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Researchers claim plastic 

“spintronics” alternative 

to traditional semiconductors

Researchers at Ohio State University have 

demonstrated what they are claiming to be 

the first plastic computer-memory device 

that uses the spin of electronics to read and 

write data.

➔www.edn.com/100826toca

Outsourced chip-design starts grew 

as a percentage of total design starts 

in 2009

According to research company Gartner, 

chip-design outsourcing suffered heavily due 

to the economic recession, but it also ben-

efited relatively as chip vendors faced with 

staffing shortages continued to outsource 

chip designs from third-party chip-design 

service providers.

➔www.edn.com/100826tocb

Check out these Web-exclusive articles:

High-def DVD, 802.11n, digital TV, operat-

ing systems—if it’s consumer-electronics-

based, he’s analyzed it. Visit 

EDN’s award-winning Brian’s 

Brain blog, in which Senior 

Technical Editor Brian Dipert 

exposes, analyzes, and opines 

on diverse topics in technology. 

Sample a few recent blog entries at the 

links below:

Tackling OSx86 means bugs 

to squash: building a Hackintosh

➔www.edn.com/100826tocc

Solar abnormality: assessing 

the potential for future calamity

➔www.edn.com/100826tocd

Hulu versus PlayOn: The tug of war 

goes on and on ... 

➔www.edn.com/100826toce
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As Robert Reich, professor of public 
policy at the University of California—
Berkeley, notes, however, “We need 
125,000 new jobs per month simply to 
keep up with the growth of the Ameri-
can population seeking jobs.” Clearly, a 
new golden age of manufacturing in the 
United States is nowhere in sight.

To former Intel executive Andy 
Grove, that fact is seriously bad news. 
He contends that a nation’s manufac-
turing prowess is the key to its abili-
ty to innovate. Start-ups alone cannot 
continue a cycle of innovations (Refer-
ence 1). Start-ups are wonderful, Grove 
writes, but what should follow “that 
mythical moment of creation in the ga-
rage” is equally important, as companies 
learn to scale up to mass production. 
Scaling, he says, is “necessary to make 
innovation matter,” but, unfortunate-
ly, it’s no longer happening in the Unit-
ed States. He cites personal experience 
with failure to scale, pointing out that 
Intel’s hesitancy to expand production 
of memory chips enabled its offshore 
competitors to dominate the market. 

Grove notes that Intel did not re-
peat this mistake with microprocessors. 
To help other US companies avoid the 
same pitfall, he proposes strong medi-
cine, including taxing the products of 

offshore labor, dedicating the proceeds 
to companies that will scale up their US 
production facilities, and creating jobs 
that can absorb the increasing numbers 
of people entering the US work force.

If—absent Grove’s strong medicine, 
which Congress seems unlikely to 
soon administer—the manufacturing-
employ ment outlook is bleak, prospects 
for EDN readers should be considerably 
better, according to speakers at Nation-
al Instruments’ NIWeek event, which 
took place this month in Austin, TX. 
Keynote speaker Michio Kaku, PhD, a 
theoretical physicist and TV personal-
ity, said that the future is bleak for mid-
dlemen, agents, tellers, brokers, and any-
one performing repetitive tasks but that 
the future is bright for artists, leaders, 
creative people, and intellectual work-
ers of the type who attend NIWeek.

During a panel discussion, NI execu-

tives painted a similarly bright picture 
for engineers. James Truchard, PhD, 
president, chief executive officer, and 
co-founder of NI, commented on recent 
corporate failures, from the tragic BP 
oil spill to the nearly comical “anten-
nagate” problems of Apple. Such cases, 
he said, stem from a lack of healthy 
communication up the chain of com-
mand—which can lead to situations in 
which safety takes a back seat to the 
bottom line, as in BP’s case, or in which 
aesthetic concerns outweigh perform-
ance issues, as in Apple’s case. The 
consensus seems to be that corpora-
tions need to foster an environment 
in which engineers can have a stron-
ger role in challenging the decisions of 
dysfunctional management.

As Jeff Kodosky, co-founder and fel-
low at NI, put it, “Engineering is the 
only solution to the grand challeng-
es we face. Those challenges can be 
solved only by engineers.”

The NI executives aren’t seconding 
Grove’s prescription. “I believe the 
world is flat, and we must compete on 
a global basis,” said Phil Hester, senior 
vice president for R&D at the com-
pany. And that idea pertains to engi-
neering as well as manufacturing, he 
added, with the sun never setting on 
dispersed teams of innovators. Alex 
Davern, chief financial officer and 
senior vice president of NI, said that 
the goal should center on eliminating 
low-value jobs and on driving invest-
ment that increases the standard of 
living for everyone.

As the various executives explained, 
there are no shortages of grand challeng-
es for engineers to solve—from perfecting 
fusion to safely extracting shale gas. Add 
to that the challenge of providing mean-
ingful employment for laid-off workers 
who will never become certified LabView 
programmers. Let the work begin.EDN

REFERENCE
1 Grove, Andy, “How America Can Cre-
ate Jobs,” Bloomberg Businessweek, 
July 1, 2010, http://bit.ly/bQGEYv.

Contact me at richard.nelson@cancom.com.

 T
he employment situation in the United States took another 
hit in July, with the Bureau of Labor Statistics reporting a 
drop of 131,000 in nonfarm-payroll employment. The Bureau 
reported that 6.6 million have been jobless for 27 weeks or 
more, and 8.5 million are working part-time despite wanting 
full-time employment. If there is good news, it’s that much of 

the employment decline represented the layoff of temporary government 
census workers. Private-sector payroll employment increased 71,000 over 
the month, with 36,000 of that number representing manufacturing jobs.

The grand challenge 
of employment
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A
gilent Technologies has introduced 

the 100-kHz to 7-GHz (tunable to 9 

kHz) N9342C HSA (handheld spec-

trum analyzer), which targets engineers 

and technicians who install, maintain, and 

monitor the performance of RF systems in 

the fi eld. The new unit provides broader 

frequency coverage and more features 

than earlier members of the manufactur-

er’s HSA family. To simplify making quick, 

accurate, and repeatable measurements 

under diffi cult fi eld conditions, the 7.5-

lb, 12.5×8.15×2.7-in. N9342C provides  

user-customizable capabilities.

The instrument targets use in aerospace/

defense, microwave, satellite, wireless-com-

munication, broadcasting, spectrum-regu-

lation, and general-purpose spectrum-anal-

ysis applications. Measurements include 

transmitter and component test, receiving-

path signal monitoring, and antenna tuning. 

RF-environment measurements include band 

clearance, signal coverage, and interface 

hunting. A task-planner feature automates 

routine measurements, reducing test-setup 

time by 95%, thereby increasing effi ciency.

The HSA provides a set of standard, one-

button measurements, including occupied 

bandwidth and in-channel and adjacent-

channel power, which help you to character-

ize signal quality. The keypad design allows 

access to most measurement functions with 

no more than two button presses. 

A rugged, fanless design suits the unit 

for challenging fi eld environments, and an 

optional three-in-one ergonomic backpack 

ensures comfort and provides true hands-

free operation. Moreover, with the LCD’s auto-

matic brightness adjustment and the keypad’s 

backlight control, you can easily view the 

instrument’s screen and enter measurement 

parameters by day or night.

You can use free HSA PC software to 

remotely control the instrument through a 

USB (Universal Serial Bus)/LAN connection. 

The device also has a dedicated user key, a 

customizable frequency and channel table, 

and frequency and amplitude correction.

Key N9342C options include a built-in 

7-GHz tracking generator, a built-in GPS 

(global-positioning-system) receiver and 

antenna that provide precise location infor-

mation, a spectrum monitor with spectro-

gram record and playback functions, support 

for the manufacturer’s U2000 USB power 

sensors that offer high-accuracy power mea-

surement to 24 GHz, a user data-sanitiza-

tion feature for security purposes, an 8-GHz 

directional antenna that enables users to hunt 

for interference, and a built-in power 

connector for an active RF 

probe that ensures precise 

in-circuit measurements. 

The N9342C HSA’s 

US base price is 

$11,113; a typi-

cal configuration 

costs $12,567.

—by Dan 

Strassberg

▷Agilent 

Technologies, 

www.agilent.com/

fi nd/n9342C.

Handheld 7-GHz spectrum 
analyzer quickly and easily makes 
precise measurements

“Anybody out 
there in hardware 
land care about 
the user expe-
rience? Solve 
that, and they’ll 
flock to whatever 
you’ve got. Where 
to start? Try the 
‘on’ button.”
—Ski Milburn, in EDN’s Talkback 

section, at http://bit.ly/c5YbhX. 

Add your comments.

The N9342C handheld spec-
trum analyzer thrives in rug-
ged environments, such as  
installing and maintaining 
an RF system, doing on-site 
troubleshooting, monitoring the 
RF environment, or analyzing 
interference.
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A
nalog Devices’ new 

ADuM3220 isolated 

dual-channel gate-

driver IC provides 2500V 

isolation and lets you control 

two FETs or transistors. The 

device delivers 4A of peak 

output current. Input voltage 

ranges from 3.3 to 5V, and 

output voltage ranges from 

4.5 to 18V. Both inputs and 

outputs feature an undervolt-

age lockout at 2.5 and 4.1V, 

respectively.

The default output voltage is 

0V, and the maximum signal-

propagation delay is 62 nsec, 

with 5-nsec matching between 

channels. The unit operates 

from dc to 1 MHz; typical input-

stage quiescent current is 1.2 

mA, and typical output-stage 

quiescent current is 4.7 mA. The 

IC provides 2500V/μsec com-

mon-mode transient immunity 

and has an overtemperature-

shutdown circuit that activates 

 at a die temperature of 150°C. 

UL (Underwriters Labs) UL1577 

ratings and CSA (Canadian 

Standards Association) and 

European DIN (Deutsches 

Institut für Normung) approvals 

are pending.

The device uses the manu-

facturer’s patented iCoupler 

technology. It has 60-nsec max-

imum isolator and driver-propa-

gation delay; junction temper-

ature is 125°C. It comes in an 

eight-pin SOIC, operates over 

a −40 to +125°C temperature 

range, and has a suggested 

retail price of $1.84 (1000).

—by Paul Rako

▷Analog Devices, 

www.analog.com.

Isolated dual-channel gate driver 
delivers 4A

DILBERT By Scott Adams 

You can use the ADuM3220 isolated-gate-driver IC to operate FETs and insulated-gate bipolar 
transistors.
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Outdoor lighting is subject 
to the same trade-offs 
in upfront costs versus 
long-term operating costs 
as most other capital 
investments. You can 
optimize for LED-light 
output to reduce the 
number of emitters per 
lamp and lower the initial 
cost of the light, or you can 
optimize for lamp efficacy 
and go for the long-term 
lower operating costs 
through lower power bills.

To let you make that 
choice, Philips Lumileds 
has tweaked its Luxeon 
Rebel ES product line and 
lets you continue to use 
the same Rebel ES emitter. 
At 1000 mA, the new 
Rebel ES delivers more 
than 300 lumens at an 
efficacy of 100 lumens/W. 
If you choose to go for 
system efficiency, lower 
the current to 350 mA, and 
efficacy can exceed 125 
lumens/W. These LEDs 
target overhead outdoor 
lighting for streets, 
roadways, tunnels, and 
high- and low-bay lighting, 
with CCTs (correlated color 
temperatures) centering at 
4100 and 5650K.

The devices’ typical 
efficacy is more than 125 
lumens/W, and typical 
light output is more than 
300, 220, or 125 lumens 
at 1000, 700, and 350 
mA, respectively. Typical 
forward voltage is 2.85 to 
3.1V. Price is $3.89 (100) 
each.—by Margery Conner

▸Philips Lumileds, www.
philipslumileds.com.

LEDs DELIVER HIGH 
BRIGHTNESS OR 
HIGH EFFICIENCY 
FOR OUTDOOR 
LIGHTING
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Both inputs 
and out-

puts feature an 
undervoltage 
lockout at 2.5 
and 4.1V, 
respectively. 
Default output 
voltage is 0V.
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I
MEC (Interuniversity Micro-

electronics Center) high-

lighted the capabil it ies 

of its si l icon-germanium-

on-MEMS (microelectrome-

chanical-system)-technology 

platform at Semicon West 

last month in San Francisco. 

It also announced new part-

ners in its gallium-nitride-on-

silicon initiative and claims 

that its researchers have 

achieved effi ciencies as high 

as 16.3% for large-area epi-

taxial solar cells.

