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YOUR SMART PHONE PERFORMANCE DEPENDS ON 
GLOBALFOUNDRIES.  THAT’S WHY THE WORLD’S LEADING HANDSET 

CHIP SUPPLIERS DEPEND ON US FOR A WIDE RANGE OF DEVICES 
SUCH AS POWER MANAGEMENT IC’S ON OUR AWARD-WINNING 
200mm 0.18μm TECHNOLOGY, TRANSCEIVERS AND WIRELESS 

CONNECTIVITY IC’S ON BOTH 200 AND 300mm TECHNOLOGIES, 
AS WELL AS BASEBAND AND APPLICATION PROCESSORS

 AT 45 AND 40nm, WITH NEW DESIGNS UNDERWAY AT 28nm. 

GLOBALFOUNDRIES DELIVERS.
  The success of the next generation of mobile products 

depends on their ability to deliver PC-like performance, 
a highly integrated rich media experience and longer 
battery life. 
  GLOBALFOUNDRIES presents a revolutionary 

system-on-chip (SoC) platform, enabling breakthrough 
chip performance with lowest cost and lowest power. 

This significant platform for mobile products is enabled by 
GLOBALFOUNDRIES’ leadership in a wide array of foundry 

technologies from our award-winning 200mm technologies, 
to leading edge 28nm semiconductor technology. 

 
GLOBALFOUNDRIES MANUFACTURES THE 
FULL ARRAY OF HANDSET IC’S SUCH AS: 
Power Management ICs made that integrate 

RF components, High voltage BCD transistors, 
and non-volatile memory in a single chip.

Slim modems and RF IC’s integrated 
with baseband processors.

Connectivity peripheral chips that integrate 
WiFi, Bluetooth, FM, GPS …

Application processors that power the 
world’s smart phones and tablets.

With its 28nm platform, GLOBALFOUNDRIES not only leads 
the foundry industry, but is leaping ahead of the world’s 
largest semiconductor integrated device manufacturer, 
providing an advanced SoC platform for developers 
that will deliver new performance levels and ease-of-use 
features far ahead of the competition. The transition to this 

28nm technology platform is an inflection point for wireless 
technology and products.

From baseband and application processors, to transceivers, 
power management, bluetooth, WiFi, GPS and much, much 
more, GLOBALFOUNDRIES is revolutionizing next generation 

mobile products.

www.globalfoundries.com/mwc
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866-436-0887  
www.metrictest.com/agilent

Agilent and our  
Distributor Network
Right Instrument.  
Right Expertise.  
Delivered Right Now.

Are you using the best scope?
Take the 5-minute Scope Challenge.
Visit www.metrictest.com/agilent/scope.jsp 

Agilent InfiniiVision 7000B Series (MSO and DSO models) Bandwidth: 100 MHz - 1 GHz Tektronix 4000 Series

A scope’s real world performance depends on more 
than just bandwidth and sample rates. It takes an 
ultra fast update rate to capture infrequent events and 
display the most accurate signal detail. That’s where 
Agilent 7000B Series scopes really stand out. Thanks 
to a proprietary chipset, you get faster update rates 
not only in analog mode, but in every mode. That’s 
why you see greater signal detail. That’s Agilent.

40% bigger screen.

475,000 times faster…Yes, really.
100,000

Waveform Update Rate Comparison
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Agilent MSO7104B
Baseline: Analog 
channels only, 
timebase  
20 ns/div.

Change 
timebase  
to 10 ns/div

Turn on  
MSO 
channels

Enable  
deep 
memory

Turn on 
serial 
decodeTektronix MSO4104

Notes: · Measurements taken on same signal using Agilent MSO7104B and Tektronix MSO4104 .  
· Memory depth = display window X sample rate with up to 8 Mpts on Agilent.  
· Tektronix measurements taken with version 2.13 firmware.
· Screen images are actual screen captures, and scopes are shown to scale.  
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Energy harvesting relies 
on intermittent energy 
sources and requires 
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tor or a battery. New improvements 
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Ideal for use in:

  CDMA2000 mobile phones

  UMTS/WCDMA mobile phones

  Power ampli  er modules (PAMs) with linear PAs

  WiMAX/Wibro modules

  WiFi modules

  DECT handsets

RF Power amplifiers used in cell phone 
applications are typically powered directly from the 
battery. This creates a challenge for the designers: 
as RF devices, the power amplifier adjusts the 
voltage and current based on the transmission. 
Inefficiencies are created when the PA supply 
voltage and the output voltage are different. 

The MIC2808’s DAC controlled adjustable voltage 
output feature minimizes the input to output 
voltage differential, thus improving efficiency and 
battery life. The voltage is adjusted based on real-
time needs of the PA to achieve the most efficient 
operation at any given transmit power level.

For more information, contact your local Micrel 
sales representative or visit Micrel at: www.
micrel.com/ad/mic2808. 

www.micrel.com© 2010 Micrel, Inc. All rights reserved. 
Micrel and Innovation Through Technology are registered trademarks of Micrel, Inc.

Improving RF Transmission Ef  ciency
Tiny RF PA Power Management IC

DAC

MIC2808
2.0mm x 2.5mm
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Photovoltaic market to see sunny 2011

Photovoltaic solar installations are expected 

to rise in 2011, but rollbacks in other coun-

tries add clouds to iSuppli’s positive outlook.

➔www.edn.com/110203toca

Energy Star turning into black hole, 

technology companies fear

Although IT manufacturers have long sup-

ported and would like to continue support-

ing Energy Star, additional time and money 

requirements may drive some companies out 

of the program.

➔www.edn.com/110203tocb
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WANTED: Design Ideas 
Want to see your 

work featured 

in EDN? Submit 

your own Design 

Idea—a short, 

compact article that helps solve problems 

or shows innovative ways to accomplish 

design tasks. We review articles that fall 

into virtually any technology area: analog 

or digital circuits, programmable logic, 

hardware-design languages, systems, 

programming tips, useful utilities, test 

techniques, and so on. The idea should be 

useful, innovative, or tricky. And if we ac-

cept your Design Idea, we pay you $150. 

To learn what makes a good Design 

Idea entry, spend some time browsing 

our archive of Design Ideas at www.edn.

com/designideas. For information on 

how to submit a Design Idea, see the 

Design Ideas Writers’ Guide: www.edn.

com/110203tocd.
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IR’s SmartRectifi er™ chipset 
for AC-DC power converters 

dramatically simplifi es design 
and improves effi ciency.

Simpler Power
Conversion

 THE POWER MANAGEMENT LEADER 

Fort Worth Convention Center

07-09 March 2011

Visit us at Booth 409

For more information call
1.800.981.8699 or visit

www.irf.com

  Part
Number

IR1166
SPBF

IR1167A
SPbF

IR1167B
SPbF

IR1168
SPbF

IR11662
SPbF

IR11672A
SPbF

IR11682
SPbF

Package SO-8

VCC (V) 20

VFET (V) 200

Sw Freq.
max (kHz) 500 400

Gate Drive 
±(A) +1/-4 +2/-7 +1/-4 +1/-4 +2/-7 +1/-4

VGATE 
Clamp (V) 10.7 10.7 14.5 10.7 10.7 10.7 10.7

Min. On 
Time (ns) Program. 250 -3000 750 Program. 250 -3000 850

Enable Pin Yes Yes Yes No Yes Yes No

Channel 1 2 1 2

Automatic
MOT 
Protection

No No No No Yes Yes Yes

SmartRectifier™ ICs
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E D N . C O M M E N T

BY MIKE DEMLER, TECHNICAL EDITOR

Looking back at TI’s product strate-
gy in 1977 (Reference 2), you’ll see that 
things really haven’t changed much. 
As a novice IC designer, the design-to-
cost imperative struck home for me dur-
ing what appeared to be a simple de-
sign project: a thermal print-head driv-
er. The driver that I designed (photo) 
required three chips 
with a fixed print 
head. With this ap-
proach, we could si-
multaneously burn 
the dot matrix row 
by row as the paper 
scrolled past.

The only prob-
lem was that the 
design-to-cost tar-
gets had determined 
the chip size before I even started the 
design. With the best layout draftsmen 
that we had working on it, we produced 
a beautifully symmetrical die. Unfortu-
nately, the constrained chip area limit-
ed the size of the output drivers, and the 
on-resistance was too high to get the 
print head hot.

After I convinced my boss that there 
was nothing more to squeeze out of the 

layout, he let me in on a simple fix: 
Shrink it! The new fabrication process 
was not yet in volume production, but 
it would meet the design-to-cost goals.

All of these memories came back to 
me during the 2011 Consumer Electron-
ics Show in Las Vegas last month. Mul-
ticore processors for smartphones are 

among the hottest 
new IC-design and 

-application top-
ics, and a battle 
for leadership is 
under way. Nvid-

ia has laid claim to 
“the world’s most 
advanced mobile 
processor,” the Tegra 
2 (Reference 3), 
which it built from 

the ground up as a heterogeneous multi-
core SOC (system on chip). Meanwhile, 
TI (Reference 4), Samsung, and Qual-
comm are also competing for next-gen-
eration design wins. 

Broadcom recently announced its sec-
ond-generation dual-core BCM2157 
SOC (Reference 5). It integrates two 
ARM11 cores with an HSDPA (high-
speed-downlink-packet-access) base-

band processor and an Android appli-
cation processor. With the dual-core de-
sign, Broadcom is targeting the low-end 
market for $100 Android smartphones. 
More than 30 years ago, TI pursued the 
same strategy for market penetration.

Let’s not get carried away with this 
design-to-cost concept, though. It is also 
critical to keep in mind the customer 
side of the cost equation—that is, the 
value proposition: Value equals benefit 
divided by cost. My second-generation 
thermal printer design wasn’t just less 
expensive; it also provided added bene-
fit in higher reliability. Both Broadcom 
and Nvidia use the free Android oper-
ating system but design to deliver value 
to consumers—from low-end phones to 
high-end “superphones.” Through each 
generation of Moore’s Law, the semicon-
ductor industry has provided more cus-
tomer value, lowering cost but also in-
creasing benefits. 

Too many companies in “mature” 
competitive industries blame customers 
or the tough economy for driving down 
prices. The lesson from the most suc-
cessful companies is to continually de-
liver greater value. Companies should 
focus more on how their engineers can 
design for value rather than obsess over 
balance-sheet-driven cost-cutting strat-
egies, in which layoffs and outsourcing 
are all too prevalent.EDN

REFERENCES
1 White, John A, Production Hand-

book, Wiley, 1987.
2 Texas Monthly, July 1977, http://bit.

ly/feXMDW.
3 Demler, Mike, “CES Day-2: Nvidia, 

Motorola, and you say you want to join 

the press corps?” EDN, Jan 6, 2011, 

http://bit.ly/eXUH31.
4 Demler, Mike “More from CES: 

Blackberry PlayBook enters the battle 

of the 4G tablets,” EDN, Jan 11, 2011, 

http://bit.ly/f2eNgy.
5 “Broadcom Announces New Android 

Platform to Enable Mass Market 

Smartphones,” Broadcom, Dec 14, 

2010, http://bit.ly/fG8SZr.

Contact me at mike.demler@ubm.com.

E
ngineers are constantly challenged to meet aggressive perform-
ance specifications and to produce designs that don’t exceed 
manufacturing cost targets. That approach may be insufficient 
to ensure product success, however. I hold this opinion because, 
early in my career as an IC designer for Texas Instruments, the 
company adopted a “design-to-cost” philosophy. J Fred Bucy, 

then TI’s president, was clearly intent on driving design-to-cost conscious-
ness into the culture of the corporation. “The application of the design-to-
cost concept must become second nature not only to those who design but 
also to those who manufacture and market,” he said (Reference 1).

The design-to-cost imperative 
and customer value
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INNOVATIONS & INNOVATORS

EDITED BY FRAN GRANVILLE

TALKBACK

W
ith the introduction of the RSA5000 

series signal analyzers, Tektronix has 

signifi cantly expanded its spectrum- 

and vector-signal-analysis portfolio. The series 

targets use in design and operations applica-

tions, including spectrum management, radar, 

electronic warfare, radio communications, and 

EMC (electromagnetic compatibility).

As RF signals become more complex and 

the use of the ISM (industrial/scientifi c/medi-

cal) band becomes more common, designers, 

engineers, and operators must reliably and effi -

ciently discover transient spectral phenomena 

that digital-RF circuits can create over wider 

bandwidths. Traditional signal analyzers cannot 

trigger on transient problems, and midrange 

units’ maximum acquisition bandwidth until now 

has topped out at 40 MHz. Featuring advanced 

time, amplitude, and DPX (digital-phosphor-

technology)-triggering functions, as well as a 

swept-DPX mode, the RSA5000 series enables 

you to discover and capture intermittent and 

rapidly changing signals at bandwidths as high 

as 85 MHz. This bandwidth covers the entire 

ISM band, which is home to such common 

technologies as Bluetooth, Zigbee, RF identi-

fi cation, and wireless LANs.

The series’ DPX-based live RF-

spectrum display enables the 

analyzers to quickly detect previ-

ously unseen signal behavior and 

improves test confi dence by catch-

ing transients as brief as 5.8 μsec. 

The swept-DPX engine can also col-

lect as many as 292,000 spectrum 

updates/second over bandwidths 

as high as 85 MHz and can sweep 

the DPX display across instrument 

inputs that range to 6.2 GHz.

To capture transients for analy-

sis, the analyzers offer frequency-mask, fre-

quency-edge, density, time-qualifi ed, and runt 

triggering. You can also use cross-domain trig-

gering among multiple instruments to isolate 

hard-to-fi nd hardware and software anomalies 

and capture in deep memory seamless 7-sec-

ond time records of 85-MHz-bandwidth RF 

signals. The series lets you analyze captured 

data in any domain at any time with correlated 

markers. Automatic pulse measurement and 

detection support multiple measurements on 

the same set of captured data, which simpli-

fi es testing; reduces test time; and, by provid-

ing one instrument that replaces multiple test 

sets, reduces test cost.

The analyzers offer 17-dBm third-order 

intercept and −154-dBm/Hz DANL (displayed 

average-noise level) at 1 GHz and carrier-

referred phase noise of −131 dBc/Hz at a 

10-kHz offset from the carrier and −150-dBm 

DANL at a 10-MHz carrier frequency. Prices 

range from $34,900 for a 1-Hz to 3-GHz unit 

with 25-MHz bandwidth to $68,800 for a 1-Hz 

to 6.2-GHz unit with 85-MHz bandwidth.

—by Dan Strassberg

▷Tektronix, www.tektronix.com.

“While open-loop 
uses of optocou-
plers are fun, 
useful, and prof-
itable—meaning 
they work well 
for many appli-
cations—if lots of 
stability over long 
periods of time 
is required, then 
it’s hard to beat a 
closed-loop feed-
back system, with 
the optocoupler 
inside the loop.”
—Engineer Steve Hageman, 

in EDN’s Talkback section, at 

http://bit.ly/egx2kt. Add your 

comments.

DSP-based analyzers boast 
85-MHz bandwidth

12  EDN  |  FEBRUARY 3, 2011

The RSA5000 

signal analyzers’ 

dynamic range 

rivals that of com-

parably priced 

swept-frequency 

spectrum analyzers 

but offers double 

the RF bandwidth.
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 Analog Devices: enabling the designs that 
make a difference in people’s lives.

