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DC/DC CONvERTER

UN

R-3.3/12000-p5

Al @

onverters

Isolated or Non-Isolated "On-Board" Power Processing

Whether you need 3.3V from a 48V bus in a e [solated (to 16 W) or non-isolated (to S0W)
distributed power system or 3.3V from 5V in a e £1% (¥33mV) output accuracy

local digital partition, the solution is DATEL's e Nominal 5/12/24/48V inputs

new, low-voltage, switching g e Output currents to 15 Amps

DC/DC power converters. They  FS et e Power densities to 29W/in®

deliver peak performance and | o UL/CSA/IEC approved; EMI tested
maximum reliability in less space : * Modifications and customs for OEM's

and for less money than

e ArcssiBle. Call today for yaur free catalog m

- DATEL's complete line of DC/DC converters!

’ Vour Input Range Fipple/Noise Efficiency Isolation Case Size Price
Model (Volts) (Amps) (Volts) (mVp-p, Max.) Min (Vdc, Min.) @inches) (OEM, USA)
UNR-3.3/2500-D12 33 25 10.8-13.2 100 82% Naone 1x1x045 $38
UNR-3.3/3000-D5 33 3.0 47555 140 85% Ncne 1x1x045 $38
UNR-3.3/8000-D5 33 8.0 47555 75 86% None 2x1x045 $46
UNR-3.3/12000-D5 33 120 47555 125 84% None 2x2x045 $50
UNR-3.3/15000-D5 33 15.0 47555 125 B86% None 2x2x045 $50
UWR-3.3/1800-D5 33 18 477 75 69% 750 2x1x0.375 | $62
UWR-3.3/1800-D48 33 18 18-72 75 72% 750 2x1x0.375 $62
UWR-3.3/2500-D12 33 25 9-18 50 75% 750 2x1x0.375 | $62
UER-3.3/3650-D12 33 365 9-36 75 7% 50 2x2x05 . $49
UER-3.3/3650-D48 33 3.65 18-72 75 7% 750 2x2x05 $49
UWR-3.3/4250-D5 33 425 47-10.2 75 72% 750 2x2x045 $71
UWR-3.3/4850-D12 33 485 9-36 75 7% 750 2x2x045 | $71
UWR-3.3/4850-D48 33 485 18-72 100 78% 750 2x2x045 $n

@ UNR models are non-isolated.

DATEL, Inc., 11 Cabot Boulevard, Mansfield, MA 02048 Tel: (508) 339-3000
Fax: (508) 339-6356 Email: datellit@mcimail.com For immediate assistance: (800) 233-2765.

SRR =d Siered INNOVATION and EXCELLENCE
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KEPCO ANALOG
PROGRAMMABLE
POWER SUPPLIES

Kepco's analog power instruments enable
designers and experimentalists to harness
the power of our regulators as if they were
amplifiers. Operational amplifiers. With an
open loop gain in excess of 10°, you can
get up to a kilowatt to respond just like a
signal amplifier. You control with an analog
voltage, or resistance, or sum several
signals or set them up to differentiate or
integrate your signal.

We call them OPERATIONAL POWER
SUPPLIES. They come in unipolar or
bipolar output styles. As analog-controlled
power supplies, they are zeroable down to
nanoamperes of offset current and micro-
volts of offset voltage. This means that
they’ll accurately follow very small signals.

Some models include a HIGH SPEED
mode which means that they shed their
conventional output capacitors to respond
with microsecond rise times to programming
signals in the kilohertz frequency range.

As such, they're ideal as current stabilizers
too, where fast recovery time is a hallmark
of excellence. Low noise,
linear, analog power
supplies make excellent EVEAR
bench-style instruments. WARRANTY

This KEPCO
product
IS backed by a

VISIT OUR WEB SITE AT
| http://www.kepcopower.com I

Call/fax/write to Dept. NMF-05
for the new Kepco catalog/handbook

@ «epco.

THE POWER SUPPLIER
SINCE 1946

Kepco, Inc. HQ / Eastern Region:
131-38 Sanford Avenue, Flushing, NY 11352 USA
Tel: (718) 461-7000 » Fax: (718) 767-1102

E-Mail: hq@kepcopower.com * URL: hitp//www.kepcopower.com

Western Region:

800 West Airport Freeway, Suite 320

LB 6018, Irving, TX 75062 USA

Tel: (972) 579-7746 « Fax: (972) 579-4608
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d-c unipolar power
50-1000 Watts

» Conventional filtering & high
speed, user selectable.

+ High speed: slew up to 1 volt
per microsecond.

« Conventional speed:
energy storage typically >
100uF per Ampere.

« Precision stabilization:
0.001% source, 0.002% load.

» Analog programmable.

Kepco Group ATE Power Supplies

d-c bipolar power
100-400 Watts
+ High speed: slew up to 11
volts per microsecond.
* Source and sink. Four
quadrant operation.
« Precision stabilization:
0.001% source, 0.002% load.
+ Analog programmable.
Kepco Group BOP Power Supplies

d-c single quadrant
power, 100-1000 Watts
voltage stabilization
» Optional digital displays.
» Precision stabilization:
0.005% source, 0.005% load.
* Analog programmable.
Kepco Group JQE Power Supplies

100 Watts of precision

benchtop power

+ LCD meters to set the level
accurately, a preview feature
to check your setting before
applying power to your load.

+ Linear design for low-noise
high stability.

* Ten-turn controls for good
resolution.

* Five models offer outputs up
to 125 Volts.

Kepco Group MSK Power Supplies

A triple output

design for maximum

convenience

+» 0-6V at 5A for logic and a
tracked +0-20V, 1A for analog.

« Each output current limited,
the 0-6V output has an
overvoltage protector.

Kepco Group MPS Power Supplies
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| FAST OP AMPS DEMAND MORE
@ THAN A SINGLE-CAPACITOR BYPASS

BY JERALD GRAEME, Graeme Consulting, BONNIE BAKER, Burr-Brown Corp.
Several gptions exdend op-amp supply bypass o high frequencies.

[ 32 |
AN OUNCE OF PREVENTION:
. KNOW YOUR ADC INPUT

== BY JEROME E. JOHNSTON, Crystal Semiconductor
\  Uhderstancding the irpe-inmpedance characteristics of CMQS.AIDCS earty on belps avaid
problens later.

:
% ANALYZING FEEDBACK IN CIRCUITS
{ THAT ARE LESS THAN IDEAL

BY AGUSTIN OCHOA, Rockwell Semiconductor Systems, Brooktree Div.
A technique using driving-point impedance and signalflow graphs makes anabysis of feed-
back circiits clear and easy.

4 , LCD-BIAS SUPPLIES: HERE’S SOME
B A i TIPS FOR TURNING OUT SUCCESSFUL
DESIGNS

BY JOHN WETTROTH, Maxim Integrated Products
Dor'’t despasr: You can design 1 CI D Bas circwts that dbo their job uhile avoiding prob-
lernas nith FMI complianice and supply sequencing,

Jessic H. Neal Editorial
yment Awards:
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THE WORLD’S LARGEST SELECTION

-
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2""1' '06"1 from$295 w

Choose from over 480 standard off-the-shelf models from 2-way to 48-way;,

0°, 90° and 180°; 50 and 75 ohms; covering 2kHz to 10GHz. Mini-Circuits will also
supply your special needs such as wider bandwidths, higher isolation, lower insertion
loss, and phase matched ports. ..all at catalog prices with rapid turnaround time.