The MEMS capability cen-

ters on the development of 

a 15-micron silicon-germa-

nium micromirror and a grat-

ing light valve for high-resolu-

tion displays. IMEC realized the 

devices with its generic CMOS-

compatible MEMS process 

for the monolithic integration 

of MEMS devices directly on 

CMOS metallization. The micro-

mirror, targeting use in display 

systems, uses an electrostatic 

actuation mechanism relying 

on six electrodes. The design 

enables analog PWM (pulse-

width modulation) instead of 

the binary-weighted PWM of 

current MEMS-based micro-

mirrors. IMEC’s novel actuation 

mechanism allows display of a 

large range of gray-scale values, 

whereas binary-weighted PWM 

depends on the number 

of subframes or bit 

planes. The use 

of analog 

PWM 

thus leads to higher response 

speed, less image-processing 

hardware, and less memory. 

Moreover, IMEC implements the 

analog PWM on the MEMS level 

instead of on the CMOS level.

The grating light valve 

employs MEMS-refl ection grat-

ing and produces bright and 

dark pixels in a display system. 

Diffraction of incident light due 

to electrostatic deflection of 

microbeams in suspension over 

an electrode controls the display 

system. The display system can 

modulate the intensity of the 

diffracted light when you 

apply an actuation 

voltage to half of 

the beams. 

Display 

systems 

using such 

a technology 

provide a high 

contrast ratio, high 

resolution, and high 

brightness. IMEC realized 

both the mirrors and the grat-

ing light valves with a 300-nm-

thick silicon-germanium struc-

tural layer.

IMEC developed the devices 

within the framework of the 

Flemish SBO’s (Strategic Basic 

Research’s) Project Gemini, 

a collaboration among IMEC, 

Ghent University (www.ugent.

be), and Katholieke Universiteit 

Leuven (www.kuleuven.be). 

Micron Technology (www.

micron.com), Applied Materials 

(www.appliedmaterials.com), 

and Ultratech (www.ultra

tech.com) have also joined the 

IIAP (IMEC Industrial Affi liation 

Program, www2.imec.be/

content/user/File/iiap_litho.pdf) 

on gallium-nitride-on-silicon 

technology. This multipartner 

R&D program focuses on the 

development of gallium-nitride-

on-silicon-process and -equip-

ment technologies for manu-

facturing solid-state lighting, 

such as LEDs, and next-gen-

eration power electronics com-

ponents on 8-in. silicon wafers.  

Manufacturers currently build 

state-of-the-art LED processes 

on expensive 4-in. sapphire 

substrates. Depositing the gal-

lium-nitride material on 8-in. sili-

con substrates could boost the 

productivity of gallium-nitride-

based device-manufacturing 

processes. 

IMEC also announced 70-

cm2 epitaxial solar cells with 

effi ciency as great as 16.3% on 

highly doped, high-quality sub-

strates. Effi ciencies reached as 

much as 14.7% on large-area, 

low-cost, UMG (upgraded-

metallurgic-grade) multicrystal-

line silicon substrates, showing 

the potential for the industrial 

manufacturing of thin-fi lm epi-

taxial solar cells.

—by Rick Nelson

▷IMEC, www.imec.be.

IMEC touts silicon-germanium 
MEMS, gallium-nitride-on-silicon, 
and solar-cell technologies

IMEC’s 
large-
area epi-
taxial solar cells 
achieve efficiency 
as great as 16.3% on 
high-quality substrates 
and as great as 14.7% on 
low-cost substrates.

A list of devices running POE (power over Ethernet) 
usually comprises low-power applications, such as VOIP 
(voice-over-Internet Protocol) phones and videocam-
eras. If you need computer access, you’d likely be lim-
ited to a terminal-only device because of the low-power 

requirements of POE. Even the 
recently adopted higher-power 
version, IEEE 802.3at, limits the 
power available to individual 
devices to 25.5W over Category 
5 cable.

SkinnyBytes sees an opportunity here for low-power 
AIO (all-in-one) computers that use less than 25.5W. 
The devices target use in classrooms, in which the cost 
of adding ac outlets and the hazards of daisy-chaining 
ac power strips can be prohibitive. To minimize power 
needs, Skinny Bytes computers use solid-state drives, 
low-power Intel (www.intel.com) Atom processors, and 
fanless passive cooling. 

Prices for the touchscreen-based systems, which 
include Windows 7, start at $699 for the 10.1-in. tablet, 
and prices for the 15.6-in. AIO system start at $899.

—by Margery Conner

▸SkinnyBytes, www.skinnybytes.com.

POE computers operate on less than 25.5W

The SkinnyBytes POE computers 
come in 10.1- and 15.6-in. sizes.

0
8
.2

6
.1

0

ED100826_014   14 8/23/10   2:59:27 PM



R A Q ’ s
S P E C I A L  A D V E R T I S I N G  S E C T I O N

Strange stories from the call logs of Analog Devices

SPONSORED BY

Contributing Writer 

Rob Reeder is a senior 

converter applications 

engineer working in 

Analog Devices high-

speed converter group 

in Greensboro, NC since 

1998. Rob received 

his MSEE and BSEE 

from Northern Illinois 

University in DeKalb, 

IL in 1998 and 1996 

respectively. In his 

spare time he enjoys 

mixing music, art, and 

playing basketball with 

his two boys.

Have a question  

involving a perplexing 

or unusual analog  

problem? Submit  

your question to: 

www.analog.com/ 

askrob

For Analog Devices’  
Technical Support,  
Call 800-AnalogD

Watch for Those Multiple Clocking Edges!
Q. How can I improve  
system performance when 
using multiple clocks?

A. A common problem that 
arises when using multiple 
clocks generated from the 
same source is noise—usually 
a spur popping out of the 
noise floor—because the sin-
gle clock source is multiplied 
or divided into several versions 
of the same clock. Skewing the 
adjacent edges of each clock allows 
you to reduce the noise spur, or get 
rid of it completely, depending on the 
system’s timing margin. This phenom-
enon indicates a time-variant system, 
in which corruption on the clock signal 
is related to the location of the inter-
ference in the time domain. The loca-
tion of the interference is fixed, so the 
degree of clock corruption is propor-
tional to the magnitude of the interfer-
ence, just like in a linear system.

As an example, let’s take two outputs 
of the AD9516 clock generator. One 
output, at 100 MHz, is connected to an 
ADC; the other, at 25 MHz (1/4×fSAMPLE), 
clocks an FPGA. Rising and falling 
edges occur on both output clocks at 
nearly the same time. The result is a 
coupling effect, because two fast mov-
ing, high-bandwidth edges occur every 
10 ns instead of one as desired. During 
this transition period, the noise—intrin-
sic or extrinsic—must be low, as jitter or 
noise can only corrupt the ADC’s tim-
ing when present during the transition 
region of the clock. Making the edge 
faster (and hence the threshold region 
smaller) by increasing the slew rate will  
inevitably reduce the amount of time 

that noise can be present during the 
threshold period, effectively reducing 
the amount of rms (root-mean-square) 
jitter introduced to the system. During 
the steady-state period of the clock—
the high and low levels—the clock 
noise is irrelevant. Therefore, simply 
delaying either the 25 MHz or 100 MHz 
clock will spread them apart in time, 
moving the location of the interference. 
In other words, arrange for the transi-
tion edges of one clock to happen dur-
ing the steady-state period of the other 
clock.

In essence, what is happening here is 
crosstalk-induced jitter (noise) from one 
trace to an adjacent trace. If one trace 
carries a signal, and a nearby parallel 
trace carries a varying current, a voltage 
will be induced in the signal trace; if it 
is a clock signal, the time at which the 
clock edge occurs will be modulated. 
This causes problems if these edges are 
taking place at nearly the same time.

To Learn More About  
Clock Distribution 

http://dn.hotims.com/27753-101
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How is Mentor addressing 

the challenges of 3-D?

A
We are working directly 

with customers to 

ensure that the tools we pro-

vide are available ahead of the 

need. Physical verifi cation is 

one of the straightforward 

pieces that people look to us 

to set standards for. Today, 

beyond memory, most of the 

3-D usage is still pseudo 

2-D—that is, stacked memory 

with logic or memory with 

analog. You can treat the 

design as 2-D, so it really 

hasn’t created the big chal-

lenges that we have ahead.

What are the challenges 

ahead?

A
Ahead, more and more 

we will be facing issues 

with parasitic extraction, tim-

ing, and fl oorplanning.

 

Are there still issues to 

address even in the 2-D 

chips, and does process 

shrinkage drive those 

issues?

A
It’s driven by a couple 

of things. Manufactur-

ing variability, of course, is a 

driving force that becomes a 

bigger percentage of impact 

on a design with time. But I 

think the big discontinuity 

came when an EDA com-

pany—Mentor—was able to 

correlate the database from 

test results with the database 

from physical layout. 

Will there be issues with 

EDA when going to EUV?

A
EUV will require resolu-

tion enhancement, just 

as 193-nm immersion does. 

There is no scenario I know of 

where it will hit at such a time 

that you won’t require resolu-

tion enhancement to go with it. 

Is there still more work to 

be done with the 193 nm?

A
Yes, it’s a real work-

horse light source. If you 

look [at it] compared to other 

generations of lasers, we’ve 

really stretched 193 nm a long 

way and will continue to push 

it, and it’s very clear to us that 

our computational lithography 

will be able to bear the burden 

of shrinking to 20 nm.

What about power-aware 

design?

A
It is probably the single 

biggest challenge of 

designers today. It clearly 

supersedes performance and 

density in terms of being the 

limiter of new designs. To me, 

the big opportunity ahead is 

moving the power analysis 

earlier in the design phase. 

Mentor Graphics has prod-

ucts for embedded-sys-

tem design. One thing that 

came out of the Design 

Automation Conference 

was the keynote address 

by the corporate vice presi-

dent of innovation products 

at Motorola Mobile Devices 

Inc, who talked about 

designing the Droid phone. 

He said his big problem was 

that design tools did not 

let him optimize power, for 

example, at the end-prod-

uct level. Are there pros-

pects for addressing that 

problem?

A
Yes. So system-level 

optimization, which 

involves multiple chips or 

board-level design, is not only 

a big opportunity; there are 

also tools available. First, 

there are power-integrity tools 

at the system level available, 

and one has actually been the 

fastest-growing system-

design tool in our history. This 

year we went from zero to 

millions of dollars of sales in a 

period of about six months. 

So that’s one piece. Another 

is the ability to have an 

embedded operating system 

that allows for power optimi-

zation. In fact, we have such 

an embedded operating sys-

tem, Nucleus, and we have 

customers who have 

achieved order-of-magnitude 

improvements in power con-

sumption simply by how they 

did things in the real-time 

operating system.

What about combining 

mechanical and EMI (elec-

tromagnetic) simulations at 

the system level, as well?

A
Multiphysics simulation 

has been a major focus 

for us for many years now. It’s 

been slow-growing, but it’s 

been quite popular with the 

systems companies—solving 

problems, typically in the 

mechanical, electrical, and 

optical domains. We provide 

multiphysics simulation, opti-

mization, and modeling capa-

bilities, and that’s a very 

promising area that’s growing 

rapidly for us.

Within Mentor, do you see 

a shift in revenue you get 

from semiconductor prod-

ucts versus system-level 

products?

A
I believe that, fi rst of all, 

we see continued 

strengthening in system-level 

products, meaning system-

design, analysis, embedded-

software, thermal-analysis, 

and other system-level tools. 

And it will represent a growing 

share of our total revenue as 

we move out in time.

—interview conducted

and edited by Rick Nelson 

I
n an interview that took place on July 14 at Semicon West, 

Walden C Rhines, chairman and chief executive officer of 

Mentor Graphics, addressed the challenges the EDA and 

semiconductor industries face as geometries shrink, EUV 

(extreme ultraviolet) arrives, and ICs go 3-D. He also commented 

on embedded-system design. An excerpt of the interview fol-

lows. Read the full interview at www.edn.com/100826pa.

Mentor’s role in IC 
and system design

VOICES
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Ideal for use in:

  Application Processors
  GPS Subsystems
  Mobile Phones/PDAs
  Portable Media Players
  General Purpose PMIC

Today's advanced portable electronics require 
highly integrated power system solutions for complex 
system power, small size, and long battery life. 
Micrel provides complete system power solutions, 
such as  the MIC2826, to meet these needs.

The MIC2826 integrates a single 500mA HyperLight 
Load™ synchronous buck (step-down) regulator with 
three Low Dropout Regulators in a tiny 2.5mm x 2.5mm 
Thin MLF® package. The MIC2826 also features a 
standard 400kHz Fast-mode I2C interface that provides 
Dynamic Voltage Scaling (DVS), programmable power 
sequencing, and individual output control, making 
it the perfect integrated power system solution. 

For more information, contact your local Micrel sales 
representative or visit Micrel at: www.micrel.com/ad/
mic2826. 

www.micrel.com
© 2010 Micrel, Inc. All rights reserved.  Micrel and Innovation Through Technology are registered 
trademarks of Micrel, Inc.  HyperLight Load is a trademark of Micrel, Inc.
MLF is a registered trademark of Amkor Technology, Inc.