 Measurement, processing, and communications solutions for intelligent 

energy systems. Optimizing the supply and demand for electricity is a goal we 

all share. At ADI, we provide data converter, amplifi er, processor, and wired and 

wireless communications technologies to create leading-edge solutions for 

today’s energy market. Our products give consumers precise, real-time smart 

meter information, enabling them to reduce energy consumption; utilities the 

ability to accurately monitor grid conditions, increasing system effi ciency; 

and energy producers the ability to optimize solar and wind power generation, 

reducing fossil fuel dependence. For over 40 years, ADI has brought innovation 

and imagination to critical designs, including those that make our energy-

sensitive world a better place. Learn more at www.analog.com/energy.

 www.analog.com

 ADI’s family of innovative smart meter 

solutions offers greater control, communication, 

and monitoring capabilities.

 Metering IC

DSP

 RF Transceiver
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G
eneral Motors (www.

gm.com) hopes to 

soon establish the 

plug-in hybrid Chevy Volt as 

a technology leader in the 

eyes of the “green”-car-buy-

ing public. Toward that end, 

GM Ventures (www.gm.com/

ventures), the company’s ven-

ture-capital subsidiary, has 

invested $5 million in Israeli wire-

less-power-technology start-up 

Powermat. The fi rst GM deploy-

ment of the Powermat technol-

ogy will be a wireless charging 

station in the 2012 Volt, and 

the technology will eventually 

roll out to the Chevy, Buick, 

GMC, and Cadillac brands. GM 

announced the development at 

last month’s Consumer Elec-

tronics Show in Las Vegas, but 

no demos took place.

Wireless power charging 

is an apt application for con-

sumer devices in a car’s cabin 

because, in space-constrained 

applications, you’d like to avoid 

myriad chargers and dangling 

wires. On the other hand, the 

Powermat technology requires 

a receiver for each device, so 

you’re basically replacing your 

charger and dangling wire with 

a $40 receiver, which looks like 

a rigid cell-phone cover. 

Powermat currently supports 

all iPhone models; the sec-

ond- and third-generation iPod 

Touch; all docking iPods; HTC 

Evo 4G and HD2; Motorola 

Droid X; Nintendo DS Lite and 

DSi; and Blackberry Tour 9630, 

Bold 9000/9650/9700 series, 

Curve 8300/8500/8900/9300 

series, and Pearl.

Powermat is not the only 

wireless-charging technol-

ogy available. The Wireless 

Power Consortium (www.

wirelesspowerconsort ium.

com), of which Texas Instru-

ments is a founding member, 

last summer released Qi, its 

own version of an industry stan-

dard. The consortium based 

its approach on Fulton Technol-

ogy’s (www.fultontechnology.

com) eCoupled technology.

TI last month released what it 

calls the industry’s fi rst Qi-cer-

tified development tools and 

chip set for wireless power. 

The $499 bqTesla develop-

ment kit includes the bq500110 

wireless-power-transmitter 

manager; the single-input, 5V 

bq25046 power-supply IC; and 

the MSP430bq1010 wireless-

power-control and -communi-

cations microcontroller.

—by Margery Conner

▷Powermat, 

www.powermat.com.

▷Texas Instruments, 

www.ti.com.

DILBERT By Scott Adams 

Wireless-power technology, 
development kit target Chevy Volt

The Qi-certified 

bqTesla development 

kit (right) helps devel-

opers design wireless 

power for plug-in 

hybrid vehicles, such 

as the Chevy Volt 

(below).
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HIGH-VOLTAGE 
GATE-DRIVER ICs 
IMPROVE NOISE 
IMMUNITY

Fairchild Semiconductor 
recently introduced a 
series of high-voltage 
gate-driver ICs, includ-
ing the two-input, two-
output, high- and low-side 
FAN7392 with shutdown; 
the one-input, two-output 
FAN7393 half-bridge with 
shutdown and controllable 
dead time; the one-input, 
two-output FAN73932 
half-bridge with shutdown 
and fixed dead-time con-
trol; and the two-input, 
two-output FAN73933 
half-bridge with control-
lable dead time. The parts 
suit use in industrial ap-
plications, such as motor-
drive inverters, distrib-
uted power supplies, and 
telecom-system power 
supplies.

The devices feature 
a common-mode dV/dt 
noise-canceling circuit 
that enables stable opera-
tion of the high-voltage 
gate driver under high-
noise circumstances, 
as well as a level-shift 
circuit that offers high-
side gate-driver operation 
with negative-floating-
supply-return-voltage 
swings as high as −9.8V 
at a high-side floating-
supply voltage of 15V. The 
FAN739x series provides 
stable operation over a 
temperature range of −40 
to +125°C. The series also 
features floating channels 
for bootstrap operation to 
600V. The devices sell for 
$1.52 (1000) each.

—by Paul Rako
▶Fairchild Semiconductor, 
www.fairchildsemi.com.
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S
ilicon Laboratories re-

cently introduced a 5W-

stereo Class D amplifi er 

that uses multilayer technology 

to suppress EMI (electromag-

netic interference), common in 

Class D devices, at its source. 

The Si270x amplifi er fi nds use in 

a range of price- and noise-sen-

sitive consumer-audio products, 

including smartphone-dock-

ing stations, tabletop radios, 

TV sound bars and monitors, 

boom boxes, and battery-pow-

ered radios.

Until now, two issues have 

impeded the adoption of Class 

D amplifi ers: high EMI emis-

sions, which interfere with AM/

FM radio and smartphone oper-

ation, and the high cost of add-

ing fi ltering and shielding for 

EMI-regulatory compliance. 

The Si270x addresses these 

issues by hav-

ing 10 times 

less radiated interference in 

the EMI-compliance band, 100 

times less in the FM-radio band, 

and 1000 times less across the 

AM band than do other Class D 

products.

The amplifier also features 

2.5-times more play time than 

Class AB-based systems and 

uses half the number of batter-

ies. A consumer-audio system 

employing the Si270x ampli-

fi er can provide as much as 

8.4 hours of play time using 

four AA alkaline 

batteries.

You can com-

bine the Si270x 

amp with the 

Si473x AM/FM-

radio tuner. The 

latest Si473x 

devices offer a 

stereo analog 

input and inter-

nal ADCs multi-

plexed with the radio-tuner 

front end to support auxiliary 

analog-system inputs without 

additional external ADCs. 

Samples and preproduction 

quantities of the Si270x ampli-

fi ers are now available in 24-pin 

QFN packages. Prices begin at 

$1.17 (10,000).

To help accelerate application 

development, Silicon Labs offers 

audio engineers the Si270x-

A-EVB (evaluation board). The 

$325 board comprises a base-

board and a daughtercard. It 

includes a graphical user inter-

face that runs on a standard 

PC and connects to the EVB 

through a USB (Universal Serial 

Bus) interface.—by Paul Rako

▷Silicon Laboratories,

www.silabs.com.

Class D amplifier suppresses EMI
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Cortex-A9 is currently the cream of the ARM (www.
arm.com)-core crop, so it’s the next logical step in 
Freescale’s i.MX product progression. Freescale plans 
to begin making the first few members of its new i.MX6 
family available for sampling this year, with volume 
quantities in 2012. The family comprises the four-core 
i.MX6Quad, the two-core i.MX6Dual, and the single-
core i.MX6Solo. The i.MX6Quad and i.MX6Dual will 
appear first. Freescale is, at least initially, fabricating 
them on a common sliver of silicon, with two of the four 
CPU cores disabled on the i.MX6Dual devices.

Freescale isn’t yet releasing details on whose graph-
ics technology it’s licensing for i.MX6; likely candidates 
include Imagination Technologies’ (www.imgtec.com) 
popular PowerVP cores or ARM’s Mali multimedia 
engine. The devices include as many as four ARM 
Cortex-A9 cores running at greater than 1 GHz per core; 
as much as 1 Mbyte of Level 2 system cache; and ARM 
Version 7, Neon, VFP Version 3, and Trustzone support. 
A multistream-capable high-definition video engine de-

livers 1080p60 decode, 1080p30 encode, and 3-D video 
playback in high definition. The devices also include 
2-D and Vertex acceleration engines and interface to 
stereoscopic image sensors for 3-D imaging.

Interconnect is through HDMI (high-definition-
multimedia interface) Version 1.4 with integrated PHY 
(physical layer), SD (secure digital) 3.0, multiple USB 
(Universal Serial Bus) 2.0 ports with integrated PHY, 
GbE (gigabit Ethernet) with integrated PHY, SATA (serial-
advanced-technology attachment)-II with integrated 
PHY, PCIe (Peripheral Component Interconnect Express) 
with integrated PHY, MIPI (mobile-industry-processor-
interface) CSI (camera serial interface), MIPI DSI (device 
intellectual-property interface), MIPI HSI (high-speed 
serial synchronous interface), and FlexCAN (controller-
area network) for automotive applications. The devices 
also support the VP8 codec, along with optional inte-
gration of an e-paper display controller for e-reader 
applications.—by Brian Dipert
▶Freescale Semiconductor, www.freescale.com.

Freescale unveils Cortex-A9-based devices

Until now, 
high EMI 

emissions and 
costly filtering 
have impeded 
the adoption of 
Class D amps.

The Si270x-A evaluation board accelerates application development of the Si270x Class D amplifier.
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L
inear Technology Corp’s 

new LTC3810H-5 syn-

chronous step-down dc/

dc controller guarantees junc-

tion temperatures as high as 

150°C. The device employs a 

constant on-time valley-cur-

rent-mode-control architec-

ture, delivering low duty cycles 

and fast transient response 

with accurate cycle-by-cycle 

current limit without requiring 

a sense resistor. The controller 

can directly step down voltages 

from 60V to an output voltage 

ranging from 0.8V to 93% of the 

input voltage. The 1Ω onboard 

gate drivers minimize switching 

losses associated with driving 

N-channel MOSFETs at high 

frequency and high voltage for 

output currents as high as 25A. 

Applications include 48V power 

conversion in telecom and data-

com, as well as automotive and 

industrial systems susceptible 

to high surge voltages.

The LTC3810H-5 features 

an adjustable minimum on-

time that you can set as low as 

100 nsec, enabling a high step-

down ratio at high frequency. 

The operating frequency is 

selectable from 100 kHz to 1 

MHz, or you can synchronize 

it to an external clock over the 

same range. You can confi g-

ure pulse-skipping operation to 

maintain high effi ciency at light 

loads. Other features include 

programmable soft start or 

tracking, adjustable cycle-by-

cycle current limit, output over-

voltage protection, a power-

good output signal, and pro-

grammable undervoltage lock-

out. The LTC3810H-5 comes 

in a 5×5-mm QFN-32 package, 

and prices start at $3.76 (1000) 

each.—by Fran Granville

▷Linear Technology, 

www.linear.com/3810.

Intel recently announced the 

310 Series of m-SATA (mini 

serial-advanced-technology-

attachment) solid-state drives 

and is currently shipping them in 

$99 (1000), 40-Gbyte and $179, 

80-Gbyte versions. The drives 

deliver performance equivalent 

to that of the company’s com-

parable 34-nm, MLC (multilevel-

cell)-fl ash-memory-based X25 

solid-state drives but at one-

eighth the size. They measure 

50.8×29.85 mm, are 4.85 mm 

thick, and weigh less than 10g. 

Their PCIe (Peripheral Compo-

nent Interconnect Express) Mini 

Card-based mechanical inter-

faces are fully compatible with 

1.5- and 3-Mbps SATA pro-

tocols, including NCQ (native-

command queuing).

Other features include sus-

tained sequential reads as high 

as 170 and 200 Mbytes/sec 

and sustained sequential writes 

as high as 35 and 70 Mbytes/

sec for the 40- and 80-Gbyte 

versions, respectively. Read 

latency is 65 μsec for both ver-

sions, and write latency is 110 

and 75 μsec for the 40- and 

80-Gbyte versions, respec-

tively. Ran-

dom 4-kbyte 

reads are, 

respectively, 

as high as 

25,000 and 

35,000 IOPS 

(input/output 

ope ra t i ons 

per second); 

r e s p e c t i v e 

random 4-

kbyte writes 

are 2500 and 

6600 IOPS. The devices have 

a life expectancy of 1.2 million 

MTBF (mean time between 

failures), a typical power con-

sumption of 150 mW in active 

mode and 75 mW in idle mode, 

and an operating-temperature 

range of 0 to 70°C.

—by Brian Dipert

▷Intel Corp, 

www.intel.com.

Solid-state drives are one-eighth 
the size of their siblings

Step-down dc/dc controller features 
fast transient response
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Tool performs 
FPGA-power designs
National Semiconductor recently introduced the 
Webench FPGA-power-architect-design tool to model 
power supplies for FPGAs. The tool incorporates the 
detailed supply requirements of more than 130 FPGA 
devices from Altera (www.altera.com) and Xilinx (www.
xilinx.com). Modern power-supply systems, including 
advanced FPGAs, are complex to design, often incorpo-
rating multiple unique loads to drive precisely specified 
voltages. In addition to the required voltages and cur-
rents, each load may have limitations for ripple, noise 
filtering, synchronization, and separation of supplies, as 
well as start-up definitions. 

Webench delivers power-supply designs that incorpo-
rate the comprehensive power requirements that FPGA 
manufacturers publish, giving designers the confidence 
that their power supplies will meet these constraints 
and save time. To begin a design, a designer selects an 
advanced FPGA from Altera or Xilinx, and the tool au-
tomatically populates the unique power requirements, 
identifying core and I/O options for every potential 
load of the array. Once the designer tunes the design, 
Webench collects all the loads and creates multiple 
power-supply architectures as options for driving the 
FPGA and the total system.

The power supply may involve one or more interme-
diate voltage rails between the input supply and the 
point-of-load regulators. The designer can tune the 
recommended power supply with the turn of a dial, in 
seconds reducing size, increasing efficiency, or lower-
ing complete system cost. The designer can also order 
components for prototyping; share the complete system 
with others; or easily print a complete project report, 
including schematics, BOM (bill of materials), and per-
formance characteristics.—by Paul Rako
▶National Semiconductor, www.national.com.

Intel’s m-SATA drives are one-eighth the size 

of the company’s 34-nm, MLC-flash-memory-

based X25 solid-state drives.
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Figure 1 illustrates the first few terms 
of the harmonic series. The first wave-
form is a simple sine wave at the funda-
mental frequency. The next waveform 
shows the fundamental plus its third 
harmonic, the next takes harmonics 
to the fifth, and so on. The more terms 
you add, the more “squarish” the wave-
form becomes, but it still looks wiggly.

Many engineers wonder how many 
harmonic terms they must take to ade-
quately represent a good square wave. 
In other words: What bandwidth does a 
digital transmission system need? Let’s 
explore that question by first examining 

the amplitudes that the harmonic-sum 
model uses. The Fourier theory applies 
only to an infinite sum, which never 
occurs in practice. If you have a finite 
sum, with only a finite number of sine-
wave components, why not try other 
amplitudes different from the ideal in-
finite-sum values? Instead of chopping 
off the infinite sum after the seventh 
harmonic, with subsequent amplitudes 
dropping abruptly to zero, the right side 
of Figure 1 smoothly tapers the har-
monic amplitudes so that, by the time 
you get to the last one, its amplitude is 
small. That fact mitigates the discon-

tinuity at the end of the harmonic se-
quence, making a better waveform. 

Both the number of harmonics and the 
precise schedule of their proportions af-
fect the quality of the result. Stated dif-
ferently, when considering the adequa-
cy of bandwidth, not only the −3-dB fre-
quency of your system but also the precise 
shape of its entire transfer function may 
affect your result. Harry Nyquist fleshed 
out that notion in his theorem of data 
transmission, concluding that, given infi-
nite complexity in the receiver and per-
fect control over the exact system-trans-
fer function, the bandwidth must equal 
or exceed half the system data rate to 
achieve reliable binary communication. 

Suppose that a system transmits data 
with a baud frequency of B. The fast-
est alternating pattern you can send is 
the sequence 1, 0, 1, 0, ... . That pat-
tern is based on a repeating cell two bits 
long, 1 and 0, so the pattern has a fun-
damental frequency equal to only half 
of B. According to Nyquist, if you pass 
that much of the signal, you can in the-
ory recover all the data. 

However, you don’t have access to a 
receiver of infinite complexity or per-
fect control over the system-transfer 
function. You have a digital system that 
needs a wide-open eye with plenty of 
margin for setup and hold, so you must 
design your system to accommodate the 
rise and fall time, not just the baud rate. 

I maintain that the bandwidth re-
quired to preserve a rise and fall time 
of T as it propagates through a sys-
tem equals approximately one-half di-
vided by T. If your rise and fall times 
equal 10% of the data-baud interval, so 
that T equals 0.1/B, then you can ex-
press the required system bandwidth of 
0.5/T, after suitable algebraic manipu-
lation, as five times B. 

All of these words attempt to explain 
the habit among old digital-system de-
signers, when someone asks them how 
many harmonics of a data sequence are 
necessary for data transmission, to say, 
“I take the fifth.”EDN

 
Howard Johnson, PhD, frequently conducts 
technical workshops for digital engineers.

F
ourier analysis represents a perfect square wave as the infinite 
sum of harmonically related sine waves. The requisite sine-
wave components comprise all the odd harmonics of the funda-
mental square-wave frequency with their respective amplitudes 
set according to this pattern: 1, 1/3, 1/5, 1/7, and so forth. Even 
harmonics are not required. The Fourier theory calls out an am-

plitude pattern that guarantees a sum, which—in the limit—approximates 
a square-wave shape with amplitude π/4, or 0.78537316.

Take the fifth

FIRST ONLY

FIRST AND THIRD

FIRST, THIRD, AND FIFTH

FOURIER
AMPLITUDES

FIRST: 1
THIRD: 0.333

FIFTH: 0.2
SEVENTH: 0.143

UP TO SEVENTH

UP TO SEVENTH

FEATHERED
AMPLITUDES
FIRST: 0.962
THIRD: 0.245

FIFTH: 0.1
SEVENTH: 0.048

FIRST ONLY

FIRST AND THIRD

FIRST, THIRD, AND FIFTH

Figure 1 Additional harmonics sharpen rising and falling edges but do not improve 

the worst-case ripples. In contrast, feathering the harmonic amplitudes improves 

the ripple amplitude, but at the expense of some loss in edge sharpness.
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UNDERSTANDING 
EMBEDDED-SYSTEM-
BOOT TECHNIQUES

Over the last several decades, boot-
ing up has evolved from a simple DOS-
based step to more complicated multi-
ple-operating-system choices or even 
peripheral-based boot-up techniques. 
A USB (Universal Serial Bus) inter-
face, for example, allows you to boot up 
a disk image from an external storage 
device; this approach is increasingly 
popular in industrial- and embedded-
system applications because it provides 
abundant flexibility. In the case of soft-
ware corruption, for example, in which 
a system requires the reloading of new 
firmware, the USB technique allows 
a service engineer to simply copy new 
software onto a flash drive and boot 
from it. The service department there-
fore saves the thousands of dollars in 
expenses that it would otherwise incur 
in transporting the equipment to the 
manufacturer for repair.

To enable system-boot flexibili-
ty both from USB, PCIe (Peripheral 
Component Interconnect Express), 
and SDHC (secure-digital-high-capac-
ity) interfaces and from conventional 
memory devices requires in-depth hard-
ware and software capabilities. Open-
source firmware—specifically, the U-
Boot (Universal Boot Loader) utility, 
which finds wide use in embedded-sys-
tem platforms—may also be of value. 
The Linux-based boot loader can auto-
matically boot up the operating system; 
alternatively, it allows a user to manu-
ally run explicit commands to start the 
operating system, and it supports boot-
ing from a variety of interfaces (see 
sidebar “The U-Boot”).

WINDOWS XP SYSTEM BOOT
A simple x86 boot sequence is fairly 

self-explanatory (Figure 1). Windows 
XP follows comparable steps, albeit 

BOOT-UP, THE SEQUENCE 
OF STEPS THAT A SYSTEM 
PERFORMS BETWEEN WHEN YOU 
SWITCH ON POWER AND LOAD 
APPLICATIONS, IS SIMPLE 
IN THEORY BUT OFTEN COMPLEX 
IN REALITY. THE MAIN JOB 
OF A BOOT LOADER IS TO LOAD 
THE OPERATING SYSTEM, 
BUT SOFTWARE AND HARDWARE 
ENGINEERS VIEW THIS PROCESS 
IN DIFFERENT WAYS.
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T
o load a program into memory, you must 
first load a program into memory. The boot-
up process, often a complex multistep se-
quence involving numerous substeps, solves 
this problem. Any boot-up process, includ-
ing booting up Windows, Linux, or an em-
bedded RTOS (real-time operating system), 
begins with the application of power to the 
system and the subsequent removal of system 

reset. During POR (power-on-reset) assertion, you may have to 
reconfigure hardware peripherals if operational values differ from 
those of default settings. Embedded microcontrollers, for exam-
ple, often offer various hardware-reset-configuration schemes.
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with more sophistication. The boot se-
quence begins with the application of 
system power; the processor remains in 
reset. When all voltages and current 
levels are acceptable, the power supply 
sends a power-good signal to the pro-
cessor. The next step, POR negation, 
takes place when the availability of the 
good-power signal negates the proces-
sor reset to allow the CPU to begin op-
eration. The CPU points to the ROM 
boot address and begins executing 
the BIOS (basic-input/output-system) 
code. The ROM BIOS then performs 
POST (power-on self-test), a basic test 
of core hardware to verify basic perform-
ance. The boot-up process then reports 
any errors that occur at this point using 
beep codes because the video subsystem 
has not yet initialized.

The next step is video-card initializa-
tion, during which the BIOS searches 
for a video-card adapter by scanning 
memory addresses C000:0000 through 
C780:0000 to find a video ROM. The 
video test initializes and tests any dis-
covered video adapter, potentially 
along with its video memory, and dis-
plays configuration information. If a 
“cold” start is taking place, the ROM 
BIOS executes a full POST. If it is a 
“warm” start, the boot-up process skips 
the memory-test portion of the POST.

The CMOS now reads from the 
BIOS. During this step, the BIOS lo-
cates and reads configuration informa-
tion stored in the CMOS. A small coin 
battery cell on the motherboard typi-
cally maintains the CMOS, a small—
typically, 64-byte area of memory—on 
the motherboard. The CMOS mem-
ory stores information such as date, 
time, and peripheral-boot order. If the 
first bootable disk is a fixed disk, the 
BIOS examines its first sector for an 
MBR (master boot record). The MBR 
comprises a partition table, which de-
scribes the layout of the fixed disk, and 
a partition-loader code, which includes 
instructions for continuing the boot 
process. The boot, or partition, loader 
then examines the partition table for 
an active partition. The partition load-
er searches the first sector of that par-
tition for a boot record. The boot pro-
cess than checks the active partition’s 
boot record for a valid boot signature. If 
it finds one, it executes the boot-sector 
code as a program.

The NTLDR (New Technology Load -

er) for Windows, a hidden system file 
that resides in the root directory of the 
system partition, controls the loading 
of Windows XP. During NTLDR’s ini-
tial phase, it moves the processor from 
real mode to protected mode, enabling 
32-bit memory accesses and turning on 
memory paging. It then loads the ap-
propriate minidrivers to allow NTLDR 
to load files from a partition formatted 
with any of the file systems that Win-
dows XP supports, including FAT (file-
allocation table)-16, FAT-32, and NTFS 
(New Technology File System).

If the boot-initialization file resides 
in the root directory, NTLDR reads its 
contents into memory. If the file con-
tains entries for more than one operat-
ing system, NTLDR suspends the boot 
sequence, displays a menu of choices, 
and waits for the user to make a se-
lection. NTLDR then continues the 
boot-up process by locating and load-
ing the DOS-based New Technology 
executable file to perform hardware 
detection. After selecting a hardware 
configuration, NTLDR begins load-
ing the Windows XP New Technolo-
gy kernel file. During this process, the 
screen clears, and a series of white rec-
tangles subsequently progresses across 
it. NTLDR now loads device drivers 
that are marked as boot devices. Before 
performing this load, NTLDR relin-
quishes control of the computer.

At this point, the system displays a 
graphics screen with a status bar indi-
cating the load status. During later ini-
tialization phases, the system cannot 
accept device interrupts. The I/O man-
ager also begins to load the remainder 
of the system drivers, picking up where 
NTLDR left off. The last task for this 
initialization phase is to launch the 
session-manager subsystem, which is 
responsible for creating the user-mode 
environment. The session-manager 
subsystem then loads the Windows 
device driver, which implements the 
graphics subsystem. Windows XP boot 
is not complete until a user has success-
fully logged onto the system. The Win-
dows log-in file begins the log-in proc-

AT A GLANCE
↘ The system-boot process, 

although potentially simple in con-

cept, becomes complex when you 

consider various implementation 

options.

↘ Windows XP provides a popular 

case study of a classic boot 

sequence.

↘ Numerous hardware and soft-

ware techniques provide different 

means of getting postreset-configu-

ration data to the processor.

↘ Primary and secondary boot 

options comprehend different start-

up and kernel-code sizes, read- and 

write-performance expectations, 

and other variables.

↘ U-Boot (Universal Boot Loader) 

is a powerful open-source tool that 

deserves consideration in Linux-

based designs.

STEPS BEFORE THE BOOT 
SEQUENCE

BOOT SEQUENCE

4 BIOS DISPLAYS START-UP SCREEN

5 MEMORY-COUNT TEST, 
HARD-DISK-DRIVE-PARAMETER SETTING

6 BIOS LOOKS FOR COM AND LTP PORTS

7 BIOS LOOKS FOR 
BOOT-SEQUENCE SETTING

8 LOADS OPERATING SYSTEM

9 BIOS COPIES FILES TO MEMORY, 
OPERATING SYSTEM TAKES OVER BOOT-UP

10 OPERATING SYSTEM CHECKS SYSTEM 
MEMORY, LOADS DRIVERS, 
AND STARTS APPLICATION

1 POWER ON

2 RESET TO PROCESSOR UNTIL 
GOOD POWER SUPPLY IS AVAILABLE

3 RESET NEGATED, PROCESSOR- 
READY, POINTS TO ROM ADDRESS

1 POWER ON SELF-TEST

2 LOOKS FOR VIDEO CARD, 
RUNS BUILD IN BIOS PROGRAM

3 SYSTEM BIOS LOOKS FOR OTHER 
PERIPHERAL BIOS, EXECUTES 
OTHER BIOS

Figure 1 Microsoft’s Windows XP moves through a suite of steps as it boots a system.
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ess, which the kernel loads as a service, 
and displays the log-on dialogue box.

EMBEDDED-SYSTEM RESET
Older microcontrollers had a single 

fixed configuration state for the entire 
register suite after reset deassertion. 
This situation translated into fixed val-
ues for parameters, such as clock-speed 
configuration, start-address location, 
pad slew, drive strength, external-mem-
ory-port size, and peripheral enable/dis-
able state. It enforced restrictions on 
the way users employed chips after reset 
deassertion. For example, if the system 
disabled an on-chip oscillator provid-
ing a clock to off-chip peripherals at re-
set, those peripherals would be able to 
work only after software re-enabled the 
oscillator.

In simpler systems, such behavior 
might be acceptable, but it may not 
meet requirements if that same chip is 
finding use in more complex applica-
tions that require different configura-
tions during reset. To provide flexibility 
to a configuration of registers after re-
set, you can implement various micro-
controller-based design schemes. Some 
microcontrollers also support multicon-
figuration schemes, in which the sys-
tem selects any configuration by read-
ing the state of pins during reset. Here 
we discuss four reset configurations: de-
fault, fuse programming, external pins, 
and serial interface.

Loading default values during boot-
up is the most common reset configura-
tion, and it requires no special onboard 
setup (Figure 2). Conversely, it provides 
no flexibility or options to configure 
any register. All the registers initialize 
to fixed values; thus, the chip exits reset 
in only one fixed state. This approach is 
the fastest for initializing the system be-
fore the boot process, but it is the least 
powerful mode in terms of capabilities 
for controlling the system state. It might 
work for some applications but is less 
preferable if you use the same micro-
controller in varying applications with 
varying boot requirements.

A system POR asserts internal chip 
reset, with both signals being active low; 
when deasserted, it restarts the clock 
and loads the reset configuration in the 
system registers. Depending on the sys-
tem design, other tasks might gate the 
boot-up process. For example, the sys-
tem might wait for a PLL (phase-locked 

SYSTEM CLOCK

POWER 
ON RESET

SYSTEM RESET

RESET CONFIGURATION 
SETTINGS COPIED 

TO SYSTEM REGISTERS

CODE 
EXECUTION 

STARTS 
FROM HERE

Figure 2 Loading default values during boot-up is the most common reset configuration.
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loop) to achieve clock locking before 
the internal reset deasserts and the sys-
tem begins executing the boot code.

Fuse programming involves a reset 
configuration that is the result of pro-
gramming through a chip’s special test 
mode, fuses, or on-chip nonvolatile-
flash registers (Figure 3). This mode 
implements special bits and registers 
through either on-chip fuses or an ar-
ray of nonvolatile-flash-memory regis-
ters for configuring reset-control-word 
information. These registers require 
write-once capability; therefore, you 
can program them only once in a chip’s 
lifetime. This mode usually requires a 
hardware-setup or software sequence to 
program these special registers or fuses. 
Once fuses are programmed and reset is 
asserted, reset-control-word informa-
tion is read from the fuses and copied to 
the desired system registers. The system 
then internally deasserts the reset and 
begins executing code.

This scheme provides the flexibility 
to configure different system-register 
options but requires the implementa-
tion of special fuse registers in the de-
sign. Because the fuses are one-time 
programmable and secure, they can 
effectively enable and disable func-
tions within the chip, thereby creat-
ing “phantom” parts with lower prices. 
This strategy is common with semicon-
ductor vendors, which sell the same 
sliver of silicon with different costs and 
features—achieved by blowing the fus-
es to enable or disable functions.

You can also reset the configuration 
through external pins. This scheme 
uses a group of microcontroller pins to 
control the reset configuration. These 
pins are externally pulled high or low 
during reset to define a configuration 
option. Once the system reset deasserts, 
the microcontroller internally latches 
these values and decodes them to con-
figure the system registers. This scheme 
provides limited flexibility in select-
ing control-word configurations. The 
available number of configurations is 
directly proportional to the number of 
pins for this purpose.

Engineers often implement the de-
sign by means of an external buffer or 
a line driver, such as the 74LVC125, 
which drives either a logic one or a log-
ic zero to the pins for reset configura-
tion (Figure 4). The reset signal usu-
ally connects to the enable pin of a 

tristate buffer—that is, an external line 
driver—so any change from one to zero 
or vice versa to the input of the tristate 

buffer appears as an input to the pins 
that eventually handle the reset con-
figuration. This approach provides ad-

ONE-TIME-
PROGRAMMABLE 

FUSES

RESET
CONFIGURATION 

BITS

RESET
CONFIGURATION 

BITS
OR

ON-CHIP FLASH

NONVOLATILE
REGISTERS

Figure 3 Obtaining reset-configuration bits from on-chip fuses or flash memory 

provides device customization during manufacturing.
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ditional flexibility and control. For 
example, if one of the buffers controls 
whether PLL is enabled or disabled dur-
ing boot-up, a buffer output can allow 
users to enable the PLL when the buf-
fer connects to the drain-to-drain volt-
age and conversely disable it when the 

buffer connects to the source-to-source 
voltage. The number of pins available 
for this purpose usually constrains this 
approach. Note, too, that most ex-
ternal line drivers, such as that of the 
74LVC125, integrate groups of four or 
eight buffers. To limit the implementa-

tion’s cost, define the buffer numbers in 
multiples of four.

You can also load the reset configura-
tion through an external serial interface. 
For a highly integrated complex micro-
processor, it is impractical to either ded-
icate or share pins for the numerous 
available power-up options. This scheme 
conversely involves loading the chip-re-
set-configuration data from an external 
serial memory (Figure 5). In a typical 
implementation flow, when system reset 
asserts, the chip establishes communica-
tion with the serial memory, subsequent-
ly transferring reset-configuration infor-
mation to the microcontroller. Upon se-
rial-data reception, the microcontroller 
configures system registers based on the 
received data and deasserts reset. This 
method provides the maximum flexibil-
ity in configuring options in system reg-
isters because serial memories can store a 
large number of data bytes.

In advanced serial-configuration 
schemes, the serial memory can even 
hold software code. In such cases, the 
system reads both reset-configuration 
data and boot code from external seri-

VDD

VDD

GROUND

ENABLE

ENABLE

ENABLE

ENABLE

GROUND

SYSTEM ON CHIP

RESET
CONFIGURATION

74LVC125

Figure 4 Accessing the reset configuration through an external bus provides flexibility 

that only the number of pins for this function limits.

THE U-BOOT
Many standard boot loaders, such as DINK32, Open 
Firmware, and x86 bios, fi nd use in embedded-system 
applications. They facilitate the loading of an operating 
system and bring the system to a safe operating state. 
U-Boot (Universal Boot Loader) is an open-source pro-
gram that is popular in Linux-based embedded-system 
applications. U-Boot provides an automated interactive 
environment, which offers substantial fl exibility and 
diverse options for various boot schemes and interfaces. 
It provides a platform to the end application-develop-
ment user who doesn’t want or need to delve into the 
low-level specifi cs of chip hardware.

After basic initialization of the system, U-Boot starts 
an interactive program, which allows the user to provide 
input through a serial-communication interface-console 
utility, such as Windows’ HyperTerminal. The user can 
also choose to run U-Boot in an automated fashion with-
out any intervention. U-Boot can reside in an internal 
ROM or a fl ash memory. After basic initialization of the 
CPU, local memories, and buses, U-Boot can relocate 
itself to a RAM location and then continue executing 
from there. A splash screen appears on the serial con-
sole when U-Boot is running.

U-Boot supports a powerful set of commands that you 
can execute through the interactive command window. 
Other than loading the operating system, these com-
mands provide abundant functions, such as memory 
load and dump; serial-interface access; and read, erase, 

and program functions for external memories, such as 
NAND- and NOR-fl ash memory, serial-fl ash devices, and 
EEPROMs. U-Boot also allows the system to boot from 
a variety of interfaces, such as USB (Universal Serial 
Bus), SD (secure digital), PCIe (Peripheral Component 
Interconnect Express), or SATA (serial advanced-technol-
ogy attachment).

To load an operating system in a typical scheme over a 
network such as Ethernet, for example, U-Boot fi rst ini-
tializes the network environment’s variables, copies the 
operating-system kernel’s image to the target board, and 
then moves execution to the operating-system kernel. 
After this point, U-Boot plays no role in the system.

U-Boot’s image size generally depends on the boot-
peripheral support you select during source-code com-
pilation or building. You can customize U-Boot’s features 
to appropriately suit the application. U-Boot follows a 
standardized directory structure, which allows high scal-
ability and portability to platforms. When porting U-Boot 
to a new platform, most of the fi les, other than CPU-, 
peripheral-, and board-specifi c fi les, remain the same.

All of these features make U-Boot a desired choice 
for embedded-system developers. Because U-Boot is an 
open-source boot loader, embedded-system developers 
are heavily contributing to the U-Boot environment, add-
ing device support and otherwise keeping U-Boot rich 
and up to date. For more details on U-Boot-development 
resources, go to http://bit.ly/eZslLO.
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al memory during the microprocessor-
reset sequence, thereby requiring few 
I/O pins. By reading data stored in, for 
example, external SPI (serial-peripher-
al-interface) memory, the system would 
also need to configure the SPI memory’s 
clock frequency along with the power-
up options for the microprocessor and 
optionally load code into the micro-
processor’s memory. The system would 
have to accomplish all these tasks be-
fore the negation of device reset, there-
by ensuring that the chip is properly 
configured when exiting the reset state. 
Serial memories’ low cost, simple im-
plementation, high flexibility, and op-
tional software-boot code often make 
this option the preferred one for boot-
ing or loading the reset configuration.

SYSTEM-BOOT COMPONENTS
Boot components are primary or sec-

ondary devices, depending on their abil-
ity to support boot immediately after 
reset deassertion. The primary option 
provides a direct-boot capability and 

facilitates the processor’s first instruc-
tion fetch from the memory location in 
which software-initialization code re-
sides. You should enable the primary in-
terfaces immediately after reset and can 
sometimes configure them through the 
reset option. You can place boot load-
ers or small initialization-code sequenc-
es in these locations. You initialize and 
configure secondary interfaces in these 
primary boot-code sequences and boot 
loaders. They mainly hold the large 
operating-system kernel’s code, which 
loads after the boot loader performs ba-
sic initialization. You can execute the 
operating-system kernel directly from 
these interfaces or copy it in processor-
accessible memory (Figure 6). For ex-
ample, an on-chip ROM component 
can act as the primary boot device, 
including initial initialization code, 
which subsequently switches execution 
to a secondary option, such as external 
DDR SDRAM, which in turn holds the 
complete operating-system kernel.

Common hardware-boot components 

RESET 
CONFIGURATION

SERIAL
BOOT
LOGIC

CLOCK

CHIP SELECT

DATA OUT

DATA IN

SPI-BASED
SERIAL MEMORY

Figure 5 An external memory can house not only reset-configuration data but also 

boot code.

PROGRAM-
EXECUTION

FLOW

PROGRAM-
EXECUTION

FLOW

FULL BOOT LOADER/
COMPLETE OPERATING-

SYSTEM KERNEL

INITIAL 
BOOT LOADER

PROGRAM
COUNTER

PROGRAM
COUNTER

PRIMARY BOOT SECONDARY BOOT

INCLUDES INITIALIZATION 
FOR SECONDARY 
BOOT INTERFACE

Figure 6 Primary and secondary boot options combine to comprehend large operat-

ing-system-kernel images.
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allow a system to boot from a variety of 
interfaces (Figure 7). Booting from in-
ternal flash memory is among the most 
common and simplest methods of con-
figuring an embedded microcontroller 
that includes the necessary on-chip re-
sources. This method reduces depen-
dencies on external interfaces because 
the boot loader resides in on-chip mem-
ory. After system-reset deassertion, the 
processor points to the flash memory’s 
starting address and loads the neces-
sary initialization code and operating 
systems. Operating systems with small 
footprints are 
compatible with 
this approach be-
cause a practical 
limit exists on the 
amount of on-chip 
flash memory that 
can be available. 
This approach is 
also one of most 
secure ways to boot a processor because 
modifying code residing in on-chip 
memory requires fewer changes than do 
off-chip boot options.

As with Windows XP, some micro-
controllers integrate ROM as the prima-
ry boot option. The boot ROM includes 
a basic boot loader so that the micro-
controller can subsequently perform a 
more sophisticated boot sequence on 
its own, loading programs from various 
sources, such as Ethernet, NAND-flash 
memory, an SD (secure-digital) card, 
an MMC (multimedia card), or a USB 
interface. Boot-ROM usage enables 
more flexible boot sequences than does 

hard-wired logic, and it allows users 
the choice to boot up from various pe-
ripherals. Users often employ the boot-
ROM feature for system recovery when 
someone inadvertently erases the usual 
boot software in nonvolatile memory 
other than ROM. You cannot repro-
gram boot ROM, so applications that 
require a secure boot may include secu-
rity checks so that the boot-up stops if 
one or multiple security checks fails.

An external bus interface allows the 
system to boot directly from external 
NOR flash or other parallel memo-

ries. It is one of 
the fastest ways 
to boot the sys-
tem because the 
interface to ex-
ternal memory 
can be 32 bits or 
more with a rea-
sonable frequency 
of operation. For 

a full-fledged operating system such as 
Linux, or Windows, it can take several 
milliseconds to seconds to boot the sys-
tem due to the size of the operating sys-
tem, which can be annoying to the user. 
Keeping the boot loader/operating sys-
tem in external parallel memory reduces 
the boot-up time drastically for systems 
in which boot time is critical.

NAND-flash memories are gaining 
popularity in numerous applications due 
to their higher read throughput, although 
this throughput is lower than that of 
NOR-flash memory. NAND flash also 
offers faster erases and lower cost per byte 
than does NOR flash. The primary use 
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Figure 7 Common hardware-boot components allow a system to boot from a variety of 

interfaces.
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for NAND-flash memory—for example, 
in a USB flash drive—is to store large 
quantities of data and code. However, 
in recent years, an increasing number of 
embedded-system applications also sup-
port NAND-flash memory as a primary 
boot option. In these cases, the micro-
controller must include a NAND-flash-
memory controller to handle read and 
write accesses. The NAND-flash-mem-
ory interface also requires more than 20 
pins, so this option may not be cost-ef-
fective and otherwise practical unless 
you use a package with more pins.

Booting from internal volatile memo-
ry is always a secondary boot technique 
because a primary boot device must 
load the RAM before it can execute 
code. Commonly, a primary boot loads 
the operating system and drivers, copy-
ing them to RAM. At this point, the 
RAM-based code takes control of the 
system. Executing code from RAM is 
faster and consumes less power than do 
other memory technologies, including 
either external or internal flash memo-
ry. However, because the internal RAM 
is volatile, some system designs enable 
the RAM to switch to battery power in 
the event of the failure of the primary 
supply, thereby eliminating any further 
need to copy the code from external 
or internal memory when the primary 
power returns and thus reducing subse-
quent initialization and boot time.

Booting from a DRAM is also a sec-
ondary boot technique. DRAM use is 
common in high-end applications that 
must handle abundant multimedia con-
tent and that require high throughput. 
You can view DRAM as a bigger and 
faster extended RAM buffer for manag-
ing complicated applications. In one ex-
ample, ROM includes the boot loader, 
and NAND-flash memory contains the 
operating system and the application 

code (Figure 8). The boot process begins 
with system initialization through the 
ROM-boot loader, which also includes 
the reset vector. The main operating-
system code copies from NAND-flash 
memory to DDR SDRAM, subsequently 
switching execution control to the ex-
ternal volatile memory. This scheme is 
efficient because executing from DDR 
SDRAM is faster than reading directly 
from NAND-flash memory. You can use 
similar schemes to copy code from other 
interfaces, such as Ethernet.

You may want to boot from various 
interfaces, such as SDHC, SPI, I2C (in-
ter-integrated circuit), USB, SATA (se-
rial advanced-technology attachment), 
PCIe, and Ethernet. These interfaces all 
represent secondary boots. A primary 
boot interface, such as ROM, initial-
izes a secondary boot interface, such as 
USB, before code execution switches 
to the secondary boot device. Storing 
boot code in external nonvolatile seri-
al memories, such as SPI flash memory 
or I2C EEPROM, can be useful for mi-
crocontrollers that have low pin counts 
and can afford to have longer boot-ups. 
Such schemes first copy the boot code 
from the external memory to the on-
chip RAM and code execution switches 
to the RAM after reset, so the scheme 
can immediately fetch boot code after 
reset deassertion.EDN
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G
oing wireless in applications such as sensor 
nodes or PC peripherals requires not only 
wireless communication but also an alter-
native energy source to an ac wall plug. It 
makes little sense to eliminate wired com-
munication if your design still requires a 
power cord. Harvesting the ambient ener-
gy, which can be solar or artificial lighting 
or mechanical energy, such as equipment 

vibration, provides an energy source for ultra-low-power devices. 
Devices such as wireless sensor nodes conform to their ultra-low-
power budget by spending most of their time asleep, waking up brief-
ly to take a sensor reading and transmit it in a burst to their node 
network (see sidebar “Characterizing average harvested energy”).

ENERGY HARVESTING RELIES ON 
INTERMITTENT ENERGY SOURCES AND 

REQUIRES ENERGY STORAGE, SUCH 
AS A CAPACITOR OR A BATTERY. NEW 

IMPROVEMENTS IN THESE COMPONENTS 
POINT TOWARD SMALLER, LONGER-LIVED 
WIRELESS SENSOR NODES, BUT A LONG-

LIVED PRIMARY BATTERY MAY BE YOUR 
SIMPLEST ENERGY-SOURCE CHOICE.

However, the burst of power nec-
essary for communication, although 
brief, requires more energy than ambi-
ent sources can provide, so some form 
of energy reservoir must provide this 
short, intense burst, making energy 
storage the other side of the coin for 
energy harvesting. Capacitors, includ-
ing supercapacitors, and batteries are 
the main forms of electrical energy 
storage for energy harvesting. Both de-
vice types have constraints that ener-
gy-harvesting circuits for wireless sen-
sor networks must accommodate to 
make wireless nodes practical. Those 
constraints are high leakage current for 
supercapacitors and charge/discharge-
cycle lifetimes for batteries. New lith-
ium-ion technologies promise to ex-
pand the scope of both supercapacitors 
and batteries.

For applications in which your wire-
less design can operate from the ener-
gy that one long-life battery stores, the 
simplest source of energy is a large-ca-
pacity battery with minimum self-dis-
charge, or leakage, current (see side-
bar “Power constraints of wireless sen-
sor nodes”). You may worry about the 
maintenance costs for replacing spent 
batteries. Depending on your device’s 
power budget, however, some prima-
ry nonrechargeable batteries can pro-
vide power for 10 to 20 years, a longer 
lifetime than many electronic devic-
es. Ask yourself how many electronic 
devices you have been using for more 
than 10 years.

Not just any battery chemistry is a 
good candidate. The common alkaline 
battery, for example, has only half the 
energy-storage capacity of an equiva-
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lent-sized lithium battery. On the other 
hand, alkaline batteries are inexpensive 
and have low leakage current, an im-
portant characteristic for use in an ap-
plication that must go many years with-
out service. An advantage of alkaline 
batteries in “mostly asleep” wireless 
networks is that the keep-alive power 
during the sleep phase can be at the al-
kaline battery’s lower nominal voltage 
(Reference 1). Combining an alkaline 
battery with a dynamic-voltage regula-
tor allows the voltage to drop to an al-
kaline battery’s nominal voltage of 1.5V 
and supply 600-nA keep-alive current. 
When it’s time to take a reading or 
talk to the network, the regulator can 
boost the battery voltage to the 3V that 
many electronic circuits require. Using 
a primary lithium battery with a nomi-
nal voltage of 3V, the keep-alive power 
is twice as large as that of an alkaline 

battery because of the two-times-larger 
nominal voltage (Reference 2).

Lithium-thionyl battery chemis-
try, on the other hand, can easily last 
for 10 to 20 years with little leakage. 
Lithium-thionyl batteries can provide a 
simple approach to your energy needs 
if your application has a finite life of a 
maximum of 20 years and can bear the 
higher cost of a lithium-thionyl battery, 
which is approximately $2 compared 
with 50 cents for an alkaline battery. 
In addition to low self-discharge rates, 
lithium thionyl also benefits from a flat 
discharge profile over time so that the 

terminal voltage stays relatively con-
stant over the battery’s service life. This 
battery chemistry is more costly than 
other lithium chemistries and finds use 
in applications demanding long battery 
life, such as water and gas meters and 
other industrial- and military-electron-
ics applications. The cells have nominal 
voltages of 3.6V and discharge voltages 
of 2.2V. Industrial- and military-grade 
lithium-thionyl-chloride primary bat-
teries supply approximately 80 mAhr/
year with a failure rate of only one per 1 
million cells. As a comparison, a micro-
generator that generates power from 
machine vibrations might cost $100 
(Reference 3). 

Consider how many electronic de-
vices are still in use in industrial or in-
frastructure settings after more than 20 
years. Especially for wireless sensor net-
works, which are still in their infancy, 
hardware will likely change over the 
next couple of years, let alone decades. 
A primary battery may be the answer 
for your energy-storage needs. Howev-
er, some applications lend themselves 
well to energy harvesting. Take Log-

itech’s K750 solar-power-harvesting 
wireless keyboard. Wireless keyboards 
can go for a long time on a battery, but 
the battery at some point becomes ex-
hausted, and the keyboard dies, most 
likely when it’s least convenient. Log-
itech has taken a page from Texas In-
struments’ solar-powered calculators 
and incorporated solar power in its 
K750 batteries (Figure 1 and Refer-
ence 4). The approach allows a user to 
store a keyboard, for example, in a dark 
closet for three months before its bat-
tery power leaches away, and the key-
board can run for two months on the 
battery power alone.

In the world of mostly asleep sensor 
networks, the mostly asleep mode en-
ables the long life of an energy-miserly 
system. At some point, however, the 
sensor node will wake up, sense its sur-
roundings, and transmit its status and 
data to some receiving node. This burst 
of activity requires more power than the 
ambient amount of energy available in 
that one instant from the environment. 
In this case, it comes in handy to be able 
to store the trickle of available ambient 
energy and spend it all in one burst be-
fore going back to trickle-charging the 
storage device. In this way, it will be 
ready for the next time the node awakes 
to sense and communicate.

Advanced Linear Devices makes mod-
ules that harvest energy from solar cells 
and transducers (Figure 2). “Energy stor-
age is key to energy harvesting because 
energy sources for harvesting all tend to 
be intermittent,” says John Skurla, direc-
tor of marketing and sales at the compa-
ny. “It’s not steady-state input energy. A 
microgenerator can act as a transducer to 
transform mechanical energy into elec-
trical energy, and, from there, the elec-
trical energy goes into some form of stor-
age.” Advanced Linear Devices’ modules 

AT A GLANCE
↘ Energy storage is a key compo-

nent of any power circuit because 

harvested energy is intermittent. 

↘ Determining your energy budget 

tells you how much energy you need 

to get from either a primary battery 

or an energy-harvesting circuit.

↘ Supercapacitors have high leak-

age current but virtually unlimited 

life cycles.

↘ Batteries have low leakage cur-

rent and long shelf life, but 

rechargeable batteries have limited 

charge/recharge cycles.

Figure 1 The Logitech 

K750 wireless solar keyboard can 

run for two months on battery power alone. 

The solar cells top off the lithium-ion button batteries.

Figure 2 Advanced Linear Devices’ EM300 energy-harvesting 

modules provide power management for a variety 

of energy sources, including 

piezoelectric transducers.

ENERGY SOURCES 
FOR HARVESTING 
ALL TEND TO BE 
INTERMITTENT.
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CHARACTERIZING AVERAGE HARVESTED ENERGY
By Tony Armstrong, Linear Technology Corp

Ambient-energy sources include 
light, heat differentials, mechanical 
vibration, transmitted RF signals, or 
any other source that can produce 
an electrical charge through a trans-
ducer. These energy sources are all 
around us, and you can convert them 
into electrical energy by using a suit-
able transducer, such as a thermo-
electric generator for temperature 
differential, a piezoelectric element 
for vibration, a photovoltaic cell for 
sunlight or indoor lighting, and even 
galvanic energy from moisture. You 
can use these so-called free energy 
sources to autonomously power elec-
tronic components and systems. 

The applications in which energy-
harvesting benefi ts are compelling 
are parts of a long and growing list, 
and all these applications have two 
things in common: They all have a 
low average-power requirement, 
and they reside in situations in 
which access to ac-line power is 
costly or unavailable, batteries are 
costly or diffi cult to replace, or both. 
Examples include wireless sensors 
in shipping containers, asset-track-
ing devices, structural monitors in 
aircraft and bridges, environmental 
monitors in buildings or factories, 
and remote outdoor locations.

A good starting point for the fea-
sibility of implementing an energy-
harvesting system or wireless sen-
sor node is to consider how much 
energy is necessary to power it. The 
good news is that only 48 μW of con-
tinuous power is necessary to run a 
sensor node for an indefi nite amount 
of time. Furthermore, lower duty 

cycles produce even lower average-
power levels. Another piece of good 
news is that a transducer’s output 
power is generally more than ade-
quate when you properly match it 
to the application, thereby enabling 
you to charge an external storage 
element for use when the ambient-
energy source is unavailable.

Because energy harvesting is 
generally subject to low, variable, 
and unpredictable levels of available 
power, it is advisable to implement 
a hybrid structure that can interface 
to both the harvester and a second-
ary power reservoir. The harvester, 
because of its unlimited energy sup-
ply and defi ciency in power, is the 
energy source of the system. The 
secondary power reservoir, either a 
battery or a capacitor, yields higher 
output power but stores less energy, 
supplying power when necessary but 
otherwise regularly receiving charge 
from the harvester. Thus, applica-
tions lacking ambient energy from 
which to harvest power must use the 
secondary power reservoir to power 
the sensor node.

From system designers’ perspec-
tives, this requirement adds a fur-
ther degree of complexity because 
they must now consider how much 
energy the secondary reservoir must 
store to compensate for the lack of 
an ambient-energy source. Just how 
much energy is necessary depends 
on several factors, including the 
length of time the ambient-energy 
source is absent and the duty cycle 
of the sensor node—that is, how 
often a data reading and transmis-

sion must take place. Other factors 
include the size and type of a sec-
ondary reservoir—that is, whether 
it is a capacitor, a supercapacitor, 
or a battery—and whether enough 
ambient energy is available to act as 
the primary energy source and have 
suffi cient leftover energy to charge 
up a secondary reservoir when it is 
unavailable for a certain time.

The need for these factors var-
ies from application to application; 
however, consideration of these fac-
tors will assist system designers in 
choosing an energy-harvesting-sys-
tem topology. Moreover, with analog 
switch-mode-power-supply-design 
expertise in short supply worldwide, 
it has been diffi cult to design an 
effective energy-harvesting system. 
The primary hurdle is the power-
management aspects of remote 
wireless sensing.

Fortunately, recent product intro-
ductions in this area include devices 
that can extract energy from 
almost any source of light, heat, or 
mechanical vibration. Furthermore, 
their comprehensive features 
greatly simplify the diffi cult power-
conversion-design aspects of an 
energy-harvesting chain. As a result, 
system designers and planners 
must prioritize the needs of their 
power management from the outset 
to ensure effi cient designs and suc-
cessful long-term deployments.

Author’s biography
Tony Armstrong is director of prod-
uct marketing, power products, at 
Linear Technology Corp.

currently use capacitors, but the compa-
ny is monitoring advances in recharge-
able batteries and supercapacitors.

Rechargeable lithium-ion coin bat-
teries, such as the ML2032 that the 
Logitech keyboard uses, have been 
available for only about a year. Because 
of their lack of maturity, Skurla has a 
cautious approach to evaluating them. 
“[A lithium coin battery] tends to be 
very finicky in that you can’t over-
charge it, and you can’t undercharge it, 
either,” he says. “If you don’t manage it 

just right, the battery will die.” Chemi-
cal reactions occur during overcharging 
and undercharging. “If you overcharge, 
you trigger a different chemical reac-
tion,” says Skurla. “Another chemical 
reaction occurs during undercharging, 
and the cell becomes permanently dis-
abled.” The cells don’t explode from 
undercharging, he adds. They just die. 
“That’s one of the characteristics of 
these postage-stamp-sized rechargeable 
coin batteries,” he adds. “You never used 
to have to deal with undercharge.”

Hitachi Maxell publishes the most 
complete information on ML-series 
lithium-manganese-dioxide recharge-
able batteries. The company sells 
them only to equipment manufactur-
ers as built-in parts and does not sup-
ply them directly to users of equipment 
with these batteries (Figure 3). Hitachi 
Maxell specifies the parts for 1000 
charge and discharge cycles.

Advanced Linear Devices has also 
considered supercapacitors for storing 
harvested energy. “Supercapacitors are 
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super in capacity, but they also leak like 
sieves,” says Skurla. It’s also difficult to 
get precise specifications for leakage and 
shelf-life characteristics. He says that 
the company bought and tested a bunch 
of supercapacitors that were available 
on the market, running the tests over 
days and weeks. The leakage current is 

proportional to the capacity: As the ca-
pacitance increases, the leakage current 
also increases. “What you really want is 
a 10F supercap with the leakage-current 
characteristic of a 0.1F supercap,” says 
Skurla. “They still have about 11-times 
more leakage than we like to see for an 
energy-harvesting application.”

POWER CONSTRAINTS OF WIRELESS SENSOR NODES
By Dave Freeman and Sriram Narayanan, Texas Instruments

Recent developments in hardware and software designs 
for wireless-sensor-network nodes motivate the need for 
system-level design methods. Figure A shows a network, 
along with the subsystems of each node. Considerations 
for ease of deployment and cost of installation require 

that the nodes be able to communicate wirelessly. To 
reduce communication overhead and improve response 
time, the nodes should be able to locally process sensor 
data and control actuators. Performing routine mainte-
nance, such as replacing batteries on a large number 
of nodes, may be prohibitively expensive. Sensor nodes 
should also last for several years by relying only on 
stored or harvested energy.

The choice of sensors, radio, and microcon-
troller depends on the nature of the applica-
tion. A sensor network in an offi ce environment 
addresses applications such as energy manage-
ment, security, or resource planning.

Light energy is usually the most abundant form of ambi-
ent energy in indoor environments. Modern solar cells 
comprising amorphous silicon generate approximately 5 
μW/cm2 when illuminated by a 200-lux fl uorescent-light 
source. Table A lists estimates of energy-accrual rates 

and suggests that a 10-cm2 solar cell may gen-
erate 70 to 120 μW.

Microthermoelectric generators use a gra-
dient in temperature to produce electrical 
energy. To generate a power density of 15 μW/
cm3, however, thermal harvesters may need a 
thermal gradient of approximately 10°C. Many 
applications, particularly indoor environments, 
do not experience large swings in temperature. 
Thus, thermal harvesters have limited appli-
cability. Today’s vibrational-energy harvesters 
need acceleration of approximately 1.75 to 
2g—magnitudes usually absent in indoor envi-
ronments—to produce 60 μW of power.

With limited onboard capacity to store 
energy and limited opportunities to harvest 
ambient energy, the sensor node must be 
frugal in energy use. Consider, for example, a 
100-mAhr battery and a solar cell that accrues 
70 μW for 50% of a 10-year node lifetime. This 
node must operate its various subsystems and 

consume no more than 39 μW of average power.
The microcontroller, radio, sensors, and actuators 

exhibit dramatically different power and performance 
characteristics. Meeting the system’s power budget 
requires the sensor node to optimally manage its sub-
systems. Modern low-power microcontrollers consume 
approximately 345 μW of peak power to operate at a 

TABLE A ACCRUAL RATES

Setting Intensity (lux) Power density (μW/cm2)

Conference 

room

300 7.5

Offi ce 500 12.5

Hallway 400 10

TABLE B LOW-POWER ARCHITECTURES

Frequency 

(GHz)

Data 

rate 

(Mbps)

Nominal 

range 

(m)

Peak 

power 

(mW)

Energy 

per bit 

(nJ/bit)

Bluetooth 2.4 1 1 to 10 92.4 92

IEEE 

802.15.4a 

ultrawide-

band

3.1 to 10.6 1 to 27 1 to 30 Less than 

10

Approxi-

mately 

1

Zigbee 2.4 0.25 10 to 100 29.7 119

Wireless 

LAN

2.4 54 100 851 15

Figure A Harvested energy powers sensor nodes that make autonomous deci-

sions about their environment and can communicate using multiple protocols.

INTERNET
OR

EXTERNAL
NETWORK

CONVERGENCE 
BASE STATION

NODE N

NODE 1

ULTRA- 
WIDEBAND

ZIGBEE

WIRELESS
LAN

ENERGY
STORAGE

ENERGY 
STORAGE

ACTUATORSENSORS

MICRO-
CONTROLLER

WIRELESS 
LAN

ENERGY
STORAGE

ENERGY 
STORAGE

MICRO-
CONTROLLER

ACTUATORSENSORS

WIRELESS 
LAN

SUPERCAPACITORS 
ARE SUPER IN CAPAC-
ITY, BUT THEY ALSO 
LEAK LIKE SIEVES.

ED11020_032   32 1/20/11   12:01:32 PM



clock speed of about 1 MHz. Given that the require-
ments for sensor processing are often modest, you 
can use a microcontroller with an aggressive duty 
cycle—less than 1%, for example—to reduce average 
power consumption.

Sensor nodes usually communicate information 
about physical phenomena and related control mes-
sages at relatively low rates. Table B summarizes 
the salient features of some key low-power wireless-
communication technologies. The power-consumption 
quantities in the table serve only as general guidelines 
for system design. As transceiver designs evolve, they 
consume less power. When choosing a transceiver 
architecture, it is important to consider all aspects 
of the design. A wireless-LAN transceiver consumes 
lower energy per bit than does a Zigbee transceiver, 
but the LAN transceiver has a higher data rate and 
consumes more peak power. 

Sensors that may fi nd use in indoor applications 
include thermometers, humidity sensors, micro-
phones, and passive infrared sensors. Today’s tem-
perature and humidity sensors and microphones 
consume approximately 70 to 80 μW of peak power. 
Passive infrared sensors that can detect human activ-
ity typically consume peak power of 100 to 500 μW. 
Temperature and humidity sensors monitor slowly 
varying phenomena and can operate on low duty 
cycles, but you cannot power off other sensors that 
detect motion without compromising detection per-
formance. In many applications, the sensor demands 
more energy than the processing of the data or wire-
less communication. Therefore, meeting the system 
power budget requires innovation in the way you man-
age the sensors. 

The lack of an adequate power supply and energy 
remains a formidable challenge to implementing wire-
less sensor networks, despite advancements in com-
putation, communication, and sensing. Technological 
advancements in energy harvesting and storage 
continue to ease power constraints, but the demands 
of the end application continue to push their limits. 
Bridging this persistent power gap requires a system-
level-design approach that optimally trades off per-
formance for energy savings and that guarantees a 
minimum quality of service. Future wireless sensor 
nodes will autonomously adapt to time-varying-appli-
cation demands and energy availability.

See the Web version of this article at www.edn.
com/110203cs for a list of references used in writing 
this sidebar.
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Another advancement in the technology of supercapaci-
tors is the emergence of lithium-ion supercapacitors. For ex-
ample, JM Energy two years ago announced its first lithium-
ion supercapacitors, the 1000F/2000F series. The devices re-
main in limited production, however. In December 2010, su-
percapacitor-manufacturer Ioxus announced its lithium-ion 
series with an energy density 115% higher than that of stan-
dard electric double-layer capacitors.

Ioxus last year received a federal grant to work with Bing-
hamton University (www.binghamton.edu) on increasing en-
ergy density in supercapacitors. The company’s resulting work 
yielded a “hybrid” capacitor, which comes in 220, 300, 800, 
and 1000F versions. It uses a positive carbon electrode and 
a negative lithium-ion electrode and has a 20,000-cycle life-
time compared with approximately 1000 cycles for a battery. 
Leakage current is 0.6 mA at 72 hours. The devices’ height 
and diameter measurements, respectively, range from 45×22 
mm for the 220F version to 88×35 mm for the 1000F version. 
Prices for the 300F version range from $4 to $6 each.EDN
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Figure 3 Maxell sells rechargeable lithium-manganese-dioxide 

ML-series rechargeable batteries. The company offers these 

batteries only to equipment manufacturers as built-in parts, not 

directly to end users.
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BY ALLAN EVANS •  SAMPLIFY SYSTEMS INC

MEDICAL-EQUIPMENT COMPANIES ARE SHIFTING FROM A VERTICAL-

INTEGRATION MODEL TO A SYSTEM-INTEGRATION MODEL TO DO MORE 

WITH LESS RESEARCH AND DEVELOPMENT.

A 
look inside a typical piece of medical-imaging 
equipment reveals myriad technologies from 
many engineering disciplines that must col-
laborate to form a system. For example, de-
veloping X-ray scintillators in CT (computer-
ized-tomography) machines to convert X-ray-

particle energy into photon energy requires materials-science 
research into rare-earth materials. Capturing this photon en-
ergy over wide dynamic ranges requires custom analog-front-
end electronics, and acquiring the data from tens or even 
hundreds of thousands of such X-ray detectors requires cus-
tomized storage subsystems and interface technologies. Com-
plex software algorithms then form images from this substan-
tial volume of raw data. Radiologists, sonographers, and other 
medical-imaging professionals examine these images to make 
their diagnoses. This vertically integrated, multidisciplinary 
engineering from materials-science research to custom silicon 
and complex software design has historically required hefty 
R&D budgets, which only large companies could afford.

The current economic environment has caused an in-
creased focus on price and performance and forced medi-

cal-equipment OEMs to re-evaluate their R&D budgets to 
focus on technologies that are truly keys to their competi-
tive advantage, outsourcing other nondifferentiated imaging 
functions to outside semiconductor and subsystem suppliers. 
These merchant suppliers of technologies can, in turn, en-
able cost reductions by amortizing their R&D costs over the 
entire industry, not just across the market share of one equip-
ment manufacturer. 

The evolution of the ultrasound-equipment market pro-
vides an instructive example of how this trend will play out. 
Figure 1 depicts a 10-year-old ultrasound machine whose 
probe contains 64 to 256 piezoelectric transducers, each in-
dividually connected through a microcoaxial cable to the 
console. The probe required a specialized manufacturing pro-
cess for matching gains and delays across elements. As manu-
facturers introduced imaging techniques, analog front ends 
primarily comprised discrete components. Top-tier imaging-
equipment manufacturers held this “black art” close to the 
vest. Processing the tens or hundreds of gigabits per second 
of data could take place only in custom ASICs. When medi-
cal applications began to use analog CRTs for ultrasound dis-

Lowering the cost of 
medical-imaging R&D

TRANSMITTING
BEAM-

FORMER
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RECEIVING-
BEAM-

FORMER
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IMAGE-
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Figure 1 This 10-year-old ultrasound machine required a specialized manufacturing process for matching gains and delays across 

elements.
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Supercapacitor-Based Power Backup Prevents Data Loss 
in RAID Systems – Design Note 487
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Figure 1. Supercapacitor Energy Storage System for Data Backup
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trademarks and PowerPath is a trademark of Linear Technology Corporation. All other 
trademarks are the property of their respective owners.

Introduction

Redundant arrays of independent disks, or RAID, sys-
tems, by nature are designed to preserve data in the face 
of adverse circumstances. One example is power failure, 
thereby threatening data that is temporarily stored in 
volatile memory. To protect this data, many systems 
incorporate a battery-based power backup that supplies 
short-term power—enough watt-seconds for the RAID 
controller to write volatile data to nonvolatile memory. 
However, advances in fl ash memory performance such 
as DRAM density, lower power consumption and faster 
write time, in addition to technology improvements in 
supercapacitors such as lower ESR and higher capaci-
tance per unit volume, have made it possible to replace 
the batteries in these systems with longer lasting, higher 
performance and “greener” supercapacitors. Figure 1 
shows a supercapacitor-based power backup system 
using the LTC®3625 supercapacitor charger, an automatic 
power crossover switch using the LTC4412 PowerPath™ 
controller and an LTM®4616 dual output μModule® DC/
DC converter. 

The LTC3625 is a high effi ciency supercapacitor charger 
ideal for small profi le backup in RAID applications. It 
comes in a 3mm × 4mm × 0.75mm 12-lead DFN pack-
age and requires few external components. It features 
a programmable average charge current up to 1A, 
automatic cell voltage balancing of two series-connected 

supercapacitors and a low current state that draws less 
than 1μA from the supercapacitors. 

Backup Power Applications

An effective power backup system incorporates a superca-
pacitor stack that has the capacity to support a complete 
data transfer. A DC/DC converter takes the output of the 
supercapacitor stack and provides a constant voltage 
to the data recovery electronics. Data transfer must be 
completed before the voltage across the supercapacitor 
stack drops to the minimum input operating voltage (VUV) 
of the DC/DC converter. 

To estimate the minimum capacitance of the supercapaci-
tor stack, the effective circuit resistance (RT) needs to be 
determined. RT is the sum of the ESR of the supercapaci-
tors, distribution losses (RDIST) and the RDS(ON) of the 
automatic crossover’s MOSFETs: 

 RT = ESR + RDIST + RDS(ON) 

Allowing 10% of the input power to be lost in RT at VUV, 
RT(MAX) may be determined:

  
RT(MAX) =

2
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The voltage required across the supercapacitor stack 
(VC(UV)) at VUV:

   
VC(UV) =

VUV2 +PIN T

VUV

The minimum capacitance (CMIN) requirement can now 
be calculated based on the required backup time (tBU) to 
transfer data into the fl ash memory, the initial stack voltage 
(VC(O)) and (VC(UV)): 

 
CMIN = IN BU

VC(O)2 – VC(UV)2

CMIN is half the capacitance of one supercapacitor. The 
ESR used in the expression for calculating RT is twice 
the end-of-life ESR. End of life is defi ned as when the 
capacitance drops to 70% of its initial value or the ESR 
doubles.

The Charge Profi le into Matched SuperCaps graph in the 
LTC3625 data sheet shows the charge profi le for two 
confi gurations of the LTC3625 charging a stack of two 
10F supercapacitors to 5.3V with RPROG set to 143k. This 
graph, combined with the following equation, is used to 
determine the value of RPROG that would produce the 
desired charge time for the actual supercapacitors in the 
target application: 

 
= 10F

CACTUAL

5.3V – VC(UV)

VOUT – VC(UV)

t
t

VC(UV) is the minimum voltage of the supercapacitors 
at which the DC/DC converter can produce the required 
output. VOUT is the output voltage of the LTC3625 in the 
target application (set by VSEL pin). tESTIMATE is the time 
required to charge from VC(UV) to the 5.3V, as extrapolated 
from the charge profi le curves. tRECHARGE is the desired 
recharge time in the target application. 

Design Example

For example, say it takes 45 seconds to store the data 
in fl ash memory where the input power to the DC/DC 
converter is 20W, and the VUV of the DC/DC converter 
is 2.7V. A tRECHARGE of ten minutes is desired. The full 
charge voltage of the stack is set to 4.8V—a good com-
promise between extending the life of the supercapacitor 
and utilizing as much of the storage capacity as possible. 
The components of RT are estimated: RDIST = 10mΩ, ESR 
= 20mΩ and RDS(ON) = 10mΩ. 

The resulting estimated values of RT(MAX) = 36mΩ and 
RT = 40mΩ are close enough for this stage of the design. 

VC(UV) is estimated at 3V. CMIN is 128F. Two 360F capaci-
tors provide an end-of-life capacitance of 126F and ESR 
of 6.4mΩ. The crossover switch consists of the LTC4412 
and two P-channel MOSFETs. The RDS(ON), with a gate 
voltage of 2.5V, is 10.75mΩ (max). An RT of 26.15mΩ 
is well within RT(MAX). The value for RPROG is estimated 
at 79.3k. The nearest standard 1% resistor is 78.7k. The 
data sheet suggests a 3.3μH value for both the buck and 
boost inductors.

The LTC3625 contains a power-fail comparator, which is 
used to monitor the input power to enable the LTC4412. 
A voltage divider connected to the PFI pin sets the power 
fail trigger point (VPF) to 4.75V.

Figure 2 shows the actual backup time of the system with a 
20W load. The desired backup time is 45 seconds, whereas 
this system yields 76.6 seconds. The difference is due 
to a lower RT than estimated and an actual VUV of 2.44V. 
Figure 3 shows the actual recharge time of 685 seconds 
compared to the 600 seconds used in the calculation, a 
difference due to the lower actual VUV.

1.8VOUT

1.2VOUT

VSCAP

VIN

20s/DIV DN4JD F02

1.8VOUT

1.2VOUT

VSCAP

VIN

200s/DIV DN4JD F03

Conclusion

Supercapacitors are replacing batteries to satisfy green 
initiative mandates for data centers. The LTC3625 is an 
effi cient 1A supercapacitor charger with automatic cell 
balancing that can be combined with the LTC4412 low 
loss PowerPath controller to produce a backup power 
system that protects data in storage applications. 

Figure 2. Supercapacitor Backup Time Supporting 
a 20W Load

Figure 3. Recharge Time After Backup
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plays, manufacturers began to develop proprietary interfaces 
and backplanes for image processing.

Now fast-forward 10 years (Figure 2). The high-level 
picture looks the same, but the components are different. 
Manufacturers now typically outsource the labor-intensive 
manufacturing of the probe to ODMs (original-design man-
ufacturers). As the imaging modes matured, semiconductor 
companies began to understand the specifications for analog 
performance. Consequently, they began to introduce highly 
integrated analog front ends and modules with as many as 32 
channels for the ultrasound-equipment market. Since mid-
2008, companies have introduced more than a dozen analog- 
and mixed-signal semiconductor devices for this market. 

Digital signal processing for functions 
such as beam forming is also moving to 
the merchant semiconductor suppliers. 
Previously, at the 180-nm node, top-
tier ultrasound OEMs could justify the 
NRE (nonrecurring-engineering) costs 
for custom ASIC designs for digital 
processing. Many of these designs also 
featured mixed-signal integration with 
ADCs at 8 or 10 bits/sample. However, with new imaging 
technologies, such as tissue harmonic imaging and pulse-
mode color Doppler, leading-edge ASIC designs have be-
come cost-prohibitive, and the integration of high-perform-
ance 12-bit ADCs has become too complex. Today’s mask 
costs, even at the 65-nm node, are too expensive even for 
market leaders. As a result, ultrasound OEMs have turned to 
FPGAs for their DSP functions. Manufacturers are building 
FPGAs at the 45- or 40-nm node and are announcing 28-nm 
parts, and they feature gate densities many times larger than 
ASIC densities at the 180-nm node. Now ultrasound OEMs 
can purchase an entire analog-front-end subsystem complete 
with beam forming, which can generate ultrasound images 
out of the box, rather than taking six months and many hun-
dreds of thousands of dollars to custom-design their own.

The range of applications for ultrasound equipment has in-
creased greatly by enabling OEMs to focus their human and 
capital resources on their core features. Specialized ultrasound 
machines are now available for mammography, surgical guid-
ance, and cardiography, and new imaging form factors are 
emerging for emergency-room and ambulance applications. 
The availability of these products has lowered R&D costs, 
allowing OEMs to enter the ultrasound-equipment mar-
ket with a focus on niches. Top-tier OEMs also have bene-
fited from these subsystems and silicon by allowing these 
OEMs to rapidly broaden their product portfolios rather than 
rely on a one-size-fits-all machine. The health-care industry 
has benefited through an improved price-to-performance ra-

tio across a range of applications.
These approaches can provide the 

same benefits to imaging technologies 
besides ultrasound. For example, a CT 
machine is the result of vertically in-
tegrated development, much the same 
as ultrasound was 10 years ago. Again, 
OEMs’ research into materials science 
results in customized X-ray scintillators 

that turn X-ray-particle energy into photons. These scintil-
lators require customized analog-front-end silicon. Custom-
ized algorithms and protocols amplify, digitize, encode, and 
aggregate these scintillators’ data and then transmit it to a 
workstation across a slip-ring device. In the CT-image-recon-
struction workstation, customized network-interface cards 
terminate custom protocols, and custom RAID (redundant-
array-of-independent-disk) controllers buffer the raw data at 
high rates until the workstation can reconstruct the image at 
a lower rate (Figure 3). These workstations can often recon-
struct a 30-second CT scan in two to five minutes.

The high data rates for real-time CT data acquisition drive 
much of the need for custom hardware in the workstation in 
which the data is stored. Consider a 64-slice CT machine 
with 1000 detectors per slice with a rate of 10k samples/
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PROBE

LOW-NOISE
AMPLIFIER
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CONTROLLED

AMPLIFIER

ANALOG-FRONT-END REFERENCE DESIGN

OMAP: OPEN MULTIMEDIA APPLICATIONS PLATFORM
PCIE: PERIPHERAL COMPONENT INTERCONNECT EXPRESS
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PC BACK END
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∑

Figure 2 Semiconductor manufacturers have introduced highly integrated analog-front-end devices and modules for ultrasound 

applications and replaced ASICs with lower-cost FPGAs for digital processing.

OEMs ARE ENTERING 
THE ULTRASOUND 
MARKET WITH 
A FOCUS ON NICHES. 
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sec and 16 bits/sample. The aggregate throughput require-
ment is 1280 Mbytes/sec, a rate that exceeds the through-
put of commercially available RAID controllers, which top 
out at 800 Mbytes/sec. CT-signal compression can reduce 
the throughput requirement of RAID controllers. For ex-
ample, GE Healthcare (www.gehealthcare.com), Sampli-
fy Systems (www.samplify.com), and Stanford University 
(www.stanford.edu) have demonstrated the efficacy of sig-
nal compression in both lossless and nearly lossless modes 
to achieve compression ratios that provide compelling re-
ductions of 3-to-1 or even 4-to-1 in data-acquisition rates 
(Reference 1).

Figure 4 shows an original image and a sample image of 
3-to-1 compressed data. For more than 400 images, a Stan-
ford radiologist could not distinguish the image of com-
pressed samples from the image of noncompressed samples. 
With signal compression on the rotor side of the slip ring 
and decompression in software on the workstation, the CT 
system realizes the benefit of bit-rate reduction across the 
entire signal chain, including the slip ring, the network-in-
terface card, and the RAID controller. Integration of signal 
compression into CT slip rings makes the compression trans-

parent to the rest of the CT system so that such compressing 
slip rings can be drop-in replacements for older slip rings.

In CT machines, image reconstruction typically occurs 
three to 10 times slower than does CT data acquisition. This 
asymmetry creates the need for RAIDs in the system to buf-
fer the raw data until the CT machine can reconstruct it in-
to an image. Because the RAID is the last link in the da-
ta-acquisition chain, CT-machine designers must build the 
workstation on the CT gantry by considering data-acquisi-
tion rates instead of image-reconstruction rates. A new ar-
chitecture helps designers build CT workstations based on 
the lower image-reconstruction rates rather than the higher 
data-acquisition rates (Figure 5).

With compression of the X-ray-detector data in the slip 
ring, you can now replace a custom multilane fiber-optic in-
terface with a standard storage interface, such as FibreChan-
nel or InfiniBand. This approach allows you to use off-the-
shelf RAIDs outside the workstation. In this architecture, 
an off-the-shelf FibreChannel or InfiniBand switch provides 
the connectivity between the gantry or the data-acquisition 
subsystem, storage subsystem, and workstation. The worksta-
tion can now use standard low-cost network-interface cards 

rather than the customized interfaces that today’s 
gantry-to-console connectors use.

Furthermore, because image-reconstruction 
rates are several times lower than data-acquisition 
rates, designers can build decompression into the 
RAID, enabling the integration of compression 
into CT systems in a manner that is transparent to 
image-reconstruction software. With the elimina-
tion of the need for a RAID or its transition into 
the gantry, the designer can now base the worksta-
tion on commodity PC-server hardware. 

With R&D budgets tightening, medical-imag-
ing OEMs must deliver next-generation technolo-
gies across a wider range of market segments with 
lower development costs. This move requires them 
to rationalize technologies that target the compet-
itive advantages of their machines.EDN
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Figure 3 In a CT-image-reconstruction workstation, customized network-interface cards terminate custom protocols, and custom 

RAID controllers buffer the raw data at high rates until the system can reconstruct the image.

Figure 4 A cranial image (a) is indistinguishable from the reconstructed 

image (b) after 3-to-1 data compression.
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   ↘
Histograms are often useful tools 
for analyzing digital data. To get 

reliable results from a histogram, though, 
you must collect large amounts of data, 
often with 100,000 to 1 million points. 
If you need to collect an ADC’s digital 
outputs for analysis, you can use an 
FPGA (Figure 1). 

The figure shows the histogram, 
RAM, and pulse-generator blocks, 
which let you capture and display the 
histogram computation based on 14-
bit data. The RAM block is the FPGA’s 
built-in RAM, and the histogram block 
is the VHDL (very-high-level-design-

language) code to compute the histo-
gram. You can also download the VHDL 
code for this application from the online 
version of this Design Idea at www.edn.
com/110203dia.

The 14-bit parallel data, Device_
Data[13..0], from an ADC goes to 
the histogram block and to the RAM 
Rd_Addr input. The RAM provides 
the data at its address location, RAM-
DataOut[15..0]. This data loops back to 
the histogram block, which increments 
it by one and sends it to output pin 
DataOut[15..0], a 16-bit data output. 
When the WREN (write-enable) pin is 

at logic level one, the data is written at 
the address at pin Wr_Addr[13..0]. That 
approach is the same as if the data were 
coming from Device_Data[13..0].

The RAM has a fixed delay from its 

DIs Inside
44 Protect MOSFETs in heavy-duty 
inductive switched-mode circuits

46 Control an LM317T 
with a PWM signal

47 High-speed buffer 
comprises discrete transistors

48 Limit inrush current 
in high-power applications

▶To see all of EDN’s Design Ideas, 
visit www.edn.com/designideas.

Compute a histogram 
in an FPGA with one clock
Mohit Kumar, Texas Instruments, Bangalore, India
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RD_ADDR[13..0]

RAMDATAOUT[15..0]

CLK

Figure 1 A histogram computational circuit retrieves data from an FPGA’s RAM block.

input to its output. That is, when the 
input is at Rd_Addr, data becomes 
available at its output pin, RAM-
DataOut, after a fixed delay. This delay 
might vary across the FPGA. To take 
care of this delay, allow a two-clock 
delay to Device_Data before calculat-
ing the histogram. The delay in RAM 
should be less than two clock periods; 
otherwise, there could be data loss. This 
constraint limits the maximum frequen-
cy of Device_Clk. 

The Cntr_Value gives the number of 
input data for which the histogram block 
computes the histogram. To reset the 
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counter, the Pulse_Gen block generates a 
pulse, which enters at input Rst_Cntr. At 
this point, the histogram again computes 
the histogram for the next set of input 
data from Cntr_Value. The Cntr_Value 
is 15 bits, but you can increase it to col-
lect more histogram data.

The signals Sel_Data and Rst_RAM 
reset the data stored in the FPGA’s 
RAM. Whenever the high signal is at 
the Rst_RAM pin, the DataOut pin of 

the histogram block gives all bits as 0. 
When the high signal is at the Sel_Data 
input pin of the histogram block, the 
output from RAM_Wr_Addr is not the 
Device_Data but an internally generat-
ed ramp that ramps up from 0 to 16,384. 
The histogram block does no computa-
tion because doing so would reset the ad-
dress of the RAM.

When the FPGA completes the histo-
gram computation, the RAM can read 

the histogram data by selecting Sel_
Data as logic high and keeping Rst_
RAM as logic low. The data in the 
RAM address sequentially exits the out-
put pin, and you can transfer the data 
to a PC. Because all the blocks run on a 
single clock, Device_Clk, the design is 
simple and helps you meet timing con-
straints. You can easily modify the de-
sign to accommodate 16- or 12-bit data 
histograms.EDN 

   ↘
The MOSFET power switch is 
commonly the most vulnerable 

part of a new switched-mode high-
power circuit. One threat for this de-
vice is exceeding the value of the max-
imum allowed pulse current. You can-
not exceed this limit, even for pulse 
durations as short as 10 nsec. You 
could still thermally damage the MOS-
FET with a high duty cycle even when 
the drain-to-source current has a value 
between the peak and the dc ratings. 
The FET might eventually enter self-
oscillations at a frequency, which 
might be an order of magnitude higher 

than your planned operating repeti-
tion rate. To protect the FET, you can 
limit the duty cycle by ac coupling the 
FET-driver circuit. If you further limit 
the repetition rate to tens of kilohertz, 
you needn’t worry about thermal 
considerations. 

To limit the duty cycle of the puls-
es, use the Schmitt-trigger input of IC1 
(Figure 1). You pass the input-voltage 
waveform through a derivative circuit 
comprising CD, RD, and RS. The low-
to-high transition of the clock causes 
an abrupt rise of voltage at resistor RD. 
The output of the noninverting driver 

therefore goes high. Immediately after 
this transition, the voltage on RD starts 
to decrease exponentially. When it falls 
below VTL, the lower threshold of input 
INA, output OUTA abruptly falls to 0V. 
The time constant (RD+RS+RGEN)×CD 
yields the rate of exponential decrease. 
RGEN is the output resistance of the gen-
erator of the input clock. You can calcu-
late the value of capacitor CD using the 
desired pulse width, TP:

TP

RD+RS+RGEN

CD= ×

1

ln
VDD

VTL

RD

RD+RS+RGEN

×

.

The equation employs an estimate of 

Protect MOSFETs in heavy-duty 
inductive switch-mode circuits
Marián Štofka, Slovak University of Technology, Bratislava, Slovakia
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Figure 1 The test setup allows you to operate a MOSFET power switch at a fixed turn-on time. The power circuit remains cool 

with a 10-kHz repetition rate, even at peak inductor currents of tens of amperes.
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the value of VTL:

VTL VINL VINH 0.1V 1.165V.

The IC’s data sheet gives the val-
ues of 0.8 and 2V as the limits of the 
low and high input voltages, respec-
tively. The high-to-low transition of 
the clock has no effect. This transi-
tion causes a sharp negative exponen-
tial pulse, which an internal Schott-
ky diode at input INA suppresses. The 
anode of this internal diode connects 
to ground, and its cathode connects to 
input INA. Resistor RS limits the peak 
current flowing through the protective 
diode to about 10 mA. 

The IC has an output current of 
±4A. The typical on-resistance of Q1 is 
2 mΩ. You interconnect Q2’s gate and 
source pins to create a freewheeling 
diode. This diode has a typical reverse-
recovery time of 33 nsec at a 25A for-
ward current. When Q1 turns off, the 
peak inductor current flows through 
Q2. Voltage VR occurs on power resis-
tor R and is superimposed onto the sup-
ply voltage, VDDMOS. The sum of these 
voltages must be lower than or equal to 
the manufacturer’s specified value of 
the drain-to-source voltage of transis-
tors Q1 and Q2. 

When testing the circuit, you should 
monitor the dc-supply current. You can 
calculate the ideal-case supply current 
as a function of supply voltage on the 

power section and the pulse period as 
follows:

1
2

VDDMOST
2
PON

L
ISID = ×

1
2

×fREP= ILPEAKTPONfREP.

You calculate the pulse width of a single 
interval when the channel of Q1 is con-
ductive as an approximation relating the 
rise, fall, on, and off times of the FET:

TPON TP+tDOFF −tDON+tDMOSOFF 

VT

VDD

1
2

−tDMOSON+(tR+tF)× .−

 The sum of differences in the propa-
gation delays of IC1 and Q1 is positive 
and totals 32.1 nsec. VT is the gate-to-
source threshold voltage of Q1. The data 
sheet gives a typical VT of 1.1V, and the 
supply voltage, VDD, has a value of 5V. 
These values yield 9.8 nsec for the last 
term of the preceding equation. TPON is 
thus larger by 41.9 nsec. For a good de-
sign, an ammeter will indicates a supply 
current one to 1.5 times the ideal value 
of the current.

You can check the peak voltage at 
load resistor R. D1 and D2 and storage 
capacitor CS function as a peak detec-
tor. The peak-voltage pulses at resistor 
R cause a dc voltage at CS of roughly 
the same value as the peak voltage. You 

can determine the peak current flowing 
through the inductor from the voltage 
at the peak detector using the following 
equation:

ILPEAK .
VRPEAK

R
Set the auxiliary supply voltage at 

5.078V, the supply voltage at 10V, and 
the clock-pulse repetition frequency to 
11,387 Hz. This approach causes the 
supply’s current to be 0.327A and the 
peak voltage to be 16.4V. The peak cur-
rent of the inductor reaches 30.94A. 
The experimentally determined turn-on 
time is approximately 1.502 μsec.

The IC driver contributes to the pro-
tection of the MOSFETs with an under-
voltage lockout. If the supply voltage is 
on, but the auxiliary supply voltage is 
off, a voltage could get from the INA 
pin through internal protective diodes 
to the VDD pin. The undervoltage lock-
out disables the control outputs until 
the auxiliary supply’s voltage reaches a 
typical value of at least 4.2V. 

The 0.65-mΩ dc resistance of ferrite-
core inductor L might seem to be over-
rated for the circuit. However, the slope 
of current pulses in the inductor repre-
sents a megahertz-range equivalent fre-
quency. The effective resistance at these 
slopes increases due to the skin effect 
and the proximity effect. This effec-
tive resistance can be many times the 
dc value.EDN

   ↘
The LM317T from National 
Semiconductor (www.national.

com) is a popular adjustable-voltage 
regulator that provides output voltages 
of 1.25 to 37V with maximum 1.5A 
current. You can adjust the output volt-
age with a potentiometer. The circuit in 
Figure 1 replaces the potentiometer 
with an analog voltage that you can 
control from a PWM (pulse-width-
modulation) signal. You control this 
signal with a microcontroller or any 
other digital circuit. You can use the 
same microcontroller to dynamically 
monitor the output and adjust the 
LM317T.

Using an RC lowpass filter and an 
op amp, you can convert the PWM 
signal to a dc level that can adjust the 

Control an LM317T with a PWM signal
Aruna Prabath Rubasinghe, University of Moratuwa, Moratuwa, Sri Lanka

IC1

PWM

VOUT

R1
1M

V1
12V

C1
100 nF R2

R4

R3
330

10k1
4

3

2
7

5

6

VIN VOUT

VADJ

IC1
LM317T

Figure 1 This circuit replaces a potentiometer with an analog voltage that you can 

control from a PWM signal.
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LM317T’s voltage output. Varying the 
pulse width of the input signal lets you 
generate an analog voltage of 0 to 5V at 
the output of the lowpass filter. The op 
amp multiplies the voltage to achieve 
the desired voltage range.

For scenarios in which you must 
multiply the input voltage by two, the 
LM317T’s adjustment pin receives 0 to 
10V. Its output-voltage range is 1.25 to 
11.25V. The equation VOUT=VADJ+1.25V 
governs the LM3175T’s output volt-

age. You can change the op amp’s gain 
by choosing proper values for R4 and 
R2. You must be able to remove offset 

voltages from the op amp. Use an op 
amp, such as a National Semiconductor 
LM741, with null adjustment. The selec-
tion of values for the capacitor and resis-
tor for the RC lowpass filter depends on 
the PWM signal’s frequency. This circuit 
uses values for a 1-kHz PWM signal.

You can improve the circuit by replac-
ing the RC lowpass filter with an active 
filter and then feeding a feedback signal 
from the circuit’s output into the micro-
controller for dynamic adjustments.EDN

   ↘
Circuits sometimes need a gain-
of-one buffer to lower output im-

pedance and prevent the load from in-
terfering with the previous stage. For an 
application involving a 1.5-MHz, low-

power transmitter and antenna, a Burr 
Brown (www.ti.com) BUF634 buffer IC 
would work, but a discrete transistor buf-
fer may be more convenient and less ex-
pensive than the IC. 

Figure 1 shows the classic design of 
such a buffer. This circuit can drive a 
load as low as 200Ω with a peak output 
voltage of 2V. The maximum collector 
current of the transistors limits the out-
put. You can use larger output transistors 
if your application requires more output 
current. Trimmer resistor R4 across the 
diodes is, however, a relatively expen-
sive part, and you must adjust it to pro-
duce the correct bias current for Class 

High-speed buffer comprises 
discrete transistors 
Lyle Russell Williams, St Charles, MO 

YOU CAN IMPROVE 
THE CIRCUIT BY 
REPLACING THE RC 
LOWPASS FILTER WITH 
AN ACTIVE FILTER.

Absolute Hall.
AS5510 – Smallest Linear Hall Sensor IC 
with I²C Interface

Programmable 
Sensitivity

I²C Interface

10-bit Resolution

Power-Down Mode

www.austriamicrosystems.com/AS5510
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designideas

AB operation. The adjustment is likely to drift over time.
A simpler circuit, such as the one in Figure 2, uses current-

mirror transistors Q1 and Q2 instead of diodes. Resistors R2
and R3 set the zero-signal bias current in the bias-transistor 
circuits. The current-mirror effect causes the current in the 
output transistors to be nearly equal to the current in the bias 
transistors—approximately 1.2 mA in this case.

Because the current-gain-bandwidth product of the 2N3904 
and 2N3906 transistors is 300 MHz, this circuit should work at 
100 MHz or higher frequencies. At these frequencies, howev-
er, the circuit layout may be critical, and the slew rate, which 
is unknown, may limit usefulness. The offset of the circuit is 
approximately 0.1V, which is not a problem for this applica-
tion because the circuit uses capacitive coupling through C1. 
If you use the buffer in the feedback loop of an op amp, the op 
amp can null the offset.

You may want to monitor the current in the output tran-
sistors, so the circuit in Figure 3 adds 100Ω resistors R3 and 
R4 and 10-μF bypass capacitors C2 and C3 in the collectors of 
output transistors Q3 and Q4. The voltage across these resistors 
reveals the collector currents, which are nearly equal in the 
two output transistors, and is close to the value that the values 
of R1 and R2 predicted.EDN

OUTPUT

INPUT

Q3

2N3904

Q1

2N3904

Q4

2N3906

Q2

2N3906

R1

10k

R3

100

R4

100C3

10 μF

C1

0.1 μF

C2

10 μF

R2

10k

R5

10k

–12V

12V

Figure 3 Resistors R
3
 and R

4
 limit the output current.

OUTPUT

INPUT

Q3

2N3904

Q1

2N3904

Q4

2N3906

Q2

2N3906

R3

10k

C1

0.1 μF

R2

10k

R1

10k

–12V

12V

Figure 2 Current-mirror transistors replace the diodes in Figure 1.

OUTPUT

INPUT

Q1

2N3904

Q2

2N3906

R4

10k

R3

10k

C1

0.1 μF

R2

10k

R1

10k

–12V

12V

D1

1N914

D2

1N914

Figure 1 A typical buffer can drive loads as low as 200Ω.

↘
A high-power offline supply is 
nothing more than a half- or full-

bridge dc/dc converter. Rectifying the ac 
line yields a dc voltage that feeds the 

converter. At power-supply turn-on, the 
bulk capacitor of the uncontrolled recti-
fier is completely discharged. It results in 
a huge charging current for a high in-
stantaneous line voltage because the dis-
charged bulk capacitor temporarily 
short-circuits the diodes of the rectifier 
stage. The high inrush current can trig-
ger a mains circuit breaker, burn a fuse, 

Limit inrush current 
in high-power applications
JB Castro-Miguens, Cesinel, Madrid, Spain, and 

C Castro-Miguens, University of Vigo, Vigo, Spain
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C

E

F

D

Figure 2 if V
ACR

 is greater than approximately 10V, MOSFET Q
2
 turns on; current 

flows through R
1
 and Q

2
, injecting a small charge into bulk capacitor C

O
.

VAC

VACR

Q1

TYN612 VO

R1

180
1W

R3

3.3k

1N4007

1N4007 C1

CO

DC/DC
CONVERTER

Q2

NTD4815NHG

NOTE: 15 nF IS AN OPTIONAL VALUE FOR C1.

R2

3.3k

15V

Figure 1 A thyristor and a MOSFET control current to bulk capacitor C
O
. This circuit 

limits the inrush current.

or even destroy a power supply’s rectifier 
diodes unless you take precautions. 
The circuit in Figure 1 limits the inrush 
current.

At turn-on, if the instantaneous recti-
fied ac-line voltage, VACR, is greater than 
approximately 10V, Point A in Figure 
2, MOSFET Q2 turns on, forcing thyris-
tor Q1 off. In this situation, a little cur-
rent flows through R1 and Q2, injecting 
a small charge into bulk capacitor CO, 
Path A to B in Figure 2.

When VACR−VO≤8V or so, where VO 
is the output voltage, Q2 is off, letting 
Q1 conduct. In this situation, the bulk 
capacitor receives the necessary charge 
through Q1, Path B to C in Figure 2, to 
match VO to VACR. After this point, VACR 
falls below VO, and the bulk capacitor 
alone must support any power the dc/dc 
converter demands until VACR−VO≥5V 
or so, Path C to D in Figure 2. At Point 
D, VACR−VO≈5V and thyristor Q1 trig-
gers, which conducts the capacitor’s 

charge current and the current the dc/dc 
converter demands until VACR matches 
the sinusoidal peak at Point E.

When VACR falls, thyristor Q1 cuts off, 
and the bulk capacitor alone feeds the 
dc/dc converter. The thyristor conducts 
again when VACR matches VO to the si-
nusoidal peak. This process then repeats.
Use a nonsensitive gate thyristor with a 
breakdown voltage of at least 400V for 
an ac voltage of 220V rms (root mean 
square) and with twice the rms-current 
rating of the rectifier diodes.

This circuit uses a TYN610 thyristor. 
You can calculate the value of R1 using 
R1=(6.8−VGT)/IGT−20°, where VGT is the 
minimum gate-cathode voltage neces-
sary to produce the gate-trigger current 
for Q1 and IGT is the minimum gate cur-
rent to trigger Q1 down to −20°C. The 
NTD4815NHG MOSFET is suitable for 
this circuit. A MOSFET with a different 
threshold voltage may require different 
values for R2 and R3.EDN
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supplychain
LINKING DESIGN AND RESOURCES

EDITED BY SUZANNE DEFFREE

D
esign-chain strategy 

usually involves meet-

ing design with suppli-

ers and encouraging product 

development with support from 

in-house engineers or educa-

tional materials. Distributor EBV 

Elektronik (www.ebv.com), an 

Avnet company, is taking that 

strategy one step further by 

launching chips it developed in 

collaboration with its line-card 

suppliers. 

In doing so, EBV stresses 

that it will not become a chip 

supplier or producer. Instead, 

the company will accent com-

ponent design and distribution 

as parts of its business strat-

egy, aiming to create opportu-

nities by matching customer 

needs for focused designs 

with appropriate suppliers for 

access to specially custom-

ized products. EBV will com-

bine requests from customers 

in a segment and then collect 

inputs to design a rough speci-

fication. Using that input, it 

will look to suppliers that pro-

vide the desired technology for 

production. 

“We collect inputs, and we 

will make design proposals, 

but one of our suppliers does 

the production,” says Bernd 

Schlemmer (photo, left), 

director of communications at 

the company. The suppliers’ 

logos are on the parts, and the 

suppliers provide the warranty, 

he adds.

The effort, which EBV 

announced in January 2009 

and elaborated on at 2010’s 

Electronica show, aims to pro-

vide access to specially cus-

tomized products to small and 

midsized customers, beyond 

larger key-account customers. 

“The major advantage for 

our customers is access to the 

latest technologies and access 

to our suppliers,” says Klaus 

Schlund (photo, right), tech-

nical director at EBV. “You can 

imagine when there is a mid-

size environment in Italy or 

France; usually, the big play-

ers in the semiconductor mar-

ket are not very open to go into 

negotiations for an ASIC or for 

any kind of IC. EBV can bundle 

those designs and talk to the 

right guys at our suppliers.” 

Because it will not produce 

the semiconductors, EBV 

says that its suppliers have 

no concerns about competi-

tion. These collaborations will 

generate chips that will not 

compete with any products, 

Schlemmer explains. He notes 

that an EBV chip is something 

that is not available yet and that 

comes as additional business 

to suppliers that want to pro-

vide access to such specially 

customized products. 

“Some of our customers are 

happy to share their IP [intel-

lectual property] and knowl-

edge with other customers,” 

Schlund says. “The basic prin-

ciple behind this approach is a 

tailored, dedicated solution for 

certain applications.”

EBV chips will target EBV’s 

vertical automotive, lighting, 

medical, RFID (radio-frequency-

identifi cation), consumer, and 

renewable-energy segments. 

The company has also part-

nered with Texas Instruments 

(www.ti.com) on industrial-

interface design and is working 

with STMicroelectronics (www.

st.com) and Vishay (www.

vishay.com). Products, which 

EBV and Avnet will distribute, 

should become available in 

2011. 

“We are the fi rst distributor 

to start a program like this,” 

Schlemmer says. 

A new twist on design chain: 
EBV collaborates to launch chips

The basic 
principle 

behind this 
approach is a 
tailored solution  
for certain 
applications.

O
U
T
L
O
O
K

CHINA’S RFID 
MARKET TO 
DOUBLE BY 2014 

China’s RFID (radio-fre-

quency-identifi cation) market 

has grown signifi cantly, with 

revenue set to more than 

double from 2009 to 2014, 

according to iSuppli (www.

isuppli.com), now part of IHS 

Inc. The market comprises 

tags, readers, and software/

middleware. In early January, 

iSuppli predicted a 22% 

increase—from $1.1 billion in 

2009 to $1.4 billion in 2010. 

By 2014, iSuppli expects 

the Chinese RFID market to 

reach $2.4 billion.

“The rise of China’s RFID 

market is the result of rising 

demand from applications in 

transportation, warehouse 

logistics, electronic payment, 

medical-equipment tracking, 

food-security systems, asset 

management, and more,” 

says Vincent Gu, senior 

analyst for China research at 

iSuppli. “At the same time, 

technology integration in 

the RFID market has been 

advancing. Many enterprises 

have begun to study techni-

cal innovations to broaden 

the applications for RFID 

devices, including mobile 

payment.”

The company notes that, 

although costs are declining, 

they remain a barrier to 

RFID’s acceptance. As the 

technology matures, iSuppli 

predicts, so will manufactur-

ing of the devices, which will 

allow the devices to reach 

economies of scale. 
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productroundup
inducing damage to the stops on the 
potentiometer. The three-turn model 
3547 and five-turn model 3548 poten-
tiometers with the slip-clutch option 
sell for $16.99 to $18.31 (1000). The 
10-turn model 3549 with the option 
sells for $14.44 to $15.49 (1000).
Bourns Inc, www.bourns.com

Hybrid capacitor 
increases energy den-
sity over competitors

   ↘
This new hybrid capacitor com-
bines an ultracapacitor and a 

lithium-ion battery, providing a 115%-
higher energy density than that of stan-
dard electric double-layer capacitors. 
The devices provide more than 20,000 
charge/discharge cycles. The hybrid 
capacitor finds use in flashlights, LEDs, 

memory backup, portable hand tools, 
solar chargers, off-grid lighting, and 
automotive power windows and door 
locks. The capacitor operates over a 
range of −25 to +60°C.
Ioxus Inc, www.ioxus.com

Low-profile power 
inductors target use 
in mobile devices

   ↘
The BRL2515 and BRFL2518 
wire-wound power inductors 

measure 2.5×1.5 and 2.5×1.8 mm, re-
spectively, with maximum heights of 
1.2 and 1 mm, respectively, to offer dc 

Precision potentiometer 
offers slip-clutch option

   ↘
The 3547, 3548, and 3549 multi-
turn potentiometers now include 

a slip-clutch option, a safety feature 
that helps pre-
vent damage 
to the poten-

tiometer in applications using full 
travel. The option thus increases reli-
ability and reduces potential service 
costs and system downtime. The feature 
targets use in mechanized or machine-
to-machine applications, such as linear 
actuators, cable transducers, and 
mechanical position sensors in which 
the mechanical actuator may occasion-
ally rotate the shaft beyond the 
mechanical stops or beyond a set num-
ber of turns. The internal design option 
does not alter the physical dimensions 
of the component and allows the device 
to idle at the extreme clockwise or 
extreme counterclockwise ends without 

1.2- and 1.5-mm inductors come in 1212 cases

   ↘
The IHLP-1212AB-11 and IHLP-1212AE-11 inductors have 1.2- and 1.5-
mm profiles, respectively, and both have 3×3.6-mm footprints. They target 

use in voltage-regulator-module and dc/dc-converter applications, including next-
generation mobile devices, notebooks, desktop computers, and graphics cards. The 
IHLP-1212AB-11 offers an inductance of 0.22 to 0.56 μH, a saturation current of 
6.7 to 9.3A, and a typical dc resistance of 9.5 to 18.7 mΩ. The IHLP-1212AE-11 
offers an inductance of 0.22 to 1 μH, a saturation current of 5.3 to 9A, a typical dc 
resistance of 9.5 to 29.5 mΩ, and a maximum dc resistance of 11.4 to 33 mΩ. The 
devices sell for 35 cents (10,000).
Vishay Intertechnology Inc, www.vishay.com

PASSIVES
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bias characteristics in a thinner, smaller 
size. The BRL2515 offers a saturation 
current of 1000 mA and inductance of 
2.2 μH and has a dc resistance of 0.07 
to 0.265Ω. The BRFL2518 offers a dc 
resistance of 0.9 to 0.33Ω. Both ROHS-
compliant inductors are available for 
sampling at 20 cents each.
Taiyo Yuden, www.t-yuden.com
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This location was a heavy-traffic 
area for the railroad, and the pressure 
was on to correct the situation as soon 
as possible. This investigation was cost-
ing about $50,000 an hour. Expenses 
included train delays and paying person-
nel overtime rates to manually throw 
this critical switch. How could I find 
the source of this interfering signal? The 
antenna on the tower of the microwave 
hut was 350 feet high.

The receiving equipment at the 
track-side location had an antenna that 

was just 8 feet above the tracks, so I 
took the spectrum analyzer to the track-
side location, where I couldn’t see the 
interfering signal. This step confirmed 
my theory that the interference was not 
local and that the 350-foot-tall antenna 
was picking it up.

Other staff members were checking 
the Federal Communications Commis-
sion license base to see which transmit-
ters were near this location. I drove 
around in the darkness for several hours 
until I found a radio facility with an 

attached VHF antenna. We managed 
to identify the owner of this facility, and 
the owner’s maintenance personnel met 
me there a few hours later. We had to 
pay a premium for calling out the main-
tenance workers after normal working 
hours. Nevertheless, when they checked 
their equipment, they found that it 
wasn’t the source of the interference.

The chief engineer at my company 
decided to send a “tower man” to my 
location with a new antenna to replace 
the one on the tower. As I waited—for 
five hours—for his arrival, I mulled 
over my options because I knew a 
replacement antenna would not fix our 
problem.

When the tower man arrived to 
climb this tower, I told him to wait 
because I had a little test that I would 
like to make first. He agreed. After all, 
climbing a 350-foot tower is no fun. I 
had him place the new antenna close 
to the ground, supported by the security 
fence that surrounded the microwave 
hut. We then ran coaxial cable into 
the hut from this ground-level antenna 
and connected it to the VHF radio in 
the microwave site. Bingo! The radios 
once again began to communicate, and 
normal operations resumed. The micro-
wave site was on a hill overlooking the 
track-side antenna, resulting in a good 
path between the two antennas.

Replacing the antenna on the tower 
would not have solved our problem. The 
signal remained on the original antenna 
as I called every licensee I could find 
in a large radius of the microwave site. 
No one ever acknowledged having any 
trouble with their radio systems, but the 
interfering signal vanished three days 
later. My best guess was that a transmit-
ter somewhere had a defective antenna, 
resulting in a high standing-wave ratio, 
which in turn caused the radiation of 
spurious emissions. One of those emis-
sions fell into our frequency, and our 
antenna on its tall tower picked up this 
spur. Although you would normally 
place an antenna as high as possible, 
lower was better in this case.EDN

Earl Schlenk is a retired engineer for 
Burlington Northern Railroad. He re-
sides in Saint Louis, MO.

W
hile working for a railroad, I once had to trou-
bleshoot a remote microwave site that had failed 
while communicating with a track-side switch 
controller in southern Missouri. To throw a 
switch on one of the tracks, a dispatcher in Fort 
Worth, TX, would send a signal over the micro-

wave link to a VHF radio that connected to the microwave link. 
While investigating this situation, I discovered that the VHF radio 
was receiving a tone that should not have been there, and this tone 
was of a sufficient level that it masked the data pulses that the dis-
patcher was sending. On my spectrum analyzer, I saw and heard a 
steady tone imposed on the signal that I was looking at. Someone 
else must have been transmitting on our assigned VHF channel.

EARL SCHLENK • ENGINEER

Tower of babble
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shrinking development cycles. For this reason, ANSYS is pleased to introduce ANSYS 13.0, 
our latest release which includes tools such as HFSS™, SIwave™ and Ansoft Designer®, 
allowing engineers to identify and correct potential design or performance problems before 
they reach the marketplace.

ANSYS 13.0 can help your design team achieve an even shorter total time to solution with 
several new and advanced features, including:

• Greater accuracy and solution fidelity for very large electromagnetic structures 
      through the use of new solvers
• Higher productivity through automated 3D electromagnetic model creation, 
      resulting in more time to design and innovate
• Increased computational efficiency, through the use of HPC, resulting in 
      a dramatic speedup of wide-frequency band or parametric simulations

For speed, reliability and accuracy, more product development leaders worldwide trust 
ANSYS for simulation solutions to help create smarter products in less time.

ED11020_056   56 1/20/11   12:57:21 PM