32 Ls =

Models include surface mount, plug-in, flat-pack and standard connectorized designs
such as SMA, N, TNC, C, and F connectors as well as austom designs. Ultra-miniature
surface mount units provide excellent solutions in - cellular communications, cable systems
and countless wireless applications. Al units come with a Tyear guarantee and “skinny”

4.5 sigma repeatabifity unit-to-unit and production run to preduction run.

Catalog models are guaranteed to ship within one week.

Mini-Circuits...we’re redefining what VALUE is all about!

[ JMini-Circuits’

P.O Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718)332-4661 INTERNET http://www minicircuits. com

CUSTOM PRODUCT NEEDS - LetOur Experience Work For You.
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For detailed specs on all Mini-Circuits products refer to ¢ 740- pg. HANDBOQK.2 INTERNET » THOMAS REGISTER « MICROWAVE PRODUCT DATA DIRECTORY « EEM
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66 |
SPECIAL PEASE PORRIDGE

What’s all this multiplication stuff, anyhow? (Part II)

APPLICATION BRIEFS

K0 Pre-process audio with notch filter to improve FFT dynamic range
1o Mertver, Audsio Precision Inc.

Kl Instantaneous, filterless AM demodulation with an analog divider
Fberbard Briomer and Barvie Gillbert, Analog 1 rices

A Battery charging made easy
Jade Yberkerack and Thomaas Sorerville, Motorola Serrdcondeuctor Prochuts Sector

Improving analog signal monitors without costly circuits

Mark Ridtlede, Xcor Inc.

Kl Analog macro-model creation for spice simulation
Gregory Wierztoa, Mechigan State Ukiiversity, Y7 Kang, lnteractive Inaage Technologies 1 1d,

El Boost converter for TV tuners: 5 V-30V
Bob Kelly, M Irategrated Products

Ei Multiplexer-scaling ADC input for higher accuracy and resolution
Bonre Baker, Burr-Bronn Corp.

Kl Remote gain control with a digital pot
Rick L onns, [ Yllas Sengoonductor Conp.

Il Interfacing linear temperature sensors with computer sensor

EA Fan speed control adjusts to temp.
Do Alfano, TelCorn Serrbcondector Irc.

84 |
ANALOG PRODUCTS
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CEDENTED
IN VALUE.

" $A 25
\// All Ceramic 2 to1800MHz o K (ay. 1049

JMS mixers mean unparalleled performance and refiability. Solder plated
J leads provide improved reliability of the solder connection while
significantly reducing thermal stress and leaching. All-welded
internal construction withstands reflow temperatures up

to 240°C for 5 minutes, and rugged construction enables

JMS mixers to pass tough MIL-M-28837 shock and

vibration tests. Additionally, the all-ceramic surface mount
package has a cover pull strength of 20 pounds! Other quality
features include 4.5 sigma repeatability unit-to unit,

automated assembly for low-cost and fast, guaranteed 1 week
shipment, tape and reel availability plus a 5 year Ultra-Rel™
guarantee. If value s a must...specity JMS mixers from Mini-Circuits.

Mini-Circuits...we're redefining what VALUE is all about!

SPECIFICATIONS MIDBAND (d8, typ.)

LO FREQUENCY #VH?Z) Conv Isolation $ea
MODEL (dB LC/RF IF Loss L-R LI (qty. 1-9)
JMS-1 +7 2-500 oc 5.7 45 4s 4.95
JMS-1LH +1 500 5.7¢ 55 4 8.45
IMB-1MH +1 2-500 DC-500 5.7 60 45 9.45
IMS-1H +1 2-300 DC-5 5 11.45
IMS-2L +3 800-1000 DC-200 7.0 24 20 7.45
IMS-2 +7 20-1 1 7.0 50 4 7.45
JMS-2LH +1 20-1000 i 6.5 48 35 9.45
JVS-2MH +13 20-1000 DC-1000 7.0 50 47 10.45
JMS-2H +17 20-1000 DC-3000 7.0 50 47 12.45
JMS-2W +7 5-1200 X 6.8 60 48 7.95
JMS-11X +7 5-1900 £-1000 6.7 35 37 4.25*

Note: *10-49 gty

[ JIMini-Circuits’

P.O Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718)332-4661 INTERNET http.//www. minicircuits. com EALE
For detailed specs on all Mini-Circuits products refer to » 740- pg. HANDBOOK ¢ INTERNET « THOMAS REGISTER « MICROWAVE PRODUCT DATA DIRECTORY « EEM
CUSTOM PRODUCT NEEDS.. Let Our Experience Work For You. F 205 Rev Orig



Looking

for
Consultants?

EEE-USA’s Directory of

Electrotechnology
Consultants is a must for
any company or institution
that uses technical or
management consultants.
The Directory lists
independent consultants
who are operating as sole
practitioners or in small
businesses and also gives
detailed information
regarding specific areas of
expertise.

Prepared by the
Coordinating Committee of
the Alliance of IEEE
Consultants’ Networks, the
Directory is available as a
searchable database on the
Web at <http://www.ieee.org
/usab/DOCUMENTS/
CAREER/AICN/dbform.
html>.

Or, for a free hard-copy
version, contact Bill
Anderson at:

THE INSTITUTE OF ELECTRICAL
£" AND ELECTRONICS ENGINEERS, INC.

IEEE United States Activities
1828 L Street, NW, Suite 1202
Washington, DC 20036-5104

Phone: 202-785-0017 Fax: 202-785-0835
Email: wanderson@ieee.org

INTRODUCTION

Read My Lips They re Analog

I'm a meter man No, not the guy that pops across your lawn once a month
and looks into your electricity consumption; and no, not someone who measures
everything metrically rather than with a yard stick—although I do mentally
think and measure in meters. I mean, I am the sort of person who likes to see
the needle move across a scale, calibrated to the best accuracy. I still miss
putting together and tuning up high-power transmitters; squeezing the last
milliwatt into the feeder, getting those dips exactly where they should be. There
is considerable adrenaline generated when you “turn up the wick” on a fre-
quency-agile, 100-kW, short-wave transmitter and it does all you wanted it to
do, with no arcs or sparks.

The same is true of the majority of the population when it comes to the
instrumentation in front of you in a vehicle, where the manufacturers have
found considerable resistance to digital displays. In the heydays of the TWX
machine, I was actually able to read the punched paper tape quite quickly, but
I don’t know anyone able to read ASCII in the raw. Do you? So, for your
convenience, this special analog supplement has been inputted by analog,
processed in 8-bit ASC'1I, and delivered to you in a nice, neat analog printout.
Boy, are we biased or what!

Inthis, our private world just for the analog cognoscenti, we can again delight
in some of the ways we are needed. A piece from John Wettroth at Maxim looks
at supplying the power needs of LCDs, while Jerry Graeme and Bonnie Baker
of Burr-Brown consider the problems of adequately bypassing high frequency
op amps. Jerome Johnston of Crystal takes a hard look at how to drive CMOS
ADCs, and Brooktree’s Agustin Ochoa demystifies feedback design. There are
some familiar names in the special briefs, and we also have some new and
welcome additions. The piece from Audio Precision, for example, on fooling an
ADC, is something we all wish we had thought of; Dallas Semiconductor’s use
of a digital potentiometer leads to other thoughts about where it might be
employed; TelCom’s fan-speed control is delightfully simple, and cheap. And, of
course, there is always more to be told about ADCs, op amps, sensors and those
weird power supply needs that only you thought you had to deal with.

There also is a new departure in looking at an analog simulation model. Sure,
it's not really an application, but we are heading for better and better models
in the analog world as vendors realize that analog engineers have needs as well.
Our end of things is more difficult to simulate than digital, but the process of
catching up has begun, and we all need to be a little more aware of the whys
and hows.

As always, enjoy.

—Paul McGoldrick
ANALOG EDITOR

ELECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVI:MBER 18, 1996



ULTRA-LINEAR AMPLIFIERS

UP TO 50W OUTPUT

3 3 - oy ’% LZY SPECIFICATIONS:
' i LZY-1
20 to 1000MHz from only (19 Frocuercy (MHa.

Worry free operation and a mountain of exceptional features make Mini-Gircuits high e oy

power LZY amplifiers incredibly easy to use! Unconditionally stable, these amphﬁers HARMONIC DISTORTION
have their own heat sink and fan far cool operation while automatic electronic (Typ..dBc @ 2W). .....

cutoff protects against overload and burnout. At 20W output, LZY-1 el dleza
and -2 non-linearity is typically 0.3dB and 0.5dB respectively with Max. Input {no damage)........+10
low harmonic distortion. And these ultra-linear amplifiers are very Dynamic Range (Typ)
versatile too. Applications include land mobile, FM broadcast, NF {@B).......... 8.6
amateur and military radio, paging, lab use, and high power «\[Ap,f (dBm). .. B

N h . VS Input (Max.). 2.0:1
testing of components. Compare these amplifiers to units DG Power**
costing much more. You'll see why Mini-Circuits {.ZY \h//?n e
amplifiers are the powerful choice! I R R T

Mini-Circuits...we're redefining what VALUE is all about!

[JMini-Circuits’ .

P.O Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718)332-4661 /INTERNET hitp:/www. minicircuits. com

LZY-2
500-1000

40
+1.5

+10

8.0

For detailed specs on all Mini-Circuits products refer to » 740- pg. HANDBOOK « INTERNET « THOMAS REGISTER « MICROWAVE PRODUCT DATA DIRECTORY « EEM
CUSTOM PRODUCT NEEBSTketOur Experience Work For You. F 217 Rev B



Our protected hi i -side
switch can be a
real lifesaver.

it ent inrush,
¢ ur system afloat.

. 1 vo e Ltance of 0.050Q (max. .
sysmx.hn mwwvswt

. 0.125Q (max.) and 0. 18002

protected high-side switches on 1 ‘“":“';L“","“] v {max.) respectively.
board. faults are detected and P_l— A 11 contea Micrel switches feature cur-
your system is protected from A cHAzGE rent limiting, thermal protection.
potential disasters. B | ‘ -Qﬁ'%—‘m‘ open-load detection and under-

Our new MIC2505 single chan- Rl - ~ voltage lockout. They timit
nel boasts 0.D60Q (max.) of switch “hot-insertion” inrush current.
resistance at 2 amps in a 3.3 volt system. The dual M.ICJOG and include body diode control 10 prevent reverse current
with 0.135€ (max.) at 1 amp or the quad MIC2507 with They re nearly indestructible! MIC2505/06/07 switches are
0.200€2 (max.) at | amp are ideal for space critical appli- available in the SO-8 package. For free samples and product
cations. For 3 volt systems, these switches have a series literature. call Micrel at 800-401-9572 or fax 408-944-0970.

ENIER=L.

SEMICONDUCTOR
High Pevformunce Awalog Poaweer 1Cs

1849 Fortune Drive, San Jose, CA 95131
http://www.mirrel.com

KEADER SERVICE 22




ELECTRONIC DESIGN
ANALOG APPLICATIONS

Fast Op Amps
Demand More
‘Than A Single-
Capacitor Bypass

 Several Options
Extend Op-Amp
Supply Bypass To
High Frequencies.

JERALD GRAEME
Graeme Consulting

BONNIE BAKER
Burr-Brown Corp.

Today’s high-frequency op amps demand more than the
simplef single-capacitor bypass that serves general-purpose op amps so effec-
tively.” Inductive effects become far more serious at high frequencies, requir-
ing greater attention to frequency stability and supply-noise coupling. Conse-
quently, the parasitic inductance of the large-value, single-bypass capacitor
defeats the bypass purpose at higher frequencies, requiring the addition of a
smaller, secondary capacitor. More severe cases also may require resistive
detuning of the bypass impedance, or the addition of series line impedance to
form a decoupling filter. But for each of these cases, there are simple design
equations to help guide component selection.

The need for power-supply bypass arises from parasitic supply-line imped-
ances that degrade noise performance and stability. Line impedance reacts
with currents drawn by the amplifier and other circuitry powered from the
same supply lines, producing parasitic supply-line signals. These signals rep-
resent noise at the amplifier supply connections that couples through the
amplifier’s finite power-supply rejection ratio (PSRR) to create noise at the
op-amp inputs. The portion of the supply noise resulting from the amplifier
itself constitutes a parasitic feedback signal capable of producing oscillation.

Analysis of the bypass impedance gives insight into the multiple effects of
supply bypass that produce noise-coupling and stability problems. This analysis
reveals inductive effects and multiple impedance resonances that compromise
the capacitance shunting desired of bypass. An evaluation of these bypass
deficiencies yields simple design equations that optimize bypass selection. A
previously published article explered the nature of power-supply noise cou-
pling and the multiple effects of a single bypass capacitor.2 This article now
extends the bypass process with dual bypass capacitors and supply decoupling
that overcome the limitations of the single-capacitor solution.

SINGLE BYpass

Single bypass capacitors serve the general-purpose op amp, given careful
selection and placement (Fig. 1). Figure 1 shows the basic bypass case with a
circuit model and a response plot of the supply-line impedance, Z1,. The ampli-
fier’s open-loop gain is superimposed over this response to provide a relative
frequency comparison. For this basic case, single capacitors can bypass the
parasitic Lj, inductances of the two power-supply lines. To be effective, the
capacitors must be placed right at the amplifier supply pins where they
essentially bypass all of the line inductance. That inductance dominates the line
impedance at lower frequencies, producing the rising Zg, = Ls region in Figure
1’s response plot.

At slightly higher frequencies, the bypass capacitance reverses the slope
of this response, but only temporarily. At first, the bypass transfers the
impedance response from Zy, = Lys to Zy, = 1/Cgs while capacitive shunting
overrides the effect of the Ly, inductance. Later, the Z, response returns to a

EEEGFRONIC DEFSIGN ANALOG APPLICATIONS ISSUE NOVEMBER 18, 1996




ELECTRONIC DESIGN

ANALOG APPLICATIONS
OP-AMP BYPASS DESIGN
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1 Power-supply bypass initially rolls off a rising Z_ line impedance, but the parasitic inductance
of the capacitors later returns Zy to a rising response.

rising curve when the capacitor’s own
parasitic inductance overrides its ca-
pacitive shunting. The latter trans-
fers the impedance response to Zj, =
Lpys. where L, is the inductance of
the Cp capacitors. Response reso-
nances at f,| and f,g mark the transi-
tion points separating the three Zp,
regions. The first resonance results
from the reaction of the L, line induc-
tance with the Cy capacitance, and
occurs at:

N— -

rl. vaﬁ;

The second resonance results from

the reaction of Cp’s ideal capacitance,
CBi; with LB], This defines fl'B as:

IrrM [‘1 o

2n /L, C,

Careful selection of the (' capaci-

tors positions these transition points

to optimize the overall impedance re-

sponse. The capacitors must control

the Z1, impedance over the entire am-

plifier response range, but especially
in the two upper Z|, regions. There, a
declining amplifier PSRR increases
the cireuit’s susceptibility to supply-
line coupling. A designer’s first intui-
tion may suggest making the bypass
capacitors large to minimize the net
line impedance. As expected, increas-
ing C moves the f,q, point to the left,
reducing the line impedance in the 7,
= 1/Cpgs region. On the other hand,
increasing Cy also adds to the capaci-
tor’s parasitic inductance, Ly, and
moves f,ztothe left as well. The latter
move increases the line impedance in
the Z;, = Ly,s region, degrading the
bypass in that region.

A compromise is to select Cp for
Z1,=1Cps =1Qat f = £/100, optimiz-
ing the bypass for general-purpose
amplifiers.” The f. parameter is the
unity-gain crossover frequency of the
op amp. This selection produces the
design equation Cp = 50/nf,, and en-
sures frequency stability in the Zj, =
1/Cps region for all amplifiers.

FLECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVEMBER 18, 1996

For general-purpose amplifiers,
this capacitor choice also ensures
stability in the later Zj, = Lys re-

gion because of practical amplifier |

and capacitor conditions. These am-
plifiers roll-off the open-loop gain
(Agy) response at a moderate fre-
quency, reducing sensitivity to the
Zy, = Lyps rise. Practical capacitors
that also are selected with the Cy =
50/nf, design equation have low
enough inductance to limit the Zp,
rise within this Ag), range.
DuaL Bypass

Today’s higher-frequency op
amps expand the meaningful range
of the Zj, = Lp,s impedance rise,

which jeopardizes stability and in- |

creases supply-noise coupling. Their
greater amplifier bandwidths en-
compass more of the high-frequency
end of this rise, and require secon-
dary bypass to counter the induec-
tance of the primary bypass. A
smaller capacitor added in parallel
with the first commonly bypasses
this new inductance limit. But sim-
ply adding the secondary bypass
does not automatically resolve the
line-impedance issue. The secondary
capacitor has inductance of its own,
producing another bypass compro-
mise at a somewhat higher fre-
quency. Further, the secondary ca-
pacitor reacts with the inductance of
the first, producing a resonant in-
crease in the supply-line impedance.

Careful selection of the second ca- '

pacitor produces a compromise solu-
tion that retains low bypass imped-
ance throughout most of the ampli-
fier’s frequency range. Analysis of
the net bypass impedance produces
two simple design equations that
guide capacitor selection.

Adding a secondary bypass ca-
pacitor in parallel with the first re-
stores a low bypass impedance for the
full response range of most high-fre-
quency amplifiers. This produces a net

Cp = Cpp + Cpa. Setting Cps < < Cpy |

generally ensures that the Cgy self-
resonance occurs outside the ampli-
fier’'s response range. Both the
lower capacitance value of (s and

the accompanying lower parasiticin- |

ductance produce this higher reso-
nant frequency. For even higher-
frequency applications. a third ca-
pacitor also may be required. But
whether using two or three capaci-



SURFACE-MOUNT or PLUG-IN ... 8375

Expose Mini-Circuits’ TUF-mixers to 250°C for five minutes, or to the extreme shock
and vibration stresses of MIL-M-28837, or to 200 cycles of thermal shock from -55° to
=100°C...they'll survive without any change in specs. They are mighty tough mixers!

Available with LO drive levels from +7 to +17dBm, performance features include very
low conversion loss flat over the entire band, high isolation (L-R, L-1), and well-matched
VSWR at all ports.

All-welded internal and external construction is used to assemble and package the
TUF-unitinits tiny 0.5 by 0.2 by 0.25 in. metal case, for plug-in or surface-mount* assembly.

TUF-U'tra-Rel™ mixers are guaranteed for five years and boast unprecedented

skinny" sigma (6) unit-to-unit repeatability as shown in the Table.

Tough. tiny, and with tight repeatability ... Mini-Circuits' Ultra-Rel™ TUF-mixers with a
fve-year guarantee, priced from $3.95... available only from Mini-Circuits

ULTRA-REL MIXERS
5-YR. GUARANTEE

with extra long life due to unique HP monolith.c

diode construction, 300°C high temp. storage, 1000 cycles
thermal shock, vibration, acceleration, and mechanica
shock exceeding MIL requirements

actual size

SPECIFICATIONS

Model

TUF-3
TUF-3LH
TUF-3MH
TUF-3H

TUF-1
TUF-1LH
TUF-1MH
TUF-1H

TUE-2
TUF-2LH
TUE-2MH
TUF-2H

TUE-5
TUF-5LH
TUF-5MH
TUF-5H

TUF-860
TUF-860LH
TUF-860MH
TUF-860H

TUF-11A
TUF-11ALH
TUF-11AMH
TUF-11AH

Lo
Power
{dBm)

7

—— —_-— - — —_— ———
NWON NWON NWON NWON NWO~N ~NWwo

—-—

Freq.
LO/RF
(MHz)

0.15-400

2-600

50-1000

20-1500

860-1050

1400-1900

@ Conv. Loss
(dB)

X 6
498 034
48 0.37
50 033
50 033
582 019
60 017
63 012
59 018
573 030
52 (03
60 025
6.2 0.22
6.58 0.40
69 027
70 025
725 017
62 037
63 027
68 032
68 031
6.83 0.30
70 020
74 020
73 028

Isol. Price,$
L-R Ea.

(dB) 10qty
46 5.95
51 795
46 8.95
50 1095
42 395
50 595
50 6.95
50 895
47 495
44 6.95
47 7.95
47 9.95
42 895
42 1095
41 1195
50 1395
35 8.95
35 1095
35 11495
38 1395
33 1495
36 1695
33 1795
35 19.95

*To specify surface-mount models, add SM after P/N shown
W X - Averags canversion loss at upper end of midband {f,/2)
6 * Sigma or standard deviation
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The New Choice
In Data Conversion:
Linear Technology.

o

High performance, low power, small size data conversion solutions.

When it comes to data conversion, you may be
missing the best combination of performance, power
consumption and size. Now there is a new choice for
high performance data conversion solutions. Linear
Technology Corporation.

Since our first A/D was introduced in 1987, we
have delivered millions of 8, 10 and 12-bit high
performance cost effective data converters. And this
year we are on track to double the number of products
in our portfolio.

Our new choices include the industry's widest selec-
tion of 3V and 5V 12-bit A/D and D/A converters.

These low priced solutions combine the lowest power,
smallest size and highest performance available on the
market today. Choose the industry’s first 12-bit A/D or
dual 12-bit DAC in SO-8 packages. Or choose the best
1.25Msps 12-bit A/D on the market. Need speed? Choose
the industry’s fastest 12-bit A/D in an SO-8 package.

LTC is the new choice in data converters. Call for our
new Data Conversion Solutions brochure and see for
yourself. Make Linear Technology your next choice for
high performance data converters.

LY. I TC and LT are rerisiered trademarks of Lirear Technology Corporerm.
MICROWIRE is a trademark of Nationa! Semiconductor Corporation

AT LR

FROM YOUR MIND TO YOUR MARKET
AND EVERYTHING IN BETWEEN.




Why Linear Technology Is The Best Choice
In Data Conversion:

Linear Technology is developing
and delivering some of the industry’s
most innovative products, addressing
a wide range of challenging data
conversion applications.

High Performance A/D Family Offers Best
Performance and Smallest Size

Our high performance 12-bit A/Ds
are the best performers at any speed,
from 100ksps to 1.25Msps.
These products Y.
have excellent lin- canne
earity, outstanding
AC performance

1096 DATH CTONS

.
s Eammn

HHOLOBY

ATA CONVERSION

» The 4-channel LTC1594 and
8-channel LTC1598 are the lowest
power multiplexed 12-bit ADCs
available and are only $6.15 at
1000-piece quantities.

Features include SPI, QSPI [
and MICROWIRE™ compatible serial
interfaces and versions designed for
3V operation. This combination of
performance, power and size make
— them the best choices for pen |

| screen interface, remote
\ process control, portable data
| acquisition and other space

\ conscious, power sensitive

and no missing - v | applications.

codes. We also have R ,

the smallest foot- ey | The Most Advanced

prints available with e | . ' Rail-to-Rail DACs

SO, SSOP and SO-8 \ g We have the leading

packages. . \ family of compact, rail-to-

* The 12-bit 1.25Msps L E— | rail, 12-bit DACs. We offer
LTC1410 has an | the smallest size, the lowest
unprecedented 71dB | 7% | power and the best DNL.

S/(N+D) at Nyquist,
and is only $16.60
at 1000-piece quantities.

* The LTC1400 is the world’s fastest
S0-8 12-bit A/D, sampling at 400ksps,
and is only $9.95 at 1000-piece
quantities.

All parts are complete with wide
band sample-and-holds, precision
references and DSP friendly interfaces.
These features make this family of A/Ds
the new choice in demanding communi-
cations, telecom, instrumen-
tation, test equipment and

» The LTC1446 packs two
complete voltage out, 12-bit DACs in
an SO-8 package—the world’s first!'—
at $6.50 for 1000-piece quantities.

* The lowest power 3V 12-bit DAC in
SO-8, the LTC1453 draws only 250pA
and is only $4.85 at 1000-piece
quantities.

Our 12-bit DACs have rail-to-rail
voltage output amplifiers, internal refer-
ences and parallel or serial interface
options. The outputs drive capacitive

' Linear Technology Offers the Fastest Growing ]

Product Line in the Data Conversion Market
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loads up to 1000pF, over twice that of
competitive solutions. The easy-to-use
serial interfaces allow daisy-chaining
multiple DACs on one serial port.
These are the best choices for digital
calibration, industrial process control,
automatic test equipment and other
portable, battery-powered applications.

Converter Performance with No
Unpleasant Surprises

In development we pay special
attention to performance issues not
always specified on the data sheet
i.e: spurious noise, sparkle codes,
layout and power supply sensitivities,
and interfacing quirks which can create
nightmares for the user. Our converters
are designed and characterized thor-
oughly to prevent these problems and
documented on the most
complete data sheets

DSP applications.

Linear Technology Products Address

Data Conversion General Purpose Applications

available.

Micropower Family of 12-bit
A/Ds Solves Space and

Fast ADCs

Power Problems 12:bit 1.25 Msps
Our micropower 12-bit
A/Ds have the lowest power
and smallest footprints
available in the industry. ‘
These converters have gﬁﬁ,‘,‘ge /
microamp current levels Supply
as well as Nap, Sleep and LTC1410
automatic shutdown modes | 7198 SINADatNyquist
to provide the lowest power 12-bit 400 ksps 50-8
consumption for any
given application.
» Our LTC1298 is the world’s
first 2-channel 12-bit A/D
in SO-8, requiring just LTC1400
250pA of quiescent Nyquist Single
current, and is only $5.60 S
at 1000-piece quantities.

Micropower ADCs
HPower 12-bit $0-8

<

LTC1286

1 Channe!

LTC1298

2 Channel

pPower 12-bit

S

LTC1594

4 Channel

LTC1598
8 Channel

It’s a New Choice

DACs :
For high performance

Dual 12-bit S0-8 data conversion solutions,
make your next choice
Linear Technology:
The New Choice in
Data Conversion.
gﬁm For more details,
Output 32504 contact Linear Technology
perEs Corporation,
1630 McCarthy Blvd.,
12-bit $0-8 Milpitas, CA 95035-7417.
408-432-1900.
Fax: 408-434-0507.
ﬁ For literature only, call
. 1-800-4-LINEAR.
LTC1451/2/3
LINEAR
L7 TECHNOLOGY
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tors, examination of the dual-bypass
case uncovers the impedance charac-
teristics that guide the bypass selec-
tion process.

Adding secondary bypass capaci-
tors restores the declining frequency
response of the Z¢p bypass imped-
ance, but with new complications.
This solution introduces two addi-
tional resonances—one from the
self-resonance of the secondary ca-
pacitor and the other from the reac-
tion of the secondary capacitance
with the inductance of the first ca-
pacitor (Fig. 2).

Figure 2 illustrates the first new
resonance with a circuit model and its
corresponding impedance responses.
This simplified circuit model shows
only those elements pertinent to the
dual-bypass discussion. The positive
supply bypass serves to illustrate the
concepts, but designers must be
aware that an identical bypass would
be connected to the negative supply
line. The model also neglects the L,
line inductance and power supply.
Only the capacitors affect the Zj, re-
sponse in the upper frequency range,
where dual-bypass considerations oc-
cur. This is the range above f,[, in
Figure 1. Consequently, the Figure 2
circuit model represents the supply
line with the ideal capacitances and
their associated parasitics.

Two curves in Figure 2 display
the resulting capacitor impedances:
Zcpiand Zgga At lower frequencies,
a declining Z¢g; provides the lower
impedance bypass shunt. However,
Zcpy later resonates and begins to
rise at f,g;. At higher frequencies,
Zcpe bypasses this rise and initially
restores a declining bypass imped-
ance. Later, the self-resonance of Cga
at f.g» again produces a rise, but this
time at a lower impedance level than
provided by the Zcp; curve. While
the resonances remain inevitable,
their careful placement optimizes the
overall bypass effect. To aid in this
placement, a third curve of the graph
shows the amplifier’s open-loop gain
response, AgL. A comparison of the
graph’s three responses guides the
secondary-capacitor selection in a
manner that ensures frequency sta-
bility for the amplifier.

ByYpPAss VALUES

Selection of the primary Cg) ca-
pacitor indirectly defines the Cgy ca-

OP-AMP BYPASS DESIGN

pacitance value through impedance
interaction. The fundamental by-
pass requirement defines Cg; (as
was previously described for the sin-
gle-bypass case: Cgy = 50/xnf,). This
selection reduces the line impedance
to 1 Q at a frequency well within the
amplifier’s response range. The ad-
dition of Cgs then bypasses the
higher-frequency impedance rise
produced by the Lpp) inductance of
Cgi- Selecting Cpp to limit this rise
to the same 1 Q guideline defines
this secondary capacitor’s value.

In Figure 2, the net bypass im-
pedance of the Cg-Cpg parallel com-
bination peaks at fip, the intercept of
the rising Zcg) curve and the falling
Zcge For higher-frequency amplifi-
ers, this peak would typically occur
within the amplifier’s response range.
Selecting a value for Cpy that limits
this peak to 1 € continues to ensure
stability, as described before for the
Cpg selection.

At their figintercept, the two Z¢p

curves occupy the same point on the |
graph, making Zcpg = Zcg). There, l
inductance controls Z¢g; = 2rfigLpp)
and capacitance controls Zcps =
1/2nf;gCpgi2- Equating the two imped-
ance expressions defines the inter- l
cept frequency as: ‘
1

fip=—F—
’ 2"\/LBpICBi2

Asaresult, the parasitic inductance of
Cgi and the ideal capacitance of Cgp
combine to define the frequency of the
bypass impedance peak.

Translating this fig expression
into a Cpgy design equation requires
one further step. At fig, the Z¢pggcurve
follows its capacitive roll-off as ex-
pressed by Zcge = 1/2rfCpy. Setting |
ZCBZ =1Qandf= fiB produces fiB =
1/2nCgy. Equating this result with the |
previous fig expression yields the Cgy
design equation: [

Cg2=Lgp

08

Vp

0PAG71
Cp1

/

Capacitive

Cgit _I_ _L Cpi2 << Cgit ) '

0.47 uF 1.5nF ‘
Lgp1
1.60H 0.8nH ¥ Cp2
eyt ey 1
0.02 0.02 ] |

<— Rgp2 l

IrB1
I1B1=1/27 Lgp1 Cait
Cg1: Kemet C202C474M5RSCA

lig e\ \ f

IrB2
IrB2=127Lpga Cpi2
Cgo: Kemet C052C152K265CA

Adding a second, smaller bypass capacitor rolls off the inductive impedance rise caused by

the first capacitor.

ELECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVEMBER 18, 1996



Convert Eight Channels In 16 ps
With The World’s Fastest Muxed 12- Blt ADC.

AD7835

ADSP-210)

Now you can eliminate multiple ADCs and
multiple system problems in record speed. Our
new AD7891 features a conversion time of

1.6 ps and an average acquisition time of 0.4 ps
per channel. Sample one channel at 500 kSPS or
channel hop at 62.5 kSPS from a single +5 V
supply. That’s up to five times faster than the
competition. Before you can blink the AD7891
makes virtually simultaneous eight-channel con-
versions with input ranges to =10 V.

~ Parallel
_ # 500 kSPS
or

" e—- 357 KSPS
Serial

Fast and Complete DAS

More than just an ADC, the AD7891 is a
monolithic 12-bit data acquisition system.

We combine an eight-channel input multiplexer,
on-chip track and hold, a +2.5 V reference with
your choice of either parallel or serial interface

i

Vibration Sensors

AD22100
Temp
Sensor

for unmatched completeness. You get it all with
no support circuits and minimal overhead on
your micropracessor.

Overvoltage Protection

When one industrial chip does the work of
many, it has to be tough. The AD7891 handles
overvoltages in the harshest environments. For
example 25 V spikes on all unselected channels
will not effect the signal on a selected channel.
Now you can maintain your motor controls,
inverters and uninterruptible power supplies with
the added robustness they require.

Fewer ADCs. Fewer support ICs. Eight channels
and the world’s fastest speed - all packaged in a
44-pin PQFP. At just $14.75*, the AD7891 is the
only choice for your 12-bit, multichannel designs.
For a data sheet, sample and evaluation board
information call the numbers listed below.

For samples and eval board information call
1-800 ANALOGD (262-5643)'. For a data sheet

dial AnalogFax™ at 1-800-446-6212 (Faxcode
#1383), or visit us on the World Wide Web.

ANALOG |
DEVICES

Analog. Digital. Solutions.

Analog Devices, Inc., One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106.

Distribution, offices and application support available worldwide.

* USD 1,000s, recommended resale, FOB U.S.A.

1 Outside U.S., please call 617-461-3392
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Therefore, simply making the
magnitude of the Cgg capacitance
equal to that of Cgy’s parasitic induc-
tance transfers line-impedance con-
trol from Z¢p;to Zepeat 1 Q. In actu-
ality, a resonance that will be de-
seribed later raises the peak imped-
ance above 1 Q at fig, but temporarily
ignoring this effect yields the best
starting point for the bypass selec-
tion. In addition, resistive detuning of
this resonance or an alternate capaci-
tor type solves any related problem
without altering the aforementioned
design equation.

For the 35-MHz OPA671 op amp
shown in Figure 2, the two bypass
design equations first produce Cp; =
50/nf. = 0.455 uF. Selecting the 0.47-
uF capacitor shown in Figure 2 re-
sults in Lpp; = 1.59 nH. Then, select-
ing Cgg = 1.5 nF approximates the
ideal Cgp = Lpp = 1.59 nF with the
closest available capacitance value.

The Cpgdesign equation requires
knowing the value of Lg);. Impedance
measurement provides the most reli-
able determination of this inductance
because capacitor data sheets rarely
specify this parasitic. Some data
sheets specify this inductance
through an impedance-versus-fre-
quency curve. There, the higher-fre-
quency, rising portion of the curve
yields parasitic inductance through
the simple caleulation Ly = Z¢/2rf.

Unfortunately, even these curves
can fail to communicate the actual in-
ductance condition of practical appli-
cations. For packaged capacitors, the
curve includes the parasitic induc-
tance of package leads that are usu-
ally removed upon installation. Chip
capacitors avoid this lead effect, but
their response curves still don’t in-
clude the effect of the circuit-board
traces that connect the capacitor. For-
tunately, today’s impedance analyz-
ers accurately measure the frequency
response of a given capacitor and its
approximated connection length. Us-
ing such measurements, the rising
portion of the impedance curve will
then accurately define the actual in-
ductance through the L, = Z¢/2nf
relationship.

BYPASS ALTERNATIVES

The preceding discussion out-
lines the bypass selection that ade-
quately serves most applications.
However, there are special conditions

OP-AMP BYPASS DESIGN

that may require additional attention
to supply-line coupling. For these con-
ditions, a third bypass capacitor, fil-
tering, or resistive detuning further
reduce the coupling effects.

The third-capacitor alternative
extends the frequency range of by-
pass control for even higher fre-
quency amplifiers. With these ampli-
fiers, the Ay, response can encompass
the self-resonances of both Cg; and
Cge. Then, adding a third and even
smaller bypass capacitor rolls off the
inductive impedance of Cpy, just as
Cpgadid for Cgj. Amplifiers with band-
widths exceeding 30 MHz may re-
quire this third capacitor.

A second alternative is filtering,
which removes supply-coupled sig-
nals outside the useful PSRR (power-
supply rejection ratio) range of the
amplifier. More specifically, co-resi-
dent circuitry may introduce high-fre-
quency supply-line signals that couple
through the amplifier with little
PSRR attenuation. Beyond the
PSRR’s unity-gain crossover, such
signals typically couple straight
through the amplifier to its output.
Fortunately, this PSRR crossover
typically resides near the amplifier’s
Aol crossover, presenting a filtering
opportunity. The Agp crossover
marks the endpoint of the amplifier’s
useful frequency range. Thus, low-
pass filtering, applied after the ampli-
fier, can often remove the effect of
high-frequency PSRR coupling with-
out restricting the useful bandwidth
of the application. However, inter-
modulation effects can circumvent the
filtering, as will be described later in
this article.

ADDING RESISTANCE

Resistive detuning of the by-
pass impedance offers a third alter-
native for the reduction of supply-
coupling effects. The dual-bypass
configuration potentially produces a
critical resonance that degrades
stability at surprising frequencies.
This may occur at a frequency
above or below the amplifier’s re-
sponse crossover at f.. Below f;, the
previously selected Cgy restores a
line impedance below the 1-Q guide-
line level, presumably preserving
stable operation. However, the Cps
resonance reacting with Lpp; can
raise the net line impedance well
above this level, producing oscillation.

ELECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVEMBER 1851996,

The resonance occasionally pro-
duces oscillation at frequencies above
f.. In such cases, diminished amplifier
gain limits the parasitic feedback loop,
and would seem to prevent instability.
However, the resonant impedance
rise can counteract this limit. When
necessary, resistive degeneration
detunes this new resonance. Appro-
priate capacitor selection generally
provides this detuning through para-
sitic resistance.

Interaction between the two ca-
pacitors of the dual-bypass configura-
tion develops this critical resonance.
The secondary capacitance reacts
with the inductance of the primary in
another LC tank configuration (Fig.
3). Figure 3 illustrates this effect with
the bold Zcp response curve, which
represents the net impedance of the
parallel-connected bypass capacitors.
Notice that Zcp follows the Zcp
curve of Cpj at lower frequencies, and
later follows the Zcpgg curve of Cga.
The transition between the two oc-
curs at their f;g intercept, where the
bypass combination produces a reso-
nance of its own. This resonance in-
creases the Zcg magnitude, and pro-
duces a 180° transition in the phase of
Zcp. The magnitudes and phases of
the amplifier's PSRR and Agj, re-
sponses combine with these Z¢p char-
acteristics to produce a complex para-
sitic feedback condition.

Some combinations of application
conditions make the magnitude and/or
phase of this resonance degrade sta-
bility. In such cases, attention to the
more conventional stability determi-
nant, the amplifier’s 1/B intercept,
fails to identify the problem. Simi-
larly, adding a third bypass capacitor
produces no improvement. The third
capacitor only reduces the line imped-
ance at frequencies above this interac-
tion resonance. In these instances, by-
pass degeneration moderates the
PSRR error signal by reducing both
the magnitude and phase shift of the
supply-line impedance. Careful selec-
tion of the degeneration resistance
improves stability without increasing
the supply-line impedance in the criti-
cal higher frequency ranges.

Graphical evaluation of this fig
resonance reveals its underlying
causes, and displays the cure provided
by the resistive degeneration. The
resonance results from the reaction of
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Cgy’s parasitic inductance with Cgg's
capacitance. At the fig shown in Fig-
ure 3, Z¢pj follows a rising impedance
response that’s controlled by Lpp),
and Zcpy follows a declining response
controlled by Cpis At the crossing of
the two responses, resonance results
due to the equal magnitudes and op-
posite phases of the Zcp) and Zcgg
impedances.

The crossing or intercept of the
two curves marks the point of equal
impedance magnitudes (because both
curves occupy the same point in the
graph). At that point, neither imped-
ance dominates the parallel combina-
tion, in contrast to the impedance con-
ditions at points other than fig. The
magnitudes of Z¢gy and Z¢pa contrib-
ute equally to the combined Zcp im-
pedance, also making the phase shifts
of the two equally significant.

The single-zero rise of the Z¢p)
curve corresponds to a 90° phase lead,
and the single-pole decline of Zcpa
corresponds to a 90° phase lag. The

OP-AMP BYPASS DESIGN

180° phase difference and equal im-
pedance magnitudes inherently pro-
duces a resonance.

Adding a small resistance in se-
ries with Cg detunes this resonance
to ensure stability (Fig. 4). In prac-
tice, just choosing a different capaci-
tor type for Cg; often serves the same
purpose through the capacitor’s para-
sitic resistance. This added resistance
does increase the Z¢g magnitude in a
lower frequency range, but it also de-
creases Z¢g in the higher, more criti-
cal frequency range of fig. Figure 4
illustrates the optimal bypass configu-
ration with degeneration resistance
Rp; added in series with the other
impedance elements of Cgj.

Asin Figure 3, the bold Zggecurve
begins by following Zcp; and ends by
following Zcpa But unlike Figure 3,
the Zcg curve in Figure 4 now makes
a gradual, rather than resonant, tran-
sition between Z¢cpj and Zcpgg at their
fig intercept. The addition of Rp; actu-
ally detunes two resonances—first the

g —

OPA6T1

I
Vp Cait l J— Cpi2 << Cpit

Lgp1
1.6nH

1.5nF

Lpp2

Rgp2

|
I
|
|
|
|
|
|
|
:

1

Icp=2c81 2082

: 5ot
ig fe g2
fi = 1727+ Lgp1 Cpi |

|

Dual bypass capacitors introduce a new resonance at their fi intercept, where Cs;2 reacts with

Lep1to increase the net Zcg impedance.
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self-resonance of Cgy, and then the
interactive resonance of Cgjand Cgy.
Comparing Figure 4 with Figure 3
reveals the overall effect of this resis-
tance. Previously, the self-resonance
of Cg;, at fyg; in Figure 3, produced a
resonant impedance drop to the level
of parasitic resistance Ry,

In Figure 4, the addition of Rpy;
removes this drop and raises this level

to (Rp1 + Rgpy- This actually raises |

the bypass impedance in the region
that previously was the fig; reso-
nance. However, the amplifier gener-
ally retains a high PSRR in this fre-
quency range for sufficient attenu-
ation of supply-line effects.

Further, the Zcp curve now

makes a smooth, rather than reso- |

nant, transition to this new limit level.
The reduced Z¢p response slope indi-
cates a greatly reduced phase transi-
tion at the frequency of the previous
f.p1 resonance. This reduces the po-
tential phase combinations with am-
plifier gain and PSRR effects that
could degrade stability. Accepting
this temporary Zcg increase allows

Rp; to detune the more critical reso- |

nance at fig. The Z¢cp curve no longer
displays a resonant peak, indicating a
greatly reduced Zcg magnitude and
phase transition at fig.

IMPEDANCE ANALYSIS

Detuning resistance Rp; should |

be large enough to prevent the reso-
nant impedance rise at fig, but not so
large as to unnecessarily raise the Zcp
impedance at lower frequencies.
Graphical analysis of Figure 4 helps
reveal this optimum condition and de-
fine an Rp; design equation. The
curves identify this optimum condi-

tion through the magnitudes and

slopes of the impedance responses.
Detuning the Figure 3 resonance
at f;g requires reducing the slope dif-
ference, or rate-of-closure, of the Zcp;
and Zcgacurves at their fig intercept.
This rate-of-closure criteria follows
from op-amp stability analysis where
the slopes of intersecting response
curves reflect phase differences and
the potential for circuit oscillation.? In
this impedance analysis, the slopes of
the Zcpy and Zcpg curves similarly

reflect phase differences and the po- |

tential for resonance. Adding Rp; de-
creases this slope difference at the fip
intercept of Figure 4, detuning the
resonance. The added resistor pro-
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High Voltage PFC Controller Saves Power

MC33368. A high voltage GreenLine™
active Power Factor Correction (PFC) controller
functioning as a boost preconverter in off-
line power supply, lamp ballast and battery
charger applications. Integration of the high
voltage startup function typically saves 0.7 W
of power compared to resistor bootstrapped
circuits. The MC33368 limits EMI to agency
requirements, can be turned on/off and has
control/protection features including under-
voltage lockout, output overvoltage sensing
allowing no-load operation, cycle-by-cycle
current limiting, and a programmable output
switching frequency clamp.

7/ Box letter 1 on coupon

Motorola

Octal Serial Switch has SPI Input/Output

MC33298. This eight output low side power
switch interfaces directly to a microcontroller,
with control and fault reporting through an
8-bit Serial Peripheral Interface (SPI) port.
Used to control various inductive and
incandescent loads in automotive or industrial
applications as well as control systems for
robotics, each switch has a 3.0 A peak current
output. Using SMARTMOS technology, the
MC33298 has very low standby current, cas-
cadable fault reporting, an internal 65 V clamp
on each output, independent shutdown of
the outputs, and output-specific diagnostics.
v Box letter 2 on coupon

ICs Manage Power for GaAs MESFETs

MC33169. A support IC for GaAs Power
Amplifier Enhanced FETs used in portable
phones such as GSM, PCN and DECT.

The device provides negative voltages for
full depletion of MESFETs as well as a drain
switch priority management circuit to protect
the power amplifier.

MC33128. A power management controller
for battery powered pagers and cellular
phones. It has a low dropout voltage regulator
with power-up reset for MPU power, two
low dropout regulators to power analog and
digital circuitry independently, and a negative
charge pump regulator for full depletion
of GaAs MESFETs.

v Box letter 3 on coupon

Low Dropout Regulators Power Portables

Our family of LP2950/2951 micropower
low dropout voltage regulators has grown.
We've added 3.0 and 3.3 V fixed and
adjustable voltage versions to our previous
5.0 V offerings. In addition, all three fixed
voltage versions of the LP2950 series are
now uniquely offered by Motorola in the
DPAK surface mount power package. The
low input-to-output differential voltage of
380 mV at a 100 mA load current, with a low
bias current of 75 pA, makes these devices
ideal for battery operated and portable
electronics such as cellular and portable
phones, two-way radios, laptop computers,
PDAs and camcorders.

v/ Box letter 7 on coupon

EEST Enables Two-Chip Ethernet Solutions

MC68160. Enhanced Ethernet Serial
Transceiver {(EEST) combines a serial interface
adapter with an Ethernet transceiver. The EEST
gluelessly interfaces to any one of Motorola’s
family of Integrated Communications
Controllers, including the MC68EN302,
MC68EN360 or MPC860EN, to provide a
simplified two-chip solution for a completely
functional Ethernet interface. The two chips
offer the perfect internetworking solution
for smart Ethernet hubs, branch offices
and multi-protocol routers, remote access
routers and industrial control networking.
v Box letter 8 on coupon

Motorola and A are registered trademarks of Motorola, Inc

Hard Disk PRML Read Channel IC Achieves
200 Mbps Data Rate

The MC34250 is a fully integrated Partial
Response Maximum Likelihood {(PRML)
5 V hard disk drive read/write channel IC
for high end mass storage applications.
Using our advanced mixed mode 0.5 micron
BiCMOS process technology, this analog
implementation achieves 50 to 200 Mbps
data transfer rates with only 800 mW of
power dissipation in a single 10mm by
10mm 64-pin thin quad flat pack (TQFP).
The IC is designed for zoned-recording
applications requiring high linear densities
and spindle speeds of up to 10,000 rpms.
v Box letter 9 on coupon

GreenLine, SMARTMOS, Rail-to-Rail and Sleep-Mode sre trademarks 3' Motosola, inc



Product Review

1.8 V Rail-to-Rail™ Sleep-Mode™ Op Amp

The MC33304 quad op amp not only
operates with a single 1.8 V supply, but can
operate in a low standby power “sleepmode”
state with a drain current of only 110 pA
per amplifier. When an input signal causes
an amplifier to source or sink at least 200 pA,
it automatically switches to the “awakemode”
state, allowing it to source or sink 70 mA to
the load. The amplifier will automatically
revert to the sleepmode when |, drops below
the threshold, and stiil operates as a micro-
power amplifier. The MC33304 can swing
within 100 mV of the input and output rails.
v/ Box letter 4 on coupon

PIP IC Provides TV Feature at Low Cost

The MC44461 Picture-In-Picture (PIP)
controller IC provides a single-chip, low cost
solution to a very complex, value-added TV
feature. Designed with our 0.8 pm BiCMOS
process, the device contains all the analog
signal processing, control logic and memory
necessary for the overlay of a small picture
from a second non-synchronized source
onto the main picture of a TV. The MC44461
is NTSC compatible with all control and
setup functions for the IC accomplished via
a standard two-pin IIC bus interface. The IC
implements switchable main and PIP video
signals and two PIP sizes.

v Box letter 10 on coupon

Narrowband FM IF Receiver Eliminates Coil

MC13150. This narrowband FM IF
subsystem [C has a coilless demodulator
that eliminates the need for a conventional
tunable quadrature coil, while providing
better noise, linearity and AM rejection than
traditional circuitry. The device allows many
adjustments with non-precision external
resistors and capacitors. Targeted at cellular
and other narrowband applications such as
PCMCIA wireless modems, the MC13150
provides a high level audio output of up to
2 V with a 3V supply at a very low drain
current of less than 2 mA, and an outstanding
0dBm input IP3.

v Box letter 5 on coupon

Alternator IC Works in Harsh Environment

MCCF33095/MC33095. Flip-Chip/Surface
Mount regulator control ICs are designed
for use in automotive 12 V alternator charging
systems, and need only a few external
components for full system implementation
to control the field current of a variety of
alternators. Both ICs have internal detection
and protection features to help withstand
harsh physical and electrical automotive
environments. Flip-Chip technology allows
the MCCF33095 to operate at higher ambient
temperatures than the SOIC version, and
both withstand vibration and thermal shock
with high reliability.

v/ Box letter 11 on coupon

Programmable Line Interface IC for
Cordless Phones and Digital Systems

The MC34016 is an ideal interface between
an analog phone line and a codec in digital
systems. Useful in digital cordless phones
or modems, the |IC provides improved noise
and distortion figures. The adjustment of
transmission parameters to conform to a
variety of international standards is done
with two 8-bit registers, accessible via a
SPI bus and with external components.
The device has double sidetone architecture
and supports passive or active AC set
impedance applications.

v/ Box letter 6 on coupon
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Motorola Analog,

Micropower CMOS DC-DC Converters
Simplity Design of Portable Products

The MC33463/33466 series of micropower
switching voltage regulators are available
in 3.0, 3.3 and 5.0 V options, and are ideally
suited for battery powered computer,
consumer and industrial equipment. Both
families are available in three-pin SOT-89
packages, with either an on-chip switch
transistor or provisions for an external
switch. The MC33463 devices are Variable
Frequency Modulation controllers with a
quiescent bias current of 4 pA, while the
MC33466 devices are Fixed Frequency
PWM switchers with a quiescent current
of 15 pA.

v Box A on coupon

Three Families of CMOS Micropower
Linear Regulators have Ultra-Low I,

MC78LCxx/78FCxx/78BCxx. Three series
of micropower linear voltage regulators
are designed for use in cameras, camcorders,
VCRs, and hand-held communication
products, and include voltage options of
3.0, 3.3, 4.0 or 5.0 V. The MC78L.Cxx series
has an 80 mA output current, a dropout
voltage of 0.7 V at 40 mA, and is available
in SOT-23 or SOT-89 packages. The
MC78FCxx family has an output current of
120 mA, dropout of 0.2 V, in a SOT-89. The
MC78BCxx series is available in a SOT-23
and is designed for use with an external
power transistor for higher output currents.
v/ Box B on coupon

CMOS Micropower Undervoltage Sensing
Circuits Monitor MPU/Logic Supplies

The MC33464/33465 families of
micropower undervoltage sensing ICs are
designed for direct monitoring of MPU/logic
power supplies in portable, appliance,
automotive and industrial equipment.
Both series are available with threshold
voltages of 0.9, 2.0, 2.7, 3.0 and 4.5 V with
a choice of open drain or complementary
CMOS reset output configurations. The
MC33464 family has a low quiescent current
of 0.8 pA and is availablte in SOT-23 or
SOT-89 packages. The MC33465 series
adds a programmable time delayed output,
has a quiescent current of 1.0 pA, and is
packaged in a SOT-23.

v Box C on coupon

MicRo-

High Voltage Switching Regulators
Simplify Design of Off-Line Supplies
MC33362/33363. These ICs are designed
to operate from a rectified AC line source
for off-line power supplies, or from a high
voltage source for DC-DC converter
applications. The MC33362 is designed for
rectified 120 Vac line operation and features
an on-chip 500 V, 2.0 amp SenseFET™
power switch. The MC33363 is designed
for 240 Vac rectified line operation with a
700 V, 1.0 amp SenseFET. Both devices
are available in 16-lead through-hole and
surface mount packages with pins eliminated

to achieve high voltage spacing requirements.

v Box G on coupon

Battery Fast Charge Controller
Simplifies NiCd and NiMH Charