting a new edge; Machine-readable label

functions despite obstructions; Need the time? NIST

can help

12 EDN.comment: Implementing standards: 

Think global, act local?

32 Signal Integrity: Making noise

34 Tales from the Cube: Something from nothing

110 Reality Check: Bluetooth ramps slowly, then soars

D E PA R T M E N T S
&  C O L U M N S

P R O D U C T  
R O U N D U P

contents 9.15.05

101 Sensors and transducers: barometric-pressure sen-

sors, sensor-interface ICs for automotive applica-

tions, electron-detection units, and more

102 Microprocessors: reconfigurable processors, multi-

media processors, and more

EDN® (ISSN#0012-7515), (GST#123397457, R.B.I. Intl Pub Mail #0280844) is published biweekly, 26 times per year, by Reed Business Information, 8878 Barrons Blvd, Highlands Ranch, CO 80129-2345. Reed Business Information, a
division of Reed Elsevier Inc, is located at 360 Park Avenue South, New York, NY 10010. Jim Casella, Chief Executive Officer; Stephen Moylan, President, Boston Division. Periodicals postage paid at Littleton, CO 80126 and additional mail-
ing offices. Circulation records are maintained at Reed Business Information, 8878 Barrons Blvd, Highlands Ranch, CO 80129-2345. Telephone (303) 470-4445. POSTMASTER: Send address changes to EDN®, PO Box 7500, Highlands
Ranch, CO 80163-7500. EDN® copyright 2005 by Reed Elsevier Inc. Rates for nonqualified subscriptions, including all issues: US, $149.90 one year; Canada, $205.90 one year, (includes 7% GST, GST#123397457); Mexico, $195.90
one year; air expedited, $361.90 one year. Except for special issues where price changes are indicated, single copies are available for $10.00 US and $15.00 foreign. Publications Mail Agreement No. 40685520. Return undeliverable
Canadian addresses to: Deutsche Post, 4960-2 Walker Road, Windsor ON N9A 6J3. E-mail: subsmail@reedbusiness.com. Please address all subscription mail to EDN®, 8878 Barrons Blvd, Highlands Ranch, CO 80129-2345. EDN® is a
registered trademark of Reed Elsevier Properties Inc, used under license. A Reed Business Information Publication/Volume 50, Number 19 (Printed in USA)

110101

SEPTEMBER 15, 2005  |  EDN 9

pulse Dilbert 22

34

edn050902toc.qxd  9/1/2005  3:15 PM  Page 9



Enter xx at www.edn.com/info

Design Today, Prototype Tomorrow
Superior Design Tools and Resources for the Analog Designer

© National Semiconductor Corporation, 2005. National Semiconductor,     , WEBENCH, and Analog University are registered trademarks of 
National Semiconductor Corporation. All rights reserved.

WEBENCH® Online Tools
Get to market faster by

accelerating your design process.
WEBENCH® tools allow you to
select products, design, and receive
a custom prototype kit in 24 hours.

webench.national.com

Application Solutions
Visualizing your entire design

and getting a list of recommended
parts are just a few clicks away.
Over 100 interactive system block
diagrams focus on: automotive,
broadcast video, data communica-
tions, displays, industrial, medical, 
personal/consumer electronics, 
and military applications. 

solutions.national.com

24/7 Online Seminars
View 50 on-demand design
focused seminars for power,

amplifiers, audio, data acquisition,
interface, and thermal management. 

www.national.com/onlineseminar

Analog University®

Get your design right the
first time. Log on to Analog
University for fast, free information
from the pros at National. Check
out the in-depth design courses in
power management, amplifiers,
audio, data conversion, thermal
management, and wireless.

analogU.national.com
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Check out these online-exclusive articles:
Editorial: When RFI overwhelms RKE

As wireless systems and links become
more pervasive, engineers must keep in
mind that the transmission path they are
counting on resides in a crowded swamp.
➔www.edn.com/article/CA6252229

Chipmaker introduces 2.5-Gbps 
GPON devices

FTTH (fiber-to-the-home) silicon provider
Passavé today unveiled two chips that
deliver 2.5 Gbps of downstream bandwidth
and 1.25 Gbps of upstream speed for
GPON (gigabit-passive-optical-networking)
applications.
➔www.edn.com/article/CA6250099

Cable chip targets fixed-mobile 
convergence

Texas Instruments previews a voice-over-
cable chip that will be capable of process-
ing cellular codecs, claiming the device will
pave the way for phones that operate on
either cellular or VOIP (voice-over-Internet-
protocol) connections.
➔www.edn.com/article/CA6250160

In-amp boosts resolution 
in patient-monitoring equipment

A JFET-input instrumentation amplifier
released by Analog Devices promises to
help designers of medical patient-monitor-
ing equipment increase channel density
and enhance portability, according to the
company.
➔www.edn.com/article/CA6250104

E-MAIL NEWSLETTERS

EDN offers nine e-mail newsletters, from
our flagship, EDN Online, which delivers
all the latest articles each week, to nar-
row, every-other-week titles that focus
on specific topics, including power,
embedded processing, EDA, and 
consumer electronics. See samples 
and subscribe:
➔www.edn.com/newsletters

EDN’s 32nd MICROPROCESSOR/
MICROCONTROLLER DIRECTORY

By Robert Cravotta, Technical Editor

Details on more than 600 devices and
cores. Find the perfect fit for your project.
➔www.edn.com/microdirectory

online contents
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Related to …

Bluetooth ramps slowly, then soars 
(pg 110):

WiFi and Bluetooth fight for bandwidth

Bluetooth and WLAN are on a collision
course—not in the market, but in the air-
waves.
➔www.edn.com/article/CA629312

Related  to …

Thermal integrity: a must for low-power-
IC digital design (pg 37):

EDA startup targets IC thermal 
hoot spots

As chips become smaller and faster
while running more circuitry on less
power, the chance of heat adversely
affecting power, performance, and 
overall lifecycle grow.
➔www.edn.com/article/CA607747

Related to …

Implementing standards: Think global,
act local? (pg 12):

The standards process desserves a 
nonstandard global perspective

It is increasingly evident that manufac-
turers are using—some might say abus-
ing—the standards process to advanta-
geously position themselves in nascent
markets.
➔www.edn.com/article/CA476915
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A recent article in The Wall Street
Journal gave a different perspective on
RFID possibilities (Reference 1). The
article details how a 94-member coop-
erative of makers of Parmesan cheese in
northern Italy successfully introduced
RFID chips into their operation,
which produces and handles several
hundred thousand cheese wheels each
year. Before you think this situation is
trivial, look at the facts. The 30-kg
(approximately 66-lb), tire-sized
cheese wheels go through repeated
aging cycles in climate-controlled
warehouses for six to 36 months, and
each wheel is repeatedly graded during
the process, by color, tap-sounding tim-
bre, and even X-rays. Cheese-wheel
prices range from less than $200 for an
average one to more than $350 for a
top-grade one. Making Parmesan is not
a casual hobby; despite first appear-
ances, it is a serious business.

The cheese makers in the area agreed
to try embedding RFID chips into the
cheese crust, because the previous
method of branding the crust had short-
comings. Among them, the branded
number gradually faded as the cheese
was handled, and the branding did
nothing to prevent the serious problem
of counterfeit cheese wheels entering
the supply chain. With RFID, the

cheese makers can uniquely track 
and update the status of each cheese
wheel and assure buyers of the cheese’s
authenticity. 

Admittedly, this application is spe-
cialized and unusual. But, in some ways,
it represents a well-defined, tightly
focused set of players with limited
objectives. They are not trying to solve
all of the problems of supply chains;
they are just looking for an approach
that works for them. The article states
that the cooperative had invested
less than $100,000 in the pilot
program to test the system and
about the same amount to fully
implement it, plus 60 cents per
RFID tag. With annual revenue
of more than $380 million and

RFID’s reduction of tracking costs by
about half, the cost-to-benefit ratio is
favorable.

This application highlights the
severely contradictory emotions our
industry has about standards. On one
side, they define a framework for func-
tions and interoperability that some
applications must have to succeed; a
cell phone or DVD that doesn’t meet
a standard is useless. On the other side,
standards can be excessively con-
straining or overwhelming; sometimes,
they require substantial investment for
completion of major infrastructure ele-
ments to succeed, all following those
innumerable standards-committee
meetings and votes. 

The challenge for design engineers
and their companies is to know their
technologies and markets and decide
how critical large-scale standards are to
success. Is it better to use basic, avail-
able technology to solve a problem,
albeit with an approach that may not
have broader applicability? Or, should
you wait for the broader standards to
firm up? As usual, no one knows, and
either way is a gamble. But matching
the technical approach with the scope
and timing of the problem is almost
always a good idea.EDN

R E F E R E N C E
Kahn, Gabriel, “Who Made My

Cheese? Tags Track Parmesan’s Age,
Origin,” The Wall Street Journal, July 7,
2005, pg B1.

BY BILL SCHWEBER, EXECUTIVE EDITOR

t’s no secret that RFID is having trouble getting the tangible design-
in success that it was supposed to achieve. Despite enormous effort
and pressure from companies such as Wal-Mart, the practical chal-
lenges, costs, and unforeseen problems—especially when they com-
bine hard-to-quantify benefits with excessively optimistic projections
from pundits who should know better—are making large-scale RFID

uptake a real struggle.
I

The challenge for
design engineers
and their compa-
nies is to know their
technologies and
markets and decide
how critical large-
scale standards 
are to success.

Implementing standards: 
Think global, act local?

,,
E D N . C O M M E N T

1

Contact me at bschweber@edn.com.
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Choosing the ADC with the highest resolution or sampling speed
is often not enough to satisfy the performance demands present-
ed by IF-sampling architectures. ADCs for IF-sampling applications
must support high input frequencies while also maintaining 
adequate SNR, SFDR, and SINAD performance. These features
enable designers to eliminate one or more mixing stages and 
simplify filtering, thereby reducing cost and helping to meet end-
system objectives.    

Wideband signals having complex modulation—such as those
used in many wireless communications, instrumentation, and
radar systems—can exhibit time-varying bursts and transients.
Furthermore, the data carried by these signals is often spread over
multiple channels.

The ADC for these types of architectures must have sufficient input 
bandwidth to adequately capture and digitize this data. The ADC’s
dynamic range must also be high enough to detect small signals in
the presence of blockers or other large signals in the bandwidth 
of interest.

Dynamic Range and Noise Requirements

In wideband CDMA systems having a base data rate of 
3.84 MHz, data converter clock rates of 16�, 20�, 24�, and 
32� are viable. A data converter running at 92.16 MSPS 
provides good noise performance, and 16-bit ADCs that sample at 
100 MSPS are available today. If lower sampling rates are used, 
the SNR required increases by 1 dB for 76.8 MSPS and 2 dB 
for 61.44 MSPS.

The receiver conversion gain and noise figure (NF) sets the ADC’s
required SNR. At the antenna, the noise spectral density is 
–174 dBm/Hz, or that of thermal noise. For a conversion gain 
of 40 dB and a noise figure of 3 dB, the noise spectral density
(NSD) at the ADC input will be –131 dBm/Hz (–174 + 40 + 3). If the
ADC noise floor is 10 dB below that of the front end noise, it will
contribute about 0.1 dB to the overall NF of the receiver. Therefore,
a maximum ADC noise floor of –141 dBm/Hz is desirable.

For IF-sampling applications, the total noise of the ADC can be
determined by simple integration. For example, a 10 MHz band-
width signal would have total noise of –71 dBm. This is 
calculated by adding the effect of the 10 MHz bandwidth [10 log
(10 MHz) = 70 dB] to the 1 Hz noise floor of –141 dBm. If the 
full scale range of the ADC is 4 dBm, the required minimum 
full-scale SNR for the ADC is then 75 dB.

Selecting the Optimum A/D Converter

What types of ADCs meet the needs of IF-sampling architectures?
Typically, they require ADCs with 14 bits to 16 bits of resolution
that deliver superior SNR at high input frequencies. Advances 
in high speed ADC technology offer improved SNR, low additive 
jitter, higher sampling rates, and increased input frequency 
capability. These features enable engineers to design more 
efficient base stations, radar, and measurement equipment. 

Additionally, the instrumentation used to validate communications
systems must meet even tighter specifications, so as not 
to mask or distort the end-product’s actual performance. 
These systems allow designers to accurately characterize 
signals of interest with minimum added distortion from the 
data converter. The AD9446 16-bit, 100 MSPS ADC from 
Analog Devices is an example of wideband converter technology
that is targeted for IF-sampling applications in communications 
instrumentation. With a 70 MHz analog input and 100 MSPS 
sampling rate, the AD9446 provides a spurious-free dynamic
range of 83 dB; it provides 82 dB of SFDR with a 100 MHz 
analog input. For more information on the AD9446 and other 
data converters for IF-sampling applications, please visit
www.analog.com/PerformanceADCs.

Specifying A/D Converters: 
Considerations for IF-Sampling Applications

A series of engineering insights 
by Analog Devices.

A d v e r t o r i a l

32k point single-tone FFT/ADC: 105 MSPS, 70.3 MHz AIN

Author Profile: Joanne Mistler is a marketing
engineer with Analog Devices’ High Speed
Converter Group in Wilmington, MA. She has 22
years of RF/MW experience, focusing on low
noise synthesizer design, digital communications,
and test and measurement applications.

SUPERIOR ADC DYNAMIC RANGE ENABLES IF-SAMPLING
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More than 20,000 engineers use Agilent EEsof EDA

www.agilent.com/find/eesof-innovations

The proof is empirical
There’s truth in numbers. Agilent EEsof EDA is the top choice

among engineers for RF design software for most of the

world’s wireless devices.

The fact is derived from the product’s undisputed breadth

of functionality. Agilent EEsof EDA was created for RF

engineers by RF engineers. It includes the capabilities you

need the most, and offers a depth of features other products

can’t touch. Agilent’s team of EDA experts releases multiple

improvement updates each year. And Agilent has the largest

number of technology partners, application examples, and

technical articles in the industry. 

Work the proof yourself. Agilent EEsof EDA can be customized

to fit the precise needs of your projects and budget. Visit

www.agilent.com/find/eesof-innovations to find out more.
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Big performance. Small package. 
16/32-Bit Flash Microcontrollers.  The Philips LPC2000 family of 16/32-bit 
ARM7TDMI-STM Flash microcontrollers can help you with your application 
challenges by providing you with:

The industry’s highest-performance embedded Flash memory
– Up to 512KB of on-chip Flash
– 60 MHz code execution from either Flash or RAM, no dynamic loading necessary
– JTAG in-system programming and in-application programming via serial ports

Ultra-low power operation up to 60 MHz
– 1.8V process technology offers leading-edge 1 mW/MHz operating power

Miniature 64-pin packages

See for yourself with a free sample. 
Visit www.philips.com/LPC2000 or call 1-800-447-1500, ext. 2818.  
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*Includes Watchdog Timer and Real-Time Clock

Part
Number

Memory
Timers/
PWM

Serial Interfaces
A/D

(10b)
D/C

(10b)
I/O

Inter-
rupts

F
max

Temp.
Range

Package

Flash RAM # of
Timers Ch. UART 12C SPI CAN # of

ch.
# of
ch. Pins (Ext.) (Mhz)

LPC2104 128K 16K 4* 6 2 1 1 – – – 32 16(3)/16 60 0˚ to +70˚ LQFP48

LPC2105 128k 32K 4* 6 2 1 1 – – – 32 16(3)/16 60 0˚ to +70˚ LQFP48

LPC2106 128K 64K 4* 6 2 1 1 – – – 32 16(3)/16 60 0˚ to +70˚
-40˚ to +85˚ LQFP48

LPC2114 128K 16K 4* 6 2 1 2 – 4/10 – 46 19(4)/16 60 -40˚ to +85˚ LQFP64
HVQFN64

LPC2119 128K 16K 4* 6 2 1 2 2 4/10 – 46 19(4)/16 60 -40˚ to +85˚ HVQFN64
LQFP64

LPC2124 256K 16K 4* 6 2 1 2 – 4/10 – 46 19(4)/16 60 -40˚ to +85˚ HVQFN64
LQFP64

LPC2129 256K 16K 4* 6 2 1 2 2 4/10 – 46 19(4)/16 60 -40˚ to +85˚ HVQFN64
LQFP64

LPC2131 32K 8K 4* 6 2 2 2 – 0 0 47 22(4)/16 60 -40˚ to +85˚ LQFP64

LPC2132 64K 16K 4* 6 2 2 2 – 1 1 47 22(4)/16 60 -40˚ to +85˚ HVQFN64
LQFP64

LPC2134 128K 16K 4* 6 2 2 2 – 2/8 1 47 22(4)/16 60 -40˚ to +85˚ LQFP64

LPC2136 256K 32K 4* 6 2 2 2 – 2/8 1 47 22(4)/16 60 -40˚ to +85˚ LQFP64

LPC2138 512K 32K 4* 6 2 2 2 – 2/8 1 47 22(4)/16 60 -40˚ to +85˚ HVQFN64
LQFP64

LPC2194 256K 16K 4* 6 2 1 2 4 4/10 – 46 19(4)/16 60 -40˚ to +85˚
-40˚ to +125˚ LQFP64

LPC2210 Ext. 16K 4* 6 2 1 2 – 8/10 – 76 19(4)/16 60 -40˚ to +85˚ LQFP144

LPC2212 128K 16K 4* 6 2 1 2 – 8/10 – 112 19(4)/16 60 -40˚ to +85˚ LQFP144

LPC2214 256K 16K 4* 6 2 1 2 – 8/10 – 112 19(4)/16 60 -40˚ to +85˚ LQFP144

LPC2290 Ext. 16K 4* 6 2 1 2 2 8/10 – 76 19(4)/16 60 -40˚ to +85˚ LQFP144

LPC2292 256K 16K 4* 6 2 1 2 2 8/10 – 112 19(4)/16 60 -40˚ to +85˚ LQFP144

LPC2294 256K 16K 4* 6 2 1 2 4 8/10 – 112 19(4)/16 60 -40˚ to +85˚
-40˚ to +125˚ LQFP144
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INNOVATIONS & INNOVATORS

Targeting use in process-development
device-characterization applications,
the eVue digital-imaging system from

Cascade Microtech offers improved viewing,
navigation, and user-friendly features. The
system stores images and lets users see
close-up details along with images from oth-
er parts of a wafer or different zoom levels
on the same wafer. Thus, users can see the
extended-view “big picture” while they probe.
The system automatically optimizes probe-
positioning accuracy, measuring-tape func-
tions, and focus.

The eVue Pro software package adds mul-
tilevel profile maps and recalls previous data
and images for immediate comparison,
among other features. The heart of the sys-
tem, a multi-CCD, wide-field, high-magnifi-

cation microscope, has both high-definition digital video and three optical paths for multiple-per-
spective viewing. Prices for the basic eVue system start at $18,999, and the Pro Package sells
for $33,999.—by Bill Schweber
�Cascade Microtech Inc, www.cascademicrotech.com.

0� resistor is bridge over troublesome pc-board tracks

EPIC computer
handles shock,
vibration, and
temperature
Octagon Systems recently an-
nounced the XE-700 single-
board computer in the new EPIC
(embedded-platform-for-industri-
al-computing) form factor. The
XE-700 incorporates the 133-
MHz STPC Atlas 5x86-class
CPU and targets high-reliability
transportation, security, military,
and communications applica-
tions. Users can boot the module
from CompactFlash, and it can
operate at a reduced clock rate
for lower power operation. It fea-
tures a 10/100BaseT Ethernet,
two USB ports, four RS-232/
422/485 serial ports, 24 lines of
digital I/O, a video interface, and
PC/104 expansion.

The XE-700 withstands 40g
shock and 5g vibration and oper-
ates in the �40 to �85�C tem-
perature range. Operating-sys-
tem start-up kits are available for
Linux 2.6, QNX, and DOS to en-
able “instant-on” operation of the
XE-700. The single-unit price is
$495, and volume discounts are
available.—by Warren Webb
�Octagon Systems,
www.octagonsystems.com.

Based on the new EPIC form
factor, Octagon Systems’
rugged XE-700 single-board
computer operates in the
�40 to �85�C tempera-
ture range.

A 0� crossover jumper may
seem like a component solution
looking for a problem, but it can
solve tricky pc-board-layout prob-
lems. One such jumper, the LRZ
series from the IRC Advanced
Film Division of TT Electronics,
has resistance of less than
0.003� and inductance of less
than 0.2 nH. It targets use in high-
current applications, such as pow-
er supplies, and can handle maxi-
mum currents of 20, 30, or 35A,
depending on size. According to

Steve Wade, IRC director of sales
and marketing, this value is five
times the current rating of com-
petitive units on the market.
These jumpers are available in
conventional 60/40 tin/lead-sol-
der plating or ROHS (reduction-
of-hazardous-substances)-com-

pliant versions. Their operating
temperature is �65 to �150�C;
prices start at 23 cents (1000).

—by Bill Schweber
�TT Electronics, IRC Advanced
Film Division, www.irctt.com.

Digital imaging makes wafer probing 
more fun viewing than satellite TV

EDITED BY FRAN GRANVILLE

SEPTEMBER 15, 2005  |  EDN 21

The eVue digital-imaging system for evaluation-
wafer probing adds features that simplify setup,
navigation, probing, and data correction.

Use the 0� LRZ 
series of crossover
jumpers for high-cur-
rent flyovers, bypass-
ing interfering 
pc-board tracks.
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Cavium Networks’ Oc-
teon Exp multicore
MIPS64-based pro-

cessor family enables design-
ers to merge control- and
data-plane processing at mul-
tigigabit/sec rates for enter-
prise- and storage-networking
equipment in one device con-
suming fewer than 30W. The
Octeon Exp offers as many as
16 dual-issue, memory-coher-
ent, MIPS64 Release 2-based
cores operating at 600 MHz.
The processor architecture in-
cludes additional instructions
for packet acceleration, and it
incorporates a 32-kbyte in-
struction cache, an 8-kbyte
data cache, a 32-entry TLB
(translation-look-aside buffer),
and a 2-kbyte write-back buff-
er. The Octeon Exp supports
four to eight RGMII (reduced-
gigabit media-independent-in-
terface) ports or dual SPI-4.2
interfaces, along with a 64-bit,
133-MHz PCI-X host/slave in-
terface that can act as both
data and control interfaces.

To support the throughput
requirements for high-per-
formance networking, the
Octeon Exp integrates dedi-
cated packet processors for
layers 2, 3, and 4 parsing, er-
ror checking, tagging, and
memory allocation. The Oc-
teon Exp also includes a high-

Processor enables integration
of high-end control- and data-
plane processing

DILBERT By Scott Adams 

performance, on-chip memory
controller that supports 144-
bit-wide, ECC-protected DDR
II DRAM that operates at an
800-Mbps data rate with ca-
pacity as large as 16 Gbytes.
Two additional integrated mem-
ory interfaces support 18-bit-
wide, low-latency RLDRAM
(reduced-latency DRAM) 2
and FCRAM (fast-cycle RAM)
2 with low-latency access and
a capacity of 1 Gbyte. De-
signers can use the two mem-
ory interfaces to connect
TCAMs (ternary-content-ad-
dressable memories) for off-
loading look-ups to an external
hardware device. For higher
layer data-plane processing,
Octeon includes dedicated
hardware for TCP acceleration
and flow management to scale

performance across multiple
cores.

The software-programming
environment is compatible
with C/C�� for MIPS64
and MIPS32 architectures,
and it supports the Linux op-
erating system. The Octeon
Exp family comprises five de-
vices that are available world-
wide without any security-re-
lated export-control restric-
tions. The CN38xx family of-
fers four, eight, 12, or 16
MIPS64-based cores in a
footprint-compatible package.
Production prices for the
CN38xx family range from
$350 to $650 (10,000).
These devices are available
for sampling with software-
development support that in-
cludes a simulator and refer-
ence applications.

—by Robert Cravotta
�Cavium Networks, www.
caviumnetworks.com.

Actuator uses
shape-memory
alloy to provide
design benefits
In contrast to conven-
tional electromagnetic,
coil-based motors and
solenoids, the DM-01 ac-
tuator from MIGA Motor
Co uses a shape-memo-
ry alloy for its prime
mover. Suitable for ap-
plications such as latch-
release mechanisms,
vane positioning, robotic
motion, and others, the
silent unit employs an
array of nickel-titanium
wires that contract when
heated. Actuation time
depends on applied in-
put power and is on the
order of 25 msec, de-
pending on various cur-
rent and load factors.

The device has a 0.5-
in. (12.7-mm) stoke and
three available output
forces of 9 to 20N, de-
pending on model. The
0.7-oz (20g) unit meas-
ures about 3�0.7�0.3 in.
(76�18�7.5 mm). Cur-
rent requirements vary
with unit force and ap-
plied voltage, ranging
from 9V at 1.2A to 28V at
9.3A. The DM-01 sells for
less than $50 (25).

—by Bill Schweber
�MIGA Motor Co,
www.migamotors.com.
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FEEDBACK LOOP

“WHILST [THE SEGWAY] IS UNDOUBT-
EDLY A REALLY COOL PIECE OF TECH-
NOLOGY, I ALREADY HAVE A VEHICLE
THAT IS CHEAPER, HAS A GREATER
MAX SPEED, NEEDS NO ELECTRICITY
(IS FUELLED BY CAKE), AND IS LEGAL
ON THE ROAD.”

AB Morley, in EDN’s Feedback Loop at www.edn.com/article/
CA624968. Add your comments.

22  EDN |  SEPTEMBER 15, 2005

The DM-01 uses thermally
actuated shape-memory al-
loys to provide motion in a
silent, lightweight package.
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Call 817-274-7553 or
Visit www.winsystems.com
Ask about our 30-day 
product evaluation!

715 Stadium Drive  •  Arlington, Texas 76011
Phone  817-274-7553  •  FAX  817-548-1358   
E-mail: info@winsystems.com

WinSystems®

PC/104 Modules:
Stackable,
Small, and
Rugged
Begin your next design with 
WinSystems’ PC/104 and 
PC/104-Plus modules. These 
compact, 90mm x 96mm
(3.6” x 3.8”) modules are easy-
to-use and ideal for space-
sensitive applications. 

WinSystems’ products include:
Single Board Computers
• Intel Pentium
• AMD 520

Input/Output (I/O)
• Analog
• Digital
• Serial
• GPS
• USB 2.0

Communications
• Networking
• GSM Cellular
• 802.11 Wireless
• 10/100/1000Mbps Ethernet
• Modem

Enclosures  
Long-life product availability
-40°C to +85°C operation
Quick Start SBC Developers kits for 
Windows® XP, CE, and Linux

You’ll find our PC/104 modules stack-up as
the perfect fit for industrial, communication,
transportation, medical, instrumentation,
and MIL/COTS applications. 
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Reading a well-organ-
ized book that has
structure, depth, and

breadth is often the most effi-
cient way to learn about a top-
ic or reference a complex sub-
ject. One such publication,
Bulletproof Wireless Security:
GSM, UMTS, 802.11, and Ad
Hoc Security by Praphul Chan-
dra, is an excellent introduction
to a complex subject. Targeting
design engineers, this read-
able, 236-pg book (Newnes/
Elsevier, ISBN 0-7506-7746-
5) carefully explains the prob-
lems of security in various di-

Diverse books span
wireless-system security, 
circuit-test sources

mensions and begins to ad-
dress what designers can or
should do to enhance security.
It examines wireless crypto-
graphic protocols, types of at-

tacks, weaknesses that attacks
exploit and how to defend
against them, multilayered-se-
curity design and protocols, vul-
nerabilities, and the role of
modulation techniques in se-
curity. It uses just enough the-
ory to prepare readers but fo-
cuses on practical issues and
implementations more than
the often-challenging math
behind message encoding and
decoding for secure links.

Addressing a far different as-
pect of the engineering-design
spectrum, Current Sources &
Voltage References by Linden
T Harrison thoroughly exam-
ines this small but critical area
of circuit and IC design. The
comprehensive book (Newnes/
Elsevier, ISBN-0-7506-7752-

Even if you
are more

likely to buy
than build 
your own, the
book explains
what you need
to look for.

pulse
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X) covers the semiconductor
physics, suitable active and
passive components and their
characteristics, and the cir-
cuits that designers build with
them. The book dissects and
models the various types of
FETs, bipolar transistors, and
diodes that these circuit func-
tions use and analyzes the re-
sultant performance. These
examples use actual devices
and model numbers when ap-
propriate. Even if you are more
likely to buy than build your
own, the book explains what
you need to look for when de-
termining the best source or
reference for your application.

—by Bill Schweber
�Newnes/Elsevier, www.
newnespress.com.

Clock-circuit-design tool 
recovers engineering time

Analog Devices recently
unveiled three clock ICs
and a simulation tool

that aims to accelerate the de-
sign and analysis of clock cir-
cuits for various applications,
including wireless transceivers,
broadband-infrastructure equip-
ment, general instrumentation,
and automated test equipment.
The ADIsimCLK tool includes
tutorials, design wizards, refer-
ence designs, a VCO (voltage-
controlled-oscillator)/VXO
(variable-crystal-oscillator) li-
brary, PLL design, loop-filter
design, and models.

The tool lets engineers
quickly design robust and ac-
curate timing circuits. “This
tool allows designers to make
design decisions at worksta-
tions without hooking up eval-
uation boards and relying on
lengthy data sheets,” says
Scott Behrhorst, product-mar-
keting manager.

ADIsimCLK addresses sev-
eral common facets of clock-
circuit design, such as speed,
edge skew, jitter, and phase
noise, as well as less obvious
factors, such as external oscil-
lators, slew rate, channel isola-
tion, and RF interference.
Analog Devices claims that
the tool is the first that can
simulate less-than-1-psec jit-
ter and �150-dBc/Hz phase
noise. “It lets you predict
whether the clock you are us-
ing is efficient enough to pro-
vide the performance you
need,” he says. “And it offers
comparison interfaces be-
tween one clock chip and an-
other through differential LV-
PECL [low-voltage positive-
emitter-coupled logic] for
chip-to-chip signaling, which
provides indications of what is
and is not performing well.”

The AD9513, AD9514, and
AD9515 clock ICs join devices

that the company initially rolled
out in December 2004. The
new ICs are pin-programmable
and offer high integration in
small packages, thereby reduc-
ing the need for multiple dis-
crete components, saving
board space and significantly
reducing bill-of-materials costs,
according to the company.

The AD9514 and AD9515
support output-clock rates as
high as 1.6 GHz, and the AD-
9513 supports 800 MHz. The
AD9513 has three LVDS/
CMOS outputs, the AD9514
has two LVPECL outputs and
one LVDS/CMOS output, and
the AD9515 has one LVPECL
output and one LVDS/CMOS

output. The ICs come in 32-
lead LFSCP packages, feature
additive jitter of less than 300
fsec, and can reside close to
devices requiring clocks. The
devices use their four-level
logic pins for programming di-
vide ratios, phase offsets, de-
lays, and output-logic levels,
and the ICs require no serial-
interface ports. 

ADIsimCLK is available for
free downloading. The devices
are in production. The AD-
9513 and AD9514 sell for
$5.95, and the AD9515 sells
for $4.75 (1000).

—by Jeff Berman
�Analog Devices Inc, www.
adi.com.

FEEDBACK LOOP
“THERE IS A SIGNIFICANT DOUBLE 
STANDARD ON HOW MUCH [SOFTWARE]
PIRACY ... COMPANIES ARE WILLING 
TO LET COUNTRIES AND THEIR ‘CULTURES’
GET AWAY WITH.”
Frank L, in EDN’s Feedback Loop at www.edn.com/

article/CA633440. Add your comments.
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FPGA Design Ever feel tied down

because your tools didn’t support the FPGAs 

you needed? Ever spend your weekend 

learning yet another design tool? Maybe it’s 

time you switch to a truly vendor independent

FPGA design flow. One that enables you to 

create the best designs in any FPGA. Mentor’s

full-featured solution combines design 

creation, verification, and synthesis into a 

vendor-neutral, front-to-back FPGA design 

environment. Only Mentor can offer a 

comprehensive flow that improves 

productivity, reduces cost and allows for 

complete flexibility, enabling you to always 

choose the right technology for your design. 

To learn more go to mentor.com/techpapers

or call us at 800.547.3000.
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Sensors measure basic,
clearly describable pa-
rameters: temperature,

pressure, weight, and moisture.
However, the reality of an ap-
plication makes meaningful
sensing challenging; hence, an
enormous diversity of sensors
exists for any given parameter.
Demonstrating this dichotomy,
the hermetically sealed Model
9732 ice-detecting transducer
probe from New Avionics Corp
uses a 950-nm laser-diode in-
frared source and matching
detector to assess thickness
of ice, based on ice-induced
attenuation of the optical path.

Richard Hackmeister, vice
president and general manag-
er of the company, says, “We
use invisible IR to shine no vis-
ible light outside the aircraft, as
though it were a running light.”
The probe, which measures 6
to 8 in. long, depending on ver-
sion, can detect the first 0.001
in. of ice; the NASA-tested and
-calibrated probe can detect
ice within 10 sec of entering
an icing condition. The support
circuitry implements the laser
drive, detector-diode interface,
and threshold detectors to sig-
nal stages of ice growth and
has a four-wire interface to the
probe itself.

The probe’s slim physical
shape plus low drag coeffi-
cient of 1.09 do not interfere

Aircraft ice detector shows
sensing challenge, innovation

with or affect the onset of an
icing condition. This phenome-
non occurs when a probe dis-
turbs the airflow, thus slightly
warming the local environ-
ment, retarding ice develop-
ment, and leading to a mis-

leading ice-development as-
sessment. It demonstrates the
eternal challenge: “Does my
measuring instrumentation af-
fect what I am measuring?”
The basic probe tip weighs
0.25 oz, and the complete tip,
tube, and shield weigh 3 oz.

Operating from a 3.3V-dc
supply at 100 mA or with 200-
mA pulses, the device enables
engineers to locate the sup-
port circuitry as far as 1m from
the probe itself. It has no high-
speed clocking, so it generates
no RFI and withstands �25g
acceleration in all six axes of
motion. The unit sells for $799
(50), and the license includes
a reference-design schematic,
a layout, and a bill of materi-
als.—by Bill Schweber
�New Avionics Corp, www.
newavionics.com.

PLX Technology recently introduced a five-port, eight-
lane PCIe (PCI Express) switch for applications such as
high-end printers, multichannel network adapters, and
notebook docking stations. The PEX 8508 complies with
PCI Express Specification R1.1 and offers a reduced
footprint and lower power and cost. The PEX 8508 re-
duces packet latency to less than 150 nsec. The switch
features an I2C bus, fatal-error-signal support, ISA/VGA-
enabled registers for graphics applications, and four
general-purpose I/Os. It can enter an ultralow-power
state and wake up via in-band or out-of-band signaling,
has hot-plug controllers on all ports, and supports con-
stant frequency and spread-spectrum clocking.

The PEX 8508 targets add-in-card applications, such
as Ethernet aggregation and processor isolation. “The
market for these high-end adapter cards is growing, and
it is almost becoming required that these cards have
multiple I/Os on them,” says John Gudmundson, senior
marketing manager.

One of the biggest markets for the PEX 8508 is
processor isolation. “When isolation processors are on
separate cards, there is lower latency,” Gudmundson
says. “If a board or a processor goes down, you need the
other one to quickly take over, and that feature requires
low latency through the switch.”

The PEX 8508 comes in a 19�19-mm, 273-pin PBGA
package and will be available for sampling during the
fourth quarter. It will cost less than $15 (volume quanti-
ties). A rapid-development kit will sell for $995.

—by Jeff Berman
�PLX Technology, www.plxtech.com.

Low-lane-count PCIe switch
ventures into new applications
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Does my
measuring

instrumentation
affect what I
am measuring?

pulse

FEEDBACK LOOP

“SOFTWARE-CONSTRUCTION 
METHODOLOGY HAS NOT CHANGED
IN A FUNDAMENTAL WAY SINCE LADY
ADA WROTE THE FIRST ALGORITHMIC
PROGRAM FOR BABBAGE’S ANALYTI-
CAL ENGINE, A MACHINE BUILT OUT OF
GEARS AND ROTATING SHAFTS! THIS,
I BELIEVE, IS WHY SOFTWARE IS SO 
UNRELIABLE.”
Louis Savain, in EDN’s Feedback Loop at www.edn.com/article/
CA608882. Add your comments.
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The Model 9732 ice-detecting transducer probe uses an infrared-
laser diode and collocated photodiode to assess icing conditions,
based on optical attenuation in the light path.
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There’s a Samsung MCP to fit every mobile device 
Multi-Chip Packages from Samsung give your handheld designs all the memory they
need in the smallest footprint. And they don’t consume much power, either. Samsung 

MCPs stack up to eight layers of Flash, DRAM and SRAM in a myriad of configurations 
and densities in standard packages.

The perfect memory solution for the tightest spaces

© 2005. Samsung is a trademark of Samsung Electronics Company, Ltd.  All other trademarks are the property of their respective owners.

www.samsungusa.com/semi/mcp 
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Energy-conservat ion
oganizations issue en-
ergy-efficiency stan-

dards that can make a differ-
ence in external-power-supply
design, according to industry
executives and energy-con-
servation organizations. Such
organizations include the
United States Environmental
Protection Agency’s Energy
Star (www.energystar.gov), the
California Energy Commission
(www.energy.ca.gov), the Euro-
pean Union (www.europa.eu.
int), the Australian Greenhouse
Office (www.greenhouse.gov.
au), and the China CECP (Cer-
tification Center for Energy
Conservation Products, www.
cecp.org.cn). The organizations
are deploying these standards
in conjunction with mandatory
and voluntary specifications fo-
cusing on the efficiency of ex-
ternal power supplies.

“This [proliferation of ener-
gy-efficiency standards] is
happening on a global level,
and there is a move afoot to
harmonize global standards for
energy conservation for differ-
ent types of products and
adapters,” says Doug Bailey,
vice president of marketing at
Power Integrations, a vendor
of high-voltage analog ICs for
power conversion.

Although the details of the
standards and specifications
vary, the underlying objective,
according to Energy Star, is to
spur the adoption and usage
of energy-efficient external
power supplies and buoy the
concept of deploying a single
energy-efficiency-testing pro-
cedure and specification for

several countries. This model
enables designers to com-
pare external power supplies’
energy-efficiency outputs and
lowers design and production
expenses.

This approach is similar to
specifications that the CECP
issued this year, calling for
energy consumption for pow-
er-supply components, in-
cluding cell-phone chargers
and adapters, digital cameras,
and portable music players.
They include minimum oper-

ating-efficiency requirements
at different output-power lev-
els and a maximum level of
no-load power consumption.

According to Andrew Fan-
ara, Energy Star team leader
for products, a single global
measure to gauge test pro-
cedures and energy efficien-
cy of adapters and other
components at various power
loads and no-load efficien-
cies allows manufacturers to
consistently and fairly com-
pare products and tout effi-
ciencies. 

“Our specifications are on
the same level as those in
other countries,” says Fanara.
“We would like to make pow-
er consumption as low as
possible, because there are
roughly a billion power suppli-

pulse
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ers and adapters sold world-
wide per year.”

Although Energy Star has
been testing power supplies
and adapters, Fanara notes
that manufacturers are imple-
menting designs with small,
energy-efficient footprints for
end users who want to use
smaller, less bulky devices with
smaller, more efficient power
strips. “Designers are focusing
more and more on this issue,
because more efficient and
smaller products bring about
more benefits, such as reduc-
ing energy bills, for end users,”
says Fanara. “Designers know
that this type of energy effi-
ciency is quickly becoming
mandatory.”—by Jeff Berman
�Power Integrations, www.
powerint.com.
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outsource more work to the Indian semiconductor industry. “There is a dearth of design
engineers with a combination of electronic-design skills and an adequate knowledge of
the latest tools,” says G Satish Kumar of Mentor Graphics Sales and Services. To plug the
gap, companies such as ATI, Magma, Mentor Graphics, and TI are taking the initiative to
upgrade the skills and knowledge of local design engineers. Collectively, the companies
spend more than $1 million a year—either in the form of monetary contributions for educa-
tion or by providing software and tools for design labs in universities. “There is an acute
shortage of VLSI front- and back-end-design talent,” says Dasaradha R Gude, managing
director at ATI Technologies India. Consequently, ATI is collaborating with Hyderbad-based
Veda IIT on diploma and master’s degree programs for design engineers. “We have trained
more than 1000 engineers on the entire Magma flow,” comments Anand Anandkumar,
managing director of Magma Design Automation India. “Talent that can develop EDA tools
and analog ICs is in short supply.”

“There is a huge gap between what the universities teach and what the industry re-
quires,” confirms Professor K Jayaraman, chief mentor at CICT Pvt Ltd, adding that univer-
sities lack the resources for developing labs or to invest in software tools. “The lack of a
coordinating body is a problem,” says CP Ravikumar, PhD, secretary of the VLSI Society of
India. To bridge this divide, the ISA (India Semiconductor Association) and VSA (VLSI
Society of India) have launched a pilot program with Belgaum-headquartered VTU
(Vishvesvaraya Technological University). “The initiative encompasses research, curriculum,
and faculty development, EDA-tool support and ecosystem creation,” says Poornima
Shenoy, president of ISA. The pilot program will create opportunities for greater industry-
academia interaction, create an industry-oriented curriculum, and facilitate the infrastruc-
ture to support the programs.—by Chitra Giridhar, EDN Asia
�ATI Technologies, www.ati.com.
�Magma Design Automation, www.magma-da.com.
�Mentor Graphics, www.mentor.com.
�Texas Instruments, www.ti.com.

Indian semiconductor companies 
upgrade engineering skills
Experienced chip designers are becoming an increasingly scarce commodity, as vendors

Energy-efficiency standards
play a role in external-power-
supply design

GLOBAL  DES IGNER
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A RARE PACKAGE OF HIGH PERFORMANCE,
AMAZING INTEGRATION AND GREAT VALUE.

Key Features

» 16 KB Program Flash and 4 KB Program/Data RAM

» Up to 6-Output 96 MHz PWM

» 12-bit ADC with 1.125 µsec conversion rate 

» Peripheral set including SPI, SCI, I2C & (4) 16-bit timers

» 26 programmable GPIO

» 32-pin LQFP packaging, PDIP (avail Q4)

» $2.99 (US) in 10K unit volumes

56F8000 DIGITAL SIGNAL CONTROLLERS

This product incorporates SuperFlash technology licensed from SST. Freescale™ and the Freescale logo are trademarks of Freescale Semiconductor, Inc. All other product or service names are the property
of their respective owners. All quoted pricing is MSRP. © Freescale Semiconductor, Inc. 2005.

If you’ve been searching for the processing power of 
a DSP combined with the ease of use of an MCU,
your search is over. Our 56F8000 Digital Signal
Controller (DSC) family delivers both, all on a single
chip, and at price points that will even make your
purchasing department smile. 

Clocking in at 32 MHz and delivering 32 MIPS at 
a price under $3 (US), the 56F8000 DSCs offer one
of the most exceptional price/performance ratios
available on the market today.

Specifically designed for digital power control and
industrial markets, the 56F8000’s fully integrated core
and advanced peripherals are ideal for motor control,
switch-mode power supplies, appliances, lighting,
instrumentation and smart sensing applications.

Combine the convenience of the latest, third
generation reprogrammable Flash, compact packaging
and award-winning hardware and software tools, and
the 56F8000 DSC family can put your design on the
fast track.

Order your demo kit now,
starting at only $64.95 (US).
Get a USB-to-JTAG adaptor
($250 value) for only $100
while quantities last.

Demo kit includes a fully-functional demonstration
board with an expansion connector for easy interface
to 56F8000 daughter cards. You’ll also receive
CodeWarrior™ Development Studio for 56800/E with
Processor Expert™ technology.

freescale.com/DSC

56800/E Core
32 MIPS
32 MHz

Program Flash
16 KB

Unified Data /
Program RAM 4 KB

I2C

SCI

SPI

JTAG/EOnCE™

(2) 4-Channel
12-bit ADCs

5-Channel PWM

COP/Watchdog

Up to 26 GPIO

(4) 16-bit Timers

Power Management

PLL

OSC
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Striving toward the long-
sought ideal of the el-
ectronic equivalent to

conventional paper, Fujitsu Ltd
and Fujitsu Laboratories Ltd
have demonstrated a film-
based, bendable material that
displays text and color images
and consumes no power when
displaying them. Fujitsu offi-
cials say that the power to
change an image is so low that
the weak RF energy in con-
tactless IC cards can deliver
that energy to the device.

The substrate material has
three layers—for red, green,
and blue primary colors—and
delivers more vivid images
than do standard reflective
LCDs, because the material

uses no color filters or polariz-
ing layers. Fujitsu plans to re-
fine and test-market the mate-
rial, which is suitable for shelf
tags, display signage, and flat
and curved surfaces, through
2006. You can find details at
www.fujitsu.com/global/news/
pr/archives/month/2005/
20050713-01.html.
�Fujitsu Laboratories Ltd,
www.labs.fujitsu.com.
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Researchers at CEA (Commissariat à l’Énergie
Atomique) Le Ripault (Monts, France) are giving
the standard ink-jet printer a potential role in pre-
cise paper-cutting, akin to rapid prototyping, so
that users can cut or score invitations, cards, and
complicated shapes. The printer assembly com-
bines a conventional print head with a 1W, 810-nm
infrared laser diode and an ink that absorbs in-
frared wavelengths but is transparent to visible
light. The company based the ink on pigment from
Sigma-Aldrich (www.sigmaaldrich.com).

The printer cuts paper at a speed of less than
1m/minute, far slower than commercial systems,
which use kilowatt-range carbon-dioxide lasers
and achieve cutting speeds of approximately
1000m/sec. However, the technology is suitable
for many desktop applications and low-volume
needs. The key to this small-scale system is the re-
cent development of low-cost laser diodes with
outputs of 1W at wavelengths of 700 nm and
longer. You can find more details at www.cea-
technologies.com/article/article.php?article=379.
�Commissariat à l’Énergie Atomique, www.cea.fr.

Laser-enhanced printer gives
paper-cutting a new edgeBendable electronic paper

includes image memory

Manufacturers of complex
systems need to mark every
part with an ID number, but

etched or printed bar codes
may not work because they
are often covered by paint or

special finishes. To address
that problem, researchers at
NASA’s Marshall Space Flight
Center have developed a
magnetic-dot-based system
with high-magnetic-coercivity
ink, in which the dots are “writ-
ten” in a matrix pattern. This
writing can use a stencil or ap-

ply the ink in laser-engraved,
etched, or machined recesses.
A handheld reader senses the
matrix pattern, similar to how a
bar-code scanner works, and
converts the pattern to a stan-
dard code-output pattern. The
reader can sense the magnet-
ic pattern through as much as
15 mils of paint—typically, five
or six layers.

The system also has poten-
tial in nonaerospace applica-
tions, such as automotive pro-
duction, in which manufactur-
ers paint parts during produc-
tion or parts become covered
with grime and crud in the field,
and security, in which vendors
can deliberately cover and
thus shield the code’s exis-
tence from prying eyes. You
can find more details at http://
techtran.msfc.nasa.gov/new/
mmrms.html.
�NASA, www.nasa.gov.

Need the time? NIST can help
Radio-controlled clocks that automatically synchronize to the
NIST (National Institute of Standards and Technology)
WWVB primary-clock time codes have come down in price,
size, and power; you can even get them through specialty
stores, such as The Sharper Image. 

If you are thinking of incorporating the circuitry into your
product, look at the online brochure from NIST WWVB, Radio
Controlled Clocks: Recommended Practices for Manufac-
turers and Consumers at http://tf.nist.gov/timefreq/stations/
radioclocks.htm. Although some of the advice, such as check
the batteries and change the antenna orientation, is obvious,
the brochure also offers good insight into the time codes and
how your design can use or misuse them, dealing with signal
loss, adjusting for Daylight Savings Time, and similar issues.
�National Institute of Standards and Technology,
www.nist.gov.

Machine-readable label
functions despite obstructions

A handheld
reader sens-

es the matrix
pattern and
converts it to a
standard code-
output pattern.

RESEARCH UPDATE
BY BILL SCHWEBER
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OUR ALL-IN-ONE ZIGBEE SOLUTION
PUTS YOU IN A VERY ENVIABLE POSITION.

ZIGBEE

There are always hurdles getting products to

market. But now, embedding ZigBee™ technology

into your devices is no longer an obstacle. With

Freescale’s all-inclusive solution, you’ll get the

jumpstart needed to focus on the task at hand—the

job of designing.

As the world’s first single-source ZigBee-compliant

platform, our solution comes with everything: sensor

IC’s, extensive software, ZigBee protocol stack, and

robust development tools—all designed to work

seamlessly together. There’s also our system-in-a-

package solution, featuring the MC1321X family.

Both options are fully customizable for your specific

needs. And both scale from point-to-point

proprietary networks to fully compliant ZigBee

technology networks.

We lead the industry with an achieved range of

nearly 400 meters. What’s more, our comprehensive

and cost effective development tools provide you

with the hardware, software, documentation, and

reference material that you need to quickly and easily

adopt ZigBee technology. With our leadership

position in microcontroller units and radio frequency

integrated circuits, choosing Freescale ZigBee is no

leap of faith.

Put yourself in an ideal situation by ordering

your Eval kit today at freescale.com/ZigBee

Freescale™ and the Freescale logo are trademarks of Freescale Semiconductor, Inc. All other product or service names are the property of their respective owners. 
© Freescale Semiconductor, Inc. 2005.

The world’s first single-source ZigBee-compliant
platform:

» One-stop shop for entire ZigBee system

» Comprehensive development tools from
hardware to reference designs

» System-in-a-package
solution, featuring the
MC1321X family

» Industry leading range,
nearly 400 meters achieved

» IEEE 802.15.4 compliant 
2.4 GHz transceiver

» 25 years providing sensor solutions
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the power system feeding the DUT re-
main unaltered during testing. Making
matters even worse, the power system
for this layout was hefty. Analysis of
the design revealed a power-to-ground
impedance of about 0.02� at all fre-
quencies as high as 1 GHz.

Under these conditions, to induce
�200 mV of noise on the power plane
feeding my DUT, the test apparatus
must pump at least �10A into the
power system. To generate that much
current, a 50� laboratory signal source
needs an open-circuit voltage of
(10A)�(50�)��500V and dissi-
pates 2500W rms when clamped to
VCC by this stiff power system. I’ve seen
bass amps that pump out that much
power, but my lab signal source—nor
any source I can afford to rent—does
not cut it. 

How about using a transformer to
overcome the mismatch between the
source impedance (50�) and the load
impedance (0.02�)? The impedance
ratio is 2500-to-1, so a transformer
with a 50-to-1 turns ratio should, in
theory, reduce the required source cur-
rent to a level of (�10V)�
(50�)�200 mA. The required source
voltage would then be (200 mA)�
(50�)��10V—an achievable figure.
Unfortunately, I was unable to find, or
figure out how to construct, any 1-
GHz transformer suitable for such a
low load impedance. Friday afternoon

rolled by, and I still had no way to
properly stimulate my system. 

Over the weekend, thumbing
through the pages of Bass Player mag-
azine, I came across a picture of a
young woman standing in front of a
wall of bass speaker cabinets. Her setup
arrayed 32 10-in. speakers in parallel,
producing an impregnable wall of
sound. That picture triggered a crucial
thought in my brain: A massive array
of sources creates a huge amount of
noise.

My test card now has the DUT on
one side, with its power system. On the
other side of the card, using a separate
power system but shared ground
planes, sits a huge FPGA with 400 out-
puts. Each output pumps noise through
a dc blocking capacitor directly onto
the VCC plane that the DUT uses.
Each FPGA output is programmed as a
50� source powered by 3.3V. This cir-
cuit easily drives the required �200
mV onto my DUT power plane. By
adjusting the number of active out-
puts, I control the level of noise. 

If you build a similar circuit,
don’t let it run very long. The
source, like good jazz, gets really
hot.EDN

BY HOWARD JOHNSON, PhD

riday nights, I play bass in a jazz trio. The sound of my
upright acoustic bass easily fills our small club, so I con-
stantly have to think about the level of noise I’m making,
and that brings me to the subject of this column.

I recently concluded some power-supply immunity testing
on an IC. The test fixture directly injects intentional noise

into the power terminal of the DUT (device under test) to see how much
it can take without failing. 

Ordinarily, I place an impedance in series with the power terminal of
the DUT, severely weakening the power system at that point and making
it easy to inject substantial quantities of intentional noise into the chip’s
power terminal. This time a special requirement complicated my test: that

F
Making noise

Go to www.edn.com/050915hj and
click on Feedback Loop to post a 
comment on this column.

MORE   AT EDN.COM

Howard Johnson, PhD, of Signal Con-
sulting, frequently conducts technical
workshops for digital engineers at Oxford
University and other sites worldwide. Visit
his Web site at www.sigcon.com, or e-
mail him at howie03@sigcon.com.

+
Pump up the volume with multiple
sources.

A massive array 
of sources creates 
a huge amount 
of noise.

,,
S I G N A L  I N T E G R I T Y
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Simple, affordable, high-performance
video processing in any format, 
on any device, in any seat in the house.
That’s the DaVinci Effect. 

When your video is better than live, that's the DaVinci Effect. See live action like

you've never imagined: closer, clearer and crisper. DaVinciTM technology from

Texas Instruments allows a high-performance, video processing platform to stream

directly to a handheld device, an on-board system in your car or your home

entertainment center. And because of its DSP-based programmability, you

can create unique, feature-rich devices optimized with specific applications in

mind and get them to market quickly. The applicability is greater, the design

process is faster, and the time to begin is now. For a technical brief, go to

www.thedavincieffect.com.

DaVinci™ technology is a DSP-based system solution tailored for 
digital video applications that provides optimized software, 
development tools, integrated silicon, and support to simplify design
and stimulate innovation in less time. It consists of:

● DaVinci Optimized Software: Interoperable, optimized, off-the-shelf 
digital video and audio codecs, protocols, and user interfaces 
leveraging integrated accelerators, published APIs, and application 
specific frameworks that utilize a variety of real-time operating 
systems for rapid implementation

● DaVinci Development Tools: Complete development kits, reference
designs, and comprehensive ARM/DSP system-level IDEs to speed design 

● DaVinci Integrated Silicon: Scalable, programmable DSP-based 
system-on-chip solutions tailored for digital video applications

● DaVinci Support/Ecosystem: System integrators, hardware and 
software providers, as well as TI and third party comprehensive 
video system expertise

DaVinci, Technology for Innovators and the red/black banner are trademarks of Texas Instruments. 1140AO ©  2005 TI
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BY JIM WILLIAMS • LINEAR TECHNOLOGYT A L E S  F R O M  T H E  C U B E

n the early 1980s, as Linear Technology was just beginning,
we had a fundamental problem: products in development
but none to sell. But, we wanted prospective customers to
know our name and what we were up to. Our public-rela-
tions company glibly urged “controlling the press” and

“getting our message out” but offered little real substance.
I

unfinished text when we finally
dropped the products into the bread-
boards.

The first article took almost two
months, but things slowly became eas-
ier. Tricks to move along the lab work
evolved, and I found ways to write
more efficiently, making the manu-
scripts inherently adaptable to the
planned additions and changes. Soon,
I was producing an almost-finished
article every two weeks or so, roaring
along, powered by adrenaline, solder,
pencils, paper, and pizza.

During the next year, life was a
dizzy seven-day-a-week blur of bread-
boards and manuscripts shuttling be-
tween work and my home lab. My diet
was a cardiologist’s nightmare. I don’t
recall having a meal at home. The
refrigerator was devoid of food but
well-provisioned with Polaroid film to
feed the oscilloscope camera. All this
frenetic bustle boiled off any sem-
blance of a normal social life. At din-
ner in San Francisco, while nominally
listening to my date describe her job
intricacies, I silently calculated the
optimum chopper-channel crossover
frequency in a composite amplifier.
This regimen of madness continued for
about a year, resulting in 35 full-length
feature articles appearing in EDN be-
tween June 1983 and November 1987.

I still write for EDN, although at a
significantly less frenetic pace. Now,
when the kids in our lab complain to
me about writing technical material, I
try not to sound like the curmudgeon
I am not so slowly becoming. I think
that mad tear almost 25 years ago con-
tributes to my current lack of empathy.
These kids today, with a catalog full of
products, they don’t know what
they’ve got.

Long-time EDN contributor Jim Williams,
staff scientist at Linear Technology Corp
(Milpitas, CA), has more than 20 years’
experience in analog-circuit and instru-
mentation design. Like Jim, you can share
your tale. E-mail mgwright@edn.com.

became available, we could put them
into the breadboards and implement
the attendant final changes. Once we
had done these tasks, we could drop
scope photos and specifications into
the waiting text, tweak the manuscript,
and ship it off to EDN. This approach
would speed publication by perhaps a
year and synchronize the article’s
appearance with product introduction.

Initially, the whole scheme appeared
absurd and eminently unworkable, with
uncountable technical and editorial
sinkholes. Getting started was much
more difficult than I had imagined.
Synthesizing the hardware for our
unborn ICs proved tricky; my meth-
ods, clumsy and stumbling. Bread-
boarding the applications was labori-
ous and slow, primarily because I was-
n’t sure how accurately I was mimick-
ing the forthcoming IC’s performance.
Writing was equally painful. Text flow
was staccato and disjointed because of
the gaps that occurred while I waited
for results with actual products. I had
to keep separate notes directing me to

This approach seemed arrogant folly,
and I felt a restless, uneasy malaise. We
couldn’t and shouldn’t control the
press; we should feed it what it wants.
Editors aren’t fools. They value what
interests their readers. Going to them
with puffery and hype would be self-
defeating. The real issue was finding a
way to productively use the seeming
dead time before product availability.
What EDN’s editors and their readers
wanted was a series of credible, full-
length technical articles in the lan-
guage of relevant, working circuits. 

I moped for weeks over this prob-
lem before a possible solution became
apparent. Instead of waiting for prod-
ucts, I’d simply go into the lab, devel-
op the applications, and then write the
articles. The key to this approach was
to synthesize the expected products
using available ICs and discretes to
build rough equivalents on small plug-
in boards. We could develop function-
al applications and write most of the
text. We’d then shelve the manuscript
and breadboards. Later, when products

Something from nothing
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CAN YOUR BRICK DO THIS?

for more information call 1.800.981.8699 or visit us at 
www.irf.com/dcdc

IR’s DC Bus Chipset Enables Bricks With 48Vin, 9.6Vout, 330W at 97% Efficiency

Internat ional  Rect i f ier ’s  new power
management DC Bus converter chipset
delivers 48Vin, 9.6Vout, over 330W at 97%
efficiency for networking and telecom-
munications systems.

• Single DirectFET MOSFET can replace 
two SO-8 devices

• Reduces component count by >45%
• Achieves up to 1.5% better efficiency 

compared to industry standard quarter 
brick form factors

• Reduces temperatures up to  40˚C
• Board space reduced by 29% vs. quarter

brick form factors
• Industry Best RDS(on) for IRF6644 (13mΩ),

IRF6646 (9.5mΩ), IRF6635 (1.8mΩ)

Design Services available at www.mypower.com

New DC-DC Chipset Solution from International Rectifier
DirectFET™ MOSFETs
Part # Package VDSS RDS(on) max QG QGD

@ VGS=10V Typical Typical
IRF6644 Medium can 100V 13mΩ 35nC 11.5nC
IRF6655 Small can 100V 62mΩ 8.7nC 2.8nC
IRF6646 Medium can 80V 9.5mΩ 36nC 12nC
IRF6613 Medium can 40V 3.4mΩ 42nC 12.6nC
IRF6614 Small can 40V 8.3mΩ 19nC 6.0nC
IRF6635 Medium can 30V 1.8mΩ 47nC 17nC

Control IC
Part # Package Voltage Rating Description

IR2085S SO-8 100V
Primary-side half-bridge control IC,
fixed 50% duty cycle, self-oscillating

IR2086S SO-16 100V
Primary-side full-bridge control IC,
fixed 50% duty cycle, self-oscillating
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ver the last three years, IC-
power management has
moved from a third-order
to a first-order concern for
chip designers, especially

those designing ASICs and SOCs (sys-
tems on chips) for portable-system appli-
cations. Accordingly, many power tools
made their debut at this year’s Design
Automation Conference, which took
place in Anaheim, CA, in June. Experts
say that, to get a true grasp of transistor
leakage—an ever-larger consumer of sys-
tem power—you must first get a read on
the thermal effects of your design and
how they impact the timing and reliabil-
ity of digital ICs. Experts assert that, if you
get an accurate account of heat on your
chip, you can maximize your design for
the right mix of power, performance, and
reliability.

If you’re designing at process geome-
tries of 90 or even 130 nm, you know that
IC-power management is a big problem.
Several EDA companies have developed
tools to estimate active power, which is
power a system consumes through normal
operation and computing. Some vendors
have also developed tools that try to
account for leakage power, which leaks
from transistors when systems are in
standby mode. Leakage was a problem at
the 130-nm node and has become a huge
problem as designs moved into 90 and 65
nm. Experts say that designers cannot
account for leakage and, thus, IC-power
consumption without accurate thermal
analysis.

“As temperature increases, leakage
increases exponentially,” says Andrew
Yang, president and chief executive offi-
cer of Apache Design Solutions. “TSMC
[Taiwan Semiconductor Manufacturing
Co] projects that leakage consumes about
50% of the total power. We’ve asked our
customers implementing designs on 90-
nm silicon, and they are seeing that leak-
age consumes 25 to 40% of power. In
moving to 65 nm, we  expect 50 to 70%
of total power will be lost through leak-
age.” A lot of that leakage results from
inaccurate estimates of temperature, and

Thermal integrity: 
a must for 
low-power-IC 
digital design
THIS YEAR’S DESIGN AUTOMATION CONFERENCE HAD NO 
SHORTAGE OF ESTABLISHED VENDORS AND START-UPS 
INTRODUCING POWER TOOLS PURPORTING TO GIVE 
DIGITAL-IC DESIGNERS A BETTER WAY TO ESTIMATE POWER.

BY MICHAEL SANTARINI  • SENIOR EDITOR
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most of that inaccuracy is due to the use
of outdated maximum-temperature limi-
tations and models passed to package and
systems designers.

Rajit Chandra, president and chief
executive officer of Gradient Design
Automation, says that temperature has
always to some extent been a factor in IC
design, but, for the most part, designers
targeting thermal tolerance
have based their work on the
fact that the temperature on
the IC should not exceed
105�C. For more than a
decade, that rule has domi-
nated. But, as designs target
finer process geometries and
designers place more func-
tions on a chip, designing to
105�C across the chip is not
the most effective route for
hitting performance goals,
and vendors are working
toward a lower maximum
temperature.

Transmeta is one such
company. It offers the Long-

Run2 low-power-design methodology to
fabs. The company’s founder and chief
technology officer, Dave Ditzel, a noted
processor designer, says that IC-design
groups today often make power-versus-
performance trade-offs. “Because leakage
is such a big issue, people who used to spec
parts at 105�C are targeting lower maxi-
mum temperatures,” he says. “If you look
at a typical desktop CPU, it will likely be
rated for only 85�C. To control leakage,
people would like to even further reduce
that temperature.” Library vendors and
fabs all offer low-power processes, low-
thermal-voltage transistors, and multi-
threshold CMOS, but Ditzel says users
give up clock speed when going to those
structures.

Chandra says that many of today’s
SOCs are so large and perform so many
functions that areas of the die develop
microclimates and hot spots instead of
maintaining a constant and predictable
temperature across the die (Figure 1).
“Reality starts diverging from traditional
assumptions regarding temperature in
ICs,” says Chandra. “For example, if you
assume your chip to be 25�C and it is actu-
ally 35�C in a spot on the chip where there
are low-thermal-voltage transistors that
are leaking, then the current will go up by
50%. With the next 10�C rise in temper-
ature, the current will go up 126%.” If you
take it a step further and assume that the
chip runs at 25�C and it is actually run-
ning at 45�C, then, according to Chandra,
“You will be way off on power and even

timing on a bunch of transistors.” Add
ambient heat from the climate to the mix,
and the problem gets worse. “Unlike the
old days, when you asked what the aver-
age power was, and temperature was just
an afterthought, temperature is now driv-
ing the power,” he says.

Yang and Chandra say that popular
low-power-management techniques of
clock gating and power gating, shutting
down parts of the design when not in use,
can be the main culprits in creating local-
ized hot spots or microclimates. “To
reduce power, people use clock gating,
essentially shutting down certain clock
domains, reducing certain parts and activ-
ity of the design and cooling them,” says
Yang. “In fine-grained clock gating, we
see a temperature variation on chip as
opposed to having everything toggle in a
statistical way. Power gating through the
use of multithreshold CMOS to deliber-
ately shut down parts also causes on-chip
temperature variation.” He says that
everything on an IC should simultane-
ously heat up and cool down, but that sit-
uation doesn’t occur in fine-grained
devices. “Having portions of a design heat
up while other portions of the design cool
down can cause race conditions in ex-
treme cases or hold-time and matching
violations, similar to what analog design-
ers have dealt with for years,” says Yang.
He predicts that thermal impact on low-
power design will become more important
as chip designers start to use clock- and
power-gating design techniques.
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Figure 1 Heat can migrate on an IC. The section of an IC with the highest power density (a) is not
always the hottest area of the IC (b).

AT A G L A N C E
Leakage power exponentially

increases with temperature.

At 90-nm-process nodes, leakage
accounts for 25 to 40% of total
power. At 65-nm processes, leakage
accounts for 50 to 70% of total
power.

On-chip temperature impacts tim-
ing. Every 15�C increase causes
delay of approximately 10 to 15%.

EM increases exponentially with
temperature increases and reduces
the life of products by four times.

Resistance is a linear function of
temperature, affecting IR drop. A
change of 15�C increases resistance
by 10%.

Clock gating and multithreshold
CMOS increase on-chip thermal 
variation.
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On the other hand, Transmeta’s Ditzel
thinks that microclimates are insignifi-
cant problems in designs using a 90-nm
process. “You get variation as dies get big-
ger, but that evens out quickly over time,”
he says. 

THERMAL IMPACT
When performing thermal analysis,

designers have to also consider power
leakage, on-chip temperature, reliability,
electromigration, and IR drop. “Clock
timing is sensitive to temperature varia-
tion,” says Yang. “Every 15�C increase
locally causes a delay or slew to increase
roughly 10 to 15% locally. So, a temper-
ature increase does slow things down.”
Electromigration also increases expo-
nentially with increases in temperature.
“Typically, a chip has a maximum toler-
ance of 105�C, but, if the local area heats
up 15�C, the chance of electromigration
increases exponentially, reducing the life-
time of a device by four times,” he says.
He notes, too, that resistance scales lin-
early with temperature, so, for a 10 to
15�C increase in temperature, resistance
of the local area increases by 10%. As a
result, IR drop increases by about 10%,
according to Yang.

Traditionally, vendors have relegated
the job of cooling ICs to package and sys-
tem designers. But experts argue that the
package-design step occurs too late in the
process and that package designers typi-
cally have insufficiently accurate thermal
estimates to build the optimum package
for a part. “Package designers have tradi-
tionally been given just one temperature
to work with,” says Chandra. “The pack-
age designers think they can completely
cool off the entire chip, but that assump-
tion is incorrect. The energy devices, like
the leaking devices and critical paths,
continue to generate heat. Package design
will reduce some—but not all—of the
temperature.”

Designing a package with too low a
thermal tolerance can be costly because

it can lead to overheating and failure of
the chips, whereas excessive use of guard-
bands; extravagant packages; and extrav-
agant cooling schemes, such as employ-
ing on-package fans, can add expense to
projects. In the 90-nm era, package
designers need more accurate power and
thermal data from IC designers. Inaccu-
rate power analysis can lead to power vari-
ation across a wafer. “As you go to high-
er performance devices, you find that not
all parts leak the same,” says Ditzel. He
points out that the die on a wafer have
varying degrees of performance and power
consumption.

The power grade and, thus, heat vary
by as much as a factor of four across a
wafer. “Faster parts are those with lower
threshold voltages. They also are the
parts with the highest leakage,” Ditzel
says. “In that case, your power estimate,
expressed in CV2f [total switched capac-
itance times the power-supply voltage
squared times the switching frequency],
is the same, but you have a huge varia-
tion in leakage,” he says. “It has to do

with statistical variation in processing:
The fab can control the threshold volt-
age only so well, so it has some varia-
tions. That variation can greatly affect
your design.” This variation may be
acceptable for microprocessor vendors
that have many products in various
speed and power versions. However,
SOC and ASIC vendors having to meet
certain performance and power specs
cannot tolerate that variation. For ASIC
designers, the device either meets per-
formance requirements or ends up in the
trash. The variation across the wafer also
leads to a problem for package designers
if they receive a spec with a lower-than-
needed maximum-temperature specifi-
cation.

Chandra proposes eliminating the
wall between the chip and package
designers. “Because of the temperature
issues and the regional effect of heat, leak-
age has in many ways caused people to
think about packaging, heat sinks, and
thermal gradients within the chip,” he
says. “They all need to come together to
better serve chip cost-effectiveness and
chip quality.” He notes that companies
such as Ansoft and Flomerics offer tools
that analyze electromechanical issues and
junction and ambient temperature.
“Those vendors are traditionally not con-
cerned about how power changes with
temperature and how it distributes itself
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Figure 2 Leakage current and hence leakage power decreases with decreasing VDD but
increases exponentially with temperature. For this test case, leakage values were
observed with a VDD of 1V and a temperature of 27�C.

TABLE 1 TEMPERATURE-IMPACT AREAS
Analog Digital Mobile Automotive
designs processors designs applications

Temperature gradient and sensitivity X X
Power and delay X X X
Electromigration and MTBF X X X
Battery life X X
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For FREE samples, datasheets, and more information
on the LM5005 family, contact us today at: 

power.national.com

Or call 1-800-272-9959

LM5005 Architecture Simplifies Design and Pushes the Performance Barrier

LM5005 Features
• Integrated 75V power MOSFET supports load currents up to 2.5A
• Unique, easy-to-use emulated peak current mode control topology enables high frequency operation at 75 VIN

• Programmable switching frequency with bi-directional synchronization capability simplifies system design
• Highly integrated high-speed full feature PWM regulator reduces overall solution size

Ideal for use in consumer electronics, telecommunications, data communications systems, automotive power
systems, and distributed power applications

LM5005 Application Circuit

Product ID Description FSW
Shut-
down

Soft-
start

WEBENCH®

Simulation Packaging

LM5005 7V to 75V input, 2.5A step-down Up to 500 KHz � � � TSSOP-20

LM5007 9V to 75V input, 500 mA step-down Up to 800 kHz � — � MSOP-8, LLP-8

LM5008 9V to 100V input, 350 mA step-down Up to 800 kHz � — � MSOP-8, LLP-8

LM5010 8V to 75V input, 1A step-down Up to 1 MHz � � � TSSOP-14, LLP-10
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within a chip,” Chandra says, noting that
vendors in that area may soon work more
closely with EDA companies.

THERMAL-INTEGRITY ANALYSIS
Yang and Chandra predict that thermal

analysis will become a hot area in software
tools and that designers must account for
thermal effects if they want to home in
on the right mix of leakage, performance,
reliability, and package. “First, there was
signal integrity; then, there was power
integrity; now, the next analysis we will
need to do is thermal integrity,” says Yang.
His company, Apache Design, which beat
by three years most of the flock of EDA
vendors into power-integrity analysis, cur-
rently offers no thermal-analysis tools but
is considering adding them. Yang envi-
sions that a comprehensive thermal-
integrity flow will evolve in which users
first perform active- and leakage-power
estimations and then perform thermal
simulation. “Thermal simulation will take

in the package and process parameters—
for example, the thermal resistance of the
package, the heat sink, and the substrate
information—and simulate the thermal-
resistance and -capacitance networks to
derive a steady-state temperature,” he
says. “The key is the feedback between
power and thermal simulation. If you are
not careful, you can get a thermal-run-
away condition.”

After thermal simulation, users will
develop an on-chip thermal profile to
analyze the power and thermal impact on
chip timing, reliability, IR drop, dynam-
ic-voltage drop, and ground bounce. “We
can’t analyze those conditions using
worst-case, steady-state temperature
throughout the whole design,” says Yang.
“They cannot consider the variation
effects.” He says that, after analysis, users
will give the information to package
designers and apply the information to IC
layouts. “Users will move blocks around
to avoid localized temperature buildup or,
in some cases, widen wires to reduce cur-
rent density and self-heating,” says Yang.

Gradient, which introduced its FireBolt
thermal-analysis tool at DAC, has a
trademark on the term “thermal integri-
ty.” Gradient’s stand-alone tool performs
an on-chip thermal analysis and locates
hot spots. The company also has patent-
ed on-chip heat-sink structures that
designers can add to the metal layers in
instances in which conventional layout
fixes don’t work (Table 1). According to
the company, the thin substrate of silicon-
on-insulator and strained silicon is high-
ly susceptible to on-chip thermal varia-
tion. Low-k dielectrics have poor thermal
conductivity that traps heat in wires
(Figure 2).

Other than Gradient, Magma is the
only other tool vendor now offering cus-
tomers digital-IC-thermal-analysis tools,
which it has integrated in its Blast-Rail
and Blast-Rail 5.0 products. The tools use
a scalable polynomial-leakage model to
get an accurate reading of on-chip tem-
perature variation. Users identify hot

spots at full-chip level and perform more
thorough analysis after the tools identify
hot spots. “In the early stages of the flow,
you don’t want to characterize each cell,
but, as the design progresses, you want to
characterize critical cells, such as those in
the critical path,” says Amir Ajami, con-
sulting staff member at Magma. “Those
paths get the most use, and that means
they generate the most heat. They also
have the biggest impact on the general
distribution of the overall clock signals.” 

FIXING THERMALS 
Designers can employ a number of

techniques to correct thermal-related
problems. “One trick is simply to move
design blocks around and equalize tem-
perature across the chip during floor-
planning,” says Chandra. Designers can
also make wires more robust and reduce
leakage by widening traces and using low-
thermal-voltage transistors. However,
this approach slows performance and
increases area. The method is an effective
way to reduce leakage and prevent elec-

tromigration. To fix problems with non-
uniform power consumption and to get a
more constant temperature, users can
adjust buffer sizing and placements.

Academic researchers are testing the use
of dummy vias in the higher metal layers
to reduce nonuniform temperatures on
interconnect without impacting resistance
and capacitance. “If you insert dummy vias
at certain locations along the global line,
you reduce the distance between the inter-
connect and the substrate, reducing the
length and cooling the line faster because
the substrate will work like a heat sink,”
said Ajami. “It reduces the impact of the
gradient on the interconnect.”

Transmeta also claims that its Long-
Run2 helps ease the power-management
problem. “It makes it easy to control the
threshold voltages of devices,” says
Ditzel. The company offers a tool kit that
helps them to implement dynamic
threshold-voltage control to get the right
level of performance when systems are
running and in standby mode.EDN
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AS THE DESIGN PROGRESSES, YOU WANT TO CHARACTER-
IZE CRITICAL CELLS, SUCH AS THOSE IN THE CRITICAL PATH.
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Mac (under)
the knife: 
piecing together  the PowerPC puzzle

a valid development vehicle for Power-
PC-based embedded-system designs?
What does next-generation game-con-
sole developers’ embrace of the PowerPC
architecture indicate about its cost, per-
formance, power consumption, and
other attributes? And, conversely, does
Apple’s embrace of x86 suggest that the
PowerPC is at a crossroads compared with
AMD-, Intel-, and Via-supplied CPU
alternatives? These are some of the ques-
tions that the development efforts,
benchmark results, and other issues raised
and resolved in this hands-on project
attempt to explore.

THE HARDWARE
Following the recommendations out-

lined in IBM’s literature, EDN purchased
a 1.25-GHz Mac Mini, with the Super-
Drive writable-DVD-drive option, for
$553 after rebate (Table 1). Stay tuned
for a product teardown in a future EDN
Prying Eyes section. The Mac Mini’s
specifications are similar to those of a
PowerBook that’s also in the EDN com-
puter pool, giving credence to the oft-

BY BRIAN DIPERT • SENIOR TECHNICAL EDITOR

hree notable events in the high-tech industry so far
this year have particularly influenced the status of
the PowerPC CPU in embedded-system applica-
tions and the broader electronics market.
Beginning in mid-March, IBM published a series
of articles promoting the Apple Mac Mini as an
embedded hardware- and software-development
platform, both under the Mac OS and with vari-
ous iterations of Linux and BSD Unix (references
1 and 2; see sidebar “Linux: a work in progress”).
In mid-May, all three next-generation game con-

soles (Microsoft’s Xbox 360, Nintendo’s Revolution, and Sony’s
PlayStation 3), containing various spins of the PowerPC architecture,
went public at the E3 Expo. And, in early June, Apple Chief Executive
Officer Steve Jobs announced that the company would begin a phased
transition away from the PowerPC to Intel x86 CPUs (references 3
and 4; see sidebar “New PowerPC flavors”).

The diverging game-console-versus-computer trends have provoked
a vigorous cyberspace and water-cooler debate regarding the future of
the PowerPC, both absolutely and relative to its chief 32- and 64-bit
competitor, the x86. Is the Mac Mini, as IBM’s documentation claims, 

T
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APPLE’S
DROPPING THE

POWERPC AND MOV-
ING TO X86. MICROSOFT’S
DROPPING X86 AND MOV-

ING TO THE POWERPC, JOIN-
ING NINTENDO AND SONY.
WHICH COMPANY IS RIGHT,

OR ARE THEY ALL RIGHT?
AND WHAT’S THE BEST

CHOICE FOR YOUR
DESIGN?

APPLE
’S 

Go to www.edn.com/050915cs 
for tables that detail all of the
benchmarking data.
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touted observation that (simplistically
speaking) Apple repackaged an iBook
laptop and removed the LCD from it to
come up with the Mac Mini (Figure 1).
The 32-bit G4 (PowerPC 74xx) CPUs in
both systems run at 1.25 GHz, with a 167-
MHz FSB (front-side-bus) frequency and
no L3 cache. The core clock speed of the
CPUs in the Mac Mini and PowerBook
exceeds that of many PowerPC-based
embedded designs. To give the project
additional relevance to EDN readers,
therefore, we also acquired a four-year-old

G4 Power Mac through a winning bid on
an Ebay auction.

The dual 800-MHz G4 Power Mac sys-
tem (code-named Quicksilver) show-
cased in this article has half the L2 cache
of its Mac Mini and Powerbook G4-based
counterparts but contains 2 Mbytes’
worth of off-CPU L3 cache consisting of
synchronous SRAM running at one-quar-
ter the core CPU-clock rate. The cost-
slimming L3-cache omission on the Mac
Mini and PowerBook is perhaps more
understandable when you realize that
their SDRAM runs at a higher peak data
rate than the L3 cache in the dual G4
Power Mac can support! This first-gen-
eration Quicksilver system, which runs its
single-data-rate SDRAM at a PC100
speed setting, also came in 733- and 867-
MHz single-CPU variants; second-gen-
eration Quicksilver systems delivered
800- and 933-MHz (single-CPU) and 1-
GHz (dual-CPU) speeds and underwent
a minor L3-cache evolution, switching
to DDR (double-data-rate) SRAM that
ran at half the CPU core clock speed.
Follow-on “Mirrored Drive Door” sys-
tems marked the end of the line for the
G4 Power Mac series; they further
evolved the memory subsystem by
switching from SDRAM to DDR
SDRAM.

This project also harnessed a dual
1.8-GHz G5 Power Mac, at the other
end of the performance spectrum

from the dual G4 Power Mac. This sec-
ond-generation iteration of the platform
includes PCI slots along with a four-
DIMM architecture; the first-generation
dual 1.8-GHz G5 Power Mac supported
PCI-X add-in cards and included six DDR
SDRAM slots. This system’s FSB speed is
half the core clock frequency (in this case,
900 MHz), whereas the single-CPU 1.8-
GHz G5 Power Mac ran the FSB at one-
third the core clock rate, presumably to
maximize the test yield for the CPU and
other system components. The G5
(PowerPC 970FX) CPU supports 64-bit
addresses and data, in contrast to its 32-
bit G4 predecessor, as well as a full-duplex
FSB. Other enhancements include a larg-
er, faster L1-cache subsystem, faster L2
cache (as with the Mac Mini and Power-
Book, not supplemented by costly L3
cache), DDR400 SDRAM, and dual

SATA drives in a RAID (redundant-
array-of-independent-drives) 1 con-
figuration.

Version 4.2.0a15 of Apple’s
CHUD (Computer Hardware Un-
derstanding Development) tools
allows the user to disable nap mode
on the PowerPC CPU. (We disabled
nap mode for all of the benchmarks in
this project.) On the G4 systems, it can
also disable the L2 cache. Previous ver-
sions of CHUD reportedly could also
disable the L3 cache in the G4 Power
Mac, but Version 4.2.0a15 appears to

Figure 1 Apple’s 1.25-MHz Mac Mini (a), 1.25-GHz G4 PowerBook (b), dual 800-MHz G4 Quicksilver Power Mac with GeeThree’s
Sweet Multiport installed (c), and dual 1.8-GHz G5 Power Mac (d) underwent intensive benchmark scrutiny during this hands-on 
project.
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AT A G L A N C E
Recent events put an added twist

on the long-standing x86-versus-
PowerPC debate.

Four hardware platforms, along
with multiple subsystem combinations
for one of them, give numerous data
points for a more complete picture.

SPEC data is, for now, integer-
specific and does not reflect multi-
processor presence.

Xbench testing provides highly
detailed results, some of which are
not readily explainable.

The project lives on; keep an eye
out for future print articles and blog
postings.

�

�

�

�

�

(a)

(b)

(c) (d)
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eliminate this feature. With both the
dual-core G4 and G5 Power Macs,
CHUD additionally allows the user to
disable the second microprocessor. This
project’s benchmarking exploited
CHUD’s configuration capabilities to
more fully understand the variables that
influence perceived system perform-
ance. Disabling the L2 cache also
potentially enables the CPUs to more
closely mimic the performance of
reduced-cache and no-cache embedded
PowerPC processors from AMCC,
Freescale, and IBM, along with CPU
cores from these companies and from

Xilinx’s Virtex-II Pro FPGAs (see sidebar,
“Embedding the Mac Mini”).

The Mac Mini’s published specifica-
tions include a 4200-rpm, 2.5-in. hard-
disk drive and PC2700 (DDR333) CL2.5
(CAS, column address strobe, latency�
2.5 clocks) SDRAM. Yet, when the sys-
tem arrived, its System Profiler report
revealed a 5400-rpm Seagate Momentus
hard-disk drive, along with PC3200
(DDR400) CL3 (CAS latency�three
clocks) SDRAM. Initial Mac Mini user
feedback included complaints about slow
system performance believed to be the
fault of the low-speed hard-disk drive, and

it’s possible that Apple has decided to
spend the extra money for 5400-rpm
drives to address those concerns. EDN
ran benchmarks using both 4200- and
5400-rpm Momentus drives to quantify
any system-performance differences be-
tween them, employing Bombich Soft-
ware’s Carbon Copy Cloner utility, along
with an ADS Technologies’ external
hard-disk-drive enclosure, to make a mir-
ror image of the in-system drive before
doing the drive swap.

Other Mac Mini user-performance
grumbles centered on the 256 Mbytes of
system memory in the base configuration,
so EDN’s benchmarks tested system-
memory capacities of 128 Mbytes to 1
Gbyte. Apple’s public-relations contacts
confirmed that the DDR400 memory
would run at DDR333 speeds in the Mac
Mini and that its presence versus
DDR333 simply reflected relative market
availability and cost at the time of its
manufacture. Apple’s second-generation
Mac Minis, introduced at press time,
bumped up the base-system memory to
512 Mbytes at no incremental cost, so
there likely was some truth to users’ com-
plaints with first-generation units. Both
the hard-disk drive and memory replace-
ments done in conjunction with this proj-
ect required opening the Mac Mini’s
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CRACKING OPEN THE CASE
Gaining access to the guts of the Mac Mini isn’t too difficult, once you
obtain the proper tool. It’s a putty knife with a paper-thin blade, believe it
or not, and the official Apple service manual even documents it. Insert the
putty-knife-blade edge in the gap between the bottom assembly and each
side of the metal housing, bend it backward to spring loose the internal
latches, and don’t fear the gruesome-sounding popping noises that result.

For a more detailed explanation (additional research is highly recom-
mended before you proceed), search the Internet using keyword
“mac_mini.pdf” for the Apple service manual. Other World Computing
offers a QuickTime video clip of the procedure at http://eshop.macsales.
com/shop/mac-mini at multiple resolutions. And PB FixIt offers a number
of disassembly, parts-replacement, and reassembly instruction guides in
PDF format at www.pbfixit.com/Guide/82.0.0.html.

TABLE 1 SYSTEM SPECIFICATIONS
Dual G4 Power Mac

G4 Mac Mini G4 PowerBook (Quicksilver) Dual G5 Power Mac
Processors 1.25-GHz PowerPC 1.25-GHz PowerPC Two 800-MHz PowerPC Two 1.8-GHz PowerPC

7447A Version 1.2 7457 Version 1.1 7450 Version 2.1 970FX Version 3.0
Front-side 167 MHz (32-bit, 167 MHz (32-bit, 133 MHz (32-bit, half-duplex) 900 MHz (64-bit, full-duplex)
bus half-duplex) half-duplex)
L1 cache 32-kbyte instruction and 32-kbyte instruction and 32-kbyte instruction and 64-kbyte instruction and 32-

32-kbyte data, 1.25 GHz 32-kbyte data, 1.25 GHz 32-kbyte data (per processor), kbyte data (per processor),
800 MHz 1.8 GHz

L2 cache 512 kbyte, 1.25 GHz 512 kbyte, 1.25 GHz 256 kbyte (per processor), 512 kbyte (per processor),
800 MHz 1.8 GHz

L3 cache NA NA 2 Mbyte (unified), 200 MHz NA
DRAM 128-Mbyte (Nanya), 256- 1.5-Gbyte DDR333 CL2.5 1.5-Gbyte PC-133 SDRAM 3-Gbyte DDR400 CL3

Mbyte (Hynix), and 1-Gbyte SDRAM (one 1-Gbyte (one 512-Mbyte DIMM from SDRAM (two 512-Mbyte
(Micron) DDR400 CL3 SoDIMM from Kingston Hynix and two 512-Mbyte DIMMs from Corsair and
SDRAM, and 512-Mbyte and one 512-Mbyte DIMMs from Samsung) two 1-Gbyte DIMMs from
(Samsung) DDR333 CL2.5 SoDIMM from Samsung) Samsung)
SDRAM (all run at DDR333
CL2.5 speeds in-system)

Hard-disk 100-Gbyte Seagate 4200- 80-Gbyte Hitachi 4200- 40-Gbyte IBM 7200-rpm Two 250-Gbyte Maxtor
drive rpm and 5400-rpm, 2.5-in. rpm 2.5-in. PATA, 3.5-in. PATA-100, 2-Mbyte 7200-rpm, 3.5-in. SATA-

PATA, both with 8-Mbyte 2-Mbyte cache cache 150, one with 8-Mbyte 
cache cache and the other with 16-

Mbyte cache, RAID 1 config-
uration using SoftRAID

Graphics 32-Mbyte AGP ATI 64-Mbyte AGP ATI Mobility 32-Mbyte AGP Nvidia 128-Mbyte AGP ATI Radeon
Radeon 9200 Radeon 9600 GeForce2 MX 9600XT
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enclosure, which wasn’t a simple feat
(sidebar “Cracking open the case”).

SOFTWARE AND BENCHMARKS
All four systems showcased in this proj-

ect ran OS 10.3.9 (code-named Panther).
However, the latest Version 2.1 of Apple’s
free Xcode development tools, whose
integrated GCC (GNU C compiler,
http://gcc.gnu.org) Version 4 we used to
compile the SPEC (Standard Perfor-
mance Evaluation Corp) benchmarks,
runs only under OS 10.4 (Tiger). There-
fore, code compilation took place on a
separate 15-in. PowerBook owned by Eric
Nedervold, a veteran Mac OS- and Java-
application developer, who also partici-
pated in the project.

Xbench (www.xbench.com), a well-
known Mac-system-benchmarking util-
ity, tests numerous computer subsystems
and generates detailed reports of its find-
ings. This project used Version 1.1.3 of
Xbench, which was released in late
2003. Version 1.2, which was also
released just as this article went to press,
focused on OS 10.4 support as well as
compatibility with Mac development
systems based on Intel CPUs; neither
issue affects this project’s parameters.
However, because Xbench is a Mac-
only program, you cannot directly

compare its results with benchmarks run
on x86-based systems.

Therefore, this project also encom-
passes SPEC CPU2000 Version 1.2
benchmarks, which are by design plat-
form-independent. The SPEC Web site
reveals an abundance of published SPEC
CPU2000 results spanning multiple
CPU architectures, including AMD and
Intel x86, Intel Itanium, Hewlett-
Packard PA-RISC, Sun Microsystems
SPARC, and MIPS. But the only Power-
PC results it lists are from IBM, and they
come from workstations and servers. Mac-
based results are notably absent from the
list, and this project fills in some of the
missing pieces. SPEC benchmarking on
the Mac Mini employed a system config-
uration with 1 Gbyte of system memory
and a 5400-rpm hard-disk drive.

As their name implies, SPECINT
(integer) benchmarks test integer per-
formance, and they’re based on the C and
C�� (for the 252.eon function) lan-
guages. (See Table 2 at www.edn.com/
050915cs.) The SPECINT suite includes
the following functions:

●  164.gzip (reference-time-1400) data-
compression utility;

●  175.vpr (reference-time-1400) 
FPGA circuit-placement and rout-
ing;

●  176.gcc (reference-time-1100) C
compiler;

●  181.mcf (reference-time-1800) min-
imum-cost network-flow solver;

●  186.crafty (reference-time-1000)
chess program;

●  197.parser (reference-time-1800)
natural-language processing;

●  252.eon (reference-time-1300) ray
tracing;

●  253.perlbmk (reference-time-1800)
Perl;

●  254.gap (reference-time-1100) com-
putational-group theory;

●  255.vortex (reference-time-1900)
object-oriented database;

●  256.bzip2 (reference-time-1500)
data-compression utility; and

●  300.twolf (reference-time-3000)
place-and-route simulator.

Within a single benchmark session,
each function ran three times, and the
SPEC software used the median score in
its report. (Rather than average the three
scores, it simply selects the middle one.)
SPECFP (floating point) contains 14
floating-point-intensive functions, writ-
ten in a combination of Fortran-77 (six
functions), Fortran-90 (four), and C
(four) languages:

●  168.wupwise (reference-time-1600)
quantum chromodynamics;
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Taking our cue from IBM’s
Mac Mini documentation,
we installed Terra Soft
Solutions’ YDL (Yellow Dog
Linux) 4.01 on the system
on a previously blank 60-
Gbyte hard-disk drive.
Unfortunately, we didn’t get
far in our evaluation. We
knew that YDL 4.01 would-
n’t support the Mac Mini’s
built-in sound chip or the
Broadcom-based WiFi
(Wireless Fidelity) trans-
ceiver in the integrated
wireless module. (That
drawback was one of the
reasons we didn’t spend
$100 extra on this option.)
However, one of the pri-
mary enhancements of the
YDL Version 4.01 over the

Version 4.0 predecessor
was supposed to be full
support for the Mac Mini’s
more-than-two-year-old ATI
Radeon 9200 GPU (graph-
ics-processing unit).

Postinstallation, the Mac
Mini came up in a graphics
mode in which roughly 20%
of the screen, including the
all-important Linux equiva-
lent of the “start” button
and program icons, shifted
left off the visible desktop.
(The Mac Mini was connect-
ed to a Compaq TFT5030
display.) Redefining the dis-
play from a generic monitor
to a generic 1024�768-pixel
LCD, we obtained a relative-
ly stable 640�480-pixel
GUI, but higher resolutions

were unavailable. The dis-
play would still occasionally
come up in a stretched and
left-shifted mode, but exit-
ing and re-entering X-
Windows or, in the worst
case, rebooting Linux,
would fix it. Attempts to
explicitly identify the GPU
as a Radeon 9200, therefore
using a device-specific
graphics driver instead of
the default generic driver,
resulted in a garbled, illegi-
ble output akin to a sys-
tem’s driving a progressive-
scan display with an inter-
laced video signal.

In response to the display
problem, Terra Soft’s Chief
Executive Officer Kai Staat
comments, “The Mac Mini
has a funky graphics card
that is not easy to work

with.” The system would
also randomly boot up with
the built-in Ethernet adapter
disabled. We also tried to
directly run the Live DVD
version of Ubuntu Linux
(www.ubuntulinux.org)
Version 5.04 and had even
less success; the system
reset to an open-firmware
prompt and froze when we
selected the G4-specific
build. When we selected the
PowerPC generic Ubuntu
variant, it complained about
the GPU’s frame buffer and
refused to load X-Windows.
Linux on the Mac Mini, we
reluctantly conclude,
remains not ready for prime
time, except perhaps for the
operating system’s core
constituency of patient
power users.

LINUX: A WORK IN PROGRESS
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●  171.swim (reference-time-3100)
shallow-water modeling;

●  172.mgrid (reference-time-1800)
multigrid solver in a 3-D potential
field;

●  173.applu (reference-time-2100)
parabolic and elliptic partial differ-
ential equations;

●  177.mesa (reference-time-1400) 3-
D-graphics library;

●  178.galgel (reference-time-2900)
fluid dynamics (analysis of oscilla-
tory instability);

●  179.art (reference-time-2600) neu-
ral-network simulation (adaptive
resonance theory);

●  183.equake (reference-time-1300)
finite-element simulation; earth-
quake modeling;

●  187.facerec (reference-time-1900)
computer vision (facial recogni-
tion);

●  188.ammp (reference-time-2200)
computational chemistry;

●  189.lucas (reference-time-2000)
number theory (primality testing);

●  191.fma3d (reference-time-2100)
finite-element crash simulation;

●  200.sixtrack (reference-time-1100)
particle-accelerator model; and

●  301.apsi (reference-time-2600)
problem solving regarding temper-
ature, wind, velocity, and the dis-
tribution of pollutants.

Unfortunately, Xcode does not include
a Fortran compiler, so this article does not
include SPECFP results. Our first stab at
compiling the SPECINT routines com-
prehended two GCC PowerPC-generic
speed-tailored optimizations: “O0” (for no
optimization) and “O3” (for full opti-
mization). We ran into problems compil-
ing the “eon” routine that a type mismatch
in the header files caused. After more than
a week of stop-and-go debugging, we cre-
ated G4- and G5-optimized compilations,
after surmounting even more compiler-
versus-code incompatibilities.

Keep this information in mind as you
peruse the following data and especially
when comparing our results with those on
the SPEC Web site. We’re not compiler
experts, and it’s highly conceivable that by
fine-tuning the compiler flags, a power user
might be able to squeeze a few more per-
centage points’ worth of performance out
of some or all of these chips. (Note that the
SPEC license agreement expressly forbids
altering any of the routines’ source code.)
Keep in mind, too, that both the SPEC and
the Xbench routines ran on systems with
full OS X images loaded—not a stripped-
down, text-only-mode Darwin configura-
tion. Specifically, the dual G4 Power 
Mac, dual G5 Power Mac, and Mac Mini
were all running Redstone Software’s
OSXVNC server utility, which, according
to OS X’s Activity Monitor, added a vir-
tually undetectable incremental load to the
system. We did terminate or otherwise dis-
able all unnecessary background functions,
however.
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Does IBM’s vision of the
Mac Mini as an embedded-
development platform hold
water? This simple question
has a complex answer. Keep
in mind, first, that the G4
PowerPC CPU in the Mac
Mini has an excess of fea-
tures compared with most
embedded-PowerPC vari-
ants; examples include its
out-of-order code-execution
support, its abundant on-
chip cache, and its AltiVec
SIMD (single-instruction
multiple-data) instruction
set. Your code performance
profile may differ greatly
under the G4 than with the
CPU in your final design,
even if they run at compara-
ble clock speeds.

Apple achieved the Mac
Mini’s compact size at the
expense of expansion capa-
bility. There’s no industry-
standard PCI or equivalent
bus connector into which
you can plug add-in boards;

the developer note provides
some information on the
inner workings of the sys-
tem, but Apple doesn’t detail
the pinout and timings of
the connector that mates up
with the optional Bluetooth-
and-WiFi (Wireless Fidelity)
mezzanine board (Refer-
ence A). This dearth of inter-
nal expansion also means,
for example, that you’re
stuck with the ATI Radeon
9200 graphics chip, and that
you can bump up the sys-
tem’s main memory capacity
to only whatever fits on a
single DDR SDRAM DIMM.

With respect to external
expansion, the Mac Mini
supports only FireWire 400—
not FireWire 800. You’ll also
find only 10/100-Mbit Ether-
net support; there’s no
Gigabit Ethernet capability.
And, turning your attention
to software, the sidebar
“Linux: a work in progress”
details the difficulty we had

getting Linux to run on the
Mac Mini, specifically with
respect to the graphics sub-
system. Linux-distribution
providers will clean up such
glitches over time, but
they’re likely to occur with
other operating systems, 
as well.

What about the next step:
taking the Mac Mini directly
to production as the hard-
ware foundation for your
system design? The allure of
a fully debugged, high-vol-
ume production board,
especially one that in its
base configuration costs
less than $500, is com-
pelling. But as a recently
published iSuppli teardown
report suggests, you’ll be
supporting Apple’s profit
aspirations; iSuppli estimat-
ed the bill-of-materials cost
for the entry-level Mac Mini
at $274.69 ($283.37 includ-
ing manufacturing costs,
Reference B).

Part of what you’re paying
for—the Mac OS X operating

system and iLife application
suite that come with the
Mac Mini—you probably
won’t even end up using.
The Mac Mini system board
isn’t in any sort of an indus-
try-standard form factor
(unless you count the fact
that it snugly and, likely,
coincidentally slips into the
single-DIN slot of an auto-
mobile sound system). And
you’ll be subject to the rapid
obsolescence-and-replace-
ment cycles of the PC busi-
ness; don’t assume you’ll be
able to buy the same Mac
Mini configuration or,
frankly, for that matter, any
Mac Mini a few years down
the road.

REFERENCES

http://developer.apple.
com/documentation/
Hardware/Developer_
Notes/Macintosh_CPUs-G4/
MacMiniG4.

www.isupply.com/
marketwatch/default.asp
?id=311. 
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Finally, note that the SPEC routines are
relatively immune to brief interruptions
from other contending system tasks, such
as mouse movement, both because they
run each function multiple times and use
the median result, and because each iter-
ation takes a long time to complete. In
worst-case configurations, with caches and
second CPUs disabled and running
nonoptimized code, a single SPEC bench-
mark iteration ran for several days. In con-
trast, each Xbench cycle takes only a
minute or so to complete and comprises
numerous tests, increasing the possibility
that an interruption might adversely affect
one or several of them. Table 3 at
www.edn.com/050915cs offers potential
evidence of this corruption. One way to
alleviate the situation would be to run
each test multiple times to filter out the
divergent data.

THE RESULTS
Looking first at the SPEC data,

you’ll notice a consistent, significant
performance improvement when L2
cache was enabled and a similar dra-
matic improvement when running

O3 code versus unoptimized O0 routines.
The only PowerPC 74xx-based platform
on which we ran the G4-optimized SPEC
routines was the Mac Mini, and it result-
ed in an unexpected performance decrease
compared with O3 code. The lack of a
speed boost isn’t surprising; a fundamen-
tal difference between G3 and G4 Pow-
erPC CPUs lies in the G4’s AltiVec,
which Apple and IBM also refer to as
Velocity Engine and VMX, respectively,
SIMD (single-instruction multiple-data)
instruction-set support. GCC will tap
into this instruction set only if it finds
explicit array data-type definitions in the
C source code. But the root cause of the
performance decrease with supposedly
G4-optimized code is unclear.

Under SPEC, the Mac Mini and
PowerBook numbers are nearly identical;
the slight discrepancy is likely due to ran-
dom run-to-run variance, and a repeat of
the experiment might even produce the
opposite results. Both systems’ CPUs
handily beat the PowerPC 7450 in the
G4 Power Mac; the G4 Power Mac’s L3
cache is insufficient to counterbalance its
lower core and FSB speeds and its slow-
er cache and main memory. Note, too,
that enabling the second CPU in the G4
Power Mac offered little incremental ben-
efit. Because we ran the SPEC bench-
marks in their “speed” rather than “rate”
mode, the various functions executed
sequentially, not in parallel. Any SPEC-
benchmarking-results benefit of enabling
the second CPU is likely due to its abil-
ity to handle other system functions, leav-
ing one CPU free to focus on executing
SPEC code.

Similarly, the dual G5 Power Mac
results improved only slightly when we
enabled the second PowerPC 970FX
CPU. However, the dual G5 Power Mac
did much better than its G4 counterpart
when executing CPU-optimized SPEC
functions. Granted, there was little per-
formance improvement with G5-tailored
code, but at least there wasn’t the dra-
matic performance decrease seen on the
Mac Mini with G4-optimized routines.

Now, turn your attention to the
Xbench data. One of the first things you
might notice is its contrast with the SPEC
case; enabling the second CPU resulted
in a demonstrable improvement in many
of the Xbench test results. Enabling the
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NEW POWERPC
FLAVORS
Several weeks after Apple Chief
Executive Officer Steve Jobs
announced the gradual conversion
of his company’s computer-prod-
uct lines to Intel CPUs, Freescale
and IBM introduced PowerPC
processors that cast some doubt
on the real motivations behind
Apple’s decision. Freescale’s lat-
est G4 CPUs, manufactured on 90-
nm-process technology, include
the single-core MPC7448, with
maximum core clock speeds of 1.7
GHz and front-side-bus speeds of
200 MHz, and the code-compati-
ble, dual-core MPC8641D. IBM’s
latest offerings are a low-power
variant of the single-core 970FX
(G5 PowerBook, anyone?) running
at 1.2 to 1.6 GHz with correspon-
ding power consumption of 13 to
16W, and the dual-core, 2.5-GHz-
maximum 970MP.
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L2 cache also in most cases significantly
improved the scores. Whereas the SPEC
tests revealed little difference between
the G4 CPUs in the Mac Mini and the
PowerBook, the Xbench data magnifies
the discrepancy, even if you focus only on
the CPU-centric scores. Presumably, the
CPU and core logic in the PowerBook are
fine-tuned for power savings, whereas
their counterparts in the Mac Mini are
tailored for speed. And you’ll notice that
switching from a 4200-rpm drive to a
5400-rpm drive in the Mac Mini boost-
ed its hard-disk drive-related test scores.

Not all of the Xbench data is pre-
dictable, however. Most baffling are the
graphics-related results. Focusing on the
Mac Mini, the Quartz Graphics Test num-
bers are unsurprisingly higher in all cases
with the L2 cache enabled, but the results
also increase on the 4200-rpm hard-disk
drive-equipped system when system
memory grows beyond 128 Mbytes. You
might think, as we initially did, that this
situation occurs because the graphics
accelerator employs system memory as its
frame buffer, but an ATI spokesperson con-
firms that the Radeon 9200 GPU (graph-
ics-processing unit) has a dedicated 32-
Mbyte video-memory array. Perhaps the
poorer results with 128 Mbytes of system

memory are due to DRAM-influenced
constraints elsewhere in the system. One
outstanding question is why almost all of
the Mac Mini Quartz Graphics numbers
are lower when the system is equipped with
a 5400-rpm hard-disk drive. The OpenGL
Graphics tests with a 5400-rpm drive ver-
sus a 4200-rpm equivalent reveal a simi-
lar performance decrease, and the 5400
rpm numbers are generally irregular; in one
case, the results were actually better with
the L2 cache off!

Unfortunately, the memory tests didn’t
quantifiably expose the often-dramatic
system-performance improvements that
we perceived when we incremented sys-
tem DRAM. With 128 Mbytes of mem-
ory inside, the Mac Mini was as slow as
molasses, both to initially boot and to sub-
sequently toggle between applications
(especially when coupled with a 4200-
rpm hard-disk drive). Switching to a 256-
Mbyte DIMM noticeably improved both
attributes, and a further increase to 512
Mbytes made yet another incremental
step-up, albeit not as dramatic as its pred-
ecessor. The final increase, to a 1-Gbyte
DIMM, resulted in no detectable im-
provement, although, in a heavily loaded
system with many applications simulta-
neously running, the difference between
512 Mbytes and 1 Gbyte of DRAM might
have been more noticeable.EDN

R E F E R E N C E S
www.edn.com/blog/400000040/

post/60000606.html.
www.edn.com/blog/400000040/

post/430000643.html.
www.edn.com/blog/400000040/

post/690000869.html.
Krewell, Kevin, “Apple drops Power-

PC for Pentium,” Microprocessor
Report, June 27, 2005.
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Go to www.edn.com/050915cs to
find tables with more data and insights,
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Evaluation Corp) and Xbench, as well as
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In their simplest form, FPGAs are 2-
D arrays of logic blocks with electrically
programmable interconnections. Al-
though the exact makeup differs for each
FPGA vendor, logic blocks consist of
transistor pairs, combinations of basic log-
ic gates, multiplexers, or multiple-input
look-up tables. Users can configure both
the interconnection paths and the func-
tions of each logic block by designating
the value of built-in programming ele-
ments. Logic blocks can be a simple tran-
sistor, groups of combinational and se-
quential logic functions, or a complex mi-
croprocessor.

FPGA vendors have adopted several
techniques for programming the inter-
connections and logic blocks. One of the
simplest methods, the antifuse, creates a
low-resistance link when you apply a high
voltage across its terminals. The antifuse
consumes little area but requires extra cir-
cuitry for programming. Advantages in-
clude low series resistance and low para-
sitic capacitance, but the main disad-
vantage is that an antifuse FPGA is a
write-once device and therefore not re-

lthough board designers have for years used FPGAs
(field-programmable gate arrays) to interconnect
system components, the latest high-density devices
are powerful enough to also replace the processors,
memory, custom logic, and many peripherals of a
typical embedded-system project. These new sys-

tem-level or platform FPGAs allow designers to create standard
hardware designs that they can tweak as new requirements emerge
or that they can reconfigure for different applications. For high-per-
formance projects with parallel computation requirements, a single
platform-FPGA-board design may replace a chassis full of conven-
tional computer boards. Yet, with the amazing capabilities of these
new devices, designers must carefully analyze performance, power,
and cost boundaries to determine when FPGA designs make sense.

A

One design
fits all
WITH THE LATEST FPGA TECHNOLOGY AND DROP-IN 
CONFIGURATION COMPONENTS, ONE BOARD DESIGN MAY 
SUFFICE FOR HUNDREDS OF EMBEDDED-SYSTEM APPLICATIONS.

TECH TRENDS WARREN WEBB • TECHNICAL EDITOR
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Figure 1 Mentor Graphics’ FPGA
Advantage is a vendor-neutral HDL-design
tool for design creation, simulation, synthe-
sis, management, and documentation.
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configurable. Static-RAM cells also en-
able or disable pass transistors to program
FPGA topology. Although at least five
transistors are necessary to implement a
memory cell, SRAM technology provides
fast reprogrammability. SRAM-based
FPGAs also require an external boot de-
vice to set the memory on power-up.  De-
signers also use EPROM, EEPROM, and
flash-memory technologies to program
FPGAs with the advantages of repro-
grammability and elimination of the ex-
ternal boot-up device. Programmable
FPGA interconnections are generally
slower than the permanent wiring a cus-
tom chip uses. Because the pass transis-
tor is not a zero-resistance switch and
FPGA interconnections are somewhat
longer than necessary for a custom chip,
the extra capacitance and resistance re-
duce bandwidth. 

All FPGA vendors provide or offer
compatibility with free or low-cost de-
sign-automation tools to capture system
configurations. Designers may describe all
or portions of their FPGA circuitry using
an HDL (hardware-description lan-
guage), such as Verilog or VHDL. Once
the designer has defined the design, ad-
ditional tools implement the design on a
given FPGA. This process includes pow-

er and configuration optimizations;
hardware partitioning, place-
ment, and interconnection
routing follow the opti-
mizations. The output of
the design-implemen-
tation phase is a bit-
stream file.

The design-verifica-
tion phase employs a sim-
ulator to check the design’s
functions and maximum clock frequency.
The final stage is to load the design onto
the target FPGA for testing in the actu-
al hardware environment.

BRAIN CODE
The growing complexity and density

of FPGA products have created a market
for modular functional blocks of HDL
code that designers can incorporate into
their products. These functional blocks,
commonly referred to as IP (intellectual-
property) cores, allow manufacturers to
reuse circuit elements from previous de-
signs or simply purchase functions from
an outside source. Examples of IP cores
include UARTs, DSPs, Ethernet inter-
faces, bus interfaces, and even micro-
controllers. Manufacturers physically im-
plement hard-IP cores directly onto the
silicon of an FPGA; they provide soft
cores as HDL code that is portable across
multiple devices.

IP cores are available from FPGA ven-
dors; from third-party suppliers; or as
freely available open-source HDL code
from sources, such as www.opencores.
org. Commercial IP is usually fee-based
and includes documentation, verification
tools, and support. According to Martin
Mason, director of flash-product market-
ing at Actel, “We have two business mod-
els for our IP, depending on customer
needs. We offer a per-use or site license
that varies from as little as $200 to more
than $10,000, depending on the com-
plexity of the property. Additionally, we
offer a hard-IP core for an ARM-based
microcontroller that you order by special
part number, and the per-unit cost of the
part includes the fee for the IP.”

Major FPGA vendors Xilinx and Al-
tera, which hold more than 80% of the
market share, provide extensive IP li-

braries for their products. Although
smaller, more specialized vendors, such as
Lattice, Actel, Cypress, Quicklogic, and
Atmel, share the rest of the market, they
also provide IP libraries. For example, Xi-
linx recently upgraded its popular Mi-
croBlaze soft-IP-core processor to deliv-
er 200-MHz performance in Virtex-4 
FPGAs. The 32-bit RISC core includes
an optional IEEE-754-compatible float-
ing-point unit that allows embedded-sys-
tem developers to accelerate system per-
formance by as much as 120 times over
software emulation. The MicroBlaze
processor is also scalable, so designers can
tune performance to match the require-
ments of target applications and choose
greater mathematical accuracy when
needed. In addition, the processor offers
ready-to-use, prebuilt configuration op-
tions such as pattern-compare instruc-
tions for faster location of string, byte, or
word matches. The MicroBlaze soft
processor core is available as part of the
$495 Xilinx EDK (embedded develop-
ment kit). In addition to the MicroBlaze
core, the EDK includes a set of system
tools to design embedded-system appli-
cations for Xilinx FPGAs. 

Although platform-FPGA capabilities
are skyrocketing, designers should con-
tinue to evaluate general-purpose or cus-
tom alternatives. One of the often-cited

Figure 2 Altium Designer integrates board-
and FPGA-level system design, embed-
ded-software development, and pc-board
layout within a single user environment.

AT A G L A N C E
FPGA designs allow embedded-

system developers to reuse the 
same hardware for prototypes, revi-
sions, and next-generation products.

Although the per-unit price is high
for FPGA devices, their parallel-pro-
cessing features may reduce overall
hardware requirements.

FPGA vendors are extending per-
formance by combining traditional
logic blocks with high-bandwidth
processors, memories, and custom
circuitry.

Off-the-shelf IP (intellectual-prop-
erty) cores from vendors, third-party
suppliers, and the open-source com-
munity simplify FPGA-design-configu-
ration tasks.
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drawbacks of FPGA technology is the ad-
ditional power it requires compared with
a general-purpose processor or custom
ASIC. Most of the traditional SRAM-
based FPGAs have standby currents in
excess of 100 mA, which rules out most
battery-operated-system applications.
Likewise, because of the resistance of mul-
tiple-pass transistors and longer connec-
tion paths, FPGA-based products are also
somewhat slower than conventional de-
signs. Without taking the development
time of other approaches into account,
the cost of FPGA technology is substan-
tially higher. For example, devices in Al-
tera’s latest FPGA family cost $190 to
$9350, depending on the number of gates
and I/O pins. 

SECURE DESIGNS
Design security is another concern for

FPGA developers. In some cases, espe-
cially for SRAM designs that store con-
figuration information and transfer it to
the FPGA on power-up, IP information
is vulnerable. Designers may spend
months developing proprietary algo-

rithms and configurations only to reveal
the design to competitors or copycats
with the first production unit. To combat
IP loss, FPGA vendors use nonvolatile
programming techniques along with em-
bedded serial numbers to trace counter-
feit products. Actel’s Mason boasts, “We
have a sophisticated security mechanism
to protect internal IP. We have many cus-
tomers that come to Actel for custom-
marked devices, load their custom IP, and
sell them as their own parts. We have no
problem with that business model.”

One of the most formidable obstacles
to adopting FPGA technology is the steep
learning curve associated with develop-
ment tools. Mentor Graphics tackles this
problem by offering the vendor-neutral
FPGA Advantage integrated HDL-de-
sign environment. The tool enables de-
sign creation, simulation with debugging
and analysis, synthesis, management, and
documentation as a smooth-flowing op-
eration from one step to the next. Inter-
changeable textual, tabular, and graphics
editors allow designers to select their most
comfortable environment (Figure 1).
Prices for FPGA Advantage start at
$12,000. Mentor also offers I/O Design-
er, a development tool that integrates the

FPGA- and pc-board-design processes
to minimize the number of signal lay-

ers and maximize signal data rates.
Altium is another tool vendor

combining FPGA- and pc-board
design. Nick Martin, founder and chief
executive officer of Altium, explains:
“The history of electronics charts a con-
tinuous movement toward designing at
higher levels of abstraction to efficiently
contend with increasing levels of com-
plexity. Microprocessors and digital-de-
sign paradigms allowed portions of the de-
sign problem to move into a highly fluid
and easily updatable realm: software. To-
day, the availability at relatively low cost
of high-capacity, high-performance pro-

grammable devices, such as FPGAs, is
again shifting the balance and allowing
previously fixed design elements, such as
the processor and its peripheral compo-
nents and logic blocks, to move into a
‘soft’ domain.” Altium Designer provides
a single unified application that claims to
have all the technologies and capabilities
necessary for complete electronic-product
development. Altium Designer integrates
board- and FPGA-level system design;
embedded-software development for
FPGA-based processors; and pc-board
layout, editing, and manufacturing with-
in a single design environment (Figure
2). Unlike with HDL-design tools, elec-
tronics engineers and board-level de-
signers can use Altium Designer without
the help of dedicated HDL experts or 
specialized FPGA designers. The full-
licensing option, which gives access to 
all Altium Designer capabilities, costs
$11,995.

PIMP MY BOARD
Embedded-board vendors have also

adopted FPGA technology to offer cus-
tomers off-the-shelf, reconfigurable de-
signs. Pentek Vice President Roger
Hosking comments, for example, “We
have designed FPGAs into our boards for

Figure 3 The Model 7140 PMC module
from Pentek combines digital-radio trans-
ceivers with a Virtex II-Pro FPGA with
room for user-defined DSP functions.

MORE   AT EDN.COM

We encourage your comments!
Go to www.edn.com/050915tt and
click on Feedback Loop to post a 
comment on this article.

Figure 4 The Tsunami PC104 platform
from SBS Technologies gives users an
Altera Stratix FPGA on a 32-bit, 33-MHz
PCI interface for custom processing.

+
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years but only recently have we offered
customers the option of reconfiguring
those circuits. We use only 5 to 10% of
an FPGA for standard board operations,
such as signal routing, and the remaining
resources are available. Now, customers
can incorporate sophisticated algo-
rithms, such as fast Fourier transforms, fil-
ters, demodulators, and digital receivers.
We also offer IP-core libraries primarily
for software radios. We are working on a
high-density channelizer, which provides
256 narrowband digital receivers in a sin-
gle FPGA. An equivalent circuit using
today’s four-channel ASIC downcon-
verter would require 64 discrete pack-
ages—a huge difference in cost, space,
and power. An FPGA delivers high den-
sity, but if you don’t need it, use an ASIC
or a general-purpose DSP.”

Pentek recently introduced an FPGA-
based software-radio transceiver module
suitable for connection to the IF or RF
ports of a communication system. The
Model 7140 PMC module combines both
transmitting and receiving capabilities
with a high-performance Virtex II-Pro
FPGA and supports the emerging VITA
(VMEbus International Trade Associa-
tion) 42 XMC standard with optional
switched-fabric interfaces for high-speed
I/O (Figure 3). In addition to acting as a
simple transceiver, the module can per-
form user-defined DSP functions on the
baseband signals. Such functions include
demodulation/modulation, decoding/en-
coding, decryption/encryption, digital de-
lay, and channelization of the signals be-
tween reception and transmission. Pen-
tek’s GateFlow FPGA Design kit provides
designers with all VHDL source code and
device configuration for the basic facto-
ry-installed functions to facilitate the 
addition of custom algorithms. Prices for
the Model 7140 PMC module start at
$6995.

Aimed at leveraging FPGA processing
into small embedded systems, the Tsuna-
mi PC104 platform from SBS Technolo-
gies is suitable for mobile cart-based sys-
tems, machine-sensor applications, and
control-I/O applications (Figure 4). The
PC/104 Plus processor includes an Altera
Stratix FPGA on a 32-bit, 33-MHz PCI

interface, with enough memory and high-
bandwidth datapaths to make full use of
the processing power of the Stratix chip.
“FPGA-based processing power comes
from ASIC-like efficiency of software re-
programmable logic and the ability to par-
allel-process multiple streams of data,”
says Ron Strauss, vice president of SBS
Canada. “If your embedded application
requires the resources of multiple CPUs
or DSPs to process the required data rate
and algorithm complexity, you should in-
stead be considering an FPGA-comput-
ing approach.” The Tsunami PC104 Plus
costs $4500 as a stand-alone board or
$6000 with the Wave FPGA software-
development-tool kit. 

With today’s short product life cycles,
embedded-system designers need ways to
create multiple system configurations
with minimum custom hardware. FPGA-
based products offer designers that flexi-
bility. The reduced risk, shorter design cy-
cles, and minimized nonrecurring-engi-
neering charges of FPGA projects offer
many advantages over ASIC-based de-
signs. However, the added recurring cost
and power required for FPGA designs lim-
it their application to high-performance,
multichannel projects.EDN
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F
OR THE LAST FEW YEARS THE MEDIA has debated
which Flash memory technology, NAND or NOR, will
emerge as the market winner. This discussion implies
that the different Flash technologies are essentially

interchangeable in applications, making
the two direct competitors for design
wins. The reality is, the two technolo-
gies address different needs.

Understanding the differences be-
tween the technologies begins with their
names. The original approach to Flash
memory followed the structure of other
semiconductor memories, which achieve
random access by connecting the
memory transistors to the bit lines in
parallel. Each transistor has a word line
and a bit line connection. In this arrangement, if the word line
turns on any memory transistor, the transistor connects drain
to source and the corresponding bit line goes low. The logic
function is similar to that of a “wired NOR”, hence the name
NOR for this arrangement.

In 1987, Toshiba proposed the NAND Flash, and its cell
structure is arranged as eight memory transistors in series. The
transistors are normally on, connecting drain to source through
the series and keeping the bit line low. If the word line turns off
any memory transistor, the transistor breaks the series connec-
tion and the bit line goes high. The logic function is similar to
that of a NAND gate.

These two structures result in differing attributes for the
memory devices. The NOR Flash offers fast read access because
its memory cells have relatively low resistance. Further, it follows
conventional memory architectures, so its behavior in a system

mimics that of SRAM, making it easy to
design in. File storage and retrieval requires
only minimal software, most of which is
associated with Flash’s need to erase a cell
before writing to it.

NOR reads fast, writes slow
The drawback of the NOR arrangement is
that writing to cells must be done individu-
ally. Writing can take many microseconds
each time it is performed. As a result, writ-
ing blocks of data to a NOR Flash takes a

relatively long time because you cannot program a large number
of bits simultaneously. 

The NOR Flash also has the disadvantage that its memory
cell is larger than that of the NAND Flash. Because each tran-
sistor has its own connection to the bit line, the cell requires
more metal-layer contacts, making the transistors occupy
more die area than in NAND cells, which connect in series in
silicon. Because metal-layer connections are the limiting
factor in scaling, the NOR Flash always lags NAND Flash in
achievable bit density.

The NAND Flash structure allows a page of data to be
programmed simultaneously. A page size is typically 2,112 Bytes
or 16,896 bits. This greatly speeds write times. On the other
hand, the higher resistance of a series connection, compared to
the parallel connection used in NOR Flash, means that the
NAND bit lines are relatively slow to change state, limiting read
access speeds. (See Figure 1.)

But NAND Flash does not offer a conventional memory
interface. Controlling a NAND Flash is similar to controlling an
I/O device in that device control is achieved by writing to the
NAND Flash's internal registers. A command sequence is
required in order to perform a read, program, or erase operation.
An advantage of this indirect interface is that it enables migra-
tion to higher chip densities with no change in pinout.

NAND writes fast, reads slower
Block access also makes NAND Flash unsuitable for truly
random access use, such as execution in place (XIP) of program
code. If NAND Flash is used for code storage, the system needs
to copy the code to RAM in order to execute the code. NOR
Flash allows XIP.

A major advantage of NAND Flash, beyond erase and write
speed improvements, is that the NAND Flash cell structure uses
less die area per bit, This allows a higher bit density for a given

A D V E R T O RNAND FLASHMEMORY

By Richard A. Quinnell

A Spec ia l  Ser i e s  Sponsored  by  Toshiba America  Elec t ronic  Component s ,  Inc .

THE TWO MAIN FLASH
MEMORY TECHNOLOGIES,

NAND AND NOR, ARE OFTEN
VIEWED AS COMPETITORS
BUT EACH ADDRESSES A
DIFFERENT APPLICATION

REQUIREMENT.

Figure 1. NAND and NOR Flash architectures have different performance 
characteristics, with NOR having the edge in read speed while NAND 
offers faster write and erase. 
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fabrication process and a lower cost per bit for NAND Flash as
compared to NOR Flash.

These relative advantages and limitations make NAND
and NOR Flash architectures suited to different applications.
NOR Flash performs better than NAND Flash in code storage
applications, where read speed is the most critical parameter.
Further, NOR’s ability to support XIP means that no addi-
tional memory needs to be involved in order to run the stored
code. Code storage typically does not require the highest
density memory, so the cell size restrictions are not signifi-
cant in this application.

NAND Flash performs best in data storage applications.
It was originally developed to function like and replace
magnetic storage, such as disk drives. In data storage, write
speed is the most important performance parameter, so the
speed advantage of NAND Flash makes it the best architec-
ture for data storage. Read speed is a secondary concern in
data storage, although it should be at least as fast as the write
speed. The read speed of any Flash memory is greater than its
write speed, however, so the performance of NAND Flash
meets the read requirements of data storage, as well.

Capacity, however, is a critical concern in data storage.
Data storage can require thousands of times the capacity
needed for code storage. As a result, both total capacity and
cost per bit become important for data storage needs. The
smaller cell size of NAND Flash further points to this archi-
tecture as the best choice for data storage.

Flash types fit different applications
The differing application strengths for Flash architectures thus
allows for both NOR and NAND to co-exist in the market, and
even in the same design. In a cell phone, for example, NOR Flash
can serve as code storage where the memory’s XIP capability
eliminates any need for shadow RAM. NAND Flash can serve as
data storage for large memory files such as photos and video.

The situation may eventually change, however. NOR
Flash is increasing in density and in write speed with each

process generation. Although NOR will never catch up to
NAND, these density increases allow NOR to stay ahead of
increasing storage requirements in smaller applications. For
those applications, NOR’s design simplicity gives it a cost
advantage over NAND Flash.

NAND Flash, on the other hand, continues to lead in
cost, density, and write performance. The existence of a
powerful NAND Flash controller
is making design-in easier, so for
larger applications NAND Flash
becomes the lower cost option. 

The largest single market
for Flash memory is the cell
phone, and high-end cell phones
are using ever faster processors.
These processors are beginning
to force use of shadow RAM for
code storage regardless of the Flash in use because no Flash
technology is keeping pace with high-end processor read
speeds. In addition, high-end cell phones are increasing their
need for data storage to provide feature convenience. The
addition of cameras, movies, MP3 audio, gaming, and
Internet access to phones requires significant amounts of
low-cost storage.

These trends are affecting the sweet spot for Flash
memory. The high performance applications are beginning to
favor NAND Flash for both code and data storage. NOR will
still have a home in low-performance code storage, however,
so both architectures will continue to co-exist in the market.
All that remains uncertain is when the high-volume markets
will switch to NAND alone. ■

V E R T O R I A L

ADDITIONAL

INFO
To learn more about Flash
memory visit www.edn.com/
NANDflashmemory

For more information on
Toshiba's NOR and NAND Flash 
go to www.toshiba.com

ABOUT THE EDITOR: Richard A. Quinnell was an
embedded systems designer for 15 years before turning to 
technology journalism. He was a staff writer for EDN for 10
years and is now a contributing editor and freelance writer
for a number of high-tech publications.
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nstrumentation amplifiers find wide use in real-world data
acquisition. However, designers often incorrectly apply them.
Specifically, although modern in amps have excellent CMR
(common-mode rejection), designers must limit the total
common-mode voltage, plus the signal voltage, to avoid sat-
urating the amplifier’s internal input buffers. Unfortunately,

they often overlook this requirement.
Other common application problems result from driving the

in-amp reference terminal with a high-impedance source, oper-
ating low-supply-voltage in-amp circuits at gains that are much
too high, ac coupling in-amp inputs without providing a dc
return path to ground, and using mismatched RC-input-cou-
pling components.

A QUICK IN-AMP PRIMER
An in amp is a closed-loop-gain block with a differential input

and a single-ended output. In amps also typically have a refer-
ence input that allows the user to level-shift the output volt-
age up or down. You use one or more internal or external resis-
tors to set gain. 

Figure 1 shows a bridge-preamplifier circuit, a typical in-amp
application. When sensing a signal, the bridge-resistor values
change, unbalancing the bridge and causing a change in dif-
ferential voltage across it. The signal output is this differential
voltage, which connects directly to the in amp’s inputs. In addi-
tion, under zero-signal conditions, a constant dc voltage is also
present on both lines. This dc voltage is the same, or common
mode, on both input lines. 

In its primary function, the in amp normally rejects the com-
mon-mode dc voltage or any other voltage common to both
lines, such as noise and hum, and amplifies the differential-sig-
nal voltage, the difference in voltage between the two lines.

CMR: OP AMP VERSUS IN AMP
For many applications, CMR is essential for extracting weak

signals in the presence of noise, hum, or dc-offset voltages. Op
amps and in amps both provide some CMR. However, in amps
prevent the common-mode signal from appearing at the ampli-
fier output. Even though the op amp also has CMR, the com-
mon-mode voltage normally transfers to the output, at unity
gain, along with the signal. 

Figure 2 shows an op amp connected to an input source (a
bridge sensor). The bridge output is riding on a common-mode
dc voltage. Because of feedback applied externally between the
op amp’s output and its summing junction, the voltage on the �
input is the same as that on the � input. Therefore, the op amp
ideally has 0V across its input terminals. As a result, the voltage
at the op-amp output must equal VCM, for 0V differential input.

In practice, the op amp’s closed-loop gain amplifies the sig-
nal, and the common-mode voltage receives only unity gain.
This difference in gain does provide some reduction in common-
mode voltage, as a percentage of signal voltage. However, the
common-mode voltage still appears at the output, and its pres-
ence reduces the amplifier’s available output swing. For many
reasons, any common-mode dc or ac signal appearing at the op
amp’s output is highly undesirable.

Figure 3 shows the common three-op-amp in-amp circuit. A
modern IC instrumentation amplifier, such as Analog Devices’
AD8221, normally includes all of these components. As with
an op amp, the input buffers of an in-amp circuit, A1 and A2,
amplify the signal voltage, and the common-mode voltage
receives only unity gain. But now, each buffer’s output drives a

BY CHARLES KITCHIN AND LEW COUNTS • ANALOG DEVICES

The right way to use
instrumentation amplifiers
AVOID COMMON APPLICATION PROBLEMS WHEN CONNECTING
REAL-WORLD SIGNALS TO INSTRUMENTATION AMPLIFIERS.
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Figure 1 Designers can use instrumentation amplifiers in classic
bridge circuits. Here, the dc common-mode voltage can easily be
a large percentage of the supply voltage.
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Figure 2 This inverting amplifier circuit uses an op amp. Here,
both the signal voltage and the common-mode voltage appear 
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subtracter circuit, A3, which passes only the difference voltage
and effectively rejects any common-mode voltages. 

A common application problem that affects monolithic
devices of the three-op-amp in-amp configuration occurs when
dc common-mode input voltages render a single-supply in-amp
circuit inoperative. Designers often correctly select a so-called
single-supply in amp, so that they can operate the circuit from
a low, single-supply voltage. But then they run into trouble.

For example, take the case of an in-amp bridge circuit oper-
ated from a 5V-dc single-supply voltage (Figure 4). Many
designers simply ground the in amp’s reference-input terminal,
VREF, as they normally would for dual-supply operation.

In this simplified case, with a bridge circuit using equal-value
resistors, the buffers’ (zero-signal) outputs (A1 and A2) are both
2.5V dc. This situation occurs because the in amp’s buffers oper-
ate at unity gain for common-mode voltages. With both buffers
applying the same 2.5V dc to the in amp’s output-subtracter sec-
tion, it tries to swing to 0V.   In reality, even good “rail-to-rail”
amplifiers cannot swing all the way down to the negative sup-
ply—in this case, “ground” or 0V—so a fairly large error already
exists. Clearly, any signals from the bridge
that would otherwise try to swing the in-
amp output negative make no change at all.
So, the circuit is basically nonfunctional,
and an unwary designer may easily not
notice this problem because the in amp’s
output appears to be about the same as it
would be with no common-mode voltage
applied.

A solution to this common problem is to
apply half the supply voltage, 2.5V, to the
in amp’s reference pin, so that A3’s output
is centered at midsupply. The output can
now swing both above and below this mid-
supply voltage. However, other things being
equal, low-voltage, single-supply circuits
typically have less dynamic range than their
dual-supply cousins.

A similar problem occurs when low sup-
ply voltages and high amplifier gain render
the in-amp circuit inoperative. It most com-
monly occurs when in amps are operating
at high gains, such as 1000 (Figure 5).
Under these circumstances, a 10-mV-p-p
input times a gain of 1000 creates a 10V-
p-p signal between the outputs of A1 and
A2. When using �15V supplies, this situ-
ation may be possible. However, the in amp
will become nonfunctional if a 5V single or
even a 5V dual supply powers the circuit.
And, if the circuit is a bridge amplifier with
its inherently high dc common-mode volt-
age, it adds further complications. 

Because users of monolithic ICs do not
have access to the buffer outputs, A1 and
A2, they see what’s happening only at the
final output—the output of A3. Again, this
situation may result in a serious design
problem that goes undetected, sometimes
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Figure 3 A common instrumentation amplifier employs three op
amps.
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Figure 4 A three-op-amp in-amp circuit may exhibit a reduced common-mode-voltage
range.
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TABLE 1 RECOMMENDED COMPONENT VALUES
FOR AC COUPLING IN-AMP INPUTS

VOS error
for 2% R1, R2
mismatch, 

–3-dB low RC-coupling Input-bias VOS assuming
frequency components current (�VCM) IB1=IB2
roll-off (Hz) C1, C2 (�F) R1, R2 (�) IB (nA) at each input (�A)

2 0.1 1M 2 2 mV 40
2 0.1 1M 10 10 mV 200

30 0.047 115k 2 230 µV 5
30 0.1 53.6k 10 536 µV 11

100 0.01 162k 2 324 µV 7
100 0.01 162k 10 1.6 mV 32
500 0.002 162k 2 324 �V 7
500 0.002 162k 10 1.6 mV 32
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until the product is out in the field.
Another common application problem

stems from operating standard, non-rail-to-rail
devices, from low single-supply voltages. A
high-quality rail-to-rail in amp, such as Ana-
log Devices’ AD623, can swing its output to
within 0.5V of the positive-supply line and
down to 0.01V above ground. Its input-volt-
age range is similar. Under these conditions,
the amplifier’s output swing almost equals the
supply voltage. So, when using a 5V single sup-
ply, the amplifier has approximately a 4.49V
output swing. Unfortunately, some designers
forget about amplifier headroom and use stan-
dard, non-rail-to-rail products in these appli-
cations. Even a good dual-supply in amp has
an output swing within only about 2V of either
rail. So, using a 12V single-supply voltage, with
the in amp’s output centered on 6V, a rail-to-
rail amplifier could swing �5.5V, but a stan-
dard product would have only �4V output
swing (11V p-p versus 8V p-p).

Yet another common application problem occurs when
designers try to drive the reference pin of an in amp with a high-
impedance source. Typical values for the impedance of the ref-
erence input in many popular in amps are 20 to 125 k�. If a
low-impedance source, such as an op amp, is directly driving
the reference, there is no problem. But often, an unwary design-
er tries to use a resistive voltage divider as a low-cost ratio-met-
ric reference and ends up introducing serious errors (Figure 6).

The reference input is part of the output-subtracter circuit in
a typical three-op-amp instrumentation amplifier. As such, it
has a finite input resistance, approximately equal to RREF1 plus
RREF2—usually, 2�RREF. Adding external resistor R2 between the
reference terminal and common unbalances the A3 subtracter
circuit, introducing a CMR error. An obvious way to minimize
this problem is to reduce the value of R2 to approximately 0.1%
of RREF1 plus RREF2 (for 60-dB CMR). However, with 10-k� val-
ues of RREF1 and RREF2 (20,000 total input Z), R2 needs to be 20�.
This value, in turn, unnecessarily burns large amounts of sup-
ply current in the voltage-divider network. There is also the issue
of RREF1 and RREF2’s shunting R2 and causing a reference-volt-
age error. 

Together, these errors present a strong case for the use of an
op-amp buffer to drive the reference pin (Figure 7). The op amp
has a low output impedance—typically less than1�—and con-
sequently does not contribute any significant CMR error. Note
that using two 1% resistors in this application can produce as
much as 2% gain error due to resistor mismatch.

Limits on dc CMR and the fact that many circuits do not
require a true dc response tempt designers to ac couple the inputs
of in-amp circuits. A common, incorrect procedure is to sim-
ply connect a suitable capacitor in series with each in-amp input
terminal (Figure 8).

Again, because a monolithic in amp is a complete package,
designers often fail to realize what is inside the IC. In amps thus
connected with these “floating” inputs have no dc reference.
The input bias currents charge up the ac coupling capacitors,
C1 and C2, until they exceed the input common-mode voltage.
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Figure 5 High gain and low supply voltages can result in buffer-amplifier clipping. 
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In other words, the capacitors charge up to the supply line or
down to ground, depending on the direction of the input bias
currents. With a FET input device and high-value capacitors,
it could take several minutes before the in amp becomes inop-
erative. Therefore, a casual lab test might not detect this prob-
lem, so it’s important to avoid it altogether. Fortunately, for dual-
supply operation, a simple solution exists: Just add two large-
value dc return resistors, one between each input and ground
(Figure 9). Now, both inputs are dc-referenced to ground and
move only when an input signal drives them. 

Using an in amp powered by a single supply, ac coupling is
more complicated and normally requires applying a dc common-
mode voltage, VCM, to both inputs (Figure 10). This step is nec-
essary, because the in amp’s output cannot swing below the neg-
ative supply—in this case, ground. Here, if the in amp’s output
voltage tries to swing more than a few millivolts negative, the

signal is clipped.
Choosing appropriate voltages for

VCM and VREF is the next important
design consideration, especially in
low-supply-voltage applications. In
general, set VCM to the middle of the
expected input dynamic range and
center VREF on the expected output
dynamic range. As an example, say

that the expected input signal (�IN�(IN)) is �1V to �2V.
Under these conditions, the in amp’s input buffers need to swing
both positive and negative with respect to VCM. Therefore, you
must raise VCM above ground for this scenario to happen.
Assume that  the in amp is operating at unity gain. Setting VCM
to 2V or a bit higher allows 2V of headroom in the minus direc-
tion. The trade-off is that there is now 2V less swing in the pos-
itive direction. If the in amp is operating with gain, tailor VCM
to allow the buffer outputs to swing fully without clipping.

Output centering is simi-
lar: Estimate the amount
and direction of the in amp’s
output swing—in most
cases, VIN�gain�VCM—
and then apply a reference
voltage at VREF that is in the
center of that range.

The choice of dc-return-
resistor value for ac-coupled
circuits is a trade-off be-
tween offset errors and the
physical and electrical size of
the input coupling capaci-
tors. The larger the value of
the input resistor, the small-

er the required input coupling capacitor. This approach saves both
money and pc-board space. However, the trade-off is that high-
value input resistors increase the offset-voltage error due to input
offset currents. Offset-voltage drift and resistor noise also increase.

With lower resistor values, higher value input capacitors for
C1 and C2 are necessary to provide the same �3-dB corner fre-
quency. That is: F

�3 dB�(1/(2�R1C1)), where R1�R2 and C1�C2.
Unless a large enough dc voltage is present on either side of

the ac coupling capacitor, use nonpolarized capacitors. Some
capacitors, such as electrolytics, function as diodes if you do not
properly dc-bias them. In the interest of keeping components

as small as possible, select capacitors of 0.1 �F or less. Gener-
ally, the lower the capacitor value, the less costly and smaller
the capacitor is. The voltage rating of the input coupling capac-
itor needs to be high enough to avoid breakdown from any high-
voltage input transients that might occur. One final word of cau-
tion: Avoid high-K (high-dielectric-constant) ceramic capac-
itors, which can introduce harmonic distortion.

When ac coupling, any mismatch between the two dc return
resistors causes an input offset imbalance (IB1�IB2), which cre-
ates an input offset-voltage error (Figure 9). Table 1 gives R
and C cookbook component values for various circuit band-
widths and the VOS error for two levels of input-bias current.EDN

R E F E R E N C E  
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Figure 10 An ac-coupled, single-supply in-amp circuit normally
requires a dc common-mode voltage, VCM, applied to both inputs.
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he biggest challenge facing SOC (system-on-chip)
designers today is how to deliver higher perform-
ance and minimize IC power and the attendant
heat. Power and cooling needs are pushing the lim-
its of available technology and creating budgetary
strains for users—both for the initial upgrades of

power and cooling systems and for their ongoing energy costs.
But in their attempts to solve these challenges, many chip
designers have headed down a blind alleyway.

Many previous- and current-generation processors rely heav-
ily on ILP (instruction-level parallelism) to speed single-thread-
ed applications. ILP attempts to increase performance by deter-
mining, in real time, instructions that can execute in parallel.

In their newest designs, chip developers are increasingly turn-
ing to CMPs (chip multiprocessors)—multiple processors on a
single silicon die that reduce power demands and improve effi-
ciency by sharing on-chip structures, such as memory con-
trollers, between the cores versus two separate chips.

However, these designs continue to rely on pipelines that were
designed to deliver performance gain by trying to attain high ILP.
In doing so, the designs ignore the main characteristic of com-
mercial applications (that is, large databases and CRM): They
are rich in threads but poor in ILP. As a result, this strategy con-
tinues down the path of poorly matching workloads to the appro-
priate design and results in an even-less-power-efficient system.

At first glance, it appears that improving processor perform-
ance and lowering processor power demands are at odds, but this
doesn’t have to be the case. Multithreading—running multi-
ple threads per processor core—hides the frequent high-laten-
cy events and exploits the thread-level parallelism common in
commercial applications. By combining simple core CMPs with
multithreading, it is possible to design processors that consume
less power and deliver higher throughput. These single-chip
processors exploit thread-level parallelism by employing fine-
grained multithreading. This approach, CMT (chip multi-
threading), is ideal for commercial applications.

Under this design, the CMT processor has multiple inde-
pendent 64-bit execution pipelines (cores). Each core can select
from multiple active threads. The result is a processor that
allows dozens of threads or processes to execute simultaneous-

ly on a single chip. The aggregate throughput of this design is
approximately five to 15 times better than contemporary
processors such as the Intel Xeon, AMD Opteron, and Sun
UltraSPARC III.

Despite the far-greater throughput, the power density of this
design is much less than other contemporary processors, mak-
ing it better suited for dense rack-mount installations in the data
center. As transistor density and processor complexity have
increased over the past decade, power has shot upward.
Although typical processors today often have a power density
greater than 70W/cm2, CMT designs can produce faster
throughput with a power density in the range of 10 to 20W/cm2.

ILP VERSUS CMT
Most multicore chip designs aimed at the high-volume, hor-

izontally scalable commercial-server market employ pipeline
designs primarily targeting desktop (single-threaded or ILP-
focused) applications. Designers then modify cache and inter-
face architectures to support a coherent shared memory across
two-, four-, and eight-processor systems, and they reduce the
operating frequency and voltage for low power consumption.
These designs attempt to execute instructions from a single
thread in parallel (ILP) and typically have the following 
characteristics:

●  superscalar designs that attempt to increase instructions
per clock and require multiple independent execution
units with dependency checking, scoreboarding, complex
bypassing datapaths, and complex register files;

●  2.2- to 3.6-GHz clock frequencies, which demand hot,
fast, and leaky transistors as well as power-hungry dy-
namic-circuit designs;

●  pipelines with as many as 30 pipe stages from instruction
fetch to retirement, requiring aggressive branch predic-
tion and a vast number of state devices;

●  out-of-order execution with wide instruction-issue win-
dows, reorder buffers, and a variety of memory-specula-
tion techniques; and

●  multilevel caches—three and four levels, in some cases—
to further combat memory latency.

With these designs, a serial and highly dependent instruction
stream with little ILP limits performance on a typical com-
mercial application. These features become power-consuming
burdens when executing code lacking ILP and high in cache
misses.

By contrast, CMT designs achieve high throughput by
employing a fine-grained, multithreaded pipeline design. This
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design suits applications with thread-level parallelism. Perfor-
mance-enhancing features include:

●  multiple independent, single-issue, in-order pipelines, each
with a relaxed clock frequency, which require no extra tran-
sistors or power for multiple-issue or out-of-order execution;

●  no branch prediction;
●  a limited number of stages in the core pipeline (about a half-

dozen stages, compared with as many as 30 on ILP designs);
●  large, highly banked, on-chip secondary cache, which

handles most memory requests to avoid incurring exter-
nal DRAM power; and

●  integrated I/O and DRAM controllers, which extract
more performance and avoid powering external compo-
nents and associated buses.

OTHER POWER-THROTTLING TECHNIQUES 
Designers can enhance the power-saving nature of the basic

CMT architecture through additional hardware features that
target two sources of high power consumption. Upon detect-
ing that a chip is reaching a certain power limit, designers can
use certain mechanisms to throttle down the power. Designers
can gain additional power savings by reducing the issue rates of
the cores and limiting activity in main memory.

Issue rates—the number of instructions that the processor can
send down the pipeline in a certain period of time—can throt-
tle back within the cores by putting specific threads in a sleep
mode when power and thermal conditions exceed designated
thresholds. When power and thermal conditions return to nor-

mal, threads resume executing instructions. You can use an
external thermal diode to constantly translate the operating tem-
perature into a voltage level that the processor will interpret.

Away from the core pipeline, another significant opportuni-
ty for power throttling lies in time-shared memory controllers.
A high-performance CMT requires multiple next-generation
memory controllers such as DDR2 memory channels to supply
the necessary data. These controllers connect to tens or hun-
dreds of DRAM chips and are therefore important contributors
to power dissipation.

Under peak periods, software-enabled control registers can
limit the number of open pages in the DDR memories. This
approach throttles the rate at which reads and writes are issued,
resulting in a reduction of both interface power and peak oper-
ating power with the DRAM devices.

SOFTWARE REDUCES POWER CONSUMPTION
Designers can achieve additional reductions in power con-

sumption on the operating-system layer. Idle loops occur more
frequently than you might expect, especially on a processor with
32 or more threads. To reduce power consumption, the oper-
ating system can halt a thread when it enters an idle loop, resum-
ing execution only when it is ready to schedule work. This sit-
uation not only helps with power reduction, but also limits inter-
action with other active threads on that core.

Thread-scheduling algorithms are also important tools.
Although it is difficult for an operat-
ing system to gauge how a workload
might behave, it can follow guidelines
about how best to spread distinct
workloads across multiple cores. The
operating system can localize threads
and processes, having some amount of
affinity—for example, the same
process with different data—by
assigning them to the same core or to a nearby core. If there
are 16 active lightweight processes, it is beneficial from a power
perspective to concentrate those threads on four cores as
opposed to spreading that load across eight cores.

A NEW ERA
Chip multithreading will enable a new era of cool comput-

ing, delivering an unprecedented combination of high through-
put and low power consumption. Chip designers who pursue
higher performance with the traditional ILP techniques will fall
further behind the performance/power-consumption curve.EDN
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C lock signals comprise rising edges (logic-low to logic-
high transitions), and falling edges (logic-high to logic-

low transitions). A clock signal can exist as square waves
with a regular period and duty cycle or as a continuous
series of periodic pulses. The latter type of signal can trigger
a latch to accept data, interrupt a microcontroller, and so
on. Regular clock waveforms govern the timing of micro-
processor-based controllers, communication systems, memo-
ry chips, and other devices that perform operations at regu-
lar intervals. Depending on the clocked device, either a ris-
ing or a falling clock-signal edge causes an action. A device
such as a double data-rate (DDR) memory uses both clock
edges to trigger actions.

Clock signals do not cause instantaneous actions, though.
A memory device, for example, requires the presence of
unchanging data during a fixed amount of time, called the
set-up time (tsu), prior to the arrival of a clock signal. The
data must then remain stable for a specified hold time (tH)
after the clock-edge transition. These times, specified in

chip manufacturers’ data sheets, ensure designers know the
timing requirements for the data and clock signals input to
a device. A hand-drawn timing diagram may show the theo-
retical action of clocked circuits, but the design of complex
circuits requires simulations that account for timing values
such as tsu and tH.

Unfortunately, clock signals come with imperfections such

as jitter and drift. Drift occurs when the period of two clocks
differs slightly over time. These slight timing differences can
accumulate and affect a system adversely. For example,
assume researchers have two data-acquisition devices that
each supply a 100-MHz clock. Even if the two devices are
synchronized to start together perfectly, over time one device
may begin to run slightly faster than the other due to circuit
imperfections or due to an external factor such as tempera-
ture. That difference badly skews the data the researchers
expect will align perfectly in time. Timing techniques can
reduce or eliminate drift.

Jitter represents a slight deviation in the timing of a sig-
nal’s edges during a clock cycle, and it can arise from signal
cross-talk, switching transients, and the effect of other sig-

nals. Engineers generally measure jitter as a time difference
between the clock signal of interest and a reference clock
signal at their zero-crossing points. Jitter measurements
range from a visual estimate on an oscilloscope to quantita-
tive measurements that extract statistical data from many
signal samples.

The sequential acquisition of a clock signal over three
periods produces a diagram that reveals both jitter and volt-
age noise. Because the signal may produce any of eight bina-
ry patterns during an acquisition, a measuring instrument
overlays millions of signal samples to create an “eye”
diagram (see figure). The overlay diagram lets engineers
determine a signal’s maximum jitter and voltage noise. As
these errors increase, the eye width and height decrease.
The better the quality of a digital signal, the more open the
eye. Said differently, engineers strive to maximize eye width
and height.

When an eye diagram comprises millions of samples, the eye
width indicates the time the data lines remain stable. Thus,
engineers can determine how much set-up and hold time a
clock signal provides.

THE DATA DETECTIVETHE DATA DETECTIVE
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In this eye diagram, the overlaid samples of all 3-bit states show how jitter and

voltage noise appear on a clock signal. Many communication signals must con-

form to standard templates that define minimum eye values (colored lines ex-

aggerated for emphasis).
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he IEEE 1149.1 boundary-scan standard was devel-
oped almost 15 years ago to resolve the problems
associated with limited physical access for probing
test points on pc boards and to verify that device
pins have been soldered correctly and are free of
solder shorts and open circuits. However, the test

industry now faces new problems that nobody envisioned when
the standard was developed back in 1990, and a number of work-
ing groups have engaged in a sustained effort to develop new stan-
dards that build on the success and acceptance of IEEE 1149.1.

More recent standards that extend
1149.1 are 1149.4, the mixed-signal test-bus
standard for testing analog pins; 1149.6 for
testing the interconnections between ac-
coupled differential nets; and IEEE 1532 for
the in-system configuration of programma-
ble devices.

The 1149.4 standard specifies that every
signal pin must be associated with a bound-
ary module, which in the case of the digital
pins is referred to as a DBM (digital-bound-
ary module). DBMs are identical to the
boundary-scan cells defined in 1149.1. Mix-
ed-signal pins are associated with ABMs
(analog-boundary modules). Each ABM
consists of a switching network that allows
the mixed-signal pin to be disconnected
from the core circuitry in the CD (core-dis-
connect) state and allows it to connect to
the internal bus or the internal dc reference
voltages. Alternatively, if the PROBE in-
struction is selected, the network leaves all
pins in functional mode and allows the pins’
signal to be measured via the internal ana-
log bus (Reference 1).

Figure 1 shows the construction of a sim-
ple mixed-signal device that consists of sev-

eral DBMs and ABMs, which are selected through the TAP
(test-access port), as defined by 1149.1, and an ATAP (analog
test-access port), which supports 1149.4’s analog stimulus-and-
response capabilities. This arrangement requires two extra AT
(analog-test) pins: AT1 for providing an external test stimulus
and AT2 for routing signals connected to the associated ABMs
to external measurement instrumentation.

The external analog-test bus, which connects to AT1 and AT2,
accesses an internal bus under the control of the TBIC (test-
bus interface circuit). The TBIC allows the internal test-bus

BY PETE COLLINS • JTAG TECHNOLOGIES

Extensions to the IEEE
1149.1 boundary-scan
standard
DESPITE THE SUCCESS OF THE IEEE 1149.1 BOUNDARY-SCAN 
STANDARD, ACCEPTANCE OF THE 1149.4 MIXED-SIGNAL EXTENSION
HAS BEEN SLOW. THE INDUSTRY BADLY NEEDS THAT EXTENSION
AND OTHERS, HOWEVER, AND SEVERAL COMPANIES ARE HARD 
AT WORK TO PUT THEM ON THE FAST TRACK.
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T

Figure 1 In this simple chip, boundary-scan features surround the core.
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lines to connect to either or both ATAP pins, isolates the inter-
nal test bus when it is not in use to eliminate unwanted noise
interference, or connects the bus to one of two dc voltages (VH
and VL), which act as logic values for performing standard dc
interconnect testing (Figure 2).

CONTROLLING ABMs
A 4-bit register controls each ABM. The register is part of

the boundary-scan data register and can capture digital-test
results that represent either logic values or digitized analog
responses. As can the DBMs, the individual control registers can
load and unload through the 1149.1 TAP.

The four bits are C, D, B1, and B2 (control, data, ABUS1, and
ABUS2). The C bit acts as an enable pin, and the D bit pro-
vides the pin’s logic values, VH and VL. When the C and D bits
are both zero, the pin is disconnected from the core through the
CD switch. B1 and B2 control the switches that connect the sig-
nal pin respectively to the AB1 and AB2 test-bus lines.

The 1149.4 standard requires support for one more instruc-
tion than those for which 1149.1 mandates support. This
instruction is PROBE, whose primary purpose is to allow real-
time access to signal pins without affecting the UUT’s (unit
under test’s) normal operating mode. In effect, the PROBE
instruction is similar to SAMPLE/PRELOAD and allows vir-
tual probing of selected IC pins without impacting their nor-
mal function.

At the board level, a single boundary-scan path can link any
combination of 1149.1- and 1149.4-compliant devices, with the
TDO (test-data-out) pin of one device connected to the TDI
(test-data-in) pin of the next. The TCK (test-clock) and TMS
(test-mode-select) pins connect in parallel as defined in 1149.1.
Similarly, the AT1 and AT2 pins connect in parallel to the
1149.4-compliant devices (Figure 3).

DEVELOPMENTS
Although 1149.4 was approved in June 1999, the industry has

been slow in adopting it. More important, IC vendors have been
slow to produce devices that would enable board designers to
use and experiment with the technology. To stimulate interest
in implementing 1149.4, National Semiconductor (Reference
2), an innovator in analog semiconductors, and LogicVision, a
provider of embedded-test intellectual property for ICs and sys-
tems, collaborated on developing the first general-purpose IEEE
1149.4-compliant IC, the STA400 (Figure 4).

The STA400 is mainly an evaluation chip whose core func-
tions primarily as a simple analog multiplexer comprising 11
ABMs that can connect to circuit nodes to enable injection of
a test stimulus or monitoring of discrete dc voltages and ac sig-
nals. You can use the chip to determine values of discrete pas-
sive components by injecting currents at different signal nodes,
measuring the resultant voltage at each node, and calculating
the value of the selected components.

JTAG Technologies has developed an IEEE 1149.4 evalua-
tion kit that uses STA400s to let users select circuit nodes and
perform resistance, capacitance, voltage, ac-signal, and char-
acteristic-impedance measurements on an evaluation board
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Figure 2 This analog-boundary module resides on an IEEE
1149.4 IC and allows you to connect an I/O pin to the IC’s 
core or to either of two analog buses.
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Figure 3 On the pc board, the analog-test buses, AT1 and AT2,
connect to multiple ICs.
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using a graphical user interface. In another application
of this system, you can perform analog measurements
on target boards by using the test resources (stimulus
and measurement instrumentation) of the JTAG-
1149.4 Explorer package (references 3 and 4).

AC-COUPLED DIFFERENTIAL NETS
IEEE 1149.6 was developed to address the require-

ments of boundary-scan testing of ac-coupled differ-
ential nets. Coupling capacitors on high-speed digital
interconnects block dc signals and prevent receivers
from detecting them. Using an R-C network causes
signals to decay over time, typically requiring at least
2.5 TCK cycles between driving a net and capturing
a signal.

The basic implementation of 1149.6 requires adding
to the signal-path driver a generator that can transmit
a single pulse or a train of pulses depending on whether
the EXTEST_PULSE or EXTEST_TRAIN instruction
is loaded into the 1149.1 instruction register. A test
receiver located behind the receiving-device pins
detects a steady-state level or captures edge transitions
(Figure 5). The test receiver must be able to support
both of these new instructions as well as the tradition-
al static 1149.1 EXTEST. When the IEEE 1149.1
EXTEST instruction is active, the receiver must revert
to level sensing, whereas, when one of the new 1149.6
instructions is active, the receiver must capture edge
transitions.

When the interconnection between the driver and
the receiver is dc-coupled, the receiver must detect lev-
els by referencing the input signal to a dc-bias voltage
that the ac-mode-control signal selects (Figure 6).
When the interconnection between the driver and the
receiver is ac-coupled, the transitions at the receiver’s
input pins are detected by comparing the input signal
with a delayed version of itself. In this self-referenc-
ing technique, the lowpass filter provides the signal
delay. In Figure 7, the upper comparator detects ris-
ing edges, and the lower comparator detects falling
edges. These comparator outputs respectively set and
clear the receiver flip-flop, reproducing the original
waveform at output C regardless of whether the input
signal, A, is dc- or ac-coupled.

With the proliferation of multigigabit-per-second
serial-data-communication protocols, a significant
number of devices will likely implement 1149.6. In
fact, several 1149.6-enabled devices are already avail-
able (Reference 5), and tools are in development to
enable 1149.6 insertion and verification. Vendors are
also upgrading board-test software to enable testing of
1149.6 components and their interconnections to
other onboard boundary-scan-compliant devices.

IN-SYSTEM PLD CONFIGURATION
For many years, the test industry has been asking for

some level of standardization for ISC (in-system con-
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Figure 5 IEEE 1149.6 allows you to use boundary-scan technology to test
such differential analog structures as drivers and receivers for ultrahigh-
speed serial buses.
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figuration) of programmable devices. In the past, suppliers of
programmable ICs have used programming algorithms that dif-
fered not only among vendors, but also among device families
from the same vendor.

The silicon portion of IEEE 1532 establishes common device
behavior during programming via the IEEE 1149.1 state
machine. The software portion of the standard defines a mod-
ified BSDL (boundary-scan-description-language) file, which
extends to cover the new ISC instructions. Additionally, a new

ISC data-file format contains all of
the device and pattern-specific pro-
gramming information.

By delivering faster programming
and facilitating more efficient use of
expensive testers, the ISC features of
1532-compliant ICs provide significant
savings to equipment manufacturers.
Users will now be able to program

chains of complex PLDs from multiple vendors using the same
third-party programming tools and controllers.

Users will no longer need vendor-specific programming
knowledge and will be able to concurrently program multiple
PLDs from different IC vendors. Devices that are programmed
concurrently instead of sequentially will simultaneously enter
and leave programming wait states, minimizing configuration

time, significantly reducing overall programming time, and
allowing design needs, rather than programming-equipment
availability, to govern programmable-device selection.EDN

R E F E R E N C E S
Osseiran, Adam, Editor, Analog and Mixed-Signal Bound-

ary-Scan: A Guide to the IEEE 1149.4 Test Standard, 
Kluwer Academic Publications, 1999.

National Semiconductor, STA400, 1149.4 Evaluation
Device, www.national/com/appinfo/scan.

JTAG-1149.4 Explorer Mixed-Signal Boundary-Scan 
Evaluation System, www.jtag.com.

IEEE 1149.4 Mixed-Signal Test-Bus Working Group,
http://grouper.ieee.org/groups/1149/4/index.html.

National Semiconductor, SCAN90CP02 Crosspoint
Switch, www.national.com/appinfo/scan/cp02.html.

AU T H O R ’ S  B I O G R A P H Y
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works for JTAG Technologies in technical marketing. Before join-
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Texas Instruments’ UCC3895
offers a good base for building a

high-efficiency, pulse-width-modulat-
ed, switched-mode power supply that
suits either current- or voltage-mode
control. Designed for driving a full-
bridge power inverter using two sets 
of complementary outputs, Out A
through D, the circuit controls power
by phase-shifting outputs C and D with
respect to A and B. The manufactur-
er’s data sheet provides a detailed
description (Reference 1). However,
when lightly loaded and configured for
current-mode control, the controller
can produce asymmetric-width pulses
on its lagging outputs, C and D, under
start-up conditions. Reference 2 pro-
vides a complete description of the

problem and a workaround.
Unfortunately, the workaround

evokes other problems when you use
the IC in other circuit implementa-
tions. Figure 1, from Reference 2,
shows a partial schematic featuring the
UCC3895 in a peak-current-mode-
control circuit in which R1 serves as a
pullup resistor, providing a dc offset for
the voltage ramp. However, for a sig-
nificant portion of the ramp waveform,
diode D1 doesn’t conduct and therefore
narrows the power supply’s dynamic
range by cutting off a portion of the
ramp voltage at IC1’s Pin 3.

Figure 2 shows another approach that
requires additional components but
delivers the full magnitude of the volt-
age ramp to Pin 3 of IC1 and provides

the approximately 1V-dc offset that Ref-
erence 1 requires. Transistors Q1 and Q2,
resistors R1 and R2, and LED D3 form an
emitter-follower amplifier for the ramp
voltage available at IC1, Pin 7 across
timing capacitor C1. This arrangement
provides reliable current-mode opera-
tion over the full range from no-load to
full-load output current by delivering a

READERS SOLVE DESIGN PROBLEMS

DIs Inside
90 Temperature controller has
“take-back-half” convergence
algorithm

94 MOSFET enhances 
low-current measurements 
using moving-coil meter

96 Shunt regulator serves 
as inexpensive op amp 
in power supplies

Buffer amplifier and LED improve PWM
power controller’s low-load operation

EDITED BY BRAD THOMPSON 
AND FRAN GRANVILLE

�

designideas

Figure 1 An added resistor, R1, helps improve light-load operation
of a popular switched-mode power-supply controller by eliminating
output asymmetry.

Gregory Mirsky, LaMarche Manufacturing Co, Des Plaines, IL
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Figure 2 For even better performance, add a level-shifting
amplifier to the ramp-voltage path.
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“The unfortunate relationship
between servo systems and

oscillators is very apparent in thermal-
control systems,” says Linear Technol-
ogy’s Jim Williams (Reference 1).
Although high-performance tempera-
ture control looks simple in theory, it
proves to be anything but simple in
practice. Over the years, designers have
devised a long laundry list of feedback
techniques and control strategies to
tame the dynamic-stability gremlins
that inhabit temperature-control servo
loops. Many of these designs integrate
the temperature-control error term
TS�T in an attempt to force the con-
trol-loop error to converge toward zero
(Reference 2).

One tempting and “simple” alterna-
tive approach makes the heater power
proportional to the integrated temper-
ature error alone. This “straight-inte-
gration” algorithm samples the tem-
perature, T, and subtracts it from the
setpoint, TS. Then, on each cycle
through the loop, the loop gain, F, mul-
tiplies the difference, TS�T, and adds
it as a cumulative adjustment to the
heater-power setting, H. Consequent-
ly, H�H�F�(TS�T).

The resulting servo loop offers many
desirable properties that include sim-
plicity and zero steady-state error.
Unfortunately, as Figure 1 shows, it
also exhibits an undesirable property:
an oscillation that never allows final

convergence to TS. Persistent oscilla-
tion is all but inevitable because, by the
time that the system’s temperature cor-
rects from a deviation and struggles
back to T�TS, the heater power
inevitably gets grossly overcorrected. In
fact, the resulting overshoot of H is
likely to grow as large as the original
perturbation. Later in the cycle, H’s
opposite undershoot grows as large as
the initial overshoot, and so on.

Acting on intuition, you might
attempt to fix the problem by adopting
a better estimate of H whenever the
system’s temperature crosses the set-
point, T�TS). This Design Idea out-
lines a TBH (take-back-half) method
that takes deliberate advantage of the
approximate equality of straight-inte-
gration’s undamped overshoots and
undershoots. To do so, you introduce
variable HO and run the modified servo
loop, except for the instant when 
the sampled temperature, T, passes
through the setpoint, T�TS. When-
ever a setpoint crossing occurs, the
bisecting value (H�HO)/2 replaces
both H and HO. As a result, at each set-
point crossing, H and HO are midway
between the values corresponding to

Temperature controller has 
“take-back-half” convergence
algorithm

designideas

�

W Stephen Woodward, University of North Carolina, Chapel Hill, NC

Figure 1 A simple integrating control algorithm virtually guarantees that the
system’s temperature oscillates and never converges to the setpoint temper-
ature, TS.
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sawtooth drive with a dc offset to IC1’s
ramp input. Diode D3, a yellow LED,
performs a 1.7V level translation with-
out introducing any substantial signal
loss. The component values not shown
depend on the application.EDN

R E F E R E N C E S
“UCC3895 BICMOS Advanced

Phase Shift PWM Controller,” Texas
Instruments data sheet, http://focus.
ti.com/docs/prod/folders/print/
ucc3895.html.

Mappus, S, “UCC3895
OUTC/OUTD Asymmetric Duty Cycle
Operation,” Texas Instruments Appli-
cation Report, SLUA275, September
2002.

��H PERTURBATION—
THAT IS, SUDDEN

AMBIENT COOLING

T = TS.
SETPOINT 

CROSSINGS

   
H = H + F(TS�T).

NOTE: TS = TEMPERATURE SETPOINT.

T = TEMPERATURE.

+�H

��H
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the current (H) and previous (HO)
crossings. This action takes back half of
the adjustment applied to the heater
setting between crossings. Figure 2
shows how a simulated TBH algorithm
forces rapid half-cycle convergence.

Successful applications of the TBH
algorithm range from precision tem-
perature control of miniaturized scien-
tific instrumentation to managing
HVAC (heating/ventilation/air-condi-
tioning) settings for crew rest areas in
Boeing’s 777 airliner. Experience with
TBH applications shows that, with a
reasonable choice for loop gain, F, the
algorithm exhibits robust stability.

In general, a TBH system’s natural
cycle time is proportional to the square
root of the ratio of the thermal time
constant to F. Based on both simula-
tions and experiments, a cycle time
that’s at least eight times longer than

designideas
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Figure 2 In this simulation, applying the “take-back-half” algorithm forces conver-
gence to the setpoint value in a single half-cycle.
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Figure 3 For safety, this version of a TBH heater controller features full isolation of the ac-line and control circuits.
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A previous Design Idea describes
an interesting and useful method

for using a moving-coil analog meter to
measure currents in the less-than-1A
range (Reference 1). The design offers
considerable flexibility in the choice of
meter-movement sensitivity and meas-
urement range and simplifies selection
of shunt resistors. Although the design
uses a bipolar meter-driver transistor,
under some circumstances, a MOSFET
transistor represents a better choice.
The original circuit comprises a volt-
age-controller current sink that meas-
ures the bipolar transistor’s emitter cur-
rent, but the transistor’s collector cur-
rent drives the analog meter. A bipo-
lar transistor’s emitter and collector cur-
rents, IE and IC, respectively, are not
identical because base current, IR, adds
to the emitter current.

You can express these current com-
ponents as IE�IC�IB and then as
IC�IE�IB. Whether base current
adversely affects the measurement
accuracy depends on the magnitude of
IB and the magnitude of the common-
emitter current gain, �, because base
current IB�IC/�. When � is greater
than 100, the base current’s contribu-

tion to emitter current is generally neg-
ligible. However, � is sometimes small-
er. For example, the general-purpose
BC182, an NPN silicon transistor, has
a low-current � of only 40 at room tem-
perature. If you were to use a 15-mA-
full-scale meter in the transistor’s col-
lector, full-scale base current IB at min-
imum � would amount to 0.375 mA.

Subtracting base current from collector
current introduces a 2.5% error.

But if you use a moving-coil meter
that requires 150 �A for full-scale
deflection, the measurement error
increases considerably because � de-
creases as collector current decreases.
For the BC182, reducing collector cur-
rent from a few milliamps to 200 �A,
current gain decreases � by a factor of
0.6 and adversely affects the meter
reading’s accuracy.

To solve the problem and improve the
circuit’s accuracy, you can replace the

the heater-sensor time delay ensures
convergence. Therefore, setting loop
gain F low always achieves conver-
gence, and the steady-state error,
TS�T, remains equal to zero.

Figure 3 shows a practical example
of a TBH controller that’s suitable for
managing large thermal loads. Ther-
mistor RT1 senses heater temperature.
The output of error-signal integrator
IC5A ramps negative when T�TS and
ramps positive when TS�T, producing
a control signal that’s applied to com-
parator IC5C, which in turn drives a
solid-state relay, IC3, which is rated for
10A loads.

Comparator IC5D and the reverse-
parallel diodes formed by the collec-
tor-base junctions of Q6 and Q7, and
the CMOS switches of IC1 perform
the TBH zero-crossing convergence
function.

In most temperature-control circuits,
it’s advantageous to apply a reasonably
linear feedforward term that represents
the actual ac voltage applied to the
heater; the need for complete galvan-
ic isolation between the control and
the power-handling circuits compli-
cates this requirement. In this example,
a linear isolation circuit comprising 
a PS2501-2 dual-LED/phototransistor

optoisolator (IC2A and IC2B) and op-
amp IC5B delivers feedback current to
C15 and IC5C that’s proportional to the
averaged ac heater current. As a bonus,
the feedback circuit provides partial
instantaneous compensation for ac-line
voltage fluctuations.EDN

R E F E R E N C E S
Williams, Jim, Linear Applications

Handbook, Linear Technology, 1990.
“Hybrid Digital-Analog Proportion-

al-Integral Temperature Controller,”
www.discovercircuits.com/C/
control3.htm.

MOSFET enhances low-current
measurements using moving-coil meter

designideas

�

Stefan Strózecki, Institute of Telecommunications ATR, Kaliskiego, Poland

Figure 1 This updated version of an earlier Design Idea uses a MOSFET to
drive an analog meter display, offering great flexibility in power-supply-current
measurement.
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Developed as a three-terminal
shunt regulator, the popular and

multiple-sourced TL431 IC offers de-
signers many intriguing possibilities
beyond its intended application. Inter-
nally, the TL431 comprises a precision
voltage reference, an operational amp-
lifier, and a shunt transistor (Figure
1a). In a typical voltage-regulator appli-
cation, adding two external resistors,
RA and RB, sets the shunt-regulated
output voltage at the lower end of load
resistor RS (Figure 1b).

In today’s power-supply market, cost
reduction drives most designs, as evi-
denced by Asian manufacturers that
have resorted to shaving pennies off
their power-supply products by using
single-sided pc boards. This Design Idea
shows how a three-terminal shunt reg-

ulator can replace a more expensive
conventional operational amplifier in
a power-converter design.

A switched-mode power supply uses
a galvanically isolated feedback portion
of a PWM circuit (Figure 2). In designs
that omit a voltage amplifier, a shunt
regulator can serve as an inexpensive
op amp. Resistors RI and R set the
power supply’s dc output voltage, and
optocoupler IC2 provides galvanic iso-
lation. Resistor R1 provides bias for the
optocoupler and the TL431, IC1.
Resistor R3 and zener diode D1 estab-
lish a fixed bias voltage to ensure that
bias resistor R1 does not form a feedback
path. Resistors R1 and R2 control the
gain across the optocoupler. In most
designs, the ratio of R2 to R1 is rough-
ly 10-to-1.

Components CP, CZ, and RZ provide
frequency compensation for the control
loop. The optocoupler includes a high-
frequency pole, fP, in its frequency
response, an item that most optocou-
plers’ data sheets omit. You can use a
network analyzer to determine the loca-
tion of the high-frequency pole or esti-
mate that the pole occurs at approxi-
mately 10 kHz. The following equation
describes the compensation network’s
small-signal transfer function:

Note that, under some circum-
stances, adding a bypass capacitor
across diode D1 may be necessary for
output-noise reduction.EDN

BC182 with an N-channel MOSFET,
such as the BSN254 (Figure 1).
Because a MOSFET draws no gate cur-
rent, its drain current, ID, equals its
source current, IS. When you select a
MOSFET for the circuit, note that the
device’s gate-source threshold voltage
should be as low as possible. For exam-
ple, the BSN254 has a room-temper-
ature gate-source threshold-voltage

range of 0.8 to 2V. The remainder of the
circuit design proceeds as in the original
Design Idea; that is, for a maximum volt-
age drop of 1V across R1, you calculate
RSENSE2 as follows: RSENSE2�(1V/IMETER),
where RSENSE is in ohms, 1V represents
the voltage drop across R1, and IMETER is
the full-scale meter reading in amps.
Note that a 1-k� resistor at R1 develops
10V/1A output across sense resistor

RSENSE1. In this application, 100 mA pro-
duces 0.1V across RSENSE1, and the volt-
age across R1 thus corresponds to 1V for
full-scale deflection of the meter.EDN

R E F E R E N C E
Bilke, Kevin, “Moving-coil meter

measures low-level currents,” EDN,
March 3, 2005, pg 72, www.edn.
com/article/CA505070.

Shunt regulator serves as inexpensive
op amp in power supplies

designideas

�

Michael O’Loughlin, Texas Instruments, Nashua, NH

Figure 1 Despite the block diagram, the TL431
is internally complex (a), but you need only three
external resistors to use the TL431 in a basic
shunt-regulator circuit (b).

Figure 2 A TL431 replaces a more expensive operational amplifier in
this power supply’s PWM feedback-regulator circuit.
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Unit features high-speed electron detection
The H8770 electron-detection unit incorporates a fast-decay phosphor and
highly sensitive compact PMT (photomultiplier tube). For design into semi-

conductor-inspection systems and scanning electron microscopes, the unit has a phos-
phor decay time of 2.3 nsec, a gain range of 1�102 to 1�106, a typical noise level of
20 mV, and a detectable input-electron energy range of 5 to 12 keV. Features include
a built-in PMT power supply, a high-voltage power supply, a voltage-divider circuit,
and a high-speed amplifier with a bandwidth of 150 MHz. The H8770 electron-detec-
tion unit costs $8768 (small quantities).
Hamamatsu Corp, www.hamamatsu.com

Noncontact rotary-
position sensor enables
custom output curve

Providing 360� absolute-angle
measurements, the noncontacting

RSC3700 rotary-sensor family features
12-bit resolution. Incorporating a micro-
processor en-
ables designers
to preprogram
a custom out-
put-character-
istic curve into
the sensor for specific applications. Pro-
duct specifications include �0.09� reso-

lution, �0.1% linearity, less than 0.15%
repeatability, and a 1-kHz sample rate.
The output interfaces include ranges of 4
to 20 mA, 0 to 10V, or 0.5 to 4.5V ana-
log and a digital PWM. The sensor refers
measurements to a mechanical index
point, allowing retention of position for
power failures.
Novotechnik, www.novotechnik.com

Sensor series measures
barometric pressure

The MS5534B series of piezoresis-
tive pressure sensors includes an

�

ADC-interface IC and six readable coef-
ficients for highly accurate software cali-
bration. The sensors communicate with
a microcontroller through a three-wire
interface. The sensor measures from 0 to
1100 mbar (0 to 110 kPa), has a temper-
ature range of �40 to �125�C, and has
a power-supply requirement of 2.2 to 3.6V.
In a 9�9-mm2 package, the MS5534B
costs $15 (1000).
Servoflo, www.servoflo.com

Programmable sensor-
interface IC targets 
automotive applications

Targeting use in resistive-bridge
sensors, including pressure trans-

ducers, strain gauges, and position sensors,
the MLX90320 calibrates the sensor out-
put by nulling the offset voltage and
applying the appropriate signal gain to
calibrate the output-voltage span
between 0 and 5V. An on-chip EEPROM
stores digital coefficients that determine
digital-calibration parameters. For accu-
rate calibration, both gain and offset have
coarse and fine DACs.
Melexis, www.melexis.com

Proximity sensor 
targets automatic 
plumbing fixtures

Able to detect the presence of
objects from a distance of 0.04 to

24 in. by means of a reflective sensor, the
OPB720 series optical-proximity sensor
features a synchronized infrared LED and
photosensor. It can switch from high
level with no reflection target to low
level with reflection. The series suits
automatic plumbing fixtures, using a dc
current of 50 mA with power dissipation
of 300 mW. Measuring 1.1�0.68�0.33
in., the OPB720 series costs $31.05
(1000).
Optek Inc, www.optekinc.com

�
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Sensor ICs have low
power consumption

Accuracy levels of the high-preci-
sion TSIC (temperature-sensor-

IC) family are �0.5, �0.3, and �0.1�C.
Power consumption for the sensors is 45
�A with a supply voltage of 2.973 to
5.5V. Packages include SOP-8 and TO-
92 compliant, measuring 1.6�1.5 mm.
ZMD America, www.zmda.com

Single-axis tilt sensor 
targets high-accuracy
applications

The single-axis output elec-
trolytic tilt sensor features a �30-

arc minimum-angle range, less than
0.05-arc/sec resolution, and less than
0.5-arc/sec null repeatability. Also re-
ferred to as a precision contact level, the
device has a hermetic glass-to-metal

construction with platinum electrodes,
suited for high-accuracy and linear-out-
put applications.
Fredericks Co, www.fredericks
com.com

productroundup
SENSORS & TRANSDUCERS

Reconfigurable 
processor adds DSP 
for wireless applications

The STW22000 multipurpose-mi-
crocontroller family now includes a

600-MHz, 16/32-bit dual-MAC (multiply-
accumulate)-unit DSP core. The device

comprises a 300-MHz ARM926EJ-S RISC
core, 16 Mbytes of embedded DRAM, and
an eFPGA (embedded field-programma-
ble-gate-array) block. The microcon-
troller also features an embedded, dedi-
cated convolutional decoder engine and a
set of embedded DSP-core developmental
tools for performance evaluation and on-

chip application-code development, de-
bugging, and integration in an ARM/DSP
environment, allowing multicore-devel-
opment and debugging. The STW22000
comes with a board-support package sup-
porting multiple OS implementations, as
well as additional software elements
available through the ST122 DSP core.

MICROPROCESSORS

�

�
�

ENABLE ON

VSET (3V)
ISET

RSET
CTRL
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The STW22000 costs $30.
STMicroelectronics, www.st.com

Multimedia processor 
has on-chip IPU

Based on the ARM11 platform, the
532-MHz i.MX31 and i.MX31L

high-performance multimedia processors
include power, security, and digital-rights
management; image-processing technol-
ogy; and a vector floating-point coproce-
ssor and L2 cache. Additional features in-
clude a 6�5 Smart Speed crossbar switch,
an on-chip IPU (image-processing unit)
delivering 30-frame/sec VGA-video
quality, a high-speed USB On the Go

port, a high-speed USB host, and a full-
speed USB host. Samples of the proces-
sors are now available.
Freescale Semiconductor, www.
freescale.com

Microcontroller families
are ROHS-compliant

The lead-free Versa microcon-
troller family includes the VRS1-

xxx series, the VRS5xx series, the VRS-
700, and the VRS900, all available in
PLCC-44, QFP-44, and DIP-40 packages.
The VRS1xxx series includes 64 or 128
kbytes of flash memory, 1 kbyte of RAM,
and in-system/in-application-program-
ming capabilities. The VRS5xx series
comes with 4, 8, 16, or 64 kbytes of flash
memory and 128 bytes, 256 bytes, 1 kbyte,
or 4 kbytes of RAM, and the VRS700
comes with 64 kbytes of flash and 4 kbytes
of RAM. The VRS900 mixed-signal unit
comes with 8 kbytes of flash; 256 bytes of
RAM; a four-channel, 8-bit ADC; and a
14-segment LCD driver. All the vendor’s
flash 8051-based microcontrollers comply
with ROHS (reduction-of-hazardous-
substances) standards.
Goal Semiconductor, www.goalsemi.
com

8-bit microcontroller 
has increased 
functions at low cost

Part of the 8-bit MC68HC08 Q
family, the MC908QB8 has a 10-

bit ADC; an ESCI (enhanced serial-com-
munications interface); an SPI (serial-
peripheral interface); and four program-
mable, 16-bit timer channels. Ad-
ditional features of the MC908QB8 in-
clude 8 kbytes of flash memory; an inter-
nal clock oscillator; 13 bidirectional I/O
lines; and SOIC-16-, TSSOP-16-, and
PDIP-16-package options. A compli-
mentary customized edition of Code
Warrior development studio for the MC-
908QB8 provides editing, compiling, and
debugging applications for programs as
large as 16 kbytes. The MC908QB8 costs
$1.48 (10,000).
Freescale Semiconductor, www.
freescale.com

�
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Tel: (718) 956-8900  • (800) 221-5510 • Fax: (718) 956-9040
Web: www.keyelco.com  • e-mail: kec@keyelco.com

ISO 9001 CERTIFIED MANUFACTURER

Keystone Makes 
The Difference

Keystone Makes 
The Difference

We Do It All…
• Progressive Dies • CNC Machining • Wire EDM
• Fourslides • Wireforming • CAD/CAM

• High Speed Blanking • In-die Tapping

Keystone is fully integrated to meet your total design and
production needs.  We manufacture precision stampings,
competitively priced, in metallic or non-metallic materials
for all industries, in short and long runs. Secondary opera-
tions include Tapping and Assembly. Finishing Services are
available. View our plant on the web!

®
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Imagine, a benchtop PCB milling machine 
that does everything your board house can 
do, and is as easy to use as your laser printer. 

Introducing the new ProtoMat S62, a robust
machine that will produce any of your circuit
ideas—even plated through holes—right 
at your side. Just send it any CAD/CAM file 
and this quiet device will produce a perfect 
prototype in minutes. 

• Affordable, entry-level price tag 

• The best milling speed, resolution, and
accuracy in the industry 

• Single-sided, double-sided, and multilayered
machining without hazardous chemicals

• Automatically changes tools, and doesn’t
require a compressed air supply

• Optional vacuum table and front-to-back
alignment camera

See a free Webcast anytime at 
www.lpkfusa.com

LPKF ProtoMat® S62

North America 1-800-345-LPKF Toll Free 
UK & Ireland +44-1344-455046 
Germany +49-5131-7095-0 
France +33-1-60 86 16 23 
AUS & NZ +61-2-9793-9542 
Israel +972-3-9025555

Unless you’re looking for plated through-holes—then you’re in luck
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Call: 972-272-9392 sales@tech-tools.com

www.tech-tools.com

100 MHz
18 Channels

See Our Other
Embedded

Development Tools!
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• Package Converters SOIC/DIP,
BGA/QFP, More

• 10 GHz Bandwidth BGA and MLF
Sockets up to 35W

• Adapters for probing/test/prototype/
programming

• Fast-Turn Complex Custom Adapters
• High Volume Production Adapters-BGA,

QFP
• SMT Package Emulation/Interconnect
Tel: (800) 404-0204 • Fax: (651) 452-8400
www.ironwoodelectronics.com
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ANTARIS
ANTARIS®4 is the new GPS
engine that enables USB con-
nectivity, lower power and
smaller sizes while providing
exceptionally high sensitivity. 

4 size
40% reduced module size

4 efficency
40% less power consumption

4 connectivity
USB port

4 cost-optimization
New chip packaging options

www.u-blox.com

GPS4

Move 4ward

your position is our focus
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Bluetooth’s developers began work on the technology in 1995. They intended that
Bluetooth become a replacement for short-distance, moderate-bandwidth links, such as

between PCs and peripherals or music players and headsets. When the Bluetooth SIG (Special
Interest Group) formed in 1998, major industry players Ericsson, IBM, Intel, Nokia, Toshiba,
Microsoft, and Motorola joined the effort, culminating in the emergence in 1999 of Version 1.0A of
the specification. Promoters and analysts expected fast adoption and quick, wide availability of end
products. Although the first retail products did appear in 2001, their emergence was just a trickle,
due to revisions in the specification; interoperability, security, and verification issues; challenges in
developing the requisite ICs; complexity of the protocol and stack; and end-user unfamiliarity.

However, by the summer of 2004, shipments of Bluetooth chip sets reached 3 million per week,
up from 2 million just a few months earlier, and, by mid-2005, they reached 5 million per week,
corresponding to an estimated IC revenue of $1 billion for the year. Analysts say that most
Bluetooth applications are for wireless headsets in mobile phones, other portable devices, and
automotive applications. The Bluetooth SIG now has more than 3400 members; chip-set prices
have dropped to approximately $5.—by Bill Schweber

Bluetooth ramps slowly, then soars
�

YESTERDAY’S HYPE MEETS TODAY’S REALITY

realitycheck

STATS 3 million/week shipments by mid-2004 / 5 million/week by mid-2005 / SIG has 3400 members
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