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Amplifiers Use TI’s New 36V Bipolar SiGe Process

High Performance. Analog.Texas Instruments.

Ultimate Precision.
Low Power. Small Size.

For datasheets and samples, visit 
www.ti.com/opa211

OPA211

Amplifier

OPA827

Amplifier

The new OPA211 and OPA827 precision amplifiers from Texas Instruments offer lower power,
smaller package size and lower noise, enabling breakthrough performance in test and measurement,
instrumentation, imaging, medical, audio and industrial process control applications. The amplifiers
were developed using the industry’s first complementary bipolar 36V SiGe process, BiCom3HV.

Device Input VN VOS GBW IQ VS Package

OPA211 Bipolar 1nV/  Hz 100µV 80MHz 3.6mA ±18V MSOP-8

OPA827 JFET 4.5nV/ Hz 250µV 18MHz 4.5mA ±18V MSOP-8
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Check out Atmel’s security solutions today at www.atmel.com/ad/securitysolutions

Everywhere You Are®

Secure Memory and Microcontrollers for Smart Cards Smart Card Reader ICs

Biometrics Trusted Platform Module IC Embedded Security RF Identifi cation

When it comes to thwarting 21st 
century evildoers, nobody has 
more industry-proven secure 
IC solutions than Atmel®.

 With a broad portfolio of biometric 
sensors, embedded security chips, RF 
identifi cation chips, secure microcontrollers 
and secure memories for smart cards, 
and RFID/card readers, Atmel has 
the expertise and fl exibility to provide 
customer-driven solutions for security in an 
unsecured world. 

 And, when it comes to measuring why 
we’re good, don’t just take our word for it. 
Our secure microcontroller product portfolio 
meets the stringent needs of the security 
market with some of the highest security 
certifi cations in the industry, including 
Common Criteria EAL4+/EAL5+, FIPS-140-
2 Level 3 and 4, ZKA, Visa® International and 
MasterCard CAST approvals.
 So, when your next project calls for 
security, think Atmel. We’re Everywhere You 
Are®… securely.

Ancient Methods of Protection Will Only 
Take You So Far.
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Slot Card N + 1
M-LVDS Tranceivers
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80Ω RTCLK1A (8 KHz)

CLK1B (8 KHz)

CLK2A (19.44 MHz)

CLK2A (19.44 MHz)

CLK3A (User defined up to 100 MHz)

CLK3B (User defined up to 100 MHz)

ATCA Backplane

Slot card N
M-LVDS Tranceivers

Boost Your Noise Margin with M-LVDS

Features
• Increases noise margin with controlled edges 

and constant VOD

• Controlled edges (2 ns typical) minimize 
backplane reflections and ringing

• Intelligent driver maintains constant output 
voltage keeping noise margins high

Drive as Many as 32 Loads with the DS91C176 Multipoint LVDS Transceiver and
DS91C180 Full Duplex Transceiver

© National Semiconductor Corporation, 2006. National Semiconductor and     are registered trademarks of National Semiconductor Corporation. All rights reserved.

For FREE samples, datasheets, and more information 
on the DS91C176/180, contact us today at:

lvds.national.com

Or call 1-800-272-9959

Ideal for use in all multi-drop backplanes, servers, 
basestations, storage, routers, cable driving, test and 
measurement, Advanced Telecom Computing
Architecture (ATCA) platforms, and LXI instrumentation
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87  Simple circuit allows long PWM soft starts

88  Open-door alarm prevents accidental defrosts

90  LED drivers minimize power dissipation

�   Send your Design Ideas to edndesignideas@reedbusiness.com.
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D E S I G N I D E A S

Designing 
instrumentation 
circuitry with 
rms/dc converters

57RMS converters rectify 
average results. 

by Jim Williams, 
Linear Technology Corp

Evaluating IP 
with the four Cs:
compare, consider, 
collect, and calculate

46 Finding quality IP 
is one of the big-
gest headaches in 

IC design. Fortunately, there are a 
few resources as well as tips and 
tricks to help designers home in 
on the best choice. Consider the 
four Cs: Compare many cores, 
consider vendor size, collect refer-
ences, and calculate risks. 
by Michael Santarini, Senior Editor

Maximizing EOS and 
ESD immunity 
in high-performance 
serial buses

77Protecting products 
from electrostatic haz-
ards may seem to 

involve black magic, but it doesn’t. 
A layered strategy of defending 
against the hazards maximizes 
products’ immunity and minimizes 
the impact on part costs and 
project schedules. 

by Burke Henehan, 
Texas Instruments Inc

2.01.07
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EDN’s 2006 
Innovation finalists: 
It’s show time!

41The paparazzi are on 
standby. The nominees 
are excited. The bal-

lot is ready. Who will win recogni-
tion for outstanding innovation in 
EDN’s 17th annual program hon-
oring engineering excellence? You 
decide.

contents
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www.ti.com/tmp275 800.477.8924, ext. 3592

Updated!
Amplifier and Data Converter 

Selection Guide

Samples and Datasheets

Featuring the industry’s best combination of ultra-high accuracy (0.5°C max) and ultra-
low power consumption (85µA max), the TMP275 makes precise temperature
measurements easy. It eliminates the need for signal conditioning and calibration often
found in discrete solutions. The TMP275 is also hardware- and software-compatible with
industry-standard devices like the TMP75, making it an easy performance upgrade.

±0.5°C Max Digital Temp Sensor

Accuracy Supply Price
Device Description Interface (°C) (max) Voltage (V) Pkg(s) (1k*)
TMP275 Ultra-High Accuracy, 2-wire ±0.5 2.7 to 5.5 MSOP, $1.25

Fully Programmable SOIC
TMP75 Industry Standard 2-wire ±2 2.7 to 5.5 MSOP, $0.70

SOIC
TMP175 27 Addresses 2-wire ±1.5 2.7 to 5.5 MSOP, $0.85

SOIC
TMP105/ World’s smallest 2-wire ±2 2.7 to 5.5 WCSP $0.85
TMP106 1mm x 1.5mm x 0.6mm
TMP100/ Programmable Thermostat/ 2-wire ±2 2.7 to 5.5 SOT-23 $0.80
TMP101 Alarm
TMP121/ Fully Programmable Resolution SPI ±1.5 2.7 to 5.5 SOT-23 $0.99
TMP122 and Thresholds
*Suggested retail price.
New products are listed in bold red.

TEMPERATURE SENSORS

Technology for Innovators and the red/black banner are trademarks of Texas Instruments.  1700A0 © 2007 TI

Applications

– Servers

– Notebook/desktop PC

– Base stations 

– HDTV

– Environmental 

monitoring/HVAC

Features

– Accuracy: ±0.5°C (max)

– Digital output: 2-wire 

serial interface

– 8 Addresses 

– Resolution: 9- to 12-bit,

user selectable

– Quiescent current: 50µA typ;

standby: 0.1µA

– Supply range: 2.7V to 5.5V

– Package: MSOP-8, SOIC-8

– Price: $1.25 in 1k units

TMP275
MSP430
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Visit www.lecroy.com  Keyword “ToolsMatter”
1-800-5-LeCroy

From the world’s most powerful oscilloscopes to the most widely used serial data 
protocol analyzers in the industry, LeCroy products are all about the tools.

Now the LeCroy toolbox is more powerful than ever in oscilloscopes you
didn’t know you could afford.  From 200 MHz to 2 GHz, LeCroy scopes offer
more analysis and debug tools than anyone else at prices from $3,000.  
So what are you waiting for?  Find the right tool for your design debug
job at LeCroy.  We’re all about the tools.
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Unclear prospects for hybrid, 
solid-state hard disks
Is the time finally right for flash-augmented 
hard-disk drives? What about fully solid-
state storage?
➔ www.edn.com/article/CA6405065

Characterization tool aids 
SSTA-library creation
To account for process variation while 
eking out the best mix of performance, 
power, and yield from new digital-IC-design 
processes, the IC-design industry is now 
moving from STA (static-timing-analysis) 
tools to SSTA (statistical-STA) tools.
➔ www.edn.com/article/CA6407294

A tug-o’-war over 
home-network topology
Three datapoints bound to impact the 
shape of the home-entertainment network: 
Windows Home Server, Media Center 
Extenders, Viiv, and more.
➔ www.edn.com/article/CA6406930

Cameras in hand: Image quality takes 
on new meaning for chip architects
As higher pixel counts provide diminishing 
returns in terms of image quality, process-
ing and architecture take on more impor-
tance in stand-alone cameras, cell-phone 
cameras, and video cameras.
➔ www.edn.com/article/CA6407336

Blue-laser wars
Third-party olive branches don’t (at least 
yet) stanch the bloody flow of words 
and widgets.
➔ www.edn.com/article/CA6405883

ONLINE ONLY READERS’ CHOICE ALL-TIME GREAT DESIGN IDEA

Dropped call: breaking down 
a broken cell phone
➔ www.edn.com/article/CA6339254

Timing is everything in SOC design
➔ www.edn.com/article/CA6402886

Software tests products’ compliance 
with eight popular, high-speed serial 
protocols
➔ www.edn.com/article/CA6397979

Cutting the carbon-energy cord: 
Is the answer blowin’ in the wind?
➔ www.edn.com/article/CA6399098

The Hot 100 products of 2006
➔ www.edn.com/article/CA6399100

Circulating currents: 
The warnings are out
➔ www.edn.com/article/CA6372822

Five questions about resistors
➔ www.edn.com/article/CA6372835

MP3 disassembly: 
tech for thrifty tune-toters
➔ www.edn.com/article/CA6347256

Hidden schematic: Ground is a good 
place to grow potatoes and carrots
➔ www.edn.com/article/CA6335295

A selection of recent articles receiving 
high traffic on www.edn.com.

online contents
www.edn.com

We regularly get requests for copies of 
articles that predate our online archive 
(www.edn.com/archive), which contains 
everything from 1994 to the present. But 
a 1986 Design Idea, “Use dual op amp in 
an instrumentation amp,” has always gener-
ated more requests than normal. We aren’t 
sure how readers know about this Design 
Idea, but its enduring popularity recently led 
us to publish it again, and it’s now available 
online at this address:
➔ www.edn.com/article/CA6406733

THE TOP 10 ARTICLES OF 2006
EDN’s Microprocessor Directory tops 
the list of your favorite articles of 2006, 
but blue-laser DVDs, circulating currents, 
ground bounce, Mathcad, hazardous volt-
ages, and CMOS inverters also make ap-
pearances. See the complete list, plus a list 
of the most popular archived articles:
➔ www.edn.com/article/CA6406707

TICKETS ON SALE NOW!
Tickets for EDN ’s annual Innovation 
Awards banquet are now on sale. The 
event will take place April 2, 2007, in San 
Jose, CA. Visit www.edn.com/innovation 
for more details and to order your tickets 
today. Order before February 2 and receive 
the special early-bird ticket price. 

Check out these Web-exclusive articles:
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The long-awaited Apple iPhone fi-
nally arrived, but fans will have to wait 
until summer to buy the iTunes-com-
patible phones from Cingular. I real-
ize that the delay may have more to 
do with Cingular than with Apple, but 
that’s the point. In a converged world, 
Jobs must learn, and perhaps he has, 
that he can’t call all the shots. Unless 
Apple builds out its own cellular net-
work, the company will be at the mer-
cy of the carriers that move excruciat-
ingly slowly at qualifying new devic-
es. Rightfully, the carriers are terribly 
afraid of customer-support issues and 
product returns.

The iPhone itself looks well-de-
signed from the user-interface perspec-
tive. Of course, users of products such 
as the Treo have been using a touch-
sensitive display for some time, and 
Jobs clearly overhyped the innova-
tions in the user interface. But I expect 
the iPhone will generally offer among 
the best user interfaces.

But my questions on the design of 
the phone start with the features of 
the baseband and radio. Cingular al-
ready offers a number of UMTS-capa-
ble phones, including the HTC 8525, 
which also features a screen to match 
the iPhone as well as a full keyboard. 
At launch, the iPhone will support on-

ly the slower EDGE (enhanced-data-
for-GSM-environment) network. The 
HTC weighs a couple of ounces more 
than the iPhone but is more capable 
and available now. It matches the Wi-
Fi offering of the iPhone and really 
comes up lacking only in iTunes sup-
port—and that matters only if you’ve 
bought a library of iTunes content.

Who made the decision to launch 
the iPhone with only EDGE sup-
port? Why didn’t Apple announce the 
phone earlier if it was an EDGE de-
vice? Does Apple bluster about voice 
messages even matter with the rel-
atively slow EDGE network? With-
out question, the dynamics of work-
ing with a partner aren’t among Ap-
ple’s strengths.

Apple performed only slightly bet-
ter with the Apple TV announce-
ment. Again, eager fans will wait, al-
though perhaps only a month, to buy 

the product. When Apple hinted at 
the product last summer, my guess was 
that the ability to stream video would 
be the obstacle to it. But Apple looks 
ready to launch with support for the 
legacy 802.11g Wi-Fi network and to 
offer prestandard 802.11n capabilities.

I’m still not sure whether Wi-Fi is 
suitable for home-video distribution. 
I’m researching that topic, yet again, 
for an update on home-video net-
works due next month. The Apple TV 
product does have characteristics that 
may not stress the video network. The 
content, presumably coming most-
ly from iTunes, is relatively low-reso-
lution and, therefore, not bandwidth-
intense. Moreover, the Apple TV ap-
plication can buffer content to accom-
modate fading in the 802.11 signal.

I’m sure Jobs will boast of being the 
first to solve the home-video-distribu-
tion problem, just as he takes credit for 
the compressed-digital-music revolu-
tion. Again, he will have stretched the 
truth. Apple TV doesn’t approach the 
level of the problem that carriers face 
in trying to deliver high-definition-
video streams around a home with no 
buffering or latency.

What I hope I’m seeing with the lat-
est from Macworld Expo is an Apple 
that will be forced to embrace more 
open standards. The lessons the com-
pany is learning in the handset busi-
ness will surely hit home. Despite Jobs 
boasts to the contrary, it looks like 
iTunes music sales are stalling. The 
same will happen with video. On the 
other hand, a more open approach 
to the Apple codec and digital-rights 
management might ultimately serve 
the company much better than the 
current stance that limits content to 
Apple hardware.EDN

BY MAURY WRIGHT, EDITOR IN CHIEF

Has Jobs lost his magic?

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

 I
mmediate product availability has been the most impressive aspect 
of Apple’s performance in its resurgence this decade. When Steve 
Jobs demonstrated a product such as the Mac mini at Macworld Expo 
(www.macworldexpo.com), eager Apple fans would be able to buy 
the toy the next day. And generally, Apple has amazingly kept details 
of upcoming products a secret from the bulk of the industry. But judg-

ing by the announcements at last month’s Macworld Expo in San Fran-
cisco, Jobs and Apple are struggling a bit in the increasingly converged 
world in which partners really matter.

Jobs and Apple are 
struggling a bit in 
the increasingly 
converged world 
in which partners 
really matter.

MORE   AT EDN.COM

      Go to www.edn.com/070201ed 
and click on Feedback Loop to post a 
comment on this column.

+

Contact me at mgwright@edn.com.
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Our SPM series includes solutions for consumer and
industrial inverter designs, as well as options for
switched reluctance and PFC. 

If you prefer to build your own drive with discrete
components, all the building blocks inside our
SPM, including IGBTs, HVICs and MOSFETs are
also available for your motion power path.

If energy and cost savings are your problem, 
Fairchild has your solution.

Energy-saving inverter designs:
50% less cost, size and time.

problem solved

For more motor design information, including 
online design tools and application notes, visit
www.fairchildsemi.com/motor.

Fairchild offers online motor design tools.

Integrated power modules simplify your designs

Smart Power Modules (SPM™) are just what you need to 
dramatically improve the performance/cost ratio of variable
speed designs. Available for motor ratings from 50W to
7.5kW, every SPM includes:

• An integrated drive and protection solution built with our 
leading power components

• Fairchild’s combined power and motion design expertise

• Best-in-class packaging technology that reduces board 
space while providing excellent thermal performance

SPM
Series

Motor
Ratings Description

Motion-SPM 50W to 7.5kW 3-phase IGBT or MOSFET inverter

SRM-SPM 2kW Single-phase asymmetric bridge

PFC-SPM
1kW to 3kW Partial switching converter module

3kW to 6kW Power Factor Correction (PFC) module

www.fairchildsemi.com
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Design with CMOS Image Sensors and 
Memory Devices from Micron®, Your 
Partner in Automotive Innovation.

So how, exactly, did our experts become experts? By never, 
ever being satisfied with the first answer—no matter what 
it is. By always working tirelessly to find in every idea 
the intersection points between challenge and solution. 
And by never being afraid to expose their ideas to 
rigorous testing. That’s why teams of our experts raced 
Micron-equipped cars in the Baja 1000: to prove their 
CMOS image sensor and NAND Flash memory technology 
was rugged enough to survive anything—be it the 
grueling Baja road race or your most daring innovations.

To download the Micron automotive guide, or to see
the car the Micron team raced in the Baja 1000, visit
baja.micron.com.
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Micron CMOS image sensors and
memory devices offer the dynamic, 
leading-edge features you need to 
make your most ambitious designs 
a reality:

Extended Temperature Range—
Up to 105 Degrees Celsius

High Dynamic Range

Global Shutter

Low-Light Sensitivity 

Near-IR Capability

Shock Resistance

For more information on how partnering
with Micron can help you get from the
back of the napkin to the end of the
production line, visit baja.micron.com.

baja.micron.com
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Expanding the fl ex-
ibility of its popular 
eZ430 stick-based 

development and emula-
tion tool, Texas Instruments 
recently announced two 
target boards to sup-
port low-power industrial, 
medical, and consumer 
applications, including 
metering, portable instru-
mentation, and intelligent 
sensing.

The $20, self-powered 
eZ430 connects to a standard PC USB port 
and requires no extra cables or power supplies. 
The eZ430 tool includes a free IAR (www.iar.
com) Kick Start Embedded Workbench IDE 
(integrated development environment) con-
taining a debugger, an assembler, and a C 
compiler. The USB stick contains an emula-
tion-interface board and an easily removable 
MSP430F2013 board that you can replace 

with the new target boards. 
At $10 for a pack of three 
identical target boards, the 
new T2012 features the ultra-
low-power MSP430F2012 
microcontroller, which inte-
grates a high-performance, 
200k-sample/sec, 10-bit 
ADC.

Another eZ430 target 
board, the MSP-Mojo from 
Quickfi lter Technologies, fea-
tures a 512-tap, embedded, 
single-channel precision digi-

tal-fi lter chip for precision digital-fi ltering appli-
cations, including vibration monitoring, audio 
fi ltering, and medical-patient monitoring. The 
MSP-Mojo target board is available through 
authorized distributors for $39.95.

—by Warren Webb
�Texas Instruments, www.ti.com/ez430.
�Quickfilter Technologies, www.quick
fi ltertech.com.

Green Hills Software has upgraded its �-velosity RTOS (real-time 
operating system) to include support for a PC-compatible fi le sys-
tem, a wear-leveling and fault-tolerant fl ash-device manager, a 
USB 1.1- and 2.0-device-class framework, and the GHNet TCP/
IP (Transfer Control Protocol/Internet Protocol) networking suite. 
The �-File fi le system supports MS/DOS and fl ash-fi le formats, 
and developers can access it through standardized interfaces, 
such as POSIX (Portable Operating System Interface), C-stan-
dard I/O, and C��-I/O streams.

The �-USB-device management includes a framework and 
API for managing device connectivity for a variety of device types, 
including mass-storage products, such as USB-memory sticks. 

The GHNet TCP/IP-networking suite includes protocol support 
for TCP, UDP (User Datagram Protocol), and SNMP (Simple 
Network Management Protocol).

Version 2.2 of the RTOS can fi t into a ROM footprint as small as 
1600 bytes and a RAM footprint as small as 1 kbyte. Its boot time 
is less than 1500 cycles, and it supports service-call times as low 
as 30 cycles. The �-velosity API is upward-compatible with Green 
Hills’ Integrity RTOS as an upgrade path. Version 2.2 of �-velos-
ity is now available, and it supports the ARM, Power Architecture, 
ColdFire, MIPS, and Blackfi n processor families. Prices for royalty-
free licenses start at $9500.—by Robert Cravotta
�Green Hills Software, www.ghs.com.

Target boards extend 
USB-development tool

EDITED BY FRAN GRANVILLE

RTOS upgrade adds USB 1.1 and 2.0 support

“‘Energy harvest-
ers’ and other 
types of relatively 
‘exotic’ alterna-
tive-energy sourc-
es could greatly 
benefit from using 
supercapacitors 
as intermediate 
energy storage. ... 
The bottom line: It 
is absolutely clear 
to me that super-
capacitors are 
going to revolu-
tionize the elec-
tronics and power 
industries ... in the 
very near future.”
—Alexander Bell, in EDN’s Feed-
back Loop, at www.edn.com/
article/CA6399099. Add your 
comments.

FEEDBACK LOOP

INNOVATIONS & INNOVATORS

The T2012 target board from Texas 
Instruments extends the eZ430 
USB-stick development tool to 
include the MSP430F2012 ultralow-
power microcontroller.
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Denali Software Inc is 
expanding its imple-
mentation-IP (intel-

lectual-property) portfolio with 
the recent introduction of a 
new controller core for MLC 
(multilevel-cell) and SLC (sin-
gle-level-cell) NAND devices. 

Over the years, Denali has built 
a solid reputation by offering 
memory models, a type of ver-
ifi cation IP, but the company 
a few years ago also started 
building a portfolio of imple-
mentation IP in what it calls its 
Databahn. In the memory mar-

ket, the company has to date 
offered a PCI Express core, a 
DDR-DRAM-controller core, 
and a NAND-controller core 
for SOCs (systems on chips) 
controlling Samsung’s (www.
samsung.com) OneNAND hy-
brid NAND.
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MLC and SLC NAND-controller core, 
development software emerge

DILBERT By Scott Adams 

National Semiconductor’s new 6 to 42V LM25574/5/6 and 6 to 75V LM5574/5/6 series 
of Simple Switcher voltage regulators output 0.5, 1.5, and 3A. The new parts operate 
at 50 kHz to 1 MHz. Unlike competitors’ switchers, derating below 1 MHz occurs only 
with step-down ratios beyond 36 to 2V. The Simple Switchers also use a novel method 
to emulate the current in the inductor without inserting an efficiency-robbing sense re-
sistor or using the dc resistance of the inductor, which varies from design to design, 
from part to part, and over temperature. ECM (emulated-current mode) senses the 
current in the freewheeling diode during the leisurely off-time period, providing bet-
ter transient response. This clever feature is one of the reasons the new line of parts 
needs 16 or 20 pins, rather than five, as its predecessor had. The anode of the free-
wheeling diode connects to the part, so the part can measure the diode current with 
an accurate and simple low-side sense circuit.

Using the Simple Switchers and National Semiconductor’s Webench online-design 
tool, you can optimize designs for operating frequency, efficiency, soft-start time, board 
size, and transient response. The designer needs only to enter the required parame-
ters, and the Webench tool calculates a BOM (bill of materials), runs a Spice simula-
tion, and does a thermal analysis of the 
design. Webench now has a large, intui-
tive knob that lets designers choose be-
tween efficiency and board size. 

The 0.5 and 1.5A parts come in 
TSSOP-16 packages, and the 3A parts 
come in TSSOP-16 packages. Pric-
es ranges from $1.35 to $2.90 (1000). 
Demo boards and Built-It boards for 
Webench are available.—by Paul Rako
�National Semiconductor, www.national.
com.

VOLTAGE REGULATORS EMPLOY ECM

Now, the company is add-
ing its Databahn NAND-fl ash 
controller to the Databahn 
portfolio. This controller core, 
says Raj Singh, Denali’s direc-
tor of business development, 
targets controlling a broader 
range of NAND devices in a 
variety of architectures, includ-
ing XIP (execute in place), 
shadow, and store and down-
load. Singh notes that De-
nali is providing not just the 
RTL (register-transfer-level) 
core, which has fewer than 
100,000 gates, but also the 
Spectra NAND-flash-man-
agement software. 

The Spectra software allows 
users to adjust the controller 
to control specifi c NAND ar-
chitectures and includes opti-
mal-wear-leveling algorithms, 
power-loss recovery, and bad-
block management. The Spec-
tra tools also include multibit-
ECC (error-correction-code) 
algorithms that allow users to 
program 8-bit ECC into de-
vices. Today, only systems re-
quiring the highest levels of 
security and reliability call for 
8-bit ECC. Singh notes that, 
as the industry moves toward 
full boot-from-NAND archi-
tectures, thus eliminating the 
need for NOR devices, de-
signers will most likely need to 
use more ECC in their designs. 
This ECC stops both write and 
read errors in NAND devices, 
which are inherently less reli-
able but ultimately less expen-
sive than NOR devices.

The ECC features also al-
low users to ensure that their 
SOCs can work with MLC and 
SLC NAND devices. Denali 
offers several licensing op-
tions for the core, including 
one-time licenses and multi-
ple-year subscriptions to roy-
alty-based licenses.

—by Michael Santarini
�Denali Software Inc, 
www.denali.com.

The new Simple Switchers operate at 50 kHz to 
1 MHz.
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Matsushita, which most 
people know better 
by its brand name, 

Panasonic, recently announced 
an advancement in lithium-ion 
cells that the company claims 
will make lithium-ion-battery 
packs safer and will slightly 
increase energy density, or the 
battery’s capacity for power. 
These features are important 
for lithium-ion-battery packs, 
which commonly fi nd use in 
laptops, cell phones, and other 
digital products.

The lithium-ion 18650 cell, 
which gets its name from its 
dimensions of approximately 
18 mm in diameter by 65 mm 
long, has been around for 
about 15 years. During that 
time, the cell’s capacity has 
increased from about 1.2 Ahr 
in the early ’90s to the 2.9 Ahr 
of Panasonic’s new cells.

According to Rory Pynen-
burg, PhD, applications-engi-
neering manager at lithium-bat-
tery-pack-design house Micro 
Power (www.micro-power.
com), battery manufacturers 
have been cramming more 
battery-active materials into 
the same cell dimensions. To 
achieve that task, they’ve had 
to compromise the thickness 
of the separator layer between 
the anode and the cathode. 
The separators are polyolefi n, 
typically a polyethylene with 
about 40% void volume. “The 

downside of using polyeth-
ylene is that, at about 93 to 
98�C, the separator softens, 
and it can allow penetration 
by contaminants, leading to a 
short,” says Pynenburg. “In pure 
polyethylene, it will start off 
with a pinhole penetration and 
then rapidly widen out, increas-
ing the anode-to-cathode con-
tact area, and you end up in a 
thermal-runaway situation.” In 
layman’s terms, this “situation” 
translates to a fi re.

But the need for greater 
energy density in lithium-ion 
batteries only increased during 
the ’90s. When cell manufac-
turers increased the thickness 
of the battery-active materi-
als and, thus, the cell’s energy 
density, the trade-off was to 
make that separator thinner, 
going from a 25-micron to a 
20-micron separator, with the 
corresponding increase in the 
probability of a thermal-run-
away event.

In retrospect, it seems inevi-
table that Sony (www.sony.com) 
would be the manufacturer to 
experience the massive battery 
recalls—not because of any 
quality problems, but because 
its dominant position as the 
major supplier in the battery-
cell market allowed the num-
bers to catch up to it. When you 
manufacture millions of cells, a 
failure rate of one in 200,000 
becomes signifi cant.

 According to Pynenburg, 
Panasonic’s improvement was 
the introduction of ceramic 
material, a metal oxide, that 
goes between the separator 
and the electrodes—the anode 
and cathode. “It’s shrouded in 
a bit of mystery as to whether 
[Panasonic is] coating it onto 
the electrodes or onto the sep-
arator,” he says. “But the metal 
oxide does greatly increase the 
thermal stability, so that if there 
is a penetration through the 
separator, it stops there, and 
you don’t get the thermal-run-
away situation.” The polymeric 
separator is still present, but 
Panasonic has added a heat-
resistant layer.

 Pynenburg believes that the 
technology will be valuable to 
Panasonic and its customers. 
Again, because of the relatively 
low defect rates, the advan-
tages of the new technology 
will probably be invisible to 
most of Panasonic’s custom-
ers, but, as Pynenburg says, 
“When its needed, it’s going to 
be a nice parachute to have.”

—by Margery Conner
�Panasonic, http://pana
sonic.net.
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It’s going to 
be a nice 

parachute to 
have.

Most EEs work comfort-
ably with electronic CAD/
CAE tools and don’t need 
to venture into mechanical 
design. However, if you 
work with electromechani-
cal devices, you may need 
to gain familiarity with me-
chanical-CAD tools, too. 
Introduction to AutoCAD 
2007: 2D and 3D Design 
(Newnes/Elsevier ISBN 
0-7506-8154-3, 2007) by 
Alf Yarwood provides 
step-by-step instruc-
tion for using AutoCAD 
2007. The book’s gener-
ous use of full-color 

figures makes it easy 
to follow the exercises. 
Unlike some step-by-
step books, this one 
discusses menu options 
in addition to those you 
are using in the exercise, 
so that you can leave the 
path that the exercise 
provides. This approach 
makes the text useful as 
a reference, too, and es-
pecially handy for those 
of you who might not 
regularly use mechani-
cal-CAD tools. The 346-
pg, $39.95 book gives 
equal time to both 2- and 
3-D design.

—by Margery Conner
�Newnes/Elsevier, www.
newnespress.com.

WHEN 
ELECTRONIC 
DESIGN ISN’T 
ENOUGH

02
.0

1.
07Lithium-ion advancement improves 

safety and energy density

CATHODE
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HEAT-RESISTANT LAYER

CATHODE

SEPARATOR

ANODE

Panasonic has added a heat-resistant layer to a lithium-ion cell (left), which conventional batteries 
(right) lack.
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The technology of print-
ing organic transistors 
onto a fl exible substrate 

to create plastic circuits has 
existed for some time now and 
has found applications in the 
few instances in which fl ex-
ibility is mandatory but speed, 

density, and energy effi ciency 
are not important. The limiting 
factor in all these dimensions 
has been the organic-semi-
conducting material itself; all 
of the previously explored ma-
terials, although fl exible and 
compatible with simple offset, 
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New direction may 
be breakthrough for 
flexible electronics

A flexible substrate carrying 
arrays of monocrystalline transis-
tors wraps around a glass vial.

BY RON WILSON

    RESEARCH UPDATE

RESEARCHERS INCH FORWARD ON PHASE-CHANGE MEMORY

02
.0

1.
07

ink-jet, or laser printing, have 
low carrier mobility.

However, researchers at 
Stanford University and the 
University of California—Los 
Angeles have conducted a se-
ries of experiments that may 
constitute a breakthrough 
(Reference 1). Instead of 
printing an organic semicon-
ductor directly onto the sub-
strate in an amorphous state, 
the new technique uses a pat-
terned polymer stamp to print 
a crystal growth agent, OTS 
(octadecyltriethoxysilane), on-
to the desired transistor sites. 
The technique then introduces 
a vapor containing the intend-
ed organic-semiconductor ma-
terial, and single-crystal struc-
tures grow where the growth 
agent is present.

Researchers have demon-
strated monocrystalline tran-

sistors of rubrene and Bucky-
balls. The devices exhibit the 
high-carrier-mobility charac-
teristic of single-crystal tran-
sistors and, hence, acceptable 
performance for many applica-
tions. Researchers have built 
devices with dimensions of mi-
crons, and experiments have 
shown that repeated fl exing 
does not impair the transistors’ 
electrical characteristics. Now, 
the researchers are turning 
their attention to controlling the 
orientation of the crystal that 
forms on the growth agent and 
improving the electrical contact 
between the crystal and previ-
ously printed metal electrodes.
� Stanford University, 
www.stanford.edu.
� University of California—
Los Angeles, www.ucla.edu.

R E FE R E N CE
Briseno, Alejandro L, et 

al, “Patterning organic sin-
gle-crystal transistor arrays,” 
Nature, Dec 14, 2006.

Two reports at the International Electron Devices 
Meeting last December indicated gradual progress on 
the considerable challenges of making phase-change 
memory into viable products. One, from Hitachi and 
Renesas, involves containing heat in the phase-change 
film long enough to effect the phase change. The other, 
from IBM (www.ibm.com), Qimonda (www.qimonda.
com), and Macronix (www.macronix.com), describes 
fabrication of working phase-change memory cells small 
enough for use at the 20-nm-process node and consider-
ably faster in switching than today’s flash-memory cells.

The Hitachi work addresses a problem that a previ-
ous breakthrough created. Last year, the two companies 
demonstrated a germanium-antimony-tellurium film that 
showed significantly reduced current requirements for 
changing phase. But the heat that these low currents 
generated easily escaped through the contact into the 
sense transistor before the phase change completed. 
So, this year, the two companies reported on successful 
use of a tantalum five-oxide film between the phase-
change film and the contact, permitting current to flow 
but reducing heat loss.

The IBM research demonstrated 3�20-nm bridges of 
a doped germanium-antimony alloy—the composition of 

which resulted from a major materials-research project 
in its own right, according to the companies. They used 
the bridges to fabricate memory cells—small enough for 
use at the 20-nm-process node—that program at less 
than half the write power that today’s flash cells use and 
that could write in about 1/500th the time that flash re-
quires. Neither team of companies is claiming anything 
close to a production device. But, one by one, materials 
science seems to be crushing the barriers.
� Hitachi, www.hitachi.com.
� Renesas, www.renesas.com.

1

An insulating layer 
keeps heat in the 
phase-changing 
film during erase 
operations.
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Tensilica’s Xtensa and 
LX2 architectures let 
you invoke a range of 

options for processor-core 
functions and peripherals and 
create custom instructions. 
The company’s design-tool 
package automatically gener-
ates a custom compiler that 
matches your specification. 
New versions of both cores 
now come with the option to 
add on-the-fl y error correction 
to handle soft-memory errors. 
Tensilica recently began to of-
fer preconfi gured versions of 
its cores for specifi c applica-
tion domains under the Dia-
mond Core label. Although 
the point of the architecture is 
confi gurability, Tensilica says 
that it often makes fi rst con-
tact with a potential custom-
er’s project when that project 

has reached the core-selection 
stage, according to Marketing 
Vice President Steve Roddy. 
Hence, Tensilica offers a range 
of preconfi gured cores target-
ing popular applications.

Now, the company has added 
to that series with a media pro-
cessor that it intends for pow-
er-effi cient compressed-video 
decoding in portable products. 
The design generates a twin-
core structure using the Xten-
sa architecture. One core, an 
SIMD (single-instruction-mul-
tiple-data) pixel processor, per-
forms computationally intensive 
detail processing of the image 
data. The other core, a dual-is-
sue VLIW (very-long-instruc-
tion-word) block, handles the 
stream processing and control 
functions for video decoding. 
The result is an IP (intellectual-

property) block that handles all 
aspects of the video-decoding 
function and that is completely 
software-programmable.

The 388VDO processor 
handles eH.264 Main Profi le 
D1/Standard Defi nition with a 
predicted power demand of 34 
mW and clock rate of less than 
200 MHz if you use TSMC’s 
(Taiwan Semiconductor Manu-
facturing Co’s, www.tsmc.com) 
90G 90-nm process. “We 

think it is currently the only 
main-profi le H.264 solution in 
shrink-wrap form [hardware IP 
plus software] available,” Roddy 
says. The core will implement 
CABAC (content-adaptive bi-
nary-arithmetic coding) that 
delivers improved image qual-
ity in H.264.

–by Graham Prophet, 
EDN Europe

� Tensilica, www.tensilica.
com.

26  EDN  |  FEBRUARY 1, 2007

pulse

Consumers are enthusiastic about the billing and ser-
vice plans that converged VOWLAN (voice-over-wire-
less-local-area-network)/cellular services could pro-

vide, but the availability of suitable handsets could cause the 
market to develop slowly, reports In-Stat.

“There is unprecedented interest in ‘home-zone’ pricing, 
which offers unlimited local and domestic long-distance calls 
for a single fl at fee when the customer uses a home Wi-Fi 
access point or a Wi-Fi hot spot,” says David Chamberlain, an 
analyst an In-Stat. “This concept is just one of the possible ser-
vices from converged VOWLAN/cellular technology.” 

 —by Vinod Kataria, EDN Asia
� In-Stat, www.instat.com.

Microcontroller cores 
focus on video decoding

    GLOBAL  DES IGNER

REFLECTIVE-DISPLAY TECHNOLOGY OPERATES IN ALL LIGHT LEVELS

02
.0
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Handset availability may slow interest in 
converged VOWLAN/cellular services

Start-up Liquavista is proposing a new display technol-
ogy as the ideal approach for mobile and portable dis-
plays. The effect, which the company intends to exploit, 
is not new, but no one has previously developed the ap-
proach to construct a display technology for volume pro-
duction. The phenomenon, “electrowetting,” uses a cell 
(for displays, a pixel) containing two immiscible liquids: 
oil and water. Applying a voltage to the cell changes the 
state of the surface, over its active area, from hydrophilic 
to hydrophobic. In one condition, the oil lies in an even 
layer across the cell; in the other, electrical charges and 
surface-tension effects repel it to accumulate in one 
corner of the pixel cell. Load the oil with a colored dye or 
an opaque material, and you have the basis of an optical 
switching element.

Liquavista, a spin-off from Philips (www.philips.com) 
that has just received €12 million (about $15.5 million) in 
venture funding, says that it can build displays using this 
effect, whose fabrication will reuse much of the technol-
ogy that LCD-panel construction currently employs; the 
active matrix, the glass substrate, and much of the pro-
duction process are easily adaptable.

The company says that the display offers the only tech-
nology that can work in all modes of illumination—trans-
missive, transflective, or fully reflective. The company is 
promoting the fully reflective mode for use in handheld 
devices. With no backlight, a reflective-electrowetting 
display uses ambient light to give a bright, but low-
power, display in daylight and under artificial lighting. 
Contrast stays constant under changing incident lighting. 
For color use, Liquavista says, it can build either an LCD-
like RGB array or a stacked CMY (cyan-magenta-yellow)-
filter structure, electronically mimicking color printing. 
However, first products are likely to be monochrome, 
TN (twisted-nematic)-type, small panels for applications 
such as secondary displays in cell phones. By loading 
the oil-dye carrier with any color, Liquavista can match 
the color scheme of a product or a corporate logo in the 
display.

The technology can switch at video speeds and support 
gray-scale shading, and Liquavista says it has demon-
strated pixel densities of as much as 160 pixels/in.

—by Graham Prophet, EDN Europe
�Liquavista, www.liquavista.com.
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iCoupler: over 75 million isolated channels 
Unlike common optocoupler isolation techniques, iCoupler®

combines chip scale transformer technology with analog and
mixed-signal circuits for significant system level integration, 
cost savings, and functional advantages.

These include:

• Standard isolators that offer faster data rates, greater reliability, 
and up to 70% savings in board space and cost

• New functionality including bidirectional data paths, 
combined signal and power isolation, and isolation integrated 
with data converters, I2C, RS-485, and gate driver circuits

See why engineers have chosen iCoupler technology over 
optocouplers to isolate more than 75 million channels.

For more information on iCoupler technology, product portfolio,
and samples, or any ADI products, please visit our website 
or dial 1-800-AnalogD.

www.analog.com/icoupler-isolation

Isolation and innovation in one package. 
With iCoupler technology, analog is everywhere.

isoPower™ Technology

• ADuM524x family
• 50 mW isolated, regulated power
• Two data channels
• 2.5 kV data isolation
• Starting at $2.95

Converters

• AD740x family
• Industry-leading converters with

integrated isolation
• 16-bit, 10 MSPS, 3.75 kV isolation
• Starting at $4.00

Gate Drivers 

• ADuM1230
• Dual gate driver, 100 mA drive, 

2.5 kV isolation
• High side isolated from low side
• Starting at $1.85

Communications

• ADuM125x and ADM24xx families
• True bidirectional isolation for I2C®

up to 1 Mbps
• Isolated RS-485 up to 20 Mbps 
• 2.5 kV to 5 kV isolation
• Starting at $3.05

Single and Multichannel Isolators

• ADuM1100, ADuM120x, ADuM130x, ADuM131x, ADuM140x, ADuM141x
• Single, dual, triple, and quad channel
• 2.5 kV to 5 kV isolation
• Up to 100 Mbps
• Starting at $0.55 per channel
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Jake: If you could talk to my class-
mates, what would you tell them 
about their education and goals? 

Howard: Pick a hobby that teach-
es you something. Successful people 
absorb 99% of their knowledge out-
side the classroom. This idea does 
not mean you should skip school. It 
means you should learn 100 times 
what school has to teach. A useful 
hobby engages your mind and intro-
duces you to like-minded, success-ori-
ented people. Successful people love 
to learn. 

People lacking useful skills or 
knowledge are forced to trade their 
time for money. Time is all they have 
to offer. An hour of uneducated time 
pays only about $7 in the United 
States. 

Successful people cut a different 
deal with life. They do not trade their 
time for money. As Robert Kiyosaki 
outlines in his book Rich Dad, Poor 
Dad, successful people directly cre-
ate value and then trade that value 
for money. 

My way of creating value involved 

first learning the art of high-speed 
digital design. Once I mastered it, I 
began teaching seminars in that area. 
My clients pay me not for the time 
I spend in the classroom, but for the 
lifetime of experience I bring with 
me and for my ability to communi-
cate that experience in a way that 
improves their technical capabilities 
and, often, changes their lives. That’s 
value. Here’s the good part: I get to 
sell the same lifetime of experience 
over and over. I’ve done about 250 
classes so far and expect to continue 
for some time. That is the way value 
works. You never run out of it.

Jake: How does your science back-
ground help you in your everyday 
life? 

Howard: Professional educators 
constantly ask this question in the 
hope that someone, somewhere, will 
articulate a convincing reason as to 
why all children should study sci-
ence. I don’t think that articulation 
will ever happen. Science is not for 
everybody. You as an individual don’t 
really need it. You could live like an 
aboriginal, running around naked 
in the forest chasing deer with bows 
and arrows for all I care. There is a 
catch to this argument, however. The 
North American continent lacks the 
space and resources required to sup-
port hundreds of millions of low-tech, 
aboriginal people. Without industrial 
processes and machines, the vast bulk 
of the population would die. To avoid 
that catastrophe, we as a society must 
continually train people to build and 
service the machines. That is the pri-
mary purpose of science education—
to seek out and find those few curi-
ous, self-motivated people who want 
to know how everything works and 
encourage them to save the rest of 
humanity. Quite a noble calling. 

Jake: What is the most impor-
tant thing you have ever learned and 
why? 

Howard: There is no great intellec-
tual gap separating you from the peo-
ple who control the world’s resources 
and direct its future. If any gap exists, 
it is only a gap of determination and 
will power. 

Good luck to you, Jake.EDN

BY HOWARD JOHNSON, PhD

Why teach science?

,,
S I G N A L  I N T E G R I T Y

 J
ake, a high-school student, wrote to me on behalf of his sci-
ence class. Our exchange follows. 

Jake: What interested you in your profession? 
Howard: My father is a nuclear physicist. He instilled in 

me a natural curiosity about how things work. In third grade, 
I began reading some of his old books, starting with the Hand-

book of Mathematical Tables and Formulas. At first, I couldn’t understand 
the notation, but I understood that the book held great secrets. Later, in 
school, while my classmates were still adding and subtracting, I was work-
ing with square roots and complex numbers. When my dad gave me a bat-
tery and an ammeter, I became hooked on electrical engineering. 

When my dad gave 
me a battery and an 
ammeter, I became 
hooked on electri-
cal engineering.

MORE   AT EDN.COM

      Go to www.edn.com/070201hj and 
click on Feedback Loop to post a 
comment on this column.

+

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.
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When I checked in to see how the 
build was coming along, I discovered 
that the magnetics shop had no oscil-
loscope or function generator. When 
I asked the folks there how they mea-
sured phase, they told me that they 
used an LCR bridge, and the response 
was sharp enough to warrant my stand-
ing around for a while to see how they 
did it. The woman at the inspection 
station was mumbling something to the 
effect of “Looks like we gotta train the 
eng-HUH-neers again!” while she was 
jumpering pins on the bobbin. 

The first test was magnetizing in-
ductance at the primary. OK, I got that. 
The second test was shorting secondar-

ies with the same primary connections. 
Yup, that’s leakage inductance; I was still 
in the game. She performed similar op-
erations for the secondary winding, most 
likely to check for the turns ratio looking 
at the ratios �(LMAG PRI/LMAG SEC). All 
right, I was still keeping up. The third 
test connected the secondary in series 
with the primary. She looked at the 
measurement and switched the phase 
on the secondary for another reading. 
It was a pass-fail test, no data logged. 
This test and its results left me puzzled. 
The front end of my brain was in total 
compression. Yet, I did have some fun-
damental knowledge, and I thought I 
knew something about flux and MMF 

(magnetomotive force), as I was the 
guy that designed the darn structure. 
She ran one last test to measure the dc 
resistance of each winding, which was 
reassuring in that it made sense to me. 
A given mean-length turn of a given 
wire over given turns should have con-
sistent dc resistance. (Maybe I should 
have specified that fact in the drawing.) 
I thanked the quality-assurance woman 
and went back to my “eng-HUH-neer-
ing” office to ponder. 

If inductance is proportional to 
turns squared and I have solenoidal 
windings around a common low re-
luctance path, a winding of five turns 
may measure an inductance of 200 �H, 
and another winding of 10 turns might 
measure an inductance of 800 �H. OK, 
that idea makes sense. What, then, of 
combinations and phase? Well, if I con-
nect the same two windings together in 
series, there may be two outcomes. One 
outcome places the windings in phase 
and should yield a total of 10 plus five 
turns, or 1800 �H. The other outcome 
places the windings out of phase and 
yields a total of 10 minus five turns, 
or 200 �H. Therein lies the solution: 
It is possible to arbitrarily connect the 
windings and determine phase by flip-
ping the polarities of one of the wind-
ings in the connection and observing 
the inductances associated with each 
phase arrangement. (Note that for 
this experiment to work, the windings 
must share the same low-reluctance 
flux paths.) Given this knowledge, it 
would also then be possible to take an 
arbitrary structure and determine the 
turns simply by unwinding a few turns 
and measuring the inductance before 
and after, or by sneaking in a few turns, 
again measuring the inductance before 
and after and noting the phase.EDN

Paul Schimel has seven years of ex-
perience as an field-applications en-
gineer and more than six years of 
experience designing power supplies 
for consumer and industrial applica-
tions. Like Paul, you can share your 
Tales from the Cube and receive 
$200. Contact Maury Wright at 
mgwright@edn.com.
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BY PAUL L SCHIMEL • FAIRCHILD SEMICONDUCTORT A L E S  F R O M  T H E  C U B E

 A 
long time ago, when I still thought I was smart, I 
had just finished a transformer design and hand-
ed it off to the in-house magnetics shop. There, 
I learned about a technique that left me a little 
baffled. My drawing specified magnetizing in-
ductance, leakage inductance, turns, phasing, 

pinouts, bobbin, wire, insulation systems, bake times, and the 
core. My expectation was that the folks in production would 
use a trusty old oscilloscope and a function generator to verify 
phase—just like I would! I was the smart one, after all.

You’re gonna do what 
with an LCR bridge?
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THE POWER MANAGEMENT LEADER

DITCH YOUR HEATSINK
New SmartRectifier™ Chipset Reduces Part Count by 75% and Boosts System Efficiency by 1%

IR’s new SmartRectifier™ chipset for AC-DC
power converters dramatically simplifies
design and  improves  e f f i c iency  in
secondary synchronous rectification (SR)
flyback and resonant half-bridge circuits,
enabling a “no heatsink required” design.  

Features

• Can increase system efficiency by 
more than 1% 

• Reduces part count by up to 75%

• Works independently from
primary-side control

• No current transformer required

• Industry-leading high voltage
IC technology

myPower™ and SmartRectifier™ are trademarks of International Rectifier Corporation. 

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

Part Number Package VCC VFET Sw. Freq. Gate Drive VGATE Sleep Current
(V) (V) Max. (kHz) Clamp (V) Max. (µA)

IR1167A/SPbF DIP-8/SO-8 20 <=200 500 +2A/-7A 10.7 200

IR1167B/SPbF DIP-8/SO-8 20 <=200 500 +2A/-7A 14.5 200

IR1166/SPbF DIP-8/SO-8 20 <=200 500 +1A/-3.5A 10.7 200

Part Number VDSS RDS(on) max @ 10V QG(typ/max) Package(V) (mΩ) (nC)

IRFB3206PbF 60 3.0 120/170 TO-220

IRFB3207PbF 75 4.1 120/170 TO-220

IRF7853PbF 100 18 28/39 SO-8

Design Tools
A data sheet, application notes, technical papers and online design software are now available
on IR’s myPower™  site (http://www.irf.com/design-center/mypower/). 

MOSFETS

ICs

Specifications

Powerful 7A gate
drives standard and
logic level MOSFETS

Micro power consumption
for 1W standby

Programmable
turn off
threshold

Direct connection up 
to 200V MOSFETS

Voltage level
detection

Low QG

Benchmark  RDS(on)

Robust 20V VCC
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SPACE SAVING TECHNOLOGY

Transformers & Inductors from .19" ht.

Over 5000 Standard Surface Mount and

Thru-Hole Models

Audio Transformers

Impedance Levels 10 ohms to 250k ohms,

Power Levels to 3 Watts, Frequency

Response ±3db 20Hz to 250Hz. All units

manufactured and tested to MIL-PRF-27.

QPL Units available.

Power & EMI Inductors

Ideal for noise, spike and Power Filtering

Applications in Power Supplies, DC-DC

Converters and Switching Regulators

Multiplex Data Bus

Pulse Transformers

Plug-In units meet the requirements

of QPL-MIL-PRF 21038/27

Surface units are electrical equivilents

of QPL-MIL-PRF 21038/27.

Pulse Transformers

10 Nanoseconds to 100 Microseconds. ET

Rating to 150 Volt Microsecond, Manufactured

and tested to MIL-PRF-21038.

DC-DC Converter

Transformers

Input voltages of 5V, 12V, 24V And 48V.

Standard Output Voltages to 300V (Special

voltages can be supplied). Can be used as self

saturating or linear switching applications. All

units manufactured and tested to MIL-PRF-27.

400Hz/800Hz

Power Transformers

0.4 Watts to 150 Watts. Secondary Voltages 5V

to 300V. Units manufactured to MIL-PRF-27

Grade 5, Class S (Class V, 1550C available).

143 Sparks Ave. Pelham, NY 10803 • Call Toll Free 800-431-1064 • Fax: 914-738-8225

See PICO’s full Catalog Immediately on the internet

www.picoelectronics.com
E-mail: info@picoelectronics.com 

Send for free 180 pg PICO Catalog

Electronics,
Inc.
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Introduction

High-brightness LEDs are available today with forward currents more than
100 times greater than their predecessors. These new devices are not just high
brightness, but are high power as well. Single die with dissipations of 5W and
multi-die modules with power in excess of 25W are now available. The
requirements of high efficiency and low dissipation dictate a switching power
supply for this new generation of High-Brightness (HB), High-Power (HP)
LEDs, as a voltage regulator and a current limiting resistor are no longer
appropriate. High-brightness, high-power LEDs require a constant-current
source to take full advantage of their ever-increasing luminous efficiency and
vibrant, pure color. The topology of choice for this new breed of switching
constant current sources is the basic buck converter. The most convincing
argument for using a buck converter is the ease with which this simple 
DC-DC converter can be turned into a constant-current source. This article
will explain the selection of, or possible exclusion of, an output capacitor
when designing a buck regulator for constant-current drive of HB LEDs.
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Driving LEDs: To Cap or Not to Cap
— By Chris Richardson, Applications Engineer
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Figure 1a. Traditional Buck Voltage Regulator Figure 1b. Buck Current Regulator
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New LED Drivers Power 1W/3W LEDs up to 1A

LM3402/04 Regulators Offer Low Current-Sense Voltage to Reduce Power Loss
and Deliver High Efficiency up to 95%

For FREE samples, datasheets, and more information, visit
www.national.com/pf/LM/LM3402.html

www.national.com/pf/LM/LM3404.html

CB L1VIN

CIN RON

IF

VIN

RON

RSNS

CF

BOOT SW

CS

VCCGNDDIM

D1

LM3402/02HV
LM3404/04HV

Wide VIN range:
LM3402/04 = 6V to 42V
LM3402HV/04HV = 6V to 75V

LED drive currents up to:
500 mA for the LM3402/02HV 
and 1.0A for the LM3404/04HV

Current sense voltage of 200 mV 
reduces the power loss in RSNS

DIM pin for fast PWM dimming

LM3402/04 Features
• Easy-to-use and low external parts count
• Switching frequency up to 1 MHz
• Constant on-time control with voltage feed-forward

for nearly constant switching frequency over the full
line voltage range

• Low 0.2V feedback reference minimizes power losses 
• Low shutdown current when RON pin held low
• High voltage capability supports long strings of LEDs
• Choice of 0.5A or 1.0A peak current capability

(LM3402/LM3404)

DIM

ILED

4 µs/DIV

5V/DIV

100 mA/DIV

T

Dim Response

Typical Application Diagram 

Ideal for use in automotive, industrial lighting, gaming/vending machines, general illumination, and
architectural lighting applications



Controlled Current

The buck regulator is uniquely suited to be a 
constant current driver because the output 
inductor is in series with the load. Regardless of
whether a buck regulator is used as a voltage source
or a current source, selection of the inductor forms
the cornerstone of the system design. With an
inductor in series with the output, the average
inductor current is always equal to the average out-
put current, and the buck converter naturally
maintains control of the AC-current ripple. By
definition, the LED drive is a constant load system;
hence a large amount of output capacitance is not
necessary to maintain VO during load transients. 

No Output Cap Yields High Output Impedance

In theory, a perfect current source has infinite 
output impedance, allowing the voltage to slew 
infinitely fast in order to maintain a constant 
current. For switching regulator designers who
have concentrated on voltage regulators, this 
concept may take a moment to sink in. Completely
removing the output capacitor from a buck 
regulator forces the output impedance to depend
on the inductor. Without any capacitance to
oppose changes in VO, the output current (referred
to as forward current, or IF) slew rate depends
entirely upon the inductance, the input voltage,
and the output voltage. (VO is equal to 
the combined forward voltage, VF, of each 
series-connected LED) 

LED manufacturers generally recommend a ripple
current, ΔIF, of ±5% to ±20% of the DC forward
current. Over the typical switching regulator 
frequency range of 50 kHz to 2 MHz the ripple
itself is not visible to the human eye. These limits
come from increasing thermal losses at higher 
ripple current (a property of the LED semiconduc-

tor PN junction itself ) and a practical limit to the
inductance used. The percentages are similar to the
recommended current ripple ratio in buck voltage
regulators. Inductor selection for a fixed-frequency
current regulator is therefore governed by the same
equations as a voltage regulator:

One difference is that the inductance used for 
current regulators without output capacitors tends
to be higher because the drive currents for the
emerging standards of 1W, 3W, and 5W HB LEDs
are 350 mA, 700 mA, and 1A respectively. Modern
buck voltage regulators tend to use 
inductors in the range of 0.1 µH to 10 µH with 
saturation currents from 5A to 50A. Current 
drivers at similar switching frequencies tend to
require inductors ranging from 10 µH to 1000 µH
and saturation currents ranging from 0.5A to 5A.

The main goal of high output impedance is to 
create a system capable of responding to PWM
dimming signals, the preferred method of control-
ling the light output of LEDs. The dimming signal
might be applied to the enable pin of the regulator,
in which case the output current can slew from zero
to the target and back to zero without the delay of
CO being charged and discharged. For even faster,
higher resolution dimming, a shunt switch, usually
a MOSFET, can be placed in parallel with the LED
array, allowing the continuous flow of current at all
times. Again, with no output capacitor to slow the
slew rate, dimming frequencies into the 10’s of kHz
are possible. This is a critical requirement in appli-
cations such as backlighting of flat-panel displays,
and the creation of white light using an RGB array.

3
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High Voltage Current Mode Controller with Ultra-Wide
Input Voltage Range

LM5022 with 6V to 60V Input Capability Controls an External MOSFET
to Deliver Higher Current to LEDs

D1

VIN

GND

PWM
R11
1.18C4

100p
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SS

LM5022

Q1

R6
100

R3
6.34k

R2

10.0k

R1
150k

C5
1.0µ

C7

0.1µ

fs = 900 kHz for R3 = 6.34k

L1
150µ

R4
10.0k

C2
2.2µ, 50V

Q2

For FREE samples, datasheets, and more information, visit
www.national.com/pf/LM/LM5022.html

LM5022 Features
• Internal 60V startup regulator
• 1A peak N-Channel MOSFET gate driver
• VIN range 6V to 60V
• Duty cycle limit in excess of 90%
• Programmable UVLO with hysteresis
• Cycle-by-cycle current limit
• Single resistor oscillator frequency set
• Slope compensation
• Adjustable soft-start
• Available in MSOP-10 packaging

Ideal for use in boost and SEPIC converters for automotive and industrial applications, and for
ground-referenced applications such as forward and flyback regulators
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Typical Application Diagram 
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Driving LEDs: To Cap or Not to Cap

Using an Output Capacitor Reduces Size and Cost

Some amount of output capacitance can be useful
as an AC current filter. Applications such as retro-
fitting of incandescent and halogen lights often
require that the LED and driver be placed in a
small space formerly occupied by a light bulb.
Invariably the inductor is the largest, most expen-
sive component after the LEDs themselves. For the
sake of efficiency (especially important in cramped
quarters), the designer generally chooses the lowest
switching frequency that allows the solution 
(mostly the inductor) to fit. Allowing a large ripple
current in the inductor and filtering the LED 
current results in a smaller, less expensive solution.
For example, to drive a single white LED 
(VF ≈ 3.5V) at 1A with a ripple current ΔiF of ±5%
from an input of 12V at 500 kHz would require a
50 µH inductor with a current rating of 1.1A. A
typical ferrite core device that fits this application
might be 10 mm square and 4.5 mm in height. In
contrast, if the inductor ripple current is allowed to
increase to ±30% (typical for a low-current voltage

regulator) then the inductance required is less than
10 µH, and an inductor measuring 6.0 mm square
and only 2.8 mm in height size can be used. The
output capacitance required is calculated based on
the dynamic resistance, rD, of the LED, the sense
resistance, RSNS, and the impedance of the 
capacitor at the switching frequency, using the 
following expressions:                                           

Typical values for output capacitors range from 
0.1 µF to 10 µF, a perfect fit for ceramic capacitors.
In many applications, the addition of an output
capacitor reduces both the size and the cost of the
total solution.

Output Capacitor Placement

For buck regulators that use PWM-based control,
such as Voltage Mode (VM) and Current Mode
(CM) the output capacitor should be connected
from the regulator output to system ground, 
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Industry’s Smallest, Fully Integrated Flash LED Driver

High-Power LED Driver Optimized for Driving Single- and Multiple-Die Flash
LED Technologies in Handheld Applications

For FREE samples, datasheets and more go to 
www.national.com/pf/LM/LM2754.html

LM2754 Features
• Total solution size without LED < 28 mm2

• Time-out circuit limit flash duration to 1s, 
protects LED from over-heating

• No inductor required
• True shutdown output disconnect 
• <1 µA shutdown current
• TX input ensures synchronization with RF 

power amplifier pulse
• Ability to disable one current sink via the SEL 

pin to accommodate 3-LED flash modules
• Internal soft-start limits inrush current
• Available in LLP-24 (4 mm x 4 mm x 0.8 mm) packaging

Ideal for camera flashes for mobile phones and flashes for digital still cameras
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identical to a normal buck regulator. (Figure 3a)
This way, the control-to-output transfer function
of the system can be analyzed with the same 
equations used when designing a voltage regulator.
When using comparator-based control, such as
hysteretic or Constant on-Time (COT), the output
capacitor should be placed in parallel with the LED
array. (Figure 3b) In hysteretic voltage regulator
circuits, this technique is often used to increase the
percentage of in-phase voltage ripple at the 
feedback node. For the current regulator, it forces
both the ripple current through CO and the 
forward current through the LEDs to sum at the
input to the switching comparator. The voltage
waveform across RSNS is therefore in-phase with the
switching node waveform, and the result is 
predictable operation with high noise rejection.
The combination of low output capacitance and
high inductor current ripple actually makes 
hysteretic and COT current regulators more 
reliable and easier to design than voltage regulators.

Conclusion

The high brightness, high power LED represents the
biggest change in lighting design since the introduc-
tion of fluorescent bulbs. Using LEDs requires a
fundamental change in the complexity of electronics
used for lighting systems. Currently a large portion
of LED lighting design is retrofitting of incandes-
cent, halogen, and fluorescent installations. Such
systems rarely include sophisticated dimming 
control, and place a high value on small size. These
are the applications where an output capacitor is a
welcome addition to the driver circuit. 

In the future, the higher cost of LEDs for general
lighting will be balanced by new levels of control
over brightness, tone, and color. Lighting in homes
and businesses will require fast PWM dimming,
requiring current drivers to minimize or eliminate
their output capacitance. These systems will draw
upon experience from today’s fast-dimming 
applications which have already shed the output
capacitor to provide the best response time. �
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POWER designer

Driving LEDs: To Cap or Not to Cap
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THE PAPARAZZI ARE ON STANDBY. THE NOMINEES ARE EXCIT-

ED. THE BALLOT IS READY. WHO WILL WIN RECOGNITION FOR 

OUTSTANDING INNOVATION IN EDN’S 17TH ANNUAL PRO-

GRAM HONORING ENGINEERING EXCELLENCE? YOU DECIDE. 

 wards season may be in full 
swing, but move over Oscar, 
Emmy, and Golden Globe—it’s 
EDN Innovation Awards 
time again! Will your favorite 
product be the Tom Hanks of 
power ICs and semiconduc-
tors? Will your favorite tech-
nology be the next Katharine 
Hepburn of microprocessors? 
It has indeed been a strong 
year for innovation. EDN’s 
own Academy of Technical 
Editors has scoured this year’s 
entries for the freshest, most 
inventive, and most outstand-
ing performances by engineers, 
products, and technologies. 
Now, you—our Academy of 
Readers/Electrical Engineers—
be the judge in deciding this 
year’s Innovation celebrities. 

Check out the lists of final-
ists across many categories on 
the following pages, including 
Innovator of the Year, Best 
Contributed article of 2006, 
and many product and tech-
nology categories. Then, visit 
www.edn.com/innovation for 
more details on all of the nom-
inees and cast your votes using 
the online ballot you’ll find 
there. We’ll roll out the red 
carpet and honor all the nomi-
nees and winners at a banquet 
on April 2 in San Jose, CA. 
If you’d like to join us, you 
can also find event and ticket 
information at this link. 

The Academy of EDN thanks 
you for helping us honor inno-
vation. 
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EDN’s 2006 Innovation finalists:

It’s show time!
www.edn.com/innovation
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iMotion team (Toshio Takahashi, Eddy 
Ho, Seok Joon Hong, Ilia Greenblat, Ser-
gio Morini, Fabio Necco), International 
Rectifi er

Although the washing machine is not the most exciting 
product in today’s digital home, it represents a huge chal-
lenge to designers at white-goods manufacturers. The pres-
ence of water and heat makes for a harsh environment, and 
both government agencies and consumers mandate the need 
to reduce power. The International Rectifi er design team 
behind the mixed-signal iMotion IRMCF341 motor-control 
IC directly attacked the challenges of reliability, low power, 
quiet operation, and size and simplifi ed the process for the 
design engineer.

Project Director Toshio Takahashi and iMotion-team 
members Ilia Greenblat, Eddy Ho, Seok Joon Hong, Sergio 
Morini, and Fabio Necco led a mixed-discipline design and 
tapped engineers spread from North America throughout 
Europe and into Israel. The team used a signal-processor 
approach yet with algorithms implemented in confi gurable 
hardware. The result is a controller for permanent-magnet 
motors that features sensorless speed control by means of dc-
link current measurements.

International Rectifi er claims that the design reduces mo-
tor and drive costs by 30% over competing controllers. Per-
haps more important for consumers is the company’s claim 
that the design can slash energy use by 70%. 

Virtex-5 LXT FPGA design team (Steve 
Douglass, Suresh Menon, and team), 
Xilinx

A lot of product designs face a 
roadblock, but few face the number 
of obstacles that Steve Douglass, 
Suresh Menon, and their Virtex-5 
LXT design team did. The FPGA 
design included a move to a 65-
nm process, necessitated a balance 
of programmability and hard-IP 

(intellectual-property) features, and realistically required a 
solution to ballooning dynamic-power consumption. The 
result is a chip that has more than a billion transistors, yet, 
according to Xilinx, it uses 35% less dynamic power than 
earlier 90-nm designs.

The Virtex-5 LXT team included more than 200 engi-
neers organized into groups called Centers of Excellence, 
with each group focusing on an aspect of the new archi-
tecture. Product planners met with hundreds of system de-
signers to get input on the new architecture. The company 
claims that the result is 30% higher performance and 65% 
higher logic density.

The Virtex-5 LXT design leads a trend of balanced pro-
grammability and fi xed functions. The chip includes built-

in hard-IP blocks for what Xilinx claims are the two most 
popular serial-I/O standards: PCIe (PCI Express) and Giga-
bit Ethernet. 

Kenneth Parker, senior scientist, Agilent

Everyone likes to get something for nothing. Essentially, 
that’s what Kenneth Parker and his Medalist bead-probe 
team at Agilent are promising to engineers that must de-
sign boards that they can test using ICT (in-circuit-testing) 
techniques. With higher speed circuits and denser boards, 
traditional ICT techniques are out of gas and could lead to 
more expensive and less effective testing of complex boards. 
Agilent claims that the Medalist bead-probe approach pre-
serves the use of ICT, at minimal costs.

Agilent’s bead-probe technology places test targets di-
rectly on pc-board signal traces. The beads then serve 
as highly reliable test points for use during ICT. Agilent 
claims that the new technique dramatically improves ICT 
access on high-density and -speed boards, resulting in ex-
cellent fault coverage. Surface-mount production lines can 
support the technology. The refl ow solder process creates 
the bead probes in any spots left open in the design of the 
solder mask.

Dr Kaigham (Ken) J Gabriel, Akustica

It may seem strange, at fi rst glance, to 
encounter a microphone as an EDN 
Innovation Award candidate. After 
all, the materials that constitute EC-
Ms (electret-condenser microphones) 
have existed since the 1920s, and Bell 
Laboratories unveiled the fi rst practical 
ECM, based on thin metallized Tefl on 
foil, in 1962. MEMS (microelectrical-
mechanical systems), however, have 
fundamentally changed the way micro-

phones work, and Akustica has pushed that trend, adding 
circuitry in the AKU2000 digital microphone that can pro-
duce a digital output. Moreover, Akustica claims its tech-
niques rely on a pure CMOS process that could yield many 
other types of smart sensors.

Akustica Co-Founder, Chairman, and Chief Technology 
Offi cer Ken Gabriel led the development based on what 
the company calls CMOS MEMS. The CMOS MEMS 
process builds MEMS structures directly inside CMOS 
materials. The company claims that it fabricates the 
structures from the metal-dielectric layers of the CMOS, 
which are deposited during the standard CMOS-process-
ing fl ow. Other MEMS technologies, which are fabricated 
in fi lms on top of CMOS, don’t offer the ability to inte-
grate sensors and analog and digital circuits on a mono-
lithic IC.

Akustica claims that it can produce microphones with 
better than four times the uniformity of ECMs. 

INNOVATOR OF THE YEAR FINALISTS
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BEST CONTRIBUTED ARTICLE OF 2006

Analog ICs
Symphony Class D audio 
amplifi er (Freescale)
ADuM125x I2C bus isolators 
(Analog Devices)
CAT3636 quad-mode 
fractional-charge-pump 
LED driver (Catalyst 
Semiconductor)
LTC6908 SOT-23 oscillator 
(Linear Technology)

Components
ACFM-7101 Quintplexer 
(Avago Technologies)
SP35 tire-pressure sensor 
(Infi neon)
ADIS16250/iSensor 
intelligent sensor (Analog 
Devices)
SiT8002 silicon mechanical 
programmable oscillators 
(SiTime)

Computers, boards, 
and buses
SBC4670 single-board 
computer (Micro/sys)
SkyeModule M9 embedded 
RFID reader (SkyeTek)
ETXexpress-CD computer-
on-module (Kontron)

Digital ICs, 
programmable 
logic, and memory
PEX 8548 PCI Express 
switch (PLX Technology) 
MR2A16A MRAM (Freescale)
Virtex-5 LXT FPGAs (Xilinx)

Electonic-system-
level, pc-board, and 
IC front-end design 
and verifi cation 
Analog FastSpice and  
RF FastSpice simulators 
(Berkeley Design Automation)
RioMagic IC and package 
co-design tool (Rio Design 
Automation)
Siloti on-the-fl y RTL 
debugger (Novas Software)

IC back-end/design-
for-manufacturing 
(DFM)/proprietary 
ASIC and FPGA fl ows
BlazeMO leakage-
power-optimization tool 
(Blaze DFM)
InShape model-based 
DFM tool (Clear Shape 
Technologies)
Talus RTL-to-GDSII suite 
(Magma Design Automation)
Space-based router 
(Cadence)

Microcontrollers and 
DSCs (digital-signal 
controllers)
dsPIC30Fxxxx DSC 
(Microchip)
TMS320F28044 DSC 
(Texas Instruments)

STR910F microcontroller 
(STMicroelectronics)
AVR32 microcontroller 
(Atmel)

Microprocessors 
and DSPs
MSC8144 quad-core DSP 
(Freescale)
Core 2 Duo processor (Intel)
34K multithreading core 
(MIPS)

Mixed-signal ASSPs
AKU2000 digital MEMS 
microphone (Akustica)
IRMCF341 motor-control IC 
(International Rectifi er)
Bluetooth transceiver and 
FM radio (CSR)

Multimedia ICs
DMS-02 media processor 
(3Dlabs)
SMP8634 single-chip 
processor (Sigma Designs)
LSI DMN-8633 single-chip 
media processor (LSI Logic)

Network and 
communication ICs
6120 CSS (cellular-system 
solution) (Nexperia) 
Fx100100S-5 VDSL2 CPE IC 
(Ikanos)
IDT 70K2000BR PPS 
(preprocessing switch) (IDT)
QSC (Qualcomm-sin-
gle-chip) Solutions for 
CDMA2000 1X (Qualcomm)

Power ICs
MIC2285 buck regulator 
(Micrel)

Di-POL point-of-load-
controller-product 
family (PX7510 and PX7520) 
(Primarion)
IR1167 SmartRectifi er IC 
(International Rectifi er)

Power sources
GS206 dual-cell super-
capacitor (CAP-XX Ltd)
TurboTrans point-of-load 
power modules (Texas 
Instruments)
BoostCap power and energy 
ultracapacitors (Maxwell 
Technologies) 

Software
Nios II C-to-hardware-
acceleration compiler (Altera)
LabView 8.20 graphical-
data-fl ow-language upgrade 
(National Instruments)
eZ430-F2013 microcon-
 troller-development tool 
(Texas Instruments) 
Visi-Trace multicore-
visualization tools (QNX 
Software Systems)

Test and 
measurement
AWG7000 Series 5.8-
GHz arbitrary-waveform 
generators (Tektronix)
WaveScan DSO aberrant-
waveform-detection 
technology (LeCroy)
Medalist bead-probe 
technology (Agilent)
Models 2910 vector-signal 
generator and 2810 
vector-signal analyzer 
(Keithley Instruments)

Reducing ground 
bounce in dc/dc-
converter applications
by Jeff Barrow, Analog 
Devices, July 6, 2006, 
www.edn.com/article/
CA6347258

Using Mathcad to 
derive circuit equa-
tions and optimize 
circuit behavior
by James C Bach, 
Delphi Corp, Jan 23, 
2006, www.edn.com/
article/CA6301377

Hazardous-voltage 
primer
by David Lohbeck, 
National Instruments, 
May 11, 2006, www.
edn.com/article/
CA6330100

Magnetic-fi eld 
measurements hold 
the key to reducing 
dc/dc EMI
by William J Bowhers, 
Merrimack College, 
July 20, 2006, www.
edn.com/article/
CA6351292

Signal conditioning 
for high-impedance 
sensors
by Glen Brisebois, 
Linear Technology 
Corp, Feb 16, 2006, 
www.edn.com/article/
CA6305356
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Ultra Low-Jitter Sync Separator for 
SD/HD Video 

LMH1981 Features 
• 50% sync slicing 
• Low-jitter horizontal sync outputs
• Supports NTSC, PAL, SECAM, 480i, 480p, 576i, 

576p, 720p, 1080i, and 1080p
• Accepts video sync signals from 140 mVP-P to 1.2 VP-P

• No external programming with µC required
• Horizontal sync output propagation delay <50 ns
• 3.3V or 5V single supply operation

New LMH1981 Features 50% Sync Slicing for Precise Output Timing

© National Semiconductor Corporation, 2006. National Semiconductor, LMH, and     are registered trademarks of National Semiconductor Corporation. All rights reserved.

For FREE samples, datasheets, online design tools, and 
more information on the LMH1981, contact us today at

amplifiers.national.com

Or call 1-800-272-9959

Ideal for use in sync separation, A/V clock generation, video genlock, back porch clamp generator,
video format detection circuit, and analog-to-SDI converter applications

Analog Video to Serial Digital Interface (SDI) Converter Typical Diagram

LMH1981 Outputs
• Horizontal sync
• Vertical sync
• Odd/Even field
• Burst/back porch clamp
• Composite sync
• Video format (horizontal lines/field)

Shown at actual size 4.40 x 5.00 x 0.90 mm
LMH1981 in TSSOP-14 packaging
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FPGA/
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LMH0202ADC14155

Reference
Clock

Analog Composite Video In

Sync
Info

SDI
Video Out

HD/SD
SDI Cable Driver

720p/60 Tri-Level Input 720p/60 H-Sync Output

350 psp-p
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FINDING QUALITY IP IS ONE OF THE BIGGEST HEADACHES IN IC DESIGN. 
FORTUNATELY, THERE ARE A FEW RESOURCES AS WELL AS TIPS AND 

TRICKS TO HELP DESIGNERS HOME IN ON THE BEST CHOICE. CONSIDER 
THE FOUR Cs: COMPARE MANY CORES, CONSIDER VENDOR SIZE, 

COLLECT REFERENCES, AND CALCULATE RISKS.

T
here wasn’t a big ceremony with fireworks, a comedian, and 
showgirls in stunning dresses. There was no party, and there 
wasn’t even a press release, but, last year, the IP (intellectual-
property) industry quietly celebrated its 10th anniversary. Its 
debut coincided with the 1996 formation of the VSIA (Virtual 
Socket Initiative Alliance). You might find that fact hard to 
believe given that it is now nearly impossible to find an SOC 
(system on chip) or an ASIC that does not contain at least one 
reused block—that is, one piece of IP. But the unceremonious 

passing of the IP industry’s 10th anniversary is a testament to the fact that the in-
dustry has a long way to go before reaching its full potential.

In 1995, new IC-process nodes of 0.35 and 0.25 micron presented the IC-de-
sign community with a huge problem: How would designers be able to use all the 
gates that new “deep submicron” made available? To its credit, the IC-design com-
munity mobilized quickly and converged on a single idea: The way to fill up these 
huge, 100,000-gate designs was to reuse large blocks from previous designs or to 
purchase blocks from vendors. The main idea was that design groups would imple-
ment the reused or acquired blocks in their new designs, add their own value-
added logic blocks to their designs, and then simply connect all those blocks with 
a bit of glue logic. It sounds easy! Within a year, hundreds of design houses, big 
EDA vendors, and under-the-radar IP vendors—such as ARM, which had been

BY MICHAEL SANTARINI • SENIOR EDITOR

  COMPARE 
          CONSIDER 
   COLLECT 
     CALCULATE

Evaluating IP 
with the four Cs: 
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offering microprocessor cores since 
the mid-1980s—all started flaunting 
IP offerings and formed the beginning 
of what we today call the IP industry.

Although designing with reused 
blocks sounded great in theory, how-
ever, the technical details and imple-
mentation were less simple in practice, 
as well as in the legal issues the reusable 
IP brought up. So, the IP industry in its 
infancy defined two key technical ob-
jectives it needed to make IP-based de-
sign a success: Create a single standard 
bus that would allow IP blocks from 
disparate vendors to communicate—
that is, plug and play—and establish a 
standard—ISO 9000—that would en-
sure that various blocks from different 
vendors achieved a certain quality. The 
thinking was: If the cores conformed to 
a standard, designers could more easily 
connect the cores to the standard bus 
and vastly speed the design of ICs.

To establish these standards and work 
on other IP-related technical issues, 
the semiconductor, EDA, and IP ven-
dors banded together to form the VSIA, 
which they launched in 1996 with 35 
member companies. When they first 
launched it, it seemed as if every vendor 
in the design community wanted to join 
the effort to have some influence on or 
at least be in the know about VSIA’s de-
velopment of standards, so that, when 
the VSIA released a standard, mem-

ber companies could quickly adopt it 
and crank out new, innovative products 
based upon it.

One of the VSIA’s first tasks was to 
form a standard, common on-chip bus. 
Seemingly, every VSIA member com-
pany wanted to influence the bus or bus 
protocol, so, trying to be diplomatic, the 
VSIA’s OCB DWG (On-Chip Bus De-
velopment Working Group) paid special 
attention to making the OCB all-inclu-
sive and to serving multiple application 
areas. The DWG took several years to 
finally deliver the OCB to the commu-
nity. But, while the OCB DWG was 
producing OCB, vendors such as ARM 
and Sonics, along with several semicon-
ductor companies, quickly developed 
their own buses. When VSIA finally did 

unveil its OCB, the industry considered 
the bus too general and too inefficient 
for use in most IC designs. Few adopted 
it, the effort died, and the remains went 
to OCP IP (On-Chip Protocol Interna-
tional Partnership). Fortunately, the in-
dustry did rally around application-spe-
cific buses from Sonics and ARM with 
its AMBA (Advanced Microcontroller 
Bus Architecture) and several proprie-
tary buses from ASIC houses and IDMs 
(integrated-device manufacturers). De-
signers still use those buses today, and 
choosing one over the other largely de-
pends on the targeted application or IC 
manufacturer.

However, choosing to go with several 
application-specific buses rather than a 
single bus, the industry further compli-
cated the formation of a quality stan-
dard. In the late ’90s, Synopsys, which 
had developed its own portfolio of IP, 
developed the “Open More” quality 
metric, a check list for IP-vendor cores 
that ultimately assigned a single “grade” 
for each piece of IP based on a given 
core’s conformance to the check list cri-
teria. Synopsys first used this check list 
for its own IP development, but, seeing 
that it could have greater use for the in-
dustry and knowing that Synopsys IP al-
ready scored high according to the met-
ric, Synopsys donated it to the VSIA, 
which renamed it the QIP (quality-IP) 
metric. The main hope for QIP was that 
all IP vendors and IC companies creat-
ing their own large IP repositories would 
adopt the QIP and that the VSIA would 
maintain a master list of the world’s IP 
that would allow customers to quickly 
find the highest ranked cores.

Today, the industry widely acknowl-
edges the QIP metric as a useful way to 
measure IP conformance to certain qual-
ity guidelines. Many customers now ask 
IP vendors to provide a QIP score with 
their IP. VSIA claims that the QIP ef-
fort is going strong (see sidebar “VSIA’s 
QIP making strides”). But overwhelm-
ing participation is so far lacking from 
the IP or vendor communities in sub-
mitting their cores to a single common 
resource or repository that would allow 
users to do side-by-side comparisons of 
similar types of IP.

The master list hasn’t come to frui-
tion for several reasons. For one thing, 
multiple buses and applications dictate 
the need for flexible or multiple qual-

IP DESIGN

IP LOCATION

PROCESS TECHNOLOGY

IP EVALUATION/
MODELING

CHIP-LEVEL DESIGN

IP QUALIFICATION

CHIP MANUFACTURE

IP VERIFICATION

IP CHARACTERIZATION

IP PACKAGING

IP VERIFICATION

IP INTEGRATION YIELD MANAGEMENT

$600,000

$200,000 $20,000

$100,000

$100,000

$100,000

$200,000

$100,000

$100,000

$300,000

$300,000

COST TO IP VENDORS 
FOR DEVELOPMENT

COST FOR CUSTOMERS

COST TO FOUNDRIES

Figure 1 The cost of IP goes beyond the IP license. In this example, the IP costs 
explicitly $900,000 to develop, but the total ecosystem cost is $2.02 million (courtesy 
Fabless Semiconductor Association).  
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AT A  G LAN CE
The formation of the VSIA 

(Virtual Socket Initiative Alliance) in 
1996 marked the beginning of the 
IP (intellectual-property) industry.

Gartner expects the IP industry 
to post revenue of $1.8 billion for 
2006.

IP quality remains a top concern 
for IC designers.

Groups such as VSIA and, 
more recently, the FSA (Fabless 
Semiconductor Association) are 
tackling quality problems.

�

�

�

�
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ity standards. Further, political 
issues and lingering feelings from 
VSIA’s failure to deliver a via-
ble OCB soured folks from par-
ticipating in subsequent VSIA 
efforts. Also, there is a lack of 
unity among IP vendors. In ret-
rospect, that idea of a master list 
may have been too ambitious in 
the first place. But if you ask de-
signers today what is the single 
biggest issue with IP, the answer 
is almost always “IP quality.”

“It’s really as bad as you would 
think,” says Richard Tobias, for-
mer chief technology officer at 
Pixelworks. “The ‘star’ IP ven-
dors, such as ARM and MIPS, do 
a pretty good job of presenting quality 
IP, but the smaller, independent ven-
dors don’t typically do as well, and you 
have to do some extra work. If it’s ana-
log IP, you always have to do a lot of ex-
tra work.”

Norbert Diesing, director of technol-
ogy access at PMC-Sierra, agrees. “You 
trust some IP vendors more than oth-

ers,” he said at a fall 2006 FSA (Fab-
less Semiconductor Association) panel. 
“But there’s always some degree of mis-
trust. In our experience, the quality of 
the IP deliverables is lacking, and, in 
most cases, the IP vendor hasn’t done 
enough verification of its own IP.” 
Diesing said that PMC-Sierra has run 
into trouble in the past with overrun-

ning IP-design budgets, so the 
company’s design managers now 
regularly tack on an additional 
30% over the IP-licensing costs to 
cover the additional costs of get-
ting the IP to work in their design. 
Much of that expense goes toward 
reverifying the functions of a hard 
core and ensuring that it works 
with a given foundry’s process 
technology. Other designers note 
that, if a given core is standards-
based, as are the PCI (Peripheral 
Component Interconnect) and 
PCIe (PCI Express) communica-
tion cores, designers also must re-
verify that the core complies with 
the standard’s protocol.

Low-quality IP can create extra ex-
penses not only for customers, but also 
for foundries and, in turn, IP vendors. 
FSA officials believe that a poor core 
can create additional expenses across 
the whole IC-design ecosystem (Figure 
1). Low-quality IP leads to extra costs, 
and this problem has become so big that, 
at the urging of its member companies, 
FSA in late 2003 collaborated with the 
VSIA to help invigorate and speed the 
VSIA’s development of the QIP. “The 
small fabless vendors are perhaps the 
most uneducated when it comes to their 
IP-buying practices,” said Jim Ensell, se-
nior vice president of marketing and 
business development at Virage Logic, 
during the fall 2006 FSA panel. “Those 
folks tend to buy IP believing it is going 
to work the first time; they don’t initial-
ly account for all the cost it is going to 
take to rework the IP.” FSA did help to 
further QIP-metric development. VSIA 
has recently extended QIP to simulation 
models, or verification IP. However, last 
year, FSA split from the VSIA to create 
the HIP (hard-IP)-quality-risk-assess-
ment tool.

Raminderpal Singh, senior engineer-
ing manager at IBM Microelectron-
ics, headed the development of the 
FSA tool. He says that the tool, free for 
downloading from the FSA’s Web site, 
seeks to help companies compare IP and 
evaluate the risks and subsequent costs 
of selecting a vendor’s IP. Whereas the 
QIP has a standard set of questions for 
all cores, assigns a single score to a piece 
of IP, and mainly focuses on soft and ver-
ification IP, the HIP scores IP in seven 
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TABLE 1 SAMPLE OF FSA’S HIP QUESTIONS
Categories Questions

IP design Does the IP include a test-pan document?

IP verifi cation Does the IP come with a comprehensive 
verifi cation environment?

IP design Does the IP contain analog circuitry or 
high-speed custom digital?

IP design Are the device-model-date codes and 
revision information documented?

Process 
technology

Has the foundry released more up-to-date 
device models than were used when this 
IP was designed?

Reliability Does the IP contain memory?

Verifi cation Does the IP include a portion that is 
delivered soft as RTL?

VSIA’S QIP MAKING STRIDES
In its 11th year, the VSIA (Virtual 
Socket Initiative Alliance) and its 
QIP (quality-intellectual-proper-
ty) metric are alive and well, says 
VSIA President Kathy Werner. VSIA 
has more than 40 member compa-
nies, a list of which you can see at 
http://vsi.org/members/index.htm. 
The organization’s QIP metric has 
been publicly available since Janu-
ary 2006, and visitors to the Web 
site have downloaded it more than 
1000 times.

“The VSIA QIP metric really helps 
compare apples to apples,” says 
Werner. “If I am looking at purchas-
ing a similar core, I want to know a 
number of things, including what 
information is available, which 
company has had successful tape-
out, what level of technical sup-
port it includes, and what fi ts best 
with my design implementation and 
methodologies. Having this infor-
mation enables a designer to miti-
gate their risk when purchasing a 
core to integrate into their design.”

Werner says the VSIA is also 
working with the CSIA (China 
Semiconductor Industry Associa-
tion) to make QIP the offi cial stan-
dard-quality metric for China and 
to enhance the QIP metric with a 
deliverables check list. Research-
ers from the Hong Kong University 
of Science and Technology, along 
with researchers from three main-
land China universities, developed 
the deliverables check list, basing it 
on VSIA deliverables from QIP line 
items.

 The QIP metric is available for 
free downloading from the VSIA 
Web site. However, a company 
must join the VSIA if it wants to 
infl uence new worksheets, in-
cluding the verifi cation spread-
sheet, or the update to the hard-IP 
spreadsheet. Once the new spread-
sheets have gone through beta 
testing, VSIA will make them freely 
available to the public. Users can 
download the QIP at http://www.
vsia.org/qipdownload/.
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categories (Table 1). The HIP is also 
customizable so that even semiconduc-
tor companies or foundries can add their 
own versions of the tool to their IP re-
positories. The HIP scores also allow us-
ers to compare as many as 20 cores on 
one scorecard and allow vendors and 
suppliers to securely share data. To date, 
however, the tool supports only hard IP.

So, although neither an ISO 9000-
type standard nor a master IP reposi-
tory exists for all types of IP, designers 
can converge on a choice using several 
resources. Like the four Cs of judging a 
diamond—color, cut, clarity, and carat, 
the four Cs of cores—compare, consid-
er, collect, and calculate—will help de-
signers narrow their choices and more 
easily locate the core that will help 
them quickly complete their designs.

COMPARE MANY CORES
The first stop for any design group 

should be its own internal library. If 
you have used an in-house core, it’s a 
no-brainer to use it again. If your com-
pany has a core but doesn’t have the 
documentation, including the models, 
testbenches, and drivers, and is no lon-
ger employing the architect of the core, 
experts strongly suggest you consider 
looking outside the company. If you go 
with undocumented IP, you won’t have 
a licensing fee, but you’ll likely end up 
redesigning the core. Years ago, a Mo-
torola executive bemoaned the fact 
that his company had three PCI cores 
in-house and still went outside to li-
cense a PCI core from Phoenix Tech-
nologies, whose IP group Synopsys now 
owns. Motorola had abandoned the 
other cores because it hadn’t yet es-
tablished an IP repository and a way to 
catalog its own IP, so the company ulti-
mately chose to license its cores.

If you lack an in-house core, you can 
look for a core in your targeted ASIC 
company, foundry, or FPGA company. 

They all have a vested interest in seeing 
you design successfully and hit market 
windows, so that you can ramp to mas-
sive volume production and ultimately 
pay them. Therefore, the FPGA com-
panies, ASIC companies, and, more re-
cently, foundries, such as TSMC (Tai-
wan Semiconductor Manufacturing 
Co), UMC (United Microelectronics 
Corp), and the Chartered/Samsung/In-
fineon common-platform alliance, have 
built vast repositories of IP. Many of the 
silicon manufacturers even recommend 
vendors and sometimes assist you in 
finding the right IP.

You can also tap one of your EDA 
vendors. The big-three EDA vendors—
Cadence, Synopsys, and Mentor—all 
have large IP libraries. Analysts often 
rank Synopsys as one of the top-three 
IP suppliers, because it has over the 
last 10 years accumulated a massive 
soft-core portfolio through develop-
ment and acquisition. For those design-
ers who own tools, some EDA vendors 
may provide free or nominally priced IP. 
As cores age, they often become com-
modity macro functions in synthesis li-
braries. Before you decide to choose an 
EDA or a semiconductor company’s IP, 
look around and weigh all your options. 
A good way to get a feel for most of the 
cores available is by checking out the 
online IP catalogs at sites such as De-
sign & Reuse and Chip Estimate. Both 
sites list multiple IP vendors and their 
offerings and allow users to compare IP 
by type. Users can get an idea of which 
vendors offer what IP. Because there is 
growing competition in the IP-catalog 
area, these sites will likely start to pro-

CONSIDER THE SIZE, 
FOCUS, BANDWIDTH 
OFFERINGS, AND 
MOTIVATION OF THE IP 
VENDOR.
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     For more on IP (intellectual 
property) in the worldwide market, check 
out our Global Report at www.edn.com/
article/CA6387029.

To read more about third-party IP, 
go to www.edn.com/article/CA498771.

Sister publication Electronic News 
examines the IP market at www.edn.
com/article/CA475606. 

Go to www.edn.com/070201cs 
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vide more in-depth information to help 
you narrow your choices. 

CONSIDER VENDOR SIZE
After you have a lay of the land and 

know which vendors offer which cores, 
consider the size, focus, bandwidth of-
ferings, and motivation of the IP ven-
dor. Typically, large, successful IP ven-
dors consistently offer quality products. 
Star-IP vendors, such as ARM, MIPS, 
Virage Logic, Tensilica, and ARC, live 
on the success of their customers. Like 
the foundries and ASIC companies, 
they have a vested interest in ensur-
ing that their customers succeed. Most 
of these star-IP vendors demand a per-
chip royalty, and they don’t receive that 
royalty if you don’t sell your products. 
Thus, they tend to provide customers 
with testbenches, regression suites, and 
even embedded software to help them 
quickly finish designs and proceed to 
volume production and royalty pay-
ments.

Things get a bit dicey when you’re 
dealing with less well-known, smaller 
companies. All IP vendors would like 
to garner a royalty, but most customers 
would rather not pay one and much pre-
fer one-time perpetual licensing or even 
single-project licenses. But if an IP ven-
dor isn’t gathering a royalty, it doesn’t 
have a stake in the end game and tends 
to be less enthusiastic about supporting 
customers after they have signed the li-
censing agreement.

At this point, you need to consider 
the size of the company and, more im-
portant, the bandwidth it offers. Many 
small IP vendors are design-services 
companies that have developed a block 
of IP in the course of their design ser-
vices. It’s important for you to consider 
whether the vendor’s primary business is 
IP or design services. A general rule of 
thumb is that if the vendor’s main busi-
ness is design services, the IP core on 
its own will tend to be of lower quality, 
but the support and extra services will 
tend to be better than those of vendors 
whose main business is IP licensing. 
And, conversely, if the vendor’s primary 
business is licensing IP, it tends to deliv-
er a well-rounded IP-deliverables pack-
age, including testbenches, models, and 
regression suites, but typically lacks in 
application knowledge and support. If 

you are licensing a digital core, check 
that the vendor has thoroughly verified 
the core and that it has undergone sev-
eral regression tests in the application 
you are targeting. 

“An IP vendor can do only a limit-
ed job of verifying IP,” said an attendee 
at the FSA’s Fall 2006 IP conference. 
“One thing they cannot do well is ver-
ify in the context of the application of 
that end user. A good IP vendor will 
develop a regression suite that grows 
over time, adding more applications to 
it as they work with more customers. A 
customer would do well to figure out 
what exactly is in their regression suite. 
If the suite encompasses the customer’s 
application, then the customer has to 
do less reverification. If not, work with 
the IP vendor, and the vendor will add 
that regression suite to its IP for future 
designs.”

Tobias notes that, if you are licens-
ing analog IP, it is even more important 
that the IP vendor has the bandwidth 
to help the customer with the design. 
“Analog tends to be sensitive, but, when 
the cores aren’t even designed properly 
in the first place, it can become a night-
mare,” says Tobias.

 COLLECT REFERENCES
Most designers learn about the quality 

of cores through word of mouth. If you 
are new to an application and are trying 
a core that you don’t know, ask around. 
Ask the IP vendor for a reference. If the 
vendor refuses to give you one, you can 
usually find a press release or even find 
customer logos on the company’s Web 
site. The IC-design business is relative-
ly small, and chances are you’ll know 
someone in the company or someone at 
your company knows a designer at the 
company. If you are successful and con-
tact the designer, you can ask the de-
signer general questions about the qual-
ity of the core and vendor support. You 
can also check out various user groups 
or chat groups on Design & Reuse’s and 
Chip Estimate’s Web sites.

It’s important to ask how the core 
functions, whether the designers had to 
perform reverification—or, more likely, 
how much—what came with the de-
liverables, and whether the IP vendor 
was helpful once the customer received 
the core. It is also helpful to ask wheth-
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er the core complies with the SPIRIT 
(structure for packaging, integrating, 
and reusing IP within tool flows) stan-
dard. The SPIRIT Consortium compris-
es companies dedicated to the adoption 
of a unified set of specifications for con-
figuring, integrating, and verifying IP in 
advanced SOC-design tool sets. If the 
cores you are evaluating are SPIRIT-
compliant, you’re in good shape so far.

CALCULATE RISKS
If, after taking these steps, you end 

up with a short list of potential vendors, 
ask them for their VSIA QIP grade or 
FSA HIP data. Although VSIA may 
not have the momentum or the huge 
membership it once did, the organiza-
tion is still going strong and is still im-
proving the QIP. Even if a vendor is not 
an official or active member of VSIA, 
any one that is worth its salt has a QIP 
grade for its IP. The IP industry doesn’t 
have an official industry organization, 
like EDA has with EDAC (Electronic 
Design Automation Consortium) or 
fabless companies have with the FSA. 
VSIA is the closest thing, so IP vendors 
have most likely filled out the QIP form 
simply to see how they stack up. 

You should base your decision neither 
solely on the QIP nor strictly on the cri-
teria. Critics point out that QIP tends 
to be strong in verifying that a design 
is functionally correct and has a sol-
id deliverables package. It tends to be 
weaker in looking at application-specif-
ic issues and communications-standards 
conformance. It also assigns one score 
to certain criteria about which you may 

be unconcerned. Still, it doesn’t hurt to 
check it out or even suggest improve-
ments to the VSIA’s QIP group.

For hard IP, you should also check out 
FSA’s new HIP-assessment tool, which is 
available free for downloading at www.
fsa.org/committees/ip/hardip.asp. The 
tool currently focuses on hard IP, but 
the FSA may extend it to also cover soft 
and verification IP. FSA is also seeking a 
partnership with Chip Estimate to offer 
IP evaluation through Chip Estimate’s 
site, but has not yet released details.

The IP industry has enabled the SOC 
revolution, yet it still hasn’t reached its 
full potential. It could get there by par-
ticipating more fully in defining indus-
try standards and maybe even forming 
into its own industry. As PMC-Sierra’s 
Driesing noted at the FSA panel, if IP 
vendors spent more time increasing the 
quality of their IP before releasing the 
cores, they could probably garner high-
er licensing fees. Then, by 2016, the IP 
industry may be able to afford fireworks 
and a comedian. I’d like to be there. In 
the meantime, when mining for IP, re-
member the four Cs: compare, consider, 
collect, and calculate.EDN

You can reach 
Senior Editor 
Michael Santarini
at 1-408-345-4424 
and michael.santarini@
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MOST DESIGNERS 
LEARN ABOUT THE 
QUALITY OF CORES 
THROUGH WORD 
OF MOUTH.

ARC
www.arc.com

ARM 
www.arm.com

Cadence 
www.cadence.com

Chartered 
Semiconductor
www.charteredsemi.
com

China Semiconductor 
Industry Association 
www.csia.net.cn

Chip Estimate 
www.chipestimate.com

Design & Reuse 
www.design-reuse.com

Fabless Semiconduc-
tor Association
www.fsa.org

Hong Kong University 
of Science and 
Technology 
www.ust.hk 

IBM Microelectronics 
www.chips.ibm.com

Infineon 
www.infineon.com

Mentor Graphics
www.mentor.com 

MIPS 
www.mips.com 

Motorola 
www.motorola.com 

On-Chip Protocol
International 
Partnership 
www.ocpip.com 

Phoenix Technologies 
www.phoenix.com

Pixelworks 
www.pixelworks.com

PMC-Sierra 
www.pmc-sierra.com

Samsung 
www.samsung.com

Sonics 
www.sonicsinc.com 

SPIRIT Consortium 
www.spiritconsortium.
com

Synopsys 
www.synopsys.com

Tensilica 
www.tensilica.com

TSMC 
www.tsmc.com

UMC
www.umc.com

Virage Logic 
www.viragelogic.com

Virtual Socket 
Initiative Alliance 
www.vsia.org
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 U
sing rms to measure waveforms furnishes the 
most accurate amplitude information (Refer-
ence 1). Rectify-and-average schemes, which 
you usually calibrate to a sine wave, are accurate 
for only one waveshape, however. Departures 
from this waveshape result in pronounced errors. 

Although accurate, rms conversion often entails limited band-
width, restricted range, complexity, and difficult-to-character-
ize dynamic and static errors. Recent developments address 
these issues and also improve accuracy. Table 1 at the Web 
version of this article at www.edn.com/ms4228 shows Linear 
Technology’s (www.linear.com) LTC1966/LTC1967/LTC 1968 
device family. The devices feature low-frequency accuracy, in-
cluding linearity and gain error, of 0.5% and 1% error at band-
widths extending to 500 kHz. These converters employ a sig-
ma-delta-based computational scheme to achieve their perfor-
mance.

Figure 1’s pinout descriptions and basic circuits reveal an 
easily applied device. An output filter capacitor is all that is 
necessary to form a functional rms/dc converter. The figure 
shows split- and single-supply-powered variants. Such ease of 

implementation invites a broad range of application; examples 
begin with Figure 2.

ISOLATED POWER-LINE MONITOR
Figure 2’s ac-power-line monitor has 0.5% accuracy over a 

sensed 90 to 130V-ac input and provides a safe, fully isolat-
ed output. Conversion of rms provides accurate reporting of 
ac-line voltage, regardless of waveform distortion, which is 
common. T1’s ratio divides down the ac-line voltage. An iso-
lated and reduced potential appears across T1’s secondary, B, 
at which it resistively scales and presents itself to IC1’s input. 
Power for IC1 comes from T1’s secondary, A, which you rec-
tify, filter, and zener-regulate to dc. IC2 provides a numerical-
ly convenient output from gain. You can increase accuracy by 
biasing T1 to an optimal loading point, which the relatively 
low-resistance-divider values facilitate. Similarly, although IC1 
and IC2 can operate from one supply, split supplies maintain 
symmetrical T1 loading. You calibrate the circuit by adjusting 
the 1-k� trim for 1.20V output with the ac line at 120V ac. 
You make this adjustment using a variable-ac-line transformer 
and a floating rms voltmeter (see sidebar “AC-measurement 

and signal-handling practice” at 
the Web version of this article 
at www.edn.com/ms4228 for rec-
ommendations on rms voltme-
ters and other ac-measurement-
related gossip).

Figure 3’s error plot shows 
0.5% accuracy from 90 to 130V 
ac, degrading to 1.4% at 140V 
ac. The beneficial effect of trim-
ming at 120V ac is evident; trim-
ming at full-scale would result in 
larger overall error, primarily due 
to nonideal-transformer behav-
ior. Note that the data is specific 
to the transformer. Substitution 
for T1 necessitates circuit-value 
changes and recharacterization.

FULLY ISOLATED
RMS/dc converters common-

ly require accurate rms-ampli-
tude measurement of an SCR’s 
(silicon-controlled rectifier’s) 
chopped ac-line waveforms. The 
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Figure 1 The pinout descriptions (top) and basic circuits (bottom) include the rms converter’s 
pin functions and application circuits. The pins’ descriptions are equivalent in all the devices, 
with only minor differences.
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SCR’s fast sine-wave switching complicates this measurement 
because this speed introduces odd waveshapes with high-fre-
quency harmonic content. Figure 4’s conceptual SCR-based 
ac/dc converter is typical. The SCRs alternatively chop the 
220V-ac line, responding to a loop-enforced, phase-modulated 
trigger to maintain a dc output. Figure 5’s waveforms show typ-
ical operation. Trace A represents one ac-line phase, and Trace 
B represents the SCR cathodes. The SCR’s irregularly shaped 
waveform contains dc and high-frequency harmonics, requir-
ing wideband rms conversion for measurement. Additionally, 
for safety and system-interface considerations, you must fully 
isolate the measurement.

Figure 6 provides isolated power and data-output paths to an 
rms/dc converter, permitting safe, wideband, digital output-rms 
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Figure 3 The line monitor has 0.5% accuracy from 90 to 130V 
ac, degrading to 1.4% accuracy at 140V ac. Almost all the error 
is due to transformer parasitic losses.
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Figure 4 This ac/dc converter is typical of SCR-based designs. 
Feedback directs the SCR, which synchronizes with the ac line. 
The SCR’s trigger-phase modulation controls the dc output.
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Figure 5 Trace A is the ac line of the SCR-based ac/dc con-
verter. Trace B is the waveform at the SCR cathode. It contains 
dc and high-frequency harmonics that require wideband rms 
measurement to ensure accurate regulation.

100
1W

100
1W

0.25%

�1N4148.

�1N4689 5.1V.

10
0.25%

5V �5V

–5V

5V

LINE INPUT
90 TO 140V AC

100 �F

T1

A

B

1

4

5

1k
BIAS SUPPLY

ISOLATED LINE SENSOR
6
7

8
1k

120V-
AC

TRIM

100

1 �F

100k*

RMS OUT
0.9 TO 1.4V�

90 TO 140V AC

100k*

100 �F

1k

IN1 OUT

OUT RTN

IC1
LTC1966

RMS CONVERTER

�

�

�V�V

EN GND
IN2

NOTES:
T1=TAMURA-PAN MAG 3FS-212.

*1% METAL-FILM RESISTOR.
1-�F CAPACITOR IS WIMA MKS-2.

IC2
LT1006

�

�

Figure 2 This isolated power-line monitor senses with a trans-
former and provides 0.5% accuracy from 90 to 130V-ac input. 
Loading the transformer secondary optimizes the voltage conver-
sion’s linearity.
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measurement. A pulse-generator-configured comparator com-
bines with Q1 and Q2 to drive T1, resulting in isolated 5V pow-
er at T1’s rectified, filtered, and zener-regulated output. The 
rms/dc converter senses either 135 or 270V-ac full-scale in-
puts through a resistive divider. The converter’s dc output feeds 
a self-clocked, serially interfaced ADC; optocouplers convey 
output data across the isolation barrier. The LTC6650 provides 
a 1V reference to the ADC and biases the rms/dc converter’s 
inputs to accommodate the voltage divider’s ac swing. You ac-
complish calibration by adjusting the 20-k� trim and noting 
that output data agrees with the input ac voltage. Circuit accu-
racy is within 1% in a 200-kHz bandwidth.

LOW-DISTORTION AC-LINE RMS REGULATOR
Almost all functioning ac-line-voltage regulators rely on 

some form of waveform chopping, clipping, or interruption. 
This requirement promotes efficiency but introduces waveform 
distortion, which is unacceptable in some applications. Figure 
7 regulates the ac line’s rms value within 0.25% over wide in-
put swings and introduces no distortion. It accomplishes this 
task by continuously controlling the conductivity of a series-
pass MOSFET in the ac line’s path. Enclosing the MOSFET 

in a diode bridge permits it to operate during both ac-line po-
larities.

You apply the ac-line voltage to the Q2-diode bridge. A cal-
ibrated variable-voltage divider senses this bridge and feeds 
IC1. You route IC1’s output, representing the regulated line’s 
rms value, to control amplifier IC2 and compare it with a refer-
ence. IC2’s output biases Q1, controlling drive to a photovolta-
ic optoisolator. The optoisolator’s output voltage provides lev-
el-shifted bias to diode-bridge-enclosed Q2, closing a control 
loop, which regulates the output’s rms voltage against ac-line 
and -load shifts. RC components in IC2’s local feedback path 
stabilize the control loop. The loop operates Q2 in its linear re-
gion, much like a common low-voltage dc linear regulator. The 
result is the absence of introduced distortion at the expense 
of lost power. Heat dissipation constrains the available output 
power. For example, when you set the output adjustment to 
regulate 10V below the normal input, Q2 dissipates about 10W 
at 100W output. You can improve this figure, however. The 
circuit regulates for VIN�2V above VOUT, but operation in this 
region risks regulation dropout as VIN varies.

Circuit details include JFET Q5 and associated components. 
The passive components associated with Q5’s gate form a slow 
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Figure 6 Optoisolators provide a safe, low-voltage digital output for this wideband-rms-measurement circuit. T1 and associated 
circuitry provide isolated power for the rms converter, and a resistive divider performs high-voltage ac sensing. An ADC provides a 
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turn-on negative supply for IC1. They also provide gate bias 
for Q5, a soft-start transistor that prevents abrupt ac power ap-
plication to the output at start-up. When power is off, Q5 con-
ducts, holding IC2’s positive input low. When you apply power, 
IC1 initially has a 0V reference, causing the control loop to set 
the output at zero. As the 1 M�, 0.22-�F combination charg-
es, Q5’s gate moves negative, causing its channel conductiv-
ity to gradually decay. Q5 ramps off, IC2’s positive input moves 
smoothly toward the LT6650’s 400-mV reference, and the ac 
output similarly ascends toward its regulation point. Current 
sensor Q6, measuring across the 0.7� shunt, limits output cur-
rent to approximately 1A. At normal line inputs of 90 to 135V 
ac, Q4 supplies 5V operating bias to the circuit. If line voltage 
rises beyond this point, Q3 comes on, turning off Q4 and shut-
ting down the circuit.

GAIN-OF-1000 PREAMPLIFIERS
The preceding circuits furnish high-level inputs to the rms 

converter. Many applications lack this advantage and require 
some form of preamplifier. High gain preamplification for the 
rms converter requires more attention than you might suppose. 
The preamplifier must have low offset error because the rms 
converter (desirably) processes dc as legitimate input. More 

subtly, the preamplifier must have far more bandwidth than 
is immediately apparent. The amplifier’s �3-dB bandwidth is 
of interest, but its closed-loop 1%-amplitude-error bandwidth 
must be high enough to maintain accuracy over the rms con-
verter’s 1%-error passband. This requirement is not trivial, be-
cause very high open-loop gain at the maximum frequency of 
interest is necessary to avoid inaccurate closed-loop gain.

Figure 8 shows a gain-of-1000 preamplifier that preserves 
the LTC1966’s dc to 6-kHz, 1% accuracy. The amplifier may be 
either ac- or dc-coupled to the rms converter. The 1-mV full-
scale input splits into high- and low-frequency paths. IC1 and 
IC2, which are both ac-coupled, take a cascaded, high-frequen-
cy gain of 1000. Chopper-stabilized IC3 which is dc-coupled, 
also has a gain of 1000, but its RC-input filter restricts it to op-
erate only at dc and low frequency. Assuming the switch is set 
to dc�ac, high- and low-frequency-path information recom-
bine at the rms converter. The high-frequency path’s 650-kHz, 
�3-dB response combines with the low-frequency section’s mi-
crovolt-level offset to preserve the rms converter’s dc to 6-kHz 
1% error. If you require only ac response, set the switch to the 
appropriate position. The minimum processable input, which 
the circuit’s noise floor sets, is 15 �V.

The LTC1968, with a 500-kHz, 1%-error bandwidth, poses a 
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significant challenge for an accurate preamplifier, but the cir-
cuit in Figure 9 meets the requirement. This design features 
decade-ranged gain to 1000 with a 1%-error bandwidth be-
yond 500 kHz, preserving the rms converter’s 1%-error band-
width. Its 20-�V noise floor maintains wideband performance 
at microvolt-level inputs. Q1A and Q1B form a low-noise buf-
fer, permitting high-impedance inputs. IC1 and IC2, which are 
both gain-switchable, take cascaded gain in accordance with 
the figure’s table. You set the gains using reed relays, which a 
2-bit code controls. IC2’s output feeds the rms converter, and a 
Sallen-Key active filter smoothes the converter’s output. The 
circuit maintains 1% error over a 10-Hz to 500-kHz bandwidth 
at all gains due to the preamplifier’s �3-dB, 10-MHz band-
width. You can eliminate the 10-Hz, low-frequency restriction 

with a dc-stabilization path similar to the one in Figure 8, but 
you would have to switch its gain in concert with the IC1-IC2 
path.

Figure 10 shows preamplifier response to a 1-mV input step 
at a gain of 1000. IC2’s output is singularly clean, with trace 
thickening in the pulse’s flat portions due to the 20-�V noise 
floor. The 35-nsec rise time indicates a 10-MHz bandwidth. To 
calibrate this circuit, first set S1 and S2 high, ground the input, 
and trim the zero adjustment for 0V dc at IC2’s output. Next, 
set S1 and S2 low, apply a 1V, 100-kHz input, and trim A�1 for 
unity gain, which you measure at the circuit output, in accor-
dance with the table in Figure 9. Continue this procedure for 
the remaining three gains in the table. A good way of generat-
ing the required accurate low-level inputs is to set a 1V-ac lev-
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el and divide it down with a high-grade 50� attenuator, such 
as the Hewlett-Packard (www.hp.com) 350D or the Tektronix 
(www.tektronix.com) 2701. It is prudent to verify the attenu-
ator’s output with a precision rms voltmeter (see sidebar “AC-
measurement and signal-handling practice” at the Web version 
of this article at www.edn.com/ms4228).

MEASURING QUARTZ-CRYSTAL RMS CURRENT
Quartz-crystal rms operating current is critical to long-term 

stability, temperature coefficient, and reliability. You must min-
imize introduced parasitics, particularly capacitance, which 
corrupt crystal operation. This requirement complicates accu-
rate determination of rms-crystal current. Figure 11, a form of 
Figure 9’s wideband amplifier, combines with a commercially 
available closed-core current probe to permit the measurement. 
An rms/dc converter supplies the rms value. The quartz-crystal 
test circuit in dashed lines exemplifies a typical measurement 
situation. The Tektronix CT-2 current probe monitors crystal 
current and introduces minimal parasitic loading. The probe’s 
50� termination allows direct connection to IC1 without the 
FET buffer in Figure 9. Additionally, because quartz crystals 
are uncommon at frequencies lower than 4 kHz, IC1’s gain does 
not extend to low frequency.

Figure 12 shows the results. A crystal drive, which you take 
at Q1’s collector (Trace A), causes a 25-�A-rms crystal current, 
which appears at the rms/dc-converter input (Trace B). The 
trace enlargement is due to the preamplifier’s 5-�A-rms equiv-
alent-noise contribution. Table 2 at the Web version of this 
article at www.edn.com/ms4228 details characteristics of two 
Tektronix closed-core current probes. The primary trade-off is 
low-frequency error versus sensitivity. The current probes con-
tribute essentially no probe noise, and capacitive loading is no-
tably low. You calibrate the circuit by putting 1-mA rms cur-

rent through the probe and adjusting the indicated trim for a 
1V circuit output. To generate the 1 mA, drive a 1-k�, 0.1% 
resistor with 1V rms.

STABLE AC-VOLTAGE STANDARD
Figure 13 uses the rms/dc converter’s stability in an ac-volt-

age standard. Initial circuit accuracy is 0.1%, and six months 
of drift at 20 to 30�C remains within that figure. Additionally, 
the 4-kHz operating frequency is within 0.01%, and distortion 
is less than 30 ppm. IC1 and its power buffer, IC3, sense across 
a bridge comprising a 4-kHz quartz crystal and an RC imped-
ance in one arm; resistors and an LED-driven photocell com-
prise the other arm. IC1 sees positive feedback at the crystal’s 4-
kHz resonance, promoting oscillation. Negative feedback, sta-
bilizing oscillation amplitude, occurs through a control path, 
which includes an rms/dc converter and an amplitude-control 
amplifier, IC5. IC5 acts on the difference between IC3’s rms-
converted output and the LT1009 voltage reference. Its output 
controls the LED-driven photocell to set IC1’s negative feed-
back. RC components in IC5’s feedback path stabilize the con-
trol loop. The 50-k� trim sets the optically driven resistor’s 
value to the point at which IC3’s lowest output distortion oc-
curs and maintains adequate loop stability.

Normally, you would ground the bridge’s “bottom.” Al-
though this connection works, it subjects IC1 to common-
mode swings, increasing distortion due to IC1’s finite common-
mode rejection versus frequency. IC2 eliminates this concern 

200 mV/DIV

50 nSEC/DIV

Figure 10 IC2 in Figure 9 responds to a 1-mV input step with 
a gain of 1000. The 35-nsec rise time indicates the 10-MHz 
bandwidth. The thickened trace at the flat portions of the pulse 
represents the noise floor.
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Figure 11 The circuit of Figure 9 adapts to the isolated true-rms measurement of the current in a quartz crystal. The current probe’s 
50� impedance allows the elimination of the FET-input buffer and direct connection to IC1. The current probe does not appreciably 
load the crystal in this oscillator test circuit.
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by forcing the bridge’s midpoints and, hence, common-mode 
voltage to 0V but not influencing desired circuit operation. It 
accomplishes this task by driving the bridge bottom to force 
its input differential to zero. IC2’s output swing is 180� out of 
phase with IC3’s circuit output. This action eliminates com-
mon-mode swing at IC1, reducing circuit output distortion by 
more than an order of magnitude. Figure 14 shows the circuit’s 
1.414V-rms (2V peak) output in Trace A, and Trace B’s distor-
tion constituents include noise, fundamental-related residue, 
and second-harmonic components.

The 4-kHz crystal is a relatively large structure with a high 
Q factor. Normally, it would require more than 30 sec to start 
and arrive at full, regulated amplitude. You avoid this draw-
back by including the Q1-LTC201-switch circuitry. At start-
up, IC5’s output goes high, biasing Q1. Q1’s collector goes low, 
turning on the LTC201. This action sets IC1’s gain abnor-
mally high, increasing bridge drive and accelerating crystal 
start-up. When the bridge arrives at its operating point, IC5’s 
output drops to a lower value, Q1 and the LTC201 switch off, 
and the circuit moves into normal operation. Start-up time is 
several seconds.

The circuit requires trimming for amplitude accuracy and 
lowest distortion. You perform the distortion trim first. Adjust 
the trim for minimal output distortion, which you meas ure on 
a distortion analyzer. Note that the absolute lowest level of dis-
tortion coincides with the point at which control-loop gain is 
just adequate to maintain oscillation. As such, find this point 
and retreat from it into the control loop’s active region. This 
retreat necessitates giving up about 5-ppm distortion, but you 
can achieve 30 ppm with good control-loop stability. You trim 

output amplitude with the indicated adjustment for exactly 
1.414V rms (2V peak) at the circuit output.

RANDOM-NOISE GENERATOR
Figure 15 uses the rms/dc converter in a leveled-output-ran-

dom-noise generator. Noise diode D1 ac-biases IC1, operating 
at a gain of two. IC1’s output feeds a 1- to 500-kHz, switch-se-
lectable lowpass filter. The filter output-biases the variable-gain 
amplifier, IC2-IC3. IC2, a current-controlled transconductance 
amplifier, and IC3, an output amplifier, reside on one chip. This 
stage takes ac gain, biases the LTC1968 rms/dc converter, and 
acts as the circuit’s output. The rms-converter output at IC4 
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A=0.5V/DIV

B=50 µA/DIV

2 µSEC/DIV

Figure 12 Trace A shows the crystal voltage, and Trace B 
shows the crystal current for the circuit in Figure 11. The 25-�A 
rms-crystal-current measurement includes the 5-�A noise-floor 
contribution of the preamplifier.
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Figure 13 This quartz-stabilized sine-wave-output-ac reference has 0.1% long-term amplitude stability. The frequency accuracy is 
0.01% with less-than-30-ppm distortion. The positive feedback around IC1 causes oscillation at the crystal’s resonant frequency. 
Amplifier IC5 acts on the rms-amplitude output of IC4 to supply a negative feedback to IC1 through the bridge network that stabilizes 
the rms-output amplitude. The optocoupler minimizes feedback-induced distortion. Switch Q1 closes during start-up, which ensures 
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feeds back to gain-control amplifier IC5, which compares the 
rms value with a variable portion of the 5.1V zener potential. 
IC5’s output sets IC2’s gain through the 3-k� resistor, complet-
ing a control loop to stabilize noise-rms-output amplitude. The 
RC components in IC5’s local feedback path stabilize this loop. 
You can vary the output amplitude using the 10-k� potentiom-
eter; a switch permits external voltage control. Q1 and associat-
ed components, a soft-start circuit, prevent output overshoot at 
power turn-on. Figure 16 shows circuit-output noise in the 10-
kHz filter position; Figure 17’s spectral plot reveals essentially 
flat rms-noise amplitude over a 500-kHz bandwidth.

RMS-AMPLITUDE-STABILIZED LEVEL CONTROLLER
Figure 18 borrows the previous circuit’s gain-control loop to 

stabilize the rms amplitude of an arbitrary input waveform. You 
apply the unregulated input to variable-gain amplifier IC1-IC2 
which feeds IC3. DC coupling at IC1-IC2 permits passage of low-
frequency inputs. An rms/dc converter, comprising IC4 and IC6, 
takes IC3’s output, which feeds IC5’s gain-control amplifier. IC5 
compares the rms value with a variable reference and biases IC1, 
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A=2V/DIV

B=30-PPM
DISTORTION

100 �SEC/DIV

Figure 14 Trace A shows the 1.414V-rms (2V peak) reference 
output from IC3. Trace B shows the 30-ppm distortion in the 
output. The distortion’s constituents include noise, fundamental-
related residue, and second-harmonic components.
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Figure 15 This circuit creates a random-noise generator with rms-leveled output. IC1 filters and amplifies zener-diode noise. The 
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closing a gain-control loop. The 0.15-�F feedback capacitor 
stabilizes this loop, even for waveforms lower than 100 Hz. This 
feedback action maintains waveshape and stabilizes output-rms 
amplitude despite large variations in input amplitude. You can 
set the desired output level with the indicated potentiometer, or 
you can switch in an external control voltage.

Figure 19 shows output response (Trace B) to abrupt ref-

erence-level-setpoint changes (Trace A). The output settles 
within 60 msec for ascending and descending transitions. You 
can achieve faster response by decreasing IC5’s compensation 
capacitor, but the circuit would then be unable to process low-
frequency waveforms. Similar considerations apply to Figure 
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AMPLITUDE
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(–3 dB/DIV)
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FREQUENCY (kHz)
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Figure 17 The amplitude over frequency for the random-noise 
generator is essentially flat to 500 kHz. The NC103 noise diode 
contributes to an even noise-spectrum distribution, and the rms 
converter and control loop stabilize the amplitude. The measure-
ment sweep time is 2.8 minutes, and the resolution bandwidth is 
100 Hz.

2V/DIV

5 mSEC/DIV

Figure 16 The output of the circuit in Figure 14 is in the 10-kHz 
filter position.
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Figure 18 This rms-amplitude level-control circuit uses the gain-control loop of Figure 15. The amplifiers IC1, IC2, and IC3 provide a 
variable-gain capability to the input section. The rms converter, IC6, feeds back to the gain-control amplifier, IC5, which closes the 
amplitude-stabilization loop. The variable-reference voltage permits a settable calibrated rms output that is amplitude-independent of 
the input waveshape.

edn070201ms4228_id   72edn070201ms4228_id   72 1/17/2007   10:32:06 AM1/17/2007   10:32:06 AM



Enter xx at www.edn.com/info www.thinkSRS.com
Stanford Research Systems Phone: (408)744-9040

www.thinkSRS.com

10 MHz Rubidium Frequency Standard10 MHz Rubidium Frequency Standard
· 5 MHz and 10 MHz outputs

· Ultra-low phase noise 
  (<–130 dBc/Hz at 10 Hz)

· 0.005 ppm aging over 20 years

· Built-in distribution amplifi er 
  (up to 22 outputs)

· 1 pps input and output

Allan Variance vs. Time

FS725 Single Sideband Phase Noise

Observation Interval (seconds)

Frequency Off set from Carrier (Hz)

Ro
ot

 A
lla

n 
Va

ria
nc

e 
(p

ar
ts

 in
 1

012
)

dB
c/

H
z

The FS725 Benchtop Rubidium Frequency 
Standard is ideal for metrology labs, R&D 
facilities, or anywhere a precision frequency 
standard is required.

It has excellent aging characteristics, extremely
low phase noise, and outstanding reliability. 
A 1pps input is provided for phase-locking to 
GPS, providing Stratum 1 performance. 

With a built-in 5MHz and 10MHz distribution 
ampli  er, the FS725 is the ultimate laboratory 
frequency standard.

FS725 ... $2495 (U.S. list)

FS725 rear panel

-160

-150

-140

-130

-120

-110

-100

1 10 100 1 k 10 k 100 k

0.1

1

10

100

1,000

10,000

10 100 1,000 10,000 100,000 1,000,000

Free running FS725

FS725 locked to GPS

GPS 1 pps

EDN070201_ads.indd   73EDN070201_ads.indd   73 1/11/2007   11:46:40 AM1/11/2007   11:46:40 AM



20’s response to an input-waveform step change. Trace A is 
the circuit’s input, and Trace B is its output. The output set-
tles in 60 msec due to IC5’s compensation. Reducing compen-
sation value speeds response at the expense of low-frequency-
waveform processing capability. Specifications include 0.1% 
output-amplitude stability for inputs of 0.4 to 5V rms, 1% set-
point accuracy, 0.1- to 500-kHz passband, and 0.1% stability 
for 20% power-supply deviation.EDN

R E FE R E N CE S
 “1968 Instrumentation/Electronic-Analytical-Medical,” AC 

Voltage Measurement, Hewlett-Packard Co, 1968, pg 197.
Sheingold, DH, editor, Nonlinear Circuits Handbook, Sec-

ond Edition, Analog Devices Inc, 1976.
Model LK-343A-FM Manual, Lambda Electronics.

 Grafham, DR, “Using Low Current SCRs,” General Electric 
AN200.19, January 1967.

Williams, Jim, “Performance Enhancement Techniques for 
Three-Terminal Regulators—SCR Preregulator,” Linear Technol-
ogy Corp, AN-2, pg 3, August 1984.

Williams, Jim, “High Efficiency Linear Regulators—SCR Pre-
regulator,” Linear Technology Corp, Application Note 32, March 
1989, pg 3.
 Williams, Jim, “High Speed Amplifier Techniques—Parallel 
Path Amplifiers,” Linear Technology Corp, Application Note 47, 

August 1991, pg 35.
Williams, Jim, “Practical Circuitry for 

Measurement and Control Problems,” 
“Broadband Random Noise Generator,” 
“Symmetrical White Gaussian Noise,” 
Appendix B, Linear Technology Corp, 
Application Note 61, August 1994, 
pg 24 and 38.

Williams, Jim, “A Fourth Genera-
tion of LCD Backlight Technology,” 
“rms Voltmeters,” Linear Technology 
Corp, Application Note 65, November 
1995, pg 82.

Meacham, LA, “The Bridge Stabi-
lized Oscillator,” Bell System Tech-
nical Journal, Volume 17, October 
1938, pg 574.

Williams, Jim, “Bridge Circuits—
Marrying Gain and Balance,” Linear 
Technology Corp, Application Note 
43, June 1990.

AUTH OR’S  B I OG RAPHY
Long-time EDN contributor Jim Wil-
liams, staff scientist at Linear Technology 
Corp (Milpitas, CA), has more than 40 
years’ experience in analog-circuit and 
instrumentation design.

A=2V/DIV

B=1V/DIV

10 mSEC/DIV

Figure 20 The amplitude-level-control output (Trace B) reacts to 
a step change in the input signal (Trace A). The slow loop com-
pensation allows the overshoot, but the output settles cleanly.

A=0.5V/DIV

B=1V/DIV

20 mSEC/DIV

Figure 19 An abrupt change in the reference (Trace A) causes 
an amplitude-level-control response (Trace B). IC5’s compensa-
tion capacitor sets the settling time. This capacitor must be large 
enough to stabilize the loop at the lowest expected signal-input 
frequency.
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 E
OS (electrical overstress) and ESD (electrostat-
ic discharge) are the main causes of failures in 
semiconductors. Although EOS often takes the 
blame, ESD may sometimes accompany EOS. 
Did the assembly machinery zap the part? Did 
the handling procedures take the proper ESD 

precautions? Did the test equipment do something to the 
part? Or did the end user zap the part while crawling on a rug 
to reach a connector in back of a computer so he could plug 
in a cable? Figuring out the cause of device failures can pres-
ent significant challenges. Eliminating the detective work 
by avoiding the failures is the most cost-effective approach. 
This article shows how to make pc boards as tolerant as pos-
sible of ESD and EOS.

ESD is a high-voltage external event that can get into 
your product and destroy the silicon. Typically, the dis-
charges are common-mode-type events, which can result 
from many things, including insulation failures 
that you can detect only by careful scanning 
with an electronic microscope, sneak paths 
through internal protection diodes, and short 
circuits that enable conduction from a power 
rail to melt holes in the device. Because of their 
multiple causes, EOS problems don’t yield to a 
single mitigation approach. EOS prevention is 
much like the defend-in-depth philosophy of 
medieval-castle builders: First, keep the ESD 
energy from getting in. (Keep the enemy out!) 
Second, dissipate the energy that does get in. 
(Make life hard for an enemy who gets through 
the first gate.) Third, make the silicon as resis-
tant as possible to energy that does get in. (Put 
armor on your soldiers.)

The following recommendations are for high-
speed serial buses, such as FireWire, USB, and, 
with extra care, PCIe (Peripheral Component 
Interconnect Express). Note that any hole in 
the chassis serves as an entry point for ESD. A 
high-speed serial bus may not be the problem. In 
fact, it may be the solution. By combining many 
outside connections, a single serial-bus connec-

tion can eliminate entry points for ESD (making it necessary 
to defend only one gate to the castle).

KEEP THE ENEMY OUT!
First, if possible, do not let ESD energy get to the silicon. 

The best way to accomplish this objective is with a Faraday 
cage. Ideally, a continuous conducting surface—typically, 
chassis ground—completely surrounds the internal electronics 
and connects to the green wire or earth ground. A good exam-
ple of this approach is a PC’s metal-tower case, a conducting 
enclosure that surrounds all the internal electronics. However, 
the high-speed serial bus requires a hole in that continuous 
surface to mount the connector to allow the electrical signals 
to enter. Well-designed serial buses have an overall external 
shield around the signal conductors and a metal shield on the 
pc-board connector. If a low-impedance connection connects 
the overall shield to the pc-board-connector shield and if a 
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Figure 1 Carefully selected and located ferrite beads and capacitors as well as 
careful connector mounting maximize the immunity of the IEEE 1394 FireWire 
bus to electrostatic damage.
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low-impedance connection ties the pc-
board connector to the chassis ground, 
these connections form an almost-con-
tinuous conducting surface from one 
machine’s metal enclosure, through 
the connector to the cable shield, and 
through to the mating connector to the 
connected machine’s enclosure. The use 
of the word “almost” relates to the hole 
in the metal box from which the con-
nector protrudes. This air gap can allow 
ESD energy in. Luckily, some devices use 
spring action to make contact from the 
connector shell to the enclosure’s con-
ducting surface. A vertical diagonal tang 
in these devices contacts the enclosure 
through which the connector protrudes, 
and a similar but horizontal tang con-
tacts the pc-board connector, connects 
to the board’s chassis ground, or both.

This construction mitigates both ESD 
and EMI (electromagnetic interference) 
by providing a short connection to the 
chassis ground from the connector shell 
and reducing the length of the slot an-
tenna around the connector where it 
protrudes through the enclosure. Think 
of this arrangement as the wall around 
the castle. As long as the wall (Faraday 
cage) holds and nothing breaches the 
gates (connector holes), the people (sili-
con devices) inside are relatively safe.

If a product has no conducting enclo-
sure, you have a couple of options: Try 
to dissipate the energy that gets in (that 
is, make life difficult for your enemy), 
or dump the ESD energy into the big-
gest bulk conductor available to let it 
bleed away over time. The disadvantage 
of dumping to the biggest bulk conduc-
tor is that doing so sends the ESD volt-
age everywhere that the conductor goes, 
giving it the opportunity to arc to other 
conductors or silicon devices. Also, the 
electric field can disrupt other silicon 
devices. If you can minimize these un-
desired possibilities by design, dumping 
to the biggest bulk conductor can be a 
good option.

MAKING LIFE DIFFICULT
Even if the enclosure is conductive, 

sneaky ESD can find ways inside. This 
insidious quality is the reason for in-
depth defense. The goal of the second 
layer is to dissipate the energy that gets 
inside—that is, to make life difficult for 
any of the enemies who get past the first 
gate. You can think of the second lay-
er as a lethal zone between the castle’s 

external gate and the secondary gate. In 
castles, there was typically a hallway be-
tween these two gates with arrow slits 
in the walls to create a site for crossfire. 
In this hallway, defenders applied boil-
ing oil to the invaders. Any enemy that 
got through the first gate (Faraday cage) 
had to survive this lethal zone before at-
tempting to breach the second gate. The 
electronic world is slightly less dramatic. 
The goal is to dissipate as much energy 
as practical to minimize what reaches 
the silicon.

For FireWire, USB, and the cabled 
version of PCIe, a pair of conductors 
supplies dc cable power and provides a 
cable-power-return path. You can heavi-
ly filter these conductors to prevent ESD 
from getting to the silicon. With a few 
modifications, these conductors can also 
prevent EMI from escaping. Assume that 
the designer has shorted the connector’s 
conducting shell to chassis ground with 
the previously described spring mecha-
nism. Next, look at the power connec-
tion. For higher frequency ESD, you 
can place a capacitor to chassis ground 
as close as possible to the connector on 
both the power and the ground connec-
tions (C1 and C2 in Figure 1).  However, 
the IEC (International Electrotechni-
cal Commission) ESD-testing definition 
uses a 150-pF (C) capacitor charged to 
the test voltage (V). Because the total 
charge (Q) stays the same, to reduce 
this voltage below the capacitor voltage 
rating (50V), the protection-capacitor 
value must be approximately 0.033 �F 
(C=Q/V; therefore, V=Q/C). A 0.01-�F 
capacitor works in this application at 2-
kV testing levels. You must use a high 
enough voltage capacitor, protect the 
capacitor with voltage clamps (such as 
zener diodes), or replace it with a high-
voltage TVS (transient-voltage-suppres-
sor) device. Because these connections 
are for power and ground, placing a large 
capacitor across them is not a problem.

Figure 1’s circuit uses nonpolarized 
capacitors. Unfortunately, both of these 
examples’ capacitor value is rather low. 
This approach allows a lower imped-
ance path to dump ESD energy to chas-
sis ground. Although it does not capture 
all of the energy, it captures enough to 
help. Relative to that of other routes for 
the energy, the impedance of the capaci-
tor determines the amount of energy de-
livered to the capacitor and leads to the 
next protective element, a ferrite bead, 
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FB1, in series with the power connec-
tion. The ferrite presents a resistance 
to signals at high frequencies. At these 
higher frequencies, the bead exhibits 
higher impedance than that of the ca-
pacitor. The high-frequency edges are 
ESD’s most damaging components. This 
combination of capacitor and ferrite aids 
in eliminating these edges.

  With a small addition, this circuit 
becomes an effective EMI filter. The 
EMI filter is the converse of the ESD fil-
ter. The ESD filter tries to keep energy 
out, and the EMI filter tries to keep en-
ergy in. For EMI, the capacitor, C3, next 
to the ferrite bead connects to the same 
ground as the transceiver, not to chassis 
ground. The idea is to return energy to 
its source, the transceiver chip. On the 
schematic, this arrangement now looks 
like a classic pi filter with the capaci-
tors forming the legs and the ferrite at 
the top. Pay attention to the layout; it 
is important. To keep ESD out, the ESD 
capacitor should be as close as possible 
to the source of the ESD, the connector. 
But the EMI capacitor should be as close 
as possible to the source of the EMI, the 
transceiver chip. You should place the 
ferrite closer to whichever is the big-
ger problem. Place the bead close to 
the connector if ESD is the larger con-
cern or close to the transceiver if EMI 
from the transceiver is more serious. If 
you lack enough information to decide, 
place the ferrite close to the connector. 
There, it will still keep EMI from the 
various sources from escaping the system 
and will do the most to prevent damage 
from ESD.

TRICKY GROUND CONNECTION
The ground connection is much trick-

ier. Both FireWire and USB use com-
mon-mode signaling that requires a low-
impedance return path—that is, the 
ground-return path through the cable’s 
ground wire. For this reason, don’t place 
a ferrite bead in series with the ground 
wire unless you have no other way to 
meet the ESD/EMI requirements. If you 
must use a bead, you should test it exten-
sively to ensure that it works. However, 
you can aid ESD suppression by con-
necting a capacitor from signal ground 
to chassis ground as close as possible to 
the connector. This capacitor produces 
a current divider, and most of the cur-
rent passes through the signal-to-ground 
connection. Some goes through the ca-

pacitor to chassis ground, however—
with luck, enough to make a difference.

Trickiest are the high-speed signal 
lines, which you must treat equally. 
Anything you do to one of the lines you 
should do to both lines of the differen-
tial pair. The best approach is usually a 
common-mode choke for the technol-
ogy you are using.  The common-mode 
choke presents a high impedance to sig-
nals common to both conductors and 
lets differential signals pass. This ap-
proach works well for both ESD and 
EMI because both are typically com-
mon-mode phenomena. Again, com-
ponent placement involves trade-offs. 
Placing the choke near the connector 
has the greatest effect on ESD. A posi-
tion near the transceiver does the most 
to mitigate transceiver EMI. For the 
same reasons as those for ferrites, place 
the choke near the connector unless 
transceiver EMI is the dominant reason 
for adding the choke. For FireWire with 
two differential pairs, a single device 
with a common core uses less pc-board 
area. However, using a separate choke 
for each pair reduces crosstalk between 
the two pairs, which is often a good rea-
son to use separate chokes despite the 
pc-board-area penalty.

You should take several issues into ac-
count and exercise caution concerning 
them. First, do not put capacitors on the 
high-speed, twisted-pair signal lines. In 
all cases, the frequencies present will 
cause any capacitance greater than a 
few picofarads to present signal-integri-
ty problems. Although the product un-
der test might at first seem to work, the 
bit-error rate can be high. Also, do not 
use common-mode chokes except those 
explicitly designed for the technology 
you are using. FireWire Version A (IEEE 
1394a) uses a common-mode-signaling 
mechanism to determine the speed at 
which it can transfer packets. If a com-
mon-mode choke on the signal lines 
does not pass this common-mode signal, 
the higher speed packets will fail, even 
though the 98.304-Mbps packets work.

You also should avoid using a two-sid-
ed board. At the frequencies at which 
these serial buses operate, the loop im-
pedance, which includes the outgoing-
signal path plus ground-return path, 
determines the signal integrity and the 
amount of radiated EMI. Having a sol-
id ground plane underneath traces and 
not using vias on these traces greatly 
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eases the layout job. Introducing vias 
hurts signal integrity, and you must then 
worry about connecting image planes to 
minimize the signal-path loop area; the 
layout quickly becomes excessively com-
plex. Use a four-layer board with a sol-
id ground plane underneath the twist-
ed-pair signal lines from transceiver to 
connector pins. Use a solid flood for a 
chassis-ground plane that connects to 
the connector shell and provides a con-
nection point for the components that 
connect to chassis ground. When lay-
ing out such a board, give higher prior-
ity to placing a solid signal-ground plane 
under the complete length of the signal 
lines than to achieving a simple shape 
for the chassis-ground flood.

ARMOR YOUR SOLDIERS
If ESD gets past the dissipation de-

fenses, the situation is as if enemy sol-
diers have gotten into the keep; now 
you must fight. You must protect the de-
vices from any energy that gets beyond 
the defenses you have set up. All sili-
con devices have built-in ESD protec-
tion of some sort; check the data sheet. 
But, almost always, you can do more on 
the pc board. Your goal is to keep any-
thing from upsetting the silicon’s func-
tion. The first things to check are any 
reset pins. You must protect them from 
accidentally changing state. If the reset 
pin’s threshold is referenced to ground, 
as most are, place a capacitor from the 
reset pin to ground. The capacitor helps 
to keep the reset pin from changing 
state during a ground-bounce event. In 
this case, an event changes the level of 
the ground reference; if it changes too 
much, the silicon can execute a reset. 
During brief ground bounces, a capaci-
tor from the reset pin to ground helps to 
hold constant the nominal voltage be-
tween the pin and ground. During longer 
events, the capacitor’s charge drains off, 
allowing the voltage to change, maybe 
to the point of exceeding the threshold. 
For this reason, make the value of this 
capacitor as large as possible. If the reset 
pin is almost a dc signal, put a greater-
than-1-�F capacitor on it. Use a lower 
value capacitor if it places too much of 
a load on the driving signal or too great-
ly limits the frequency, but, in this case, 
bigger is nearly always better. This same 
reasoning applies to all of the inputs 
that could be disruptive to the silicon. 
In the case of FireWire physical layers, 

take special care with the reset and LPS 
(link-power-status) pins.

For other pins that could encounter 
an ESD strike, every little bit of resis-
tance that you can add between the sili-
con and the ESD strike helps to protect 
the silicon. For example, placing a 10� 
resistor in series with a signal as close as 
possible to the silicon without seriously 
affecting it increases the device’s ESD 
tolerance. Adding these elements is 
like equipping your soldiers with armor. 
Knights in armor or chain mail are more 
formidable for combat than those in fab-
ric clothing.

HOW MUCH DEFENSE?
Are all of these measures necessary? It 

depends. If you are building only a few 
boards, by all means spend the extra mon-
ey and time to make them as robust as 
possible. When you design a high-speed 
serial bus into a product, the money and 
time you spend on design and parts are 
two of the best risk trade-offs you can 
make. The cost of an extra run through 
the EMI and ESD ranges is more than 
that of the components and design time 
to put them on the pc board and build 
a hundred or so boards. It is also well 
worth the cost if the schedule is critical 
and a second or third run through the 
ESD and EMI ranges would cause you to 
miss a critical window. When board vol-
umes are higher, the balance can change. 
Building thousands of boards and saving 
a dollar per board would pay for several 
runs through the ESD and EMI ranges. 
Remember, though, that it costs little to 
design a board to accommodate many 
protective items that may later prove su-
perfluous. To manage the costs, if a com-
ponent turns out to be unnecessary, you 
can remove it from the bill-of-materials 
cost or replace it with an inexpensive, 
0� resistor. This exercise constitutes a 
classic balancing of risk, and each de-
signer must do it.EDN
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family of 60V input capable, current mode, low IQ buck controllers are easy to use and have protection features including
accurate current limiting and robust short circuit protection. For 48V backplane conversion, automotive systems or industrial
control systems, see the table below for the controller that best matches your application requirements.
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Available from multiple sources, 
the UC384X family of current-

mode, PWM (pulse-width-modulated) 
power-supply controllers offers good 
performance and has spawned a vari-
ety of similar ICs. All members of the 
UC384X family and its variants share 
a common characteristic—an internal 
voltage-error amplifier that provides a 
current-limited output. Designated as 
the COMP pin, the amplifier’s output 
provides a convenient connection for 
applying compensation to ensure over-
all feedback-loop stability. In addition, 
the COMP pin allows attachment of 
shutdown and soft-start circuitry and 
serves as a convenient point for setting 
an external power switch’s output-cur-
rent-limit threshold.

Two of the COMP pin’s character-
istics enhance its versatility: First, the 
pin delivers limited output current, 
and, second, the pin’s voltage is direct-
ly proportional to the current flow-
ing through an external power switch. 
Both features also allow the pin to 

serve as a control port. For example, 
perhaps the most common applica-
tion for the pin involves addition of a 
soft-start feature to a UC384X-based 
power-supply design.

In soft-start mode, an external power 
switch’s output current and the power 
supply’s output voltage ramp up at a 
rate controlled by, and proportional to, 
the voltage at the COMP pin. Figure 
1 shows a typical soft-start circuit’s im-
plementation comprising a small-sig-
nal PNP transistor, Q1, connected to 
the COMP pin. An RC network, R1 
and CSS, drives Q1’s base from IC1’s in-
ternally generated, 5V precision-refer-
ence source.

When the external power-supply 
voltage, VDD, exceeds IC1’s internally 
preset UVLO (undervoltage-lockout) 
threshold, the 5V reference source 
switches on. The voltage on CSS ramps 
upward toward 5V at a rate that the 
time constant, �, of R1�CSS determines 
in seconds. Given Q1’s emitter-follow-
er configuration, Q1 applies the COMP 

pin’s voltage, which “follows” Q1’s base 
voltage, and the power supply’s output 
current ramps up proportionally.

The simple circuit in Figure 1 sat-
isfies the requirements of many soft-
start applications. To obtain longer soft 
starts, you can increase CSS or increase 
R1 to decrease CSS’s charging current. 
However, increasing either component 
can cause problems. Depending on the 
construction of capacitor CSS, its leak-
age current may be significant. Also, 
you can no longer ignore Q1’s base cur-
rent. For example, a survey of PWM-
control-IC designs shows that the 
COMP pin typically sources an out-
put current of 1 mA. If Q1, a 2N3906, 
provides a minimum beta of 80, Q1’s 
base draws a minimum current of 12.5 
�A. The base current flows from the 
base pin of Q1 and adds to CSS’s charg-
ing current. If the circuit in Figure 1 
uses a 1-�F capacitor for CSS and a 1-
M� resistor for R1, you would expect a 
nominal 1-second charging-time con-
stant and an average charging-current 
flow of 2.5 �A through R1. However, 
the charging current actually totals 15 
�A—the sum of the 2.5-�A charging 
current plus Q1’s 12.5-�A base current, 
and the soft-start time falls consider-
ably short of the nominal value.

As an alternative, the circuit of Fig-
ure 2 better satisfies designs such as 
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Simple circuit allows 
long PWM soft starts

Figure 1 A single transistor, Q1, implements a switching regulator’s slow-start-
up feature, but its base current introduces a timing error.
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Laboratory refrigerators and 
freezers often contain very 

valuable materials. Some units include 
overtemperature alarms that typical-
ly don’t sound until thawing has al-
ready damaged the units’ contents or 
sound when no one is around to hear 
the warning. Rather than a power out-
age, the most frequent cause of thaw-
ing disasters involves a failure on some-

one’s part to properly close the freez-
er’s door. This Design Idea describes an 
alarm that provides a timely open-door 
warning that can prevent an expensive 
incident.

A decade ago, a designer would have 
based this circuit on a type-555 timer 
IC, but, today, a small microcontroller 
provides a less expensive approach. 
The alarm in Figure 1 detects an open 

refrigerator or freezer door by means 
of a magnetic proximity switch that’s 
available from Radio Shack (www.radio
shack.com) as an intrusion-alarm-sys-
tem component. The circuit allows the 
door to remain open for a software-se-
lectable interval—in this instance, 20 
seconds—before activating a piezo-
electric buzzer that conserves battery 
power by sounding for only 1 second 
of every 5.

A low-dropout voltage regulator, IC1, 
an STMicroelectronics (www.st.com) 
L4931CZ50, provides 5V regulated 
power for IC2, a Microchip (www.micro

designideas

battery chargers that require a longer 
soft start or a more accurately timed 
soft-start ramp. Adding a second tran-
sistor to form a PNP-NPN compound 
transistor maintains the slow-start 
function. The circuit’s composite cur-
rent gain (beta) consists of the prod-
uct of Q1’s and Q2’s current gains, or 
70�60�4200, which greatly exceeds 
the single transistor’s current gain of 
60. The higher current gain reduces the 
charging current’s base-current compo-
nent to only 338 nA. Figure 3 com-
pares the responses of both circuits. The 
dark-green trace shows that the circuit 
of Figure 2 produces the expected 1-
second soft-start time interval, and the 
light-green trace illustrates Figure 1’s 
too-brief start-up time. Although the 
circuit of Figure 2 yields a more accu-
rate soft-start ramp, it also allows the 
use of smaller capacitors, such as multi-
layer ceramics, to reduce pc-board area 
and component cost.

Although a Darlington-connect-
ed transistor pair would also provide 
high current gain, its output transis-
tor cannot saturate—a prerequisite for 
keeping the off-state voltage at IC1’s 
COMP pin below 1V. The PNP tran-
sistor, Q1 in the PNP-NPN compound 
connection in Figure 2 can saturate, 
and the NPN transistor, Q2, maintains 
its voltage-controlled saturation volt-
age at significantly less than 1V over 
the circuit’s operating-temperature 
range.EDN

Open-door alarm prevents 
accidental defrosts
Tom Lyons Fisher, Juniata College, Huntingdon, PA 

�

Figure 2 Replacing Q1 in Figure 1 with a PNP-NPN compound-transistor pair 
dramatically reduces the circuit’s start-up-ramp-timing error.
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2N3906

2N3904
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1M

IC1
UC384X

VREF

VDD

IB1
338 mA

IB2
14.3 �A
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20.3 �A

ICHARGE
2.838 �A

6 �A

ISOURCE
1 mA

TYPICAL

IAVG
2.5 �A COMP

ERROR
AMPLIFIER

5V

PART OF
UC384X

NOTES: 
BETA FOR Q1 IS 60 MINIMUM AT 20 �A.
BETA FOR Q2 IS 70 MINUMUM AT 1 mA.

Q2

100k

Figure 3 The dark-green trace shows that the circuit of Figure 2 produces the 
expected 1-second slow-start time interval, and the light-green trace illustrates 
Figure 1’s too-brief start-up time. (The 1� measurement equals 1 second.)
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INTEGRATED HOT-SWAP CONTROLLER
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Part Includes Hot-Swap
Function Package Price†

($)

MAX5950 Yes 32-TQFN 1.87
MAX5951 No 32-TQFN 1.69

MAX5950

PWREN

PWRFLT

MPWRGD

COUT

SENSE-

SYNCOUT

SENSE+

GND

IN GATE SENSE PWN-IN

LOAD

VOUT = 0.8V
TO 5.5V

VIN = 0.8V TO 16V
OR 5V SYNCOUT DRIVES DC-DC 

CONTROLLER 180° OUT 
OF PHASE 

SYNCHRONOUS RECTIFICATION 
FOR HIGH EFFICIENCY

MEETS PCI ExpressModule HOT-
SWAP INTERFACE AND POWER 

REQUIREMENTS

Provides Five Levels of Fault Protection
♦ Circuit-Breaker Function Protects Against

Overcurrent Faults
♦ Lossless Current-Sense Scheme Eliminates RSENSE

and Provides Programmable Current-Limit Control
♦ N-Channel Hot-Swap Controller Provides Inrush-

Current Control During Plug-In (MAX5950)
♦ Hiccup-Mode Short-Circuit Protection Allows the

Device to Survive Continuous Short-Circuit Conditions
♦ Thermal Shutdown Protects the Device During

Extended Fault Condition

Superior Design Flexibility
♦ Allows Ratiometric Tracking or Sequencing for

Multiple Supplies
♦ 100kHz to 1MHz Programmable Switching Frequency 
♦ Digital Soft-Start Eliminates Output-Voltage Overshoot

♦ Programmable Undervoltage Lockout
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One option for driving high-
brightness LEDs uses the stan-

dard stepdown buck converter (Fig-

ure 1). The sense resistor, RS, gen-
erates a feedback voltage, VFB, that 
sets the desired LED current, ILED, ac-

cording to the equation RS�VFB/ILED. 
Unfortunately, most buck convert-
ers require a relatively high feedback 

designideas

chip.com) PIC10F200. Because IC2 
“sleeps” between door openings and 
voltage regulator IC1 consumes lit-
tle quiescent current, the 9V alkaline 
battery that powers the circuit offers 
a projected life of approximately one 
month. When you activate the buzz-
er, it consumes approximately 2 mA, 
a drive current that’s directly available 
from the microcontroller’s output port. 
At this current level, only an unen-
cased piezoelectric element provides 
a sufficiently loud warning. In high-
noise environments, you can use a 
solid-state relay or a logic-level MOS-
FET to drive the buzzer directly from 
the 9V battery.

You can attach the normally open 
switches and their actuation magnets 
to the refrigerator or freezer using dou-
ble-sided adhesive-foam tape. The 
switches are sensitive to magnet ori-
entation and position, making it easy 
to find a mounting configuration that 
can detect a door that’s open by as lit-
tle as 2 mm. Source code for the micro-
controller is available for downloading 
from the online version of this Design 
Idea at www.edn.com/070201di1.EDN

LED drivers minimize power dissipation
Fons Janssen, Maxim Integrated Products Inc, Bilthoven, Netherlands
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Figure 1 This circuit protects the contents of a laboratory freezer or refrigerator 
by sounding an alarm when a door opens.
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Figure 2 An op amp, IC2, increases the LED-current error 
signal and reduces power dissipation in the sense resistor.
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Figure 1 A generic buck converter, IC1, provides constant-
current drive for a high-brightness LED.
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OUT0
OUT1
OUT2
OUT3
OUT4
OUT5
OUT6
OUT7

SCLK

DIN
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0V

GND

MISO DOUT

0V

RSET

OEENABLE

3V TO 5.5V

V+

UP TO 36V

LATCHLOAD

SET

OPERATE FROM

3V TO 5.5V

SUPPLY

36V RATEDOUTPUTS

OPTIONAL WATCHDOG TIMER
CLEARS DISPLAY IF TRANSMISSION
IS INTERRUPTED FOR ONE SECOND

SINGLE RESISTOR SETS
CURRENT FOR ALL LEDs 

OPEN-LED FAULTS—IS IT 8 OR IS IT 0?

OPEN-LED FAULTS ARE 
INDICATED IN DOUT DATA 

STREAM, IDEAL FOR
HIGH-ACCURACY
APPLICATIONS

Part No. of
Outputs

Max Output
Voltage

Max Output
Current

LED Fault
Detection Watchdog Temp Range 

MAX6968

8

5.5V

55mA

— —

-40°C to +125°C

MAX6977 Yes —
MAX6978 Yes Yes
MAX6970

36V
— —

MAX6981 Yes —
MAX6980 Yes Yes
MAX6969

16
5.5V

— —
MAX6979 Yes Yes
MAX6971

36V
— —

MAX6983 Yes Yes
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voltage on the order of 1V, which dis-
sipates high power in the sense resistor 
(PSENSE�VFB/ILED). Reducing the sense 
resistor’s value and adding an op amp 
to boost the sensed voltage reduces 
the power penalty (Figure 2). In some 
cases, you can eliminate the op amp by 
using a stable reference voltage, which 
is available on some converter ICs, to 
pull up the sense voltage (Figure 3). 

The switching converter, a Maxim 
(www.maxim-ic.com) MAX1951, re-
quires a feedback voltage of 800 mV 
and provides a 2V reference voltage 
at the reference pin. Connecting R1, 
a 50-k� resistor, between RS and VFB, 
and R2, a 100-k� resistor, between the 
reference and the feedback pins shifts 
the operating point from 200 mV at RS 
to 800 mV at the feedback pin:

Thus, for VSENSE�0.2V, V�0.8V. For 
the cost of two inexpensive resistors, 
power dissipation in the sense resistor 
diminishes by a factor of four.

Using the Luxeon K2 LED from Lu-
mileds (www.lumileds.com), power 
measurements on the circuits of fig-
ures 1 and 3 illustrate how the feed-
back adjustment influences power that 
the LED driver delivers. Two graphs il-
lustrate LED currents and voltages as 
a function of input voltage for a half-
load of 400 mA (Figure 4) and a full 
load of 800 mA (Figure 5). As you 
would expect, the current regulation 
deteriorates at half-load. The variation 
of LED current averages approximate-
ly 5 mA over an input-voltage range 
of 4 to 5.5V and 1 mA for the circuit 

VIN

10 �F 10 �F

R1
50k

R2
100k
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2 �H
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VCC

COMP
PGND GND

LX
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Figure 3 Adjusting the feedback signal improves the efficiency in this buck-
converter driver for high-brightness LEDs.
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Figure 4 This graph shows LED current as a function of input voltage at half-
load for the circuit of Figure 3.
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Figure 5 This graph shows LED current as a function of input voltage at full 
load for the circuit of Figure 3.
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♦ VID-Set Output Voltages: 0.6V, 0.7V, 0.8V, 1.0V,
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♦ Continuous 3A/6A Output (MAX8643/MAX8646)

♦ ±1% Output Accuracy Over Temperature

♦ Input Supply from 2.3V to 3.6V

♦ Soft-Start Reduces Inrush Supply Current
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Sync Input

♦ All-Ceramic Capacitor Design Reduces Space
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♦ PWRGD and EN for Sequencing

♦ Available in 24-Pin TQFN Package with 
Exposed Pad

♦ Applications
♦ ASIC/DSP/CPU Core Voltages
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♦ Telecom/Datacom Power Supply
♦ Industrial Power Supply
♦ Point-of-Load Power Supply
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with normal feedback. The input-volt-
age range, however, increases by more 
than 0.5V. Regulation also deteriorates 
for full load, and the variation increas-
es to approximately 22 mA versus 6 
mA for the circuit with normal feed-
back (Figure 6). Again, the adjusted-
feedback circuit of Figure 3 increases 
the input-voltage range.

You can define the improvement in 
efficiency, �, as follows:

The buck converter’s power-conver-
sion efficiency and power dissipated 
in the sense resistor determine the cir-
cuit’s efficiency. As Figure 5 shows, the 
adjusted feedback of Figure 3 increas-
es the efficiency more than 10% at ei-
ther half-load or full load. Assuming 
that the sense voltage doesn’t change, 
efficiency improves for lower output-
current loads because the sense resistor 
dissipates less power.EDN
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85
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95

3 3.5 4 4.5 5 5.5 6

INPUT VOLTAGE (V)

FFICIENCY
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Figure 6 A comparison of a normal-feedback circuit (Figure 1) and an 
adjusted-feedback circuit (Figure 3) shows significant improvements in overall 
efficiency at half-loads and at full loads.
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AS1353/56 – Ultra-Low Dropout Regulators

Increases battery time for portable applications 
thanks to the ultra low dropout voltage.

Ideal for applications where small size and
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Voltage

Package

% mA µVRMS V V µA mV

AS1353 1 ±1 150 Low Noise 30 1.5 to 3.6 2.5 to 5.5 115 60 SOT23-5

AS1356 1 ±1 150 Power-OK 110 1.5 to 3.6 2.5 to 5.5 115 60 SOT23-5
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For all things Design Ideas, including a search option, archived Design Ideas, and 
Brad Thompson’s “Designing Ideas” blog, please visit www.edn.com/designideas.
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ENCLOSURE TIPS HANDBOOK
Bud Industries’ 28-page handbook is a handy 
reference for experienced engineers and a 
tutorial for engineers who are new to enclo-
sures. It covers important issues of enclosure 
design and application: cooling, intercon-
nects, finishes, typical dimensions, standards, 
and more. Request your free copy today.
Bud Industries
Tel: (440) 946-3200
www.budind.com/6

Untitled-2 1 3/27/2006 11:40:26 AM

literaturelink
“The engineering professional’s link to technical literature”

RELEASE//21, EMULATION 
TECHNOLOGY’S NEW CATALOG
ET’s new easy to use, full-line catalog provides 
engineers and test managers the means to quickly
solve problems and get back on track. The cat-
alog compliments ET’s online store, providing 
engineers with the solutions they need.
Order your copy:
www.emulation.com/021
DESIGN. CONNECT. DELIVER. 
Emulation Technology, Inc.
2344 Walsh Avenue
Building F, Santa Clara, CA 95051
1-800-232-7837
www.emulation.com 

VISIT MILL-MAX’S DESIGN GUIDE 
ONLINE
Search • Download individual product drawings 
and specs;
Browse • 237 pages of standard offerings avail-
able with traditional platings, as well as RoHs 
compliant platings;
Create • Design in Mill-Max products from 
choices of standard and application specific parts
For our new Design Guide and to see new 
products, go to www.mill-max.com/design  
Response Code: EDN567
Mill-Max
190 Pine Hollow Road
Oyster Bay, NY 11771
Web: www.mill-max.com

BOKER’S FREE 56-PAGE 2007 
CATALOG HAS OVER 21,000 
NON-STANDARD SIZES AVAILABLE 
WITH NO TOOL CHARGES. 
Outside diameters of 0.080” to 5.140”, a wide 
range of ID’s, thicknesses, and 2,000 material
variations provide millions of possibilities. 
Materials include low carbon sheet steel, five 
types of spring steel, stainless steel, aluminum, 
brass, copper, nickel, silver and non-metallics.

BOKER’S, Inc. 
ISO 9001:2000 Registered
Tel: 888-927-4377  Fax: 800-321-3462
www.bokers.com/ednl sales@bokers.com 

To advertise in this section call Judy Keseberg at 800-417-5370 FEBRUARY 1, 2007    |  EDN  95

DESIGN GUIDE FOR OPTICAL 
ENCODERS
This Guide provides a comprehensive summary 
of optical encoders, accessories and interface 
electronics. Included are design examples, 
absolute and incremental encoders, shafted and 
hollow-shaft styles as well as serial output versions. 
Special sections include hazardous environments.
Call 1-800-ENCODER or visit our web site at 
www.beiied.com.

AC POWER DISTRIBUTION
& CONTROL SYSTEMS
Product is rack or strip mounted with: 
Circuit Breaker Protection, EMI/RFI Filtering, 
Spike/Surge Protection, Remote Power 
On/Off, Remote Reboot, Emergency Shutdown, 
Redundant Power, Sequential Power Up/Down 
and power regulation Approved agency systems. 
ISO 9001:2000 Certified, RoHS Compliant.

Pulizzi Engineering, Inc.
3200 S. Susan St., Santa Ana, CA 92704-6839
Sales: 605-334-8999 or 800-870-2248
Fax: 605-334-2611   E-mail: sales@pulizzi.com
Web Site: http://www.pulizzi.com 
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Low-ESL MLCCs comes 
in a variety of sizes

Available in 0402, 0603, and 0805 
case sizes, the low-ESL (equiva-

lent-series-inductance) WK ML CC 
(multilayer-ceramic-capacitor) series 
comes in 0.47-, 4.7-, and 10-�F maxi-
mum-capacitance values, respectively. 
The 0402 package comes in a 4V volt-
age rating, the 0603 comes in 4 and 6.3V 
voltage ratings, and the 0805 comes in 
6.3 and 16V voltage ratings. Measuring 
1�0.5�0.3 mm, the WK series 0402 
costs 15 cents. The WK series 0603 
measures 1.6�0.8�0.8 mm and costs 
20 cents. The WK series 0805 measures 
2�1.25�0.85 mm and costs 30 cents.
Taiyo Yuden, www.yuden.us

Thin-film RF inductor comes in miniature package
Based on thin-film-multilayer technology, the 0402 LGA (land-grid-array) 
inductor provides a high Q and tight tolerances with high current-handling 

capabilities and repeatability. The RF inductor features a 0.82- to 6.8-nH induc-
tance range. LGA packaging suits the device for use in mobile-communication 
devices, satellite-TV receivers, GPS (global-positioning-system) units, and wireless 
LANs. Prices for the 0402 range from 10 to 30 cents.
AVX Corp, www.avx.com

PASSIVES

�

productroundup
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product
mart

This advertising is for new 
and current products.

sales@radi.com | www.radi.com      408-383-9006 x112

It's Radicom for reliable, high-performance, 
simple to implement Serial TTL, RS232, USB, 

PC/104 and RF wireless modems, 
competitively priced.

Embedded Modems

 Featured –
Half-Inch Modem™
Serial TTL interface
1” x 1” x 0.3”
Global Compliance

Count on Radicom to reduce time-to-market, 
lower cost, and improve product quality.

Modem EaseModem Ease

edn070201_lit.indd 96 1/16/2007 10:27:48 PM

�

Open-air resistor suits 
current sensing in 
automotive applications

This version of the vendor’s open-
air current-sense resistor has a 

higher power rating than conventional 
metal-element-resistive devices. The 
OARS-XP series includes a wider met-
al-alloy-resistive element, providing im-
proved TCR (temperature coefficient 
of resistance) and thermal compliance. 
Features include a 2- to 50-m� resis-
tance, �1 and �5% inductance toler-
ance, less than 10-nH inductance, and a 
�40 to �125�C operating temperature. 
Targeting automotive applications, the 
OARS-XP series costs 40 cents (1500).
IRC, www.irctt.com

�
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This index is provided as an additional service. 
The publisher does not assume any liability for 
errors or omissions. For immediate information 
on products and services, go to Reader Service 
under Tools & Services at www.edn.com.

C&D Technologies, Inc.,  
11 Cabot Boulevard, Mansfield, MA 02048-1151
(800) 233-2765   Fax: (508) 339-6356   
Email: sales@cdtechno.com   ISO 9001

www.cd4power.com . . . P O W E R I N G  I N N O V A T I O N

• DC/DC CONVERTERS  • POWER SUPPLIES  • MAGNETICS  • DIGITAL PANEL METERS • DATA ACQUISITION •

P O W E R  E L E C T R O N I C S  D I V I S I O N 1 0 0  Y E A R S

1906-2006

DC/DC Converters
• Isolated DC/DC Converters
• Point-of-Load Converters
• Processor/Memory Support
• Bus Converters
• Digital Power
• Custom Design

POWER  has been 
our business for 100 years. Since 1906 we’ve 
been advancing technology and powering 
innovation.

Power Supplies
• Ultra compact front-end 

power supplies with 1U 
19” power shelf option

• CATV / Telco / Military
• PCI & cPCI
• Modular & Custom Design

YOU may need a simple off-the-
shelf power solution or have a complex power 
architecture requirement. Whatever your need, 
we’re here to help.

Magnetics

• Inductors
• Pulse Transformers
• Current-Sense Transformers
• Databus Isolators
• SMD & THD Packages
•Custom Design

CAN  you think of any other 
manufacturer that offers you a wider choice 
of power electronics, magnetics, panel meters 
and data acquisition products?

Panel Meters
• General Purpose Voltmeters
• 2-Wire Meters
• Process Monitors
• AC Ammeters
• DC Ammeters 

RELYon our superior design 
expertise. With millions of units in use every 
day, our products have a proven track record 
for reliability.

Data Acquisition

• Electronic Imaging
• A/D Converters 
• Multiplexers
• Sample/Hold Amplifi ers
• Sampling A/D Converters
• Digital-to-Analog Converters

ON  time, within budget, and 
exceeding our customers’ expectations. 
These are our aims today ...and for the next 100 years.
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scope
CHART YOUR COURSE

LOOKING AHEAD

Despite all the automation, contractors, 
and board shops, pc-board design con-
tinues to be a critical step in bringing an 
electronic design to market. With growing 
challenges, including higher frequen-
cies, greater demands on signal integrity, 
denser layouts with far more pins, and 
the use of remote board shops with limited 
capabilities, getting a board done right is 
never a given. It often becomes an engineering 
responsibility. The PCB Design Conference 
is arguably the grandfather of technical con-
ferences in the field and is renowned for its 
training courses. The conference runs March 25 
to 30, 2007, in the Santa Clara (CA) Convention 
Center.

Powered by a subminiature battery, a watch 
mechanism requires only two-thirds as many 
moving parts as a conventional movement. A 
0.005-ounce platinum-cobalt magnet furnishes 
the magnetic field for a balance-wheel-driving 
motor. Powerful enough to support 215 times its 
weight, the magnet’s flux interacts with flux from 
an extremely fine wire coil on the balance wheel, 

powered by the battery.  As the wheel moves, 
it opens and closes a set of contacts, caus-
ing continuous repeated oscillations of 
the wheel, driving a conventional mecha-
nism. The battery in this Hamilton electric 
watch is less than ½ inch in diameter, 
permitting use of a standard watch case. 

The movement is designed to operate 
at 99.95% accuracy for over one 
year without attention.

—Electrical Design News, 
February 1957

AS ELECTRONS PENETRATE 
THE WRIST WATCH

LOOKING BACK

TO PCB DESIGN WEST

Usually we think of heat in terms of resistive heating in circuits—something to model 
and control. But this time of year, at least in the Northern Hemisphere, it’s easy to think 
of heat in terms of survival and comfort. And that brings up costs of fossil-fuel con-
sumption, greenhouse gases, and efficiency. It’s a pretty good prediction that as energy 
prices from burning natural resources rise, people will be willing to put more money—
much more money—into systems that conserve heat in their homes and offices. For that 
matter, anyone who has calculated the cost of the drive train in a Toyota Prius can see 
this effect at work already on automotive efficiency. Despite the ballyhoo over consumer 
electronics, the source of sustained, profitable growth in electronics may actually be 
increasingly intelligent systems to improve the efficiency of our energy consumption.

LOOKING AROUND

AT ALL THAT HEAT WE GENERATE
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Enter xx at www.edn.com/info

A new standard is open
See it fully realized through Agilent Open

Open new possibilities with our growing line of LXI products:

• 34980A Multifunction Switch/Measure Unit
• 34410A & 34411A Digital Multimeters
• N6700 Low-profile Modular Power System
• N5700 Series System DC Power Supplies
• N8201A 26.5 GHz Performance Downconverter
• N8211A 20/40 GHz Performance Analog Upconverter
• N8212A 20 GHz Performance Vector Upconverter
• N8221A 30 MS/s IF Digitizer
• N8241A 15-bit Arbitrary Waveform Generator
• N8242A 10-bit Arbitrary Waveform Generator

© Agilent Technologies, Inc. 2006   

u.s. 1-800-829-4444
canada 1-877-894-4414

www.agilent.com/find/openlxi

The light’s gone on for even easier system integration—

and Agilent has flipped the switch. Agilent Open now includes

devices based on LAN eXtensions for Instrumentation (LXI),

and you can use this new standard to accelerate your system

development and deployment.

The versatility of LXI utilizes Ethernet to enable local and

remote measurements, monitoring, and control—and

eliminates costly cardcages and proprietary interfaces.

With more than 40 member companies supporting the LXI

Consortium, the growing number of LXI devices will have

you well-equipped to take the next step beyond GPIB. 

LXI is one more way Agilent Open continues to simplify

system creation. Our products are system ready, can be

integrated into your test-software environment, and provide

USB, GPIB, and LAN I/O options. Enlighten your whole

testing process—get details about LXI and Agilent Open at

www.agilent.com/find/openlxi.
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