Advanced Portable System 
Power Management ICs

Quad Output PMIC with HyperLight Load™ DC/DC, 3 LDOs and I2C Control 

• Fast-mode 400kHz I2C Control Interface
• Dynamic Voltage Scaling & Sequencing
• Extremely High Light Load Efficiency
• Tiny 2.5mm x 2.5mm MLF® Package

Mobile Applications

GPS Subsystems
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BY BONNIE BAKER

B A K E R ’ S  B E S T

In your initial evaluation of your 
converter, you may not even see the 
ill effects of your voltage reference. In 
the past, when evaluating an ADC or a 
DAC, I would first make sure that the 
converter’s digital interface was in order 
and check to see whether the convert-
er’s output generally represented the 
input signal. I then looked at the zero-
input converter noise. When you meas-
ure the noise of an ADC, you short the 
inputs and connect close to ground. 

With a DAC, you program the digital 
input to an analog zero output. 

Where might you look for an ADC 
or DAC voltage-reference error? The 
key to answering this question is in 
the transfer function of these devic-
es. In Figure 1, the numerator on the 
right-hand side of these functions has 
the input signal times 2N, where N is 
the number of converter bits, and the 
denominator has the magnitude of the 
voltage reference in volts. The 2N and 

VREF values are constant. The impact 
of the voltage-reference value—and 
its errors—increases with an increasing 
input signal. 

The best way to analyze and evalu-
ate your data converter’s voltage ref-
erence is with a full-scale output sig-
nal. A voltage reference with an offset 
error creates an ADC or a DAC gain 
error. If your voltage reference is noisy 
or marginally stable, you will also see 
this noise or instability, which will be-
come worse when the converter’s out-
put is close to full-scale.

The analog output of an ADC or the 
digital results of the DAC can be only 
as good as the voltage reference in your 
circuit. When you choose your voltage-
reference source, consider the follow-
ing tips.

Using the system power-supply volt-
age at your converter’s voltage-refer-
ence pin is a good technique only when 
dealing with 8-bit ADCs at best. Con-
sider the origin of the power-supply 
voltage. For instance, dc/dc or switch-
ing converters produce acceptable dc 
outputs for circuits. However, they usu-
ally have an internal switching net-
work that produces noise on the dc sig-
nal. Even when you implement lowpass 
filtering, remnants of the switching ac-
tion in the dc/dc converter may trans-
mit to the output of your ADC or DAC 
device. You may also try to follow a dc/
dc or switching converter with a linear 
regulator. Linear-regulator power-sup-
ply-rejection and output noise levels 
are improving, but you may find that 
10-bit devices and those operating at 
more than 10 bits still have problems.

An even riskier source for your con-
verter’s voltage-reference pin is your 
computer’s USB port. The power-sup-
ply voltage from your USB port has the 
computer’s digital noise riding on it—a 
poor environment for these types of de-
vices. For higher-resolution ADCs and 
DACs, the best strategy is to start your 
design with a low-noise, stable, stand-
alone reference.EDN

 Y
ou might blame your ADC’s or DAC’s lack of output stability 
on the converter itself. After all, these types of devices can be 
complex. Try not to pass judgment too fast, though, because 
the circuitry around your converter might be the culprit. This 
circuitry, which includes a voltage reference, can change the 
converter’s performance more than you may imagine. 

How voltage references affect 
mixed-signal parts

Bonnie Baker is a senior applications engi-
neer at Texas Instruments.

VOLTAGE
REFERENCE

VIN

ADC DOUTVIN

VOLTAGE
REFERENCE

DAC VOUTDIN

VIN

VREF VREF

DAC TRANSFER FUNCTION

VOUT = DIN
2N

VREF

.

ADC TRANSFER FUNCTION

DOUT = VIN
2N

VREF

.

Figure 1 DOUT is the decimal representation of ADC’s output code, AIN is the ADC’s 
input voltage, N is the ADC’s and DAC’s number of bits, VREF is the reference volt-
age in volts, and DIN is the decimal representation of the DAC’s input digital code.
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 H
igh-end smartphones, such as Apple’s iPhone 
series and Google’s Nexus One, might capture 
a disproportionate percentage of industry atten-
tion, but plenty of folks just want a handset that 
will make and take calls, handle e-mail and Web 

surfing, and fit comfortably into a normal-sized pocket, too. 
Sony Ericsson’s Xperia X10 mini, which the company based 
on Google’s Android operating system, aims to address this 
market need. Does it succeed? iFixit and EDN decided to 
find out (see http://bit.ly/bJLJPw).

The Xperia X10 mini offers IEEE 802.11b/g Wi-Fi as another wireless-connec-
tivity option. Fueling all of the circuitry is a 3.7V, 950-mAhr lithium-polymer 
battery, which users cannot remove. Like the battery in Apple’s iPhone 3GS, 
the Xperia’s battery delivers approximately 53-mAhr/gram storage capacity.

The diminutive device measures 
3.3×2×0.6 in. and weighs 3.1 
oz. It comes in two versions: the 
conventional variant and a profes-
sional model that also includes a 
QWERTY physical keyboard and 
consequently weighs 1.1 oz more. 
Both devices leverage a Synaptics 
ClearPad 2000 capacitive touch-
screen and a Samsung 2.6-in. 
LMS255GF02 QVGA (quarter-
video-graphics-array) LCD, whose 
resolution limitations preclude 
the installation of some Android 
Market-sourced applications. A 
controller IC, also from Synaptics, 
drives the display. Although it sup-
ports two-finger-touch capabilities, 
the Android Version 1.6 variant 
currently running on the handset 
doesn’t support multitouch func-
tions. Sony Ericsson plans to offer 
an Android Version 2.1 upgrade for 
the entire Xperia X10 line by the 
end of the year. It also plans a vari-
ant of the “mini”-handset hardware 
design, currently code-named 
Yendo, with availability forecast by 
the end of this quarter. This ver-
sion will dispense with Android and 
instead harness a Sony Ericsson-
proprietary operating system.

Sony Ericsson’s Xperia X10 mini: 
the teardown skinny

Go to the Brian’s Brain blog 
at http://bit.ly/bm5Jrz for 
more analysis of the Xperia 
X10 mini. 

The processing nexus of the Xperia X10 mini is Qualcomm’s 
MSM7227 Snapdragon ARM-based chip set (see http://bit.
ly/aSxHz5), which the company unveiled in February 2009. 
The MSM7227 targets system designs selling for less than 
$150; HTC’s HD mini and Legend and Kyocera’s Zio M6000 
also use the MSM7227. It includes a 600-MHz application 
processor with a floating-point unit; a 320-MHz application 
DSP; a 400-MHz modem processor; hardware-accelerated 
3-D graphics; integrated Bluetooth Version 2.1 with A2DP 
(advanced-audio-distribution-profile) capabilities; support for 
a still-image camera with resolution of as much as 8M pixels; 
and 30-frame/sec video capture at up to a WVGA (wide-VGA) 
resolution. This particular hardware design uses a 5M-pixel 
still-image camera module with VGA-resolution video cap-
ture, autofocus, and built-in LED-flash illumination.

The Xperia X10 mini’s 2-Gbit 
NAND-flash memory, only half of 
which is user-accessible, comes 
from STMicroelectronics. The 
chip is a multidie stack; inside the 
package, you’ll find not only the 
flash memory but also 2 Gbits of 
DRAM. MicroSD support enables 
Xperia X10 mini owners to some-
what augment the handset’s built-
in nonvolatile-memory capacity; 
the Android operating system cur-
rently allows only data storage—
not application installation—on 
removable memory modules.

Qualcomm’s chip set also comprises 
the PM7540 power-management IC 
and the RTR6285 UMTS (Universal 
Mobile Telecommunications System) 
HSPA (high-speed-packet-access) 
transceiver and AGPS (advanced 
global-positioning-system) receiver. 
Cellular-network-support options 
include GSM, GPRS (general packet-
radio service), and EDGE (enhanced 
data rates for global evolution) at 850, 
900, 1800, and 1900 MHz; UMTS 
HSDPA at 900 and 2100 MHz; UMTS 
HSDPA at 850, 1900, and 2100 MHz; 
and UMTS HSUPA at 850, 1900, and 
2100 MHz.
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mechatronics

T he word “inertia” in everyday use suggests resistance to 
change and an unwillingness to act. Inertia is hardly 
something you need in engineering practice to solve 

the urgent problems you face. Even in a motion-system con-
text, the idea of adding inertia, or mechanical mass, to a sys-
tem is not usually desirable because it slows system response. 
One familiar exception is adding a flywheel to an engine 
or a machine to smooth out speed fluctuations. Two of the 
most important benefits of feedback control are command 
following and disturbance rejection. The focus of attention 
in a control system is usually on command following, but 
the ability of a system to reject disturbances is paramount in 
many situations. 

For a motor-velocity feedback-control system, increasing 
inertia reduces the high-frequency disturbance response—

that is, it makes the system dynamically stiffer at high fre-
quencies. However, it also degrades the closed-loop com-
mand following. How do you add inertia without degrading 
command-following performance?

A common industry motion-control system has cascad-
ed feedback loops for motor current, velocity, and position. 
Newton’s second law states that torque is proportional to 
angular acceleration. Thus, if you can measure or estimate 
acceleration, you can scale the acceleration by inertia, J, to 
give units of torque and then by 1/KT, the inverse of the mo-
tor-torque constant, to give current. You then multiply this 

result by a gain, KAFB, and subtract 
it from the current command to 
the current-control loop. KAFB has 
a similar effect in increasing inertia; 
hence, it has the alternative name 
“electronic inertia.” To ensure that 
the command-following perform-
ance remains the same, you must 
scale the velocity-control gains by 
the same factor, 1+KAFB. 

The value of KAFB does not affect 
the velocity-command response be-
cause the loop gain increases in pro-
portion to the inertia, producing no 
net effect. So, why add electronic 
inertia? The real benefit of accelera-
tion feedback is that acceleration 
feedback through the entire frequen-
cy range improves the disturbance 
response in proportion to the term 
1+KAFB (Figure 1).

You cannot significantly realize this improvement above 
the bandwidth of the current loop because the acceleration-
feedback signal cannot improve the system at frequencies in 
which the current loop cannot inject current. These cases re-
quire a robust acceleration-feedback signal. You can accom-
plish such a signal through differentiation of a position sen-
sor signal and filtering or through the use of an observer. 

For mechatronics engineers, adding inertia is desirable 
in one situation. In the virtual world in which we live, you 
almost expect electronic inertia. Peter Schmidt of Rock-
well Automation and Robert Lorenz at the University of 

Wisconsin—Madison have done foun-
dational work in this area, and you 
should consult their findings. For addi-
tional information, go to http://bit.ly/
adSO1I.EDN

Kevin C Craig, PhD, 
is the Robert C Greenheck 
chair in engineering 
design and a professor of 
mechanical engineering, 
College of Engineering, 
Marquette University.
For more mechatronic 
news, visit mechatronics
zone.com.

Isn’t there enough 
real inertia around?
Electronic inertia through acceleration feedback improves performance.

c KI

sKP 1 KAFB
CURRENT
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1
(1+KAFB)Js

TD

Figure 1 You realize the benefits of acceleration feedback when you scale up control-
loop gains by the amount that the inertia increases—that is, by the factor 1+KAFB.

Visit the Mechatronics Zone for the 
latest mechatronics news, trends, 
technologies, and applications at 
http://bit.ly/kor7L.

FRESH IDEAS ON INTEGRATING 
MECHANICAL SYSTEMS, 
ELECTRONICS, CONTROL SYSTEMS, 
AND SOFTWARE IN DESIGN

For mechatronics engineers, 
adding inertia is desirable 
in one situation.
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HARDWARE-
CONTROLLED 
BRUSHLESS DC MOTORS
YOU CAN EMPLOY A HARDWARE-ONLY MOTOR-COMMUTATION SCHEME TO 
CONTROL MOTOR SPEED, FREEING THE SYSTEM CPU TO PERFORM FUNCTIONS 
SUCH AS RF COMMUNICATION AND DATA ENCRYPTION.

BY TRITON HURD AND ISAAC SEVER •  CYPRESS SEMICONDUCTOR

that offloads the CPU from the burden 
of maintaining a motor’s speed, freeing 
it to perform other functions, such as 
RF communication, data encryption, or 
3-D-position calculations.

When implementing a motor-control 
design, engineers can choose between 
fixed-function motor-control ICs and 

microcontrollers. In many designs, en-
gineers choose microcontrollers because 
they provide flexibility and the ability 
to integrate a variety of other functions 
from the user interface, such as buttons, 
switches, and displays, to communica-
tion functions, such as UARTs (uni-
versal asynchronous receiver/transmit-
ters) and SPIs (serial-peripheral inter-
faces). However, because of the high 
quantity and priority of interrupts nec-
essary for controlling the motor, a mo-
tor-control microcontroller can imple-
ment only slow, non-CPU-intensive 
peripheral functions. If the end device 
requires functions such as data encryp-
tion, vector analysis, or other types of 

CPU-intensive features, you may have 
to use a faster and more expensive mi-
crocontroller or split the design into a 
dedicated microcontroller for the mo-
tor-control portion and another micro-
controller for the other functions. This 
approach costs more in engineering 
time, board space, and overall BOM 
(bill-of-materials) expenses. As an al-
ternative, you can employ a method of 
hardware-only motor control that of-
floads from the CPU these taxing pe-
riodic motor-control interrupts, freeing 
it to perform other functions and allow-
ing full design integration into a single 
microcontroller. This method also lets 
you easily drive multiple motors at dif-

 B
LDC (brushless dc) 
motors have re-
placed other motors 
in applications rang-
 ing from air condi-

tioners to remote-controlled 
cars, providing advantages in 
efficiency, reliability, and per-
formance. The cost of BLDC 
motors has decreased dramati-
cally over the last 10 years, caus-
ing their adoption rate to spike.

Controlling a BLDC motor is some-
what straightforward, and most micro-
controllers can do it. However, in ap-
plications requiring a high revolutions-
per-minute rate—for example, textile 
machines, remote-controlled cars, and 
industrial controls—the constant high-
priority interrupts that increase in fre-
quency as the speed of the motor in-
creases can tax the CPU. That scenar-
io would be OK if motor control were 
the microcontroller’s only function. 
A better approach is to use a method 
of hardware-only motor commutation 

SOUTH

NORTH

NORTH

NORTH

SOUTH

SOUTH

STATOR

WINDINGS

ROTOR

PERMANENT
MAGNET

Figure 1 BLDC motors have 

a rotor with a permanent 

magnet containing 

north and south 

poles. The stator 

comprises multiple 

electromagnets.

EASE THE BURDEN ON CPUs
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ferent speeds, paving the way for BOM-
expense reductions in applications re-
quiring multiple motors that today use 
multiple dedicated microcontrollers. 

To understand why BLDC-motor 
control is so prone to interruptions, 
consider how a microcontroller con-
trols it. An electronically controlled 
BLDC motor requires you to ener-
gize the stator windings in a particu-
lar sequence (Figure 1). To imple-
ment this sequence, the control cir-
cuitry must know the rotor position. 
Sensor-controlled systems use sensors, 
such as Hall-effect sensors embedded 
in the motor stator; sensorless-control 
systems use back EMF (electromotive 
force). With Hall-effect-sensor-based 
systems, the rotor’s magnetic poles 
pass near the Hall sensors, supplying 
a high or a low signal, indicating that 
the north or the south poles are pass-
ing nearby. The exact combination of 
the three Hall-sensor signals signifies 
the position of the rotor. Successively 
energizing stator windings with appro-
priate north and south poles keeps the 
motor turning (Figure 2).

A microcontroller rotates the BLDC 

motor by enabling and disabling exter-
nal power devices that deliver current 
through the stator windings in the re-
quired sequence. Effective commuta-
tion requires that you energize the tim-
ing of the winding current in sequence 

with the rotation of the motor. For con-
trol of BLDC motors, a Hall sensor’s 
change of state generates an interrupt, 
which indicates that the motor has ro-
tated into the next commutation state. 
At this point, the CPU must determine 
which PWM (pulse-width-modulated) 
outputs to enable and disable based on 
the state it has just entered. The fast-
er the motor is rotating, the more of-
ten the CPU interrupt will occur. The 
commutation-state interrupts must be 
high priority and have quick service to 
ensure smooth rotation and to main-
tain control of the speed of the motor. 

Traditional six-step phase commu-
tation requires six microcontroller ser-
vice interrupts to complete one elec-
trical cycle. Most motors contain mul-
tiple pole pairs around the circumfer-
ence of the stator, requiring multiple 
electrical cycles and many more inter-
rupts per rotation. This requirement 
increases the load on the processor and 
limits the maximum rotation speed. 

In contrast, hardware-controlled 
commutation frees the processor to 
run other tasks, allows very-high-speed 
rotation, and enables higher levels of 

AT A GLANCE
↘ BLDC (brushless dc) motors 
provide advantages in efficiency, 
reliability, and performance and 
have replaced other motors in a 
range of applications.

↘ Engineers can choose between 
fixed-function motor-control ICs and 
microcontrollers.

↘ Hardware-only motor commuta-
tion offloads from the CPU the 
burden of maintaining a motor’s 
speed, freeing it to perform other 
functions, such as RF communica-
tion, data encryption, or 3-D-
position calculations.

↘ You can directly map the various 
functions for controlling a BLDC 
motor in the resources of a micro-
controller, creating hardware-only 
commutation.
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integration of system functions into the 
microcontroller. In this implementa-
tion, the commutation functions that 

the CPU performs following each in-
terrupt map into configurable analog 
and digital resources that control motor 

rotation without involving the CPU. 
This step eliminates the interrupts and 
makes the motor-control function al-
most autonomous. This method is not 
possible in some cases. For example, 
you cannot use it in designs requiring 
more advanced control algorithms, 
such as sinusoidal or field-oriented 
control. Figure 3 shows how you can 
directly map the various functions for 
controlling a BLDC motor into the re-
sources of a microcontroller, creating 
hardware-only commutation. 

You implement commutation con-
trol with configurable hardware re-
sources, including a PWM, a hardware 
look-up table, and a hardware over-
current-protection block. (You can 
view a schematic of a hardware-on-
ly BLDC-motor-control implementa-
tion in the Web version of this article 
at www.edn.com/100826df.) An inte-
grated ADC measures a desired analog-
speed-control input. Traditional designs 
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Figure 3 With hardware-controlled commutation, motor-control functions map into configurable analog and digital resources that 

avoid the involvement of the CPU.
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sor, and the rotation speed is stored in a 
register that the firmware speed-control 
loop can read when necessary.

You can also fully implement over-
current detection in hardware for fast 
and low-cost motor protection (Figure 
5). R1, a shunt resistor in the ground 
path of the power-inverter module, 
measures motor current. This voltage is 

level-shifted on the board and connects 
to the analog input, or current, pin on 
the microcontroller. The input voltage 
feeds into an internal PGA (program-
mable-gain amplifier) that multiplies 
the difference between the input volt-
age and the reference voltage, a buff-
ered voltage at half the analog supply, 
and connects the output to a compar-

execute commutation in firmware. 
Input control signals to the hard-

ware blocks include motor-current de-
tection, which uses an analog input 
pin to detect and cut off the power-de-
vice driver to protect the motor when 
an overcurrent condition occurs. The 
signals also include three digital in-
put pins that connect to the outputs of 
the Hall-effect sensors from the motor. 
These sensors provide the position of 
the rotor and control the commutation 
by varying the PWM’s output signals to 
the power driver.

The design has three user-inter-
face-control inputs: direction control, 
which comprises a digital input that 
connects to a switch to control the mo-
tor’s clockwise and counterclockwise 
rotation; start/stop control, which com-
prises a digital input that connects to a 
switch to start and stop rotation of the 
motor; and speed command, an ana-
log input pin that measures the volt-
age across a potentiometer to set the 
desired speed of rotation. Outputs from 
the motor controller include PWM sig-
nals to both the high and low sides of 
the power-device driver.

The circuit generates a PWM refer-
ence signal and routes it to a hardware 
combination-logic block, along with 
the three Hall-effect-sensor inputs and 
motor-direction and -enable controls. 
This logic block, a look-up table us-
ing PLD (programmable-logic-device) 
resources, creates the six PWM-con-
trol signals for routing through GPIOs 
(general-purpose inputs/outputs) to the 
external power drivers. Figure 4 shows 
the configuration of the look-up ta-
ble. A firmware-proportional-integral 
speed-control loop adjusts the duty cy-
cle of the PWM output. Speed adjust-
ment is the only function of motor con-
trol that the CPU needs to be involved 
in. However, this function is not taxing 
because the speed-control loop can be 
run at a much slower rate, and it need 
not be a high-priority interrupt. 

The sequencing of the PWM-con-
trol signals to the external power driv-
ers produces motor commutation. The 
PWM includes dead banding to pre-
vent the enabling of wrong coils at the 
same time during signal transitions and 
creating unwanted shoot-through cur-
rent. A timer with a hardware capture 
measures the rotation speed. The timer 
triggers from a rising edge of a Hall sen-
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ator. The circuit compares the voltage 
level to the current limit. An 8-bit volt-
age DAC sets the current-limit value in 
a register and converts it to an analog 
voltage. The comparator output con-
nects to the hardware kill input of the 
PWM and kills the PWM output when 
the current exceeds the limit threshold. 
This function provides cycle-by-cycle 
current limiting to the BLDC motor.

To configure overcurrent protection 
for a desired current limit, you must 
select values for the resistor and the 
current-limit threshold. The value of 
the overcurrent-detection shunt resis-
tor represents a trade-off between head 
room for the motor operation and ro-
bustness of the detection blocks. For a 
given current limit, the motor current 
must generate enough change in volt-
age to accurately detect the change 
with the comparator. However, increas-
ing the resistor increases the ground 
voltage of the inverter and reduces the 
head room to drive the motor.

The current-limit threshold is equal to 
R×G×I+VREF, and the resistor equals 
(THRESHOLD−VREF)/G×I, where G 
is the gain of the PGA, I is the desired 
current limit, and VREF is the level-shift-
ed reference voltage. For example, one 
application needs a 2A overcurrent-
protection limit, shunt resistor R1 has a 
value of 0.02Ω, and the PGA has a gain 
of eight. These values yield a current-
threshold voltage of 0.02Ω×8×2A=320 
mV+VREF=320 mV+1.65V=1.97V. You 
use an internal 8-bit DAC to generate 
this voltage.

Implementing BLDC-motor control 
in hardware offers many benefits stem-

ming from the reduced processing re-
quirement of the CPU. Hardware con-
trol leaves the CPU free for other sys-
tem-processing tasks, reducing the peak 
processing requirements of the full mo-
tor system and resulting in lower system 
power and cost. It also makes the mo-
tor-control design mostly autonomous 
and essentially a drag-and-drop func-
tion. It even makes it possible to con-
trol multiple independently operating 
motors with one microcontroller. This 
task requires high-perform ance micro-
controllers without hardware commu-
tation, which would cause two motors 
to simultaneously interrupt the CPU. 
This interruption would in turn cause 
one motor to see a delay in the updat-
ing of its PWM configuration if the re-
sponse were too slow and would cause 
the motor to run unevenly. An 8-bit, 
8051-based Cypress PSoC (program-
mable system on chip) 3 can control 
as many as six independent BLDC mo-
tors with sensors in hardware, leaving 
the microcontroller free to run other 
system tasks. The motors have inde-
pendent hardware-commutation log-
ic and fully independent speed con-
trol. Although this feature is possible 
without hardware commutation, it 
is not possible with an 8-bit micro-
controller because its response time is 
too slow. However, you need to imple-
ment firmware commutation if your ap-
plication requires more advanced con-
trol algorithms, such as sinusoidal or 
field-oriented control. 

Using a microcontroller to control 
both the motor and the user-interface 
functions can yield large cost savings. 

Take, for example, an in-wall air-con-
ditioning unit with a condenser motor, 
an air-blowing motor, and an oscillat-
ing air-direction motor. It also has but-
tons, a display, and an infrared remote 
control. Multiple microcontrollers on 
multiple boards previously would have 
had to perform most of these functions. 
With hardware commutation, however, 
one microcontroller could potentially 
integrate these functions, resulting in 
a major cost reduction. Some products 
cannot have a microcontroller control-
ling both functions, however, because 
the motor resides in a different location 
from the buttons or display.EDN
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 U
ntil recently, power factor and PFC (pow-
er-factor-correction) circuits were of con-
cern only for utilities and manufactur-
ers of motors. Utilities have for years spec-
ified the power-factor performance of 
large inductive motors. The utilities also 
generally can charge industrial customers for 
reactive-power consumption. However, resi-
dential customers are starting to introduce 

more reactive-power loads into the mix as energy-efficient lights, 
such as CFLs (compact fluorescent lights) and LED-based lights 
containing their own ac/dc lighting ballasts, begin to emerge. 
As a result, power factor has moved from the realm of large-
scale industrial motors down to that of consumer electronics.

WITH THE INTRODUCTION 
OF NEW POWER-SUPPLY 

SPECIFICATIONS FROM ENERGY 
STAR, COMPUTER POWER 

SUPPLIES AS LOW AS 75W AND 
SOLID-STATE LIGHTS AS LOW 

AS 5W MUST MEET MINIMUM 
POWER FACTORS, 

MAKING POWER FACTOR A 
CONCERN FOR MOST 

ELECTRONIC EQUIPMENT THAT 
USES AC-LINE POWER.

 BY MARGERY CONNER • TECHNICAL EDITOR 

Power factor is the ratio of real power 
to apparent power. When both current 
and voltage are sinusoidal and in-phase, 
the power factor is one. If they are sinu-
soidal but not in-phase, then the power 
factor is the cosine of the phase angle. 
Purely sinusoidal current and voltage 
waveforms occur when the load com-
prises resistive, capacitive, and induc-
tive elements that are all linear. 

In a purely resistive load, real power 
is the same as apparent power, and the 
power factor is one. When the load has 
inductance or capacitance, however, 
the apparent power is less than the real 
power because the capacitance and in-
ductance introduce a phase lag between 

the current and the voltage. Although 
utilities currently charge residential 
customers only for the real power they 
consume, the utilities must add power 
to support the out-of-phase current and 
voltage. The additional power is wast-
ed in the form of resistive losses on the 
grid’s transmission lines. Because these 
losses increase as the square of the cur-
rent increases, losses due to low power 
factor can quickly add up.

The ac line sees an SMPS (switched-
mode power supply) as a nonsinusoidal, 
nonlinear impedance (Figure 1). Fig-
ure 2 shows the voltage and current for 
the circuit of Figure 1. To more close-
ly follow the input voltage and avoid 

NEW POWER 
REGULATIONS
BRING POWER-FACTOR 
CORRECTION TO 
LOWER-POWER SUPPLIES
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sharp current spikes, the capacitor must 
charge over the entire positive portion 
of the cycle. In addition to upping the 
power factor closer to one, this shap-
ing of the current allows for the use of 
a smaller capacitor and avoids the cre-
ation of harmonic noise, thus reduc-
ing THD (total harmonic distortion). 
This compensating additional circuit-
ry is the PFC circuit. Energy-efficiency 
specifications regulate both THD and 
power factor as part of the power-factor 
specification.

Note that PFCs decrease rather than 
increase power-supply efficiency. “Pow-
er-supply designers are only moving to 
incorporating improved power factor 
in their supplies because of govern-
ment mandates,” says Steve Mappus, 

a systems engineer in the High Power 
Solutions group at Fairchild. The util-
ity companies are the immediate ben-
eficiaries of improved power factor, but 
consumers benefit downstream because 
utilities need not build additional pow-
er plants, holding pollution and carbon 
emissions in check.

Many topologies and approaches ex-
ist for enabling PFC (see sidebar “Utili-
ties and PFC”). In general, PFC is ei-
ther passive or active. Government and 
industry regulations specify only the 
power factor and the THD, leaving the 

decision about whether to use a passive 
or an active circuit to the design engi-
neer (tables 1 through 3).

Passive PFC is a simple, relatively 
inexpensive approach, but it has draw-
backs. Chief among them is that it’s dif-
ficult, although not impossible, to get 
a power factor of more than 0.7, and 
the trend in global regulations is to-
ward power factors of 0.9 and higher. 
Another difficulty with passive PFC is 
that the capacitors go directly on the 
ac line, necessitating capacitor ratings 
of 400V or higher. This requirement 
makes the use of electrolytic capaci-
tors the most common approach. Elec-
trolytic capacitors’ lifetime drops with 
higher temperatures, so you must derate 
the capacitor if your system will need 
to work in a hot environment. To de-
rate it, you must either choose a higher 
temperature, more-expensive capacitor 
or allow for a shorter capacitor lifetime. 
Another drawback with passive PFC 

TABLE 1 CLIMATE SAVERS CRITERIA 

FOR MULTI-OUTPUT POWER-SUPPLY UNITS

Bronze Level Silver Level Gold Level

Loading 

condition 
(%)

Effi ciency 
(%)

Power 

factor

Effi ciency 
(%)

Power 

factor

Effi ciency 

(%)
Power 

factor

20 82 0.8 85 0.8 87 0.8

50 85 0.9 88 0.9 90 0.9

100 82 0.95 85 0.95 87 0.95

Source: Climate Savers, www.climatesaverscomputing.org/tech-specs

TABLE 3 ENERGY STAR POWER-FACTOR REQUIREMENTS 

FOR COMPUTER-SERVER POWER SUPPLIES

10% load 20% load 50% load 100% load

Type

Rated 

output 

power

Power 

factor

Effi ciency 

(%)
Power 

factor

Effi ciency 
(%)

Power 

factor

Effi ciency 
(%)

Power 

factor

Effi ciency 
(%)

AC/DC 
multi-
ouput

All 
output 
levels

NA N/A 0.8 85 0.9 88 0.95 85

AC/DC 
single-
output

≤500W NA 80 0.8 88 0.9 92 0.95 88

500 
to 1000W

0.65 80 0.8 88 0.9 92 0.95 88

>1000W 0.8 80 0.9 88 0.9 92 0.95 88

TABLE 2 LED-LIGHTING 

POWER-FACTOR CRITERIA

Equipment Power factor

Solid-state-lighting 
luminaires

Residential ≥0.7

Commercial ≥0.9

Integral LED lamps ≥0.7

Sources: 
http://www.energystar.gov/ia/partners/
prod_development/revisions/down-
loads/lighting/ESIntegralLamps
Criteria_Draft1.pdf
http://www.energystar.gov/ia/partners/
product_specs/program_reqs/SSL_
prog_req_V1.1.pdf

AT A GLANCE
↘ Agencies such as Energy Star 
and Climate Savers are setting 
power factors for relatively low-
power consumer devices and 
computer servers.

↘ PFC (power-factor correction) 
does not improve a supply’s 
efficiency.

↘ Digital PFC is becoming a cost-
effective design approach, especial-
ly for designs already containing a 
DSP or a microcontroller.

VO TO PWM

RETURN

+

D1

V1

CIN R1

Figure 1 The SMPS presents a nonlinear 
load to the ac-power line.
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is that its voltage output is unregulat-
ed as it feeds into the dc/dc-conversion 
stage. For these reasons, the trend is to-
ward active PFC, usually in the form 
of a boost-converter circuit between 
the bridge rectifier and the storage 
capacitor. 

The most common configurations 
for an ac/dc power supply with PFC are 
two-stage and single-stage designs. In a 
two-stage design, the ac line feeds into 
an ac/dc converter, usually comprising 
a bridge rectifier feeding into a capaci-
tor whose output is usually full of sec-
ond-harmonic ripple. A dc/dc converter 
follows the ac/dc converter to provide 
electrical isolation and voltage regula-
tion. This approach keeps the two stag-
es separate, is easy to troubleshoot, and 
is simple. However, the double conver-
sion is less efficient, and costs are higher 
because of the need for two stages. As 
PFC becomes more prevalent, single-
stage PFC is becoming more common. 

Kishore Manghnani, vice president 
of Green Technology for Marvell, ar-
gues that single-stage power-converter/
PFC ICs are the best design approaches 
for LED lighting. “With two-stage you 
end up using two separate chips—one 
for PFC and the other for the LED-
driver circuit, which includes dimming 
and the TRIAC [triode-alternating-
current-switch] interface,” he says. “In 
a single-stage converter/PFC chip, you 
need no additional components: You 
put the LED driver and the PFC all in 
one chip.” You might wonder whether 
you can use cheaper passive PFC, given 
that cost is a pacing item in LED light-
ing, but Manghnani advises against this 
approach. “The biggest advantage of 
active PFC is that you can use a low-
voltage capacitor,” he says. “In passive 
PFC, the capacitor must support 400V. 
In the active single-stage [approach], 
the capacitor is only 40V. Plus, the life-

time of the capacitor [for the same cost] 
could be four to five times longer.”

Currently, Energy Star’s draft pro-
posal for energy-efficient luminaires 
calls for a power factor of 0.7 in resi-
dential lighting and 0.9 in commercial, 
but Marvell argues that the power fac-
tor for LED lighting should be 0.9 for 
all lights with wattage higher than 5W, 
which is currently the specification in 
Europe and Korea. “The United States 
is a bit behind in this area,” Manghnani 
says. “Europe and Korea require lighting 
power to be more than 0.9. It doesn’t 
cost anything extra, so why not add it?”

The mandate for minimum power-
factor requirements comes at the same 
time as the industry is imposing increas-
ingly tight efficiency standards on pow-
er supplies, causing a double whammy 
on designers, who must strive for more 
stringent efficiencies as power factor 
creeps up. Thus, research is ongoing on 
the most efficient ac/dc-converter/PFC 
circuits. It’s important to understand 
the general categories for control and 
which power-supply types these meth-
ods can work with. A brief overview of 
active-PFC methods follows. For more 
information and circuit diagrams, see 
references 1 and 2. 

The main control methods for ac-
tive-PFC circuits are DCM (discontin-
uous-conduction mode), CCM (con-
tinuous-conduction mode, and CRM 
(critical-conduction mode). Various 
chip manufacturers have their own ver-
sions of CRM control, such as BCM 
(boundary-conduction mode) and TM 
(transition mode). “Current conduc-
tion” in these terms refers to the induc-
tor current.

Low-power supplies typically use 
DCM. CCM works for all power lev-
els but involves a hard reverse recovery 
of the output diode when the MOS-
FET switch turns on. This recovery can 

0 90 180 270 360

ANGLE ( º )

VOLTAGE (V)

FULLY RECTIFIED
INPUT VOLTAGE

CHARGING BULK-INPUT-
CAPACITOR VOLTAGE

INPUT CURRENT

Figure 2 Superimposing the current over the voltage for the circuit in Figure 1 shows 

the need for a PFC to shape the current.
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cause high losses in a standard inexpen-
sive diode. For high efficiency, there-
fore, you must use a more expensive 
diode, such as one made from silicon 
carbide. 

In contrast, BCM circuits switch on 
the MOSFET with no current in the 
diode, allowing you to use inexpensive 
output silicon rectifiers. The trade-offs 
are that BCM uses a more complex 
variable-switching-frequency scheme, 
and its higher peak currents result in 
higher losses at higher power, limiting 
most BCM designs to less than 300W. 
At higher power levels, the CCM boost 
is more effective due to its lower ripple 
currents that result in lower peak cur-
rents and lower differential-mode EMI 
(electromagnetic interference).

However, recent innovations in con-
verter/PFC design interleave multiple-

phase BCM-controller ICs, such as 
those from Fairchild, On Semiconduc-
tor, and Texas Instruments. Interleaved 
designs parallel two or more BCM pow-
er stages, allowing your design to reach 
1 kW or more and reducing the ripple 
current in the output, which allows for 
smaller inductors. “If you look at the 

costs of the controller in comparison 
to the costs of the PFC, which includes 
the inductor and all the power compo-
nents, the controller is not a significant 
cost,” says Jim Aliberti, product-mar-
keting engineer at Texas Instruments. 
“It’s the magnetics. People are looking 
for a way to reduce the costs, and inter-

CAN=CONTROLLER-AREA NETWORK
DALI=DIGITAL ADDRESSABLE-LIGHTING INTERFACE
I2C=INTER-INTEGRATED CIRCUIT
SPI=SERIAL-PERIPHERAL INTERFACE
UART=UNIVERSAL ASYNCHRONOUS RECEIVER/TRANSMITTER

CPU

32-BIT,

60-MHz
DSP CORE

I2C
SPI

UART
CAN

32-BIT,

60-MHz

FPU

16-CHANNEL,
12-BIT,

5M-SAMPLE/SEC
ADC

VREF

COMMUNICATIONS

PWM7

PWM6

PWM3

PWM4

PWM5

PWM2

PWM1

DALI
POWER-LINE 

COMMUNICATIONS

C2000 PICCOLO F2803X

BUCK/BOOST SINGLE-ENDED PRIMARY-
INDUCTACE CONVERTER

LED CURENT
CONTROL AND DIMMING

PFC

OPTIONAL

CYCLE-
BY-

CYCLE
CURRENT

LIMIT

VAC

FILTER
AND

DIODE

++

+

+

3.3V

Figure 3 A microcontroller performs PFC by controlling the current so that it is sinusoidal and in-phase with the input voltage. The 

TI C2000 uses one control loop at 100 kHz to keep this input current sinusoidal and uses a second, slower control loop to keep the 

output voltage stable. The C2000 has sufficient CPU bandwidth to perform this task and multiple others for the system.

UTILITIES AND PFC
According to Ken Lau, consulting engineer for PG&E (Pacifi c Gas and 
Electric), a California electric utility, the utilities perform PFC (power-
factor correction) by switching in banks of capacitors at preset times. In 
a residential area, you can expect a surge in power use at about 7 a.m., 
so the substation automatically switches in a capacitor bank at that 
time, switching it out after 8 a.m. No communication or real-time adjust-
ment is necessary for this type of correction. In fi ve to 10 years, how-
ever, many houses will have their own photovoltaic installations or per-
haps even wind turbines, so the smart grid will be able to communicate 
with each house’s power-subsystem inverter to perform PFC on the fl y.
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leaved design has enabled lower system 
costs because you don’t have to process 
as much ripple current, allowing you to 
use smaller magnetics.” 

As with most power-conversion ap-
plications, digital power is making in-
roads into PFC, as well. For example, 
Cirrus Logic offers an IC for digital-
ly controlled PFC. The active-PFC 
CS1500 and CS1600 DCM ICs tar-
get use in power supplies requiring as 
much as 300W. The CS1500 addresses 
power supplies for applications such as 
laptops, digital TVs, and PCs, and the 
CS1600 targets electronic-lighting bal-
lasts. At approximately 30 cents (high 
volumes), the chips compare in price 
with analog PFC ICs but use 30% fewer 
additional components and fewer parts 
for EMI filtering. The power factor, 
which varies with the input line volt-
age and the load, is greater than 0.95. 
The iW3620 LED driver from iWatt is 
also a digital single-stage, active-PFC 
device. Texas Instruments offers a de-
velopment kit for high-voltage PFC, 
which includes hardware and software 
to implement two-phase interleaved 
digital PFC for regulation compliance. 
The kit can work with the company’s 
application-development kits for the 
C2000 Piccolo microcontrollers, such 
as the C2000 ac/dc developer’s kit, as 
well as end-product kits, such as motor-
control and LED-lighting-control kits.

Providing efficiency of as much as 
30% in applications such as air con-
ditioners and refrigerators, dc motors 
are replacing inductive motors in both 
residential and industrial applications. 
Because of their complex control algo-
rithms, most dc-motor controllers use 
a DSP. Designers can add digital PFC 
to designs that already have a DSP—
often with no additional components. 
The cost in engineering learning time 

can be considerable, though, which is 
why TI offers its DSP-developer kits for 
several applications. The digital-PFC 
kit can work to provide a PFC block for 
a DSP-motor controller. Another like-
ly application for digital PFC is LED 
lighting. For example, a DSP such as 
the C2000 can run PFC in addition to 
powering an LED array (Figure 3). 

Do you remember the advertising push 
several years ago for the smart refrigera-
tor that would track when you were low 
on milk and autonomously order more? 
That idea didn’t catch on. Perhaps the 
more likely intelligence will be a DSP 
that controls all of the power-efficient 
function of home appliances.EDN
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A SWITCH-MATRIX MIXER PROVIDES THE DOWNCONVERSION FUNCTION 
IN THIS NOVEL RADIO.

Architecture combines 
low- and zero-IF receivers

 L
ow-IF (intermediate frequen-
cy)-receiver architectures are 
increasingly popular for many 
wireless standards. You can 
detect the signal at the IF 
or downconvert it to base-

band after the ADC stage. This circuit 
does the final downconversion using a 
switch-matrix mixer before the analog-
to-digital conversion. You use analog 
filters following the mixer stage. This 
approach reduces the dynamic range 
the following ADC stage requires. By 
doing simulations and taking measure-
ments on a prototype, you can investi-
gate the effect of nonideal switches in 
the matrix.

Before delving into the details, you 
should understand the history of this 
architecture. The superheterodyne re-
ceiver has for decades been the archi-
tecture of choice because it provides 
excellent receiver properties, such as 
selectivity and sensitivity. The architec-
ture does not easily lend itself to inte-
gration, however, because you must im-
plement the image-rejection filters in a 
discrete circuit. 

Direct-conversion, or zero-IF, receiv-
ers have recently gained importance 
(Reference 1). This architecture is ap-
propriate for integration, but it causes 
other problems. A direct-conversion 
architecture has dc-offset problems 
that necessitate a dc-nulling strategy 
(references 2 and 3). In body-worn ra-
dio equipment, the antenna’s imped-
ance matching changes frequently. In 
this case, it is difficult to build a well-
behaved dc-nulling circuit. Further-
more, modern high-speed modulation 
schemes must have a continuous base-
band spectrum without gaps. 

To avoid this problem, you can build 
low-IF, or quasi-direct-conversion, re-
ceivers (Reference 2). The desired sig-
nal bandwidth after a low-IF-conver-

sion step is on either the positive- or 
the negative-frequency side, but it does 
not include any dc part of the spectrum. 
You can then ac-couple the subsequent 
ADC. 

The final downconversion to base-
band usually takes place in the digital 
domain. You multiply the complex sig-
nal with a rotating phasor. Choosing a 
low IF that is one-quarter of the sam-
pling frequency eases these operations 
by reducing the number of multiplica-
tions to those for swapping samples and 
changing their signs every other time. 

To illustrate this approach, you de-
note the incoming signal at low IF as 
s(t) and mix down the signal with fre-
quency fLO (Equation 1):

(1)
s(t) s(t)×e .˜ j2 fLOt

You then sample Equation 1 with a 
sampling frequency fS of 1/TS:

(2)

x(t)  s(KTS)×e .˜
∞

k ∞
j2 fLOkTS

You choose fLO to satisfy Equation 3:

(3)

fLO 
.fS

4
1

4TS

Equation 2 then results in Equation 4:

(4)

∞

k ∞

∞

k ∞
s(4kTS)  j s((4k TS)

∞

k ∞

∞

k ∞
s((4k )TS) j s((4k )TS).

x(t) s(kTS)×e˜
∞

k ∞
j
2 k

If you represent signal s(t) in its I/Q (in-
phase/quadrature) form as a real and an 

imaginary part, you can rewrite Equa-
tion 4 as Equation 5:

x(t)˜
∞

k ∞[Re(s(4kTS))+

∞

k ∞
Re(s((4k+2)TS))

∞

k ∞[j Im(s(4kTS))+

∞

k ∞
 Im(s((4k+2)TS))+

Re(s((4k+1)TS))∞

k ∞

(5)

∞

k ∞
 Re(s((4k+3)TS))] .

∞

k ∞ ] Im(s((4k+3)TS))

∞

k ∞
Im(s((4k+1)TS))

This form represents the switching 
function. The major drawback of this 
technique is if only real analog filters are 
applied before the analog-to-digital con-
version, the ADCs must have a high dy-
namic range. Wireless-communication 
equipment has adjacent-channel rejec-
tion on the order of 70 dB. In this case, 
the adjacent channel is the image fre-
quency corresponding to the negative fre-
quency of the desired signal. The ADC 
must provide more than 12 bits of dy-
namic range, including the possible signal 
dynamics of nonconstant envelope-mod-
ulation schemes. These ADCs are expen-
sive, and they consume a lot of power. 

A possible approach is to apply poly-
phase filters, which can separately filter 
the negative and positive frequencies 
(Reference 4). This approach increases 
the circuit’s complexity for a given or-
der of filters because the coefficients of 
such filters are both real and imaginary. 
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Downconverting the signal from low IF 
to zero IF before filtering and analog-to-
digital conversion eliminates the need 
for polyphase filters and still uses an 
ADC with reduced dynamic range.

ARCHITECTURE AND CIRCUIT
You can use switches as mixers in 

downconversion architectures by as-
suming that you have both the inverse 
and the noninverse of the real and 
imaginary parts of the signal (Reference 
5). The switch-matrix mixer comprises 
eight switches operating in four phases 
that feed the four signals, I+, I−, Q+, 
and Q−, to the input of a subsequent fil-
ter. You can implement the matrix with 
transmission-gate FET switches. The 
equivalent operation of these switches 
is mixing by one-fourth of the sampling 
frequency (Equation 6):

fLO
FS

4 (6)
.

You insert the switch matrix into the 
receiver chain (Figure 1). The num-

bers assigned to the switches denote 
the phases when they are closed. You 
drive the switches with phase-shifted 
signals (Figure 2). The switching func-
tion, G(t), applies the mixing process 
to signal s(t) (Equation 7):

s(t) s(t)×G(t).˜
(7)

The switching function, G(t), has 
some harmonics, requiring you to ap-
ply some filtering after the mixing pro-
cess (see sidebar “Fourier coefficients of 
a switch-matrix mixer,” available with 
the Web version of this article at www.
edn.com/ms4373). You can combine 
this filter with the ADC’s antialiasing 
filter. 

A low-IF-receiver architecture has 
adjacent channels in the negative-fre-
quency range of the desired signal (Fig-
ure 3). A real antialiasing filter can fil-
ter out only adjacent Channel 2. Ad-
jacent Channel 1 is the image of the 
desired channel and passes through the 
antialiasing filter without attenuation. 
The antialiasing filter must be good 

enough to prevent 
aliasing from adja-
cent Channel 2. The 
ADCs require a dy-
namic range greater 
than 70 dB. 

The addition of 
the switch-matrix 
mixer moves the de-
sired signal into the 
baseband (Figure 4). 
The antialiasing fil-
ter must filter out 
not only the adjacent 
channels but also the 
mixing terms from 

LOCAL
OSCILLATOR

ADC

ADC
15˚

SWITCH-MATRIX MIXER

1

1

21

1

2

4
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3

Figure 1 A switch-matrix mixer changes a low-IF architecture into a zero-IF receiver.

1

2

3

4

T 1/fLO

Figure 2 The control signals for switch-matrix mixers have 
four phases.
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the harmonics of the switching func-
tion. In this case, however, the anti-
aliasing filter’s bandwidth is half that 
of the previous case. Maintaining the 
same filter order results in a sharper 
antialiasing filter. The filter suppresses 
both adjacent channels, dramatically 
reducing the ADC’s required dynamic 
range. 

Other channels outside the adja-
cent channels may fall into the base-
band due to mixing with the harmon-
ics of the switch function. To address 
this problem, you must apply an image 
filter in front of the switch-matrix mix-
er. This filter is more relaxed than the 
antialiasing filter. Both adjacent chan-
nels are filtered, so the antialiasing fil-
ter allows the ADC to have a lower 
number of bits.

SIMULATION RESULTS
You can do a simulation using The 

MathWorks (www.mathworks.com) 
Matlab to illustrate the process of an 
ideal low-IF mixer (Figure 5). You can 
simulate a 100-kHz RF signal with a 
strong interferer at 70 kHz. The spec-
trum at this point is symmetric, corre-
sponding to a real signal. A complex-
valued mixer shifts down the signal to 
the low IF, making the spectrum asym-
metric. An interferer signal appears at 
the image frequency with respect to 
zero. Derotating with the remaining 
IF yields a zero-IF baseband signal. You 
can filter away the interferer using a 
real-valued filter.

You can also simulate an ideal switch-
matrix mixer (Figure 6). The first two 
plots are the same as those in Figure 5
because the switch-matrix mixer replac-
es only the low-IF derotation process. 
The third plot depicts that, even with 
perfect switches, some spectral inter-
leaving occurs. You can separate these 

interlaced higher-order products using 
filtering, as the bottom plot shows. In-
troducing a gain error causes even more 
spectral interleaving (Figure 7). These 
additional subbands are filtered off and 
do not cause a problem. However, I/Q 
imbalance results in the usual image 
problem, quantitatively of the same or-
der as with any low-IF mixer.

A prototype PCB (printed-circuit 
board) of the switch-matrix mixer in-
cludes the clock-phase generators 
(Figure 8). Lowpass filters surround 
the switch-matrix mixers. You mix a 
2.40002-GHz RF signal, which is 20 
kHz offset from 2.4 GHz, with a 20-kHz 
IF using a Maxim (www.maxim-ic.com) 
MAX2701 image-rejection mixer. You 
send the I and the Q part of the low-

IF signal to the test 
board. It down-
converts the signal 
to a baseband sig-
nal using a clock 
frequency of four 
times 14 kHz to get 
four phases, result-
ing in 56 kHz. Af-
ter the first mixing 
process, the result-
ing frequency spec-
trum of this signal 
has three peaks 

(Figure 9). One peak is the image at 
−20 kHz, or 40 dB down. The second 
peak is the dc offset. The third peak is 
the signal of interest at 20 kHz. 

After the second mixing process, the 
signal of interest now shifts to 6 kHz 
(Figure 10). The previous dc peak shifts 
to −14 kHz, and the switch-matrix mix-
er generates a new dc-offset peak; 40 dB 
also suppresses the image of the switch-
matrix mixer at −6 kHz. Choose the 
cutoff frequencies of the lowpass filters 
before and after the switches as 30 and 
15 kHz, respectively.

A switch-matrix mixer reduces the 
dynamic range needed in a subsequent 
ADC. Apart from the switches, only an 
additional low-order filter is necessary to 
prevent unwanted harmonics from fall-
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FOR k= 3

WANTED
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Figure 4 A switch-matrix mixer shifts the spectrum to zero-IF 
but also adds switching Fourier components to the adjacent 
channels.
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f

Figure 3 The spectrum of a low-IF system 
may have strong adjacent channels. Here, 
fS denotes the sampling frequency; fN, the 
Nyquist frequency; and fLO, the low IF.

Figure 5 Using ideal mixers, you can move the spectrum to a zero-IF baseband. Starting 
with an RF signal and a strong interferer (a), the first conversion makes the low-IF signal 
(b). Derotation moves the desired signal to the baseband (c), and filtering removes the 
unwanted negative-frequency components (d).

(a)

(b)

(c)

(d)
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Figure 8 You can fabricate a hardware test 
board for a switched-matrix-mixer proof of 
concept.

Figure 6 A switch-matrix mixer using ideal switches can also make a zero-IF signal. 
Starting with an RF signal and a strong interferer (a), the first conversion creates 
the low-IF signal (b). The switch-matrix mixer moves the signal to the baseband (c). 
Filtering removes the unwanted frequency components (d).

(a)

(b)

(c)

(d)

Figure 7 A switch-matrix mixer with a gain error in the signal chain exhibits problems. 
The RF signal and strong interferer (a) move to low IF (b). The gain error causes worse 
interleaving (c). The filtered signal has typical image problems due to I/Q imbalance (d).

(a)

(b)

(c)

(d)
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ing into the baseband. You can integrate 
these functions into a single IC.EDN
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   ↘
The circuit in this Design Idea 
controls the speed of a 5V perma-

nent-magnet dc motor through the PC’s 
parallel port (Figure 1). You use the C++ 
computer program, available at www.
edn.com/100826dia, to run the motor at 
three speeds. The circuit uses PWM 
(pulse-width modulation) to change the 
average value of the voltage to the dc 
motor. You connect the motor to the 
PC’s parallel port with an interface cir-
cuit. The design comprises IC1, a 
74LS244 buffer; IC2, a ULN2003 driver; 
relay switches S1, S2, and S3; IC3, a 555 
astable multivibrator circuit; and Q1, a 
2N2222 driving transistor. The 555  timer 

operates as a variable-pulse-width gen-
erator. You change the pulse width by 
using relays to insert or split resistors in 
the 555 circuit.

The computer program controls these 
resistors. When S1 is on and both S2 and 
S3 are off, the timer output is set to logic 
one, thereby driving the motor with its 
maximum speed. When S1 and S2 are 
on, the 555 timer generates a pulse sig-
nal with a 50% duty cycle. In this case, 
the charging resistor, RA1, is equal to 
the discharging resistor, RB. In the third 
case, S1 and S3 are on, and the charging 
resistor is RA2,where RA2=0.1×RB, reduc-
ing the on time of the pulse signal and, 

consequently, the speed of the motor to 
the lower limit. Table 1 summarizes the 
on/off-operation conditions of the relays 
and the corresponding dc-motor speeds.

Control a dc motor with your PC
Firas M Ali Al-Raie, 
Polytechnic Higher Institute of Yefren, Yefren, Libya
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Figure 1 This circuit controls the speed of a 5V permanent-magnet motor through the PC’s parallel port.
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The code prompts you to select a cer-
tain speed, stores your selection as an 
integer variable choice, generates the 
proper digital sequence, and stores it 
at another integer variable. You place 
the value of the integer variable data at 
a PC’s parallel port using the outportb 
function. The program uses the kbhit 
function to stop the motor when you hit 
any key on the keyboard.EDN 

TABLE 1 SWITCH STATES AND GENERATED PC SEQUENCES

S
3

S
2

S
1

Equivalent 

digital sequence Motor speed

Off Off Off 000 Stop

Off Off On 001 Maximum

Off On On 011 Medium

On Off On 101 Minimum

↘
When you need to connect a 
microcontroller to a seven-seg-

ment LED display, you can use a BCD  
 (binary-coded-decimal)-to-seven-seg-

ment decoder. Figure 1 shows a typical 
circuit that uses a CD4511 to translate a 
4-bit code into BCD.

Unfortunately, a limited size and bud-
get may force you to omit components 
whenever possible. This requirement is 
especially critical with consumer prod-
ucts. Simple firmware allows you to 
overcome this limitation by directly 
connecting the display to a microcon-
troller (Figure 2).

A recent project used the 8-bit Free-
scale (www.freescale.com) MC68HC-

908QY4 microcontroller. When you 
write code for a microcontroller, you 
often represent data in decimal, hexa-
decimal, or BCD formats. A numeric 
display needs a special seven-segment 
code, the value of which depends on the 
common point of the display LEDs—
common cathode or common anode—
and on microcontroller outputs you 
choose for display. Tables 1 and 2 show 
how to obtain seven-segment code val-
ues for common-cathode and common-
anode displays, respectively.

No mathematical connection ex-
ists between seven-segment code and 
any of these formats. Thus, you must 
 use a table that a previous Design Idea 

Look-up table eliminates 
the need for an IC
Abel Raynus, Armatron International, Malden, MA

A NUMERIC DISPLAY 
NEEDS A SPECIAL 
SEVEN-SEGMENT 
CODE, THE VALUE 
OF WHICH DEPENDS 
ON THE COMMON 
POINT OF THE DISPLAY 
LEDs.
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Figure 1 A CD4511 converts BCD codes to seven-segment-displays.
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Figure 2 The look-up table lets the microcontroller produce a seven-segment output.
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   ↘
Energy meters, HVAC (heating/
ventilation/air-conditioning) sys-

tems, and high-power equipment that 
runs on three-phase ac inputs pose a 
challenge to power-supply designers be-
cause nominal input voltage can be as 
high as 540V ac. The challenge increas-
es if the power supply must operate from 
100 to 540V ac. Design choices are nu-
merous, and final system costs can vary 
dramatically with those choices. An 
abundance of parts is available for power 
supplies with input power as high as 

240V ac. High-voltage input-power sup-
plies are, however, still a niche area for 
most semiconductor companies.

The power-supply circuit in Figure 1 
uses an input-chopper circuit that allows 
the clamping of input voltage to the fly-
back power stage so that the power is 
less than 400V. That voltage lets you use 
a standard design technique for the fly-
back stage. The input chopper provides 
many advantages over prevailing high-
voltage-input power supplies.

 Unlike a standard flyback converter, 

this circuit eliminates the need for a 
high-voltage MOSFET for the switch, 
thereby letting you use lower-cost, com-
monly available MOSFETs. Moreover, 
overall switching losses in the power 
supply decrease dramatically with the 
reduction in bus voltage. The circuit can 
use smaller and lower-cost transformers 
because of a reduction in creepage-clear-
ance requirements. 

This circuit’s reduced bus voltage 
eliminates the stacked-FET-flyback to-
pology and the need for two or more 
high-voltage capacitors. It also improves 
the overall efficiency of the system by 
eliminating the high losses of a stacked 
FET, replacing them with small losses 
from a bypass switch.

Operate circuits at voltages 
as high as 540V ac
Vipin Bothra and John Lo Giudice, STMicroelectronics, Schaumburg, IL

TABLE 2 CODE FOR COMMON-ANODE DISPLAY

Decimal 

number

pB7

—
pB6

(g)
pB5

(f)
pB4

(e)
pB3

(d)
pB2

(c)
pB1

(b)
pB0

(a)

Seven-

segment 

code

0 0 1 0 0 0 0 0 0 $40 

1 0 1 1 1 1 0 0 1 $79 

2 0 0 1 0 0 1 0 0 $24 

3 0 0 1 1 0 0 0 0 $30 

4 0 0 0 1 1 0 0 1 $19 

5 0 0 0 1 0 0 1 0 $12 

6 0 0 0 0 0 0 1 1 $03 

7 0 1 1 1 1 0 0 0 $78 

8 0 0 0 0 0 0 0 0 $00 

9 0 0 0 1 0 0 0 0 $10 

TABLE 1 CODE FOR COMMON-CATHODE DISPLAY

Decimal 

number

pB7

—
pB6

(g)
pB5

(f)
pB4

(e)
pB3

(d)
pB2

(c)
pB1

(b)
pB0

(a)

Seven-

segment 

code

0 0 0 1 1 1 1 1 1 $3f

1 0 0 0 0 0 1 1 0 $06 

2 0 1 0 1 1 0 1 1 $5b

3 0 1 0 0 1 1 1 1 $4f

4 0 1 1 0 0 1 1 0 $66 

5 0 1 1 0 1 1 0 1 $6d

6 0 1 1 1 1 1 0 0 $7c

7 0 0 0 0 0 1 1 1 $07 

8 0 1 1 1 1 1 1 1 $7f

9 0 1 1 0 1 1 1 1 $6f

describes (Reference 1). The project 
described here used one seven-seg-
ment LED display to show the digits 0 
through 9. A table makes the firmware 
simple and short. 

 Using the assembly-language code 
that you can download from the on-
line version of this article at www.edn.
com/100826dib, you need just 7 bytes 

to execute the program, plus 10 bytes 
of memory for the code table. A dec-
imal number for conversion goes into 
register DECreg and acts as an index, 
X, applying to the code table. The re-
sult appears at the microntroller’s Port 
B output.EDN

REFERENCE
1 Raynus, Abel, “Tables ease micro-
controller programming,” EDN, April 
22, 2010, pg 76, www.edn.com/
article/457500-Tables_ease_
microcontroller_programming.php.

A DECIMAL NUMBER 
FOR CONVERSION 
GOES INTO A REGIS-
TER AND ACTS AS AN 
INDEX APPLYING TO 
THE CODE TABLE.
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The 500V, 2.7Ω STP4NK50Z N-
channel MOSFET switches at the line 
frequency. It turns on at a predetermined 
voltage, and it turns off at any higher 
voltage. It limits the voltage on C2 to 
approximately 360V dc. When the volt-
age at the divider of R2 and R4 reaches 
approximately 6.3V, or 360V at the top 
of the divider, Q1 turns on and steals cur-

rent from the gate of Q2, and the MOS-
FET turns off. The divider sets the level 
at which Q2 switches. All resistors are 
0.25W except for R1, which can be 2W 
to survive surge. The circuit underwent 
testing with 12W of output power at 90 
to 440V-ac input. The maximum input 
current to the power supply depends on 
the thermal performance of Q2.EDN
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Figure 1 A chopper circuit reduces power-bus voltage to less than 400V dc per pin. 
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DETERMINED VOLT-
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   ↘
The 0- to 20-mA current loop is 
a reliable means of data commu-

nication in industrial applications. 
These circuits use a precision shunt in 
the receiver to convert the current sig-
nal into a voltage signal. Accidentally 
connecting the precision shunts to the 
current-loop power supply can cause 
damage, after which you must replace 

the shunt and recalibrate the system. 
To avoid that expense, you can use a 
microcontroller-controlled protection 
circuit (Figure 1). 

With conventional techniques, you 
protect the shunt with a fast fuse or 
by turning off the loop with an auto-
matic switch, which then turns back 
on after a specified period. The circuit 

in Figure 1 provides protection that is 
much faster than a fuse. IC1, the slow-
est device in the circuit, switches off 
in less than 500 μsec. It offers a high-
er-precision switching threshold than 
a fuse, and, of course, there’s no fuse to 
replace. Rather than making you cycle 
power to restore the loop, the micro-
controller provides control of the pro-
tection circuit. The microcontroller 
also logs the event, thereby providing 
a record that the system invoked the 
protection circuit.

The protection circuit has virtually 

Microcontroller supervises 
0- to 20-mA protection circuit
Anatoly Andrusevich, Maxim Integrated Products, Moscow, Russia 
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Figure 1 This circuit protects the isolated analog front end of a current loop. For simplicity, the drawing omits power and ground 
connections for IC2, IC4, IC5, and IC6.
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   ↘
LED circuits with current-limit-
ing resistors find extensive use as 

power indicators and for debugging cir-
cuits (Reference 1). In some cases, how-
ever, your design may require a different 
approach. Bipolar transistors have a lit-
tle-discussed behavior: reverse active re-
gion. For low voltages and small cur-
rents, an NPN transistor can operate in 
reverse with a significantly lower gain, 

which can be undesirable. Some linear 
regulators also operate in this way.

The circuit in Figure 1 gets its input-
voltage power primarily from a wall-
wart dc-power supply that can provide 
7 to 12V. It may also get 5V from a USB 
(Universal Serial Bus) port. This design 
requires a circuit that indicates whether 
the board is receiving voltage from the 
wall wart or from the USB port.

The circuit uses Q1, a 2N7002 FET, 
and zener diode D1 to solve the prob-
lem. The FET is in series with LED1 
and current-limiting resistor R1. Diode 
D1 is a Vishay (www.vishay.com) 
AZ23C4V3-V, which has a typical re-
verse voltage of 4.3V within a range of 4 
to 4.6V. When Q1’s gate-to-source volt-
age exceeds its threshold-voltage range 
of 1 to 2.5V, the LED turns on. The volt-
age coming from the USB port is insuf-
ficient to turn on LED1 because of the 
voltage drop across D1. Thus, the LED 
illuminates when the board receives 
voltage from the wall wart, but not from 
the USB port. 

Under testing, the LED illuminates 
when the input voltage is at least 7.1V. 
When it is below that voltage, the LED 
is off, indicating that the USB port is 
powering the circuit.

Resistor R3 comprises two 1-kΩ resis-
tors in parallel. This setup is necessary 
because the input voltage is 12V and the 
zener diode’s minimum voltage is 4V. A 
voltage of 8V appears across R3, produc-
ing 0.128W—too much power for one 
resistor in a 0805 package.EDN

REFERENCE
1 Conley, Brian, “Go on green,” EDN, 
June 24, 2010, http://www.edn.com/
article/509479-Go_on_green.php.

LED indicates power source
Brian Conley, Circuitsville Engineering LLC, Beaverton, OR

Q1
2N7002

R2
100

R1
499

R3
500

C1
1 μF

D1
4.3V

VIN

LED1
LED0805
GREEN
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Figure 1 This circuit gets its power 
from a wall-wart dc-power supply or 
from a USB port. The LED illuminates 
when the board receives its voltage 
from the wall wart. When it is off, the 
USB port is powering the circuit.

THE LED ILLUMINATES 
WHEN THE BOARD 
RECEIVES VOLTAGE 
FROM THE WALL WART, 
BUT NOT FROM THE 
USB PORT.

no effect on the analog front end. The 
IC2 buffer ensures an input current of 
less than 30 pA. The on-resistance of 
IC1 is less than 2Ω. The circuit needs 
no additional isolated data channels or 
microcontroller-I/O ports, and it pre-
vents damage during system installa-
tion or repair. It also turns off the loop 
after power-up and when no power is 
available.

You implement the protection algo-
rithm with a power-fail comparator and 
a watchdog circuit, available as separate 
outputs on IC3, together with IC6, a D-
type flip-flop.

At power-up, the flip-flop is in the 
reset state, and the current loop is open, 

due to a high-level reset signal from IC3 
driving IC4, a NOR gate. After the first 
low-to-high transition on the SCK 
(clock-signal) line, a rising edge from 

IC3’s WDO (watchdog output) sets the 
flip-flop and pulls current through the 
solid-state relay, IC1, thus connecting 
the input to the loop.

In the event of a loop-current over-
load greater than 27 mA, a high level 
from the PFO (power-fail-output) com-
parator on IC3 resets the flip-flop and 
switches off IC1. Thanks to the IC5 
gate, the microcontroller inputs ones 
at the MISO (master input/slave out-
put), meaning overcurrent.

To again switch on the loop, the micro
controller must stop the SCK line for 
at least 2.4 sec. The next low-to-high 
transition on SCK then reconnects the 
current loop.EDN

THE CIRCUIT NEEDS 
NO ADDITIONAL 
ISOLATED DATA 
CHANNELS, AND IT 
PREVENTS DAMAGE 
DURING SYSTEM 
INSTALLATION.
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Weatherproof-steel 
enclosures have 
factory-installed toroi-
dal power transformers

   ↘
Products in this line of custom- 
and standard-design toroidal power 

and isolation transformers come in fac-
tory-installed weatherproof-steel enclo-
sures. The enclosures come in six stan-
dard sizes ranging from 250×200 mm 
(9.8×7.9 in.) to 500×400 mm 
(19.7×15.7 in.). All sizes are 150 mm 
(5.9 in.) deep. The largest size is also 
available with a depth of 200 mm (7.9 
in.) and can hold three transformers for 
60-Hz, three-phase operation, with a 
total power rating as high as 7500 VA. 
The smallest enclosure has room for a 
1500-VA transformer. The size of trans-
formers for 60-Hz-only frequency can 
be 20% smaller, and a 400-Hz trans-
former is typically half the size. Prices 
for the smallest enclosure with one 
1000-VA transformer start at $185.
Tortran Inc, www.tortran.com

COOLING ENCLOSURES Fan-tray assembly has 
digital temperature 
controller

   ↘
The FT-1986 fan-tray assembly 
comes with a digital temperature 

controller and six fans providing 540-
cfm airflow. Users need only to position 
the assembly in place, plug it in, and set 
the desired temperature setting on the 
digital controller. It features a standard 
EIA 19-in.-wide, 1U, 1.75-in.-high 

panel  with mounting brackets and mea-
sures 1.75×19×18.56 in. The digital 
temperature controller operates at 0 to 
50°, and its accuracy is ±1°C. Prices 
start at $209 (15).
Bud Industries Inc, 
www.budind.com

Spotlight cooler targets 
track and directional 
down lights

   ↘
The SynJet spotlight cooler for 
track and directional down lights 

works in spaces with diameters as small 
as 75 mm, such as window displays in 
retail, commercial, and general light-

ing. The device enables 2000 lumens in 
a small profile, offers silent operation, 
and provides more than 100,000 hours 
of lifetime in cooling applications. It 
suits many light engines from compa-
nies such as Bridgelux, Citizen, Osram, 
and Philips.
Nuventix Inc, www.nuventix.com

10-in. ac fans move 547 to 850 cfm 
in confined spaces

   ↘
The OA254 series of ac fans measure 254×89 mm (10×3.5 in.) and feature 
airflow ranging from 547 to 850 cfm. The fans are available in 115 and 

230V-ac versions. The OA254 series ac fans feature voltage ranges of 80 to 130 
and 160 to 260V ac for the 115 and 230V-ac versions, respectively. Rated power 
ranges from 35 to 75W, and speed ranges from 1650 to 2700 rpm. Maximum static 
pressure ranges from 0.39 to 1.14 in. in water, with noise levels of 69 dB. Prices 
range from $61 to $71 (one to 99).
Orion Fans, www.orionfans.com
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SWITCHES 
AND RELAYS
USB switch integrates 
a headphone amplifier

   ↘
The FSA2000 integrates an 
autoselecting USB 2.0 full-speed 

and high-speed-compliant switch with 
a Class AB headphone audio amplifier 
and can autoswitch to USB when the 
bus voltage is present. During this pro-
cess, it does not need to power up the 
headphone amplifier, saving power. 
The devices sell for 70 cents (1000).
Fairchild Semiconductor, 
www.fairchildsemi.com

Device Switching Time Testers from AVTECH

Avtech offers a full line of line of ultra fast pulsers for switching time 
testing of diodes, transistors, optoisolators and phototriacs. Models 
include convenient test jigs with plug-in sockets for the DUT.

Some of our standard models include:

AVR-EB2A-B: ±100 mA pulser for switching diode tRR tests

AVR-EB4-B: +2A / -4A pulser for ultra-fast rectifier tRR tests

AVR-EB5-B: +2A / -4A pulser for PIN diode tRR tests

AVR-CD1-B: 100 to 200 A/us pulser for diode dI/dt tRR tests

AVR-EBF6-B: +50 mA to +1A pulser for diode tFR tests

AVR-D2-B: MIL-S-19500 transistor switching time tests

AVR-DV1-B: ±1 kV pulser for phototriac dV/dt tests

AVRQ-3-B: 48 kV/us pulser for optocoupler CMTI tests

AVTECH ELECTROSYSTEMS LTD.   | Tel: 888-670-8729 
PO Box 265   Ogdensburg, NY 13669 | Fax: 800-561-1970

Typical Output 
Waveform 2 A/div, 40 ns/div

AVR-CD1-B 
Test System

 E-mail: info@avtechpulse.com 

Pricing, manuals, datasheets: 
www.avtechpulse.com/ 
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VINOO NARAYANAN • EN’URGA INC

To perform the test, I employed a 
design with a dual serial DAC. I coded 
the software for the correction scheme, 
and it was then time to check out the 
operation. I decided to look at the DAC 
chip and its operation independently 
of the other components. I hooked up 
a board with the DAC to the micro-
controller controlling the operation. To 
verify the controller’s output, I used an 
oscilloscope that was monitoring the seri-
al signal arriving at the DAC. It checked 
out fine and met all the parameters that 
the DAC manufacturer had set.

However, the analog output from the 
DAC was incorrect. At start-up, one 
DAC channel read 200 mV, and the 
other read 5V. After the DAC received 
the data packet, the outputs read 0 and 
5V. Suspecting some software issue that 
I had overlooked, I spent an entire 

afternoon going over the details of the 
correction scheme and the serial data 
packet’s transmission to the DAC from 
the controller. I also checked the con-
nections and wiring to the DAC and 
found everything to be correct.

The DAC chip was a new unit, and I 
did not consider it a likely suspect. After 
much hair pulling and teeth gnashing, 
nothing fruitful emerged. In frustration, I 
gave up for the day, hoping that the next 
day would yield some clue.

Sleep that night was elusive. I kept 
having visions of how the serial-packet 
transmission matched the timing dia-
gram on the DAC manufacturer’s data 
sheet. The power supply checked out, 
the hardware wiring checked out, and 
the software checked out. What else was 
left to check? By all accounts, the DAC 
should have behaved correctly. Maybe it 

was a faulty chip after all. These thoughts 
occupied my sleepless night until the 
next morning, when I headed back to 
the lab.

I removed the DAC board from the 
controller and powered it up. The DAC 
had a power-on-reset feature that should 
have zeroed the DAC outputs at start-
up, but this feature did not seem to be 
working. One channel was still 5V, and 
the other was still about 200 mV. When 
the DAC received the serial packet of 
data from the controller, the 200-mV 
channel would drop to 0V, and the other 
one remained at 5V. I verified the serial-
packet data again and found it to be 
correct. I carefully checked the wiring of 
the DAC and the serial connection and 
found nothing wrong. It looked indeed 
as if the chip was faulty. 

Unfortunately, I seemed to have run 
out of parts to try a replacement. Loathing 
the thought of more sleepless nights 
until I solved the problem, I rummaged 
through my parts bin, hoping desper-
ately to find another chip to test. Lo and 
behold, there at the corner of my bin was 
one last remaining DAC chip. Eagerly 
grabbing the part, I got ready to replace 
the chip on the board. This chip was a 
DIP, and I used an extractor to remove 
the suspicious chip from the board.

As I closely examined the chip and 
positioned the extractor on it, I was 
shocked to find that the faded part-
number marking showed that it was not 
a DAC chip at all but a dual op amp! I 
was doing all my testing with the wrong 
part in the socket! Cursing myself and 
thanking my lucky stars that I didn’t 
blow anything else, I wrenched it out and 
replaced it with the correct part, hooked 
up the controller, and found that every-
thing worked like a charm.

As one version of Murphy’s Law 
states, “When you have removed the last 
of the 40 screws holding down an access 
door, you will find that you have removed 
the wrong access door.” My sleep that 
night was indeed satisfying.EDN

Vinoo Narayanan is a mechatron-
ics engineer with En’Urga Inc (West 
Lafayette, IN). 

A 
few years ago, I was working on a drive board for a 
thermal-radiation-sensor array that required testing. 
The serially multiplexed sensor output needed a multi- 
step closed-loop correction scheme to even out sensor 
nonuniformity.

DAC days, sleepless nights
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them on an NI embedded platform. The NI CompactRIO system offers an ideal embedded prototyping platform 

with a built-in microcontroller, RTOS, programmable FPGA, integrated signal conditioning, and modular I/O, as 

well as tight integration with intuitive NI LabVIEW software. 

Embedded Prototyping. 
Simplified.

Traditional Prototyping Tools Graphical System Design Tools

Untitled-1   1 3/6/2009   2:42:03 PM

ED100826_051   51 8/23/10   3:15:06 PM



LTC3788/-1

TG1

BG1

TG2

BG2

VIN
(4.5V to 38V)

VOUT2
(Up to 10A)

VOUT1
(Up to 10A)

GND

VBIAS

100% Duty CycleOperation

High Power Dual
Synchronous Boost

, LT, LTC, LTM, Linear Technology and the Linear logo are
registered trademarks of Linear Technology Corporation. All other
trademarks are the property of their respective owners.

Our LTC®3788 is a new generation dual synchronous boost controller with the performance and features to power high current
circuits such as fuel injection systems and audio power amplifiers. Its powerful on-chip N-channel MOSFET drivers deliver
up to 10A of continuous output current per channel to voltages as high as 60V with efficiencies over 95%. The LTC3788’s
synchronous operation ensures superior thermal performance, greatly simplifying mechanical design.

Info & Free SamplesFeatures

www.linear.com/3788

1-800-4-LINEAR

• Input Voltage: 4.5V to 38V
- Down to 2.5V After Start-up

• Output Voltage: Up to 60V
• Minimal Input Ripple
• Multiphase Capable for

Higher Output Current &
Low Input Ripple

• Up to 97% Efficient
• Standby Quiescent Current: 125μA
• Powerful 1.5    Gate Drivers
• RSENSE or Inductor DCR Sensing
• LTC3787: 2-Phase Single Output

Minimal Temp Rise in the MOSFETs
No Heatsink or Air Flow

1, 2, 3 & 4 are Top and Bottom MOSFETs
VIN = 9V, VOUT = 12V, IOUT = 8A (96W)

Max Temp Rise = 43.7°C
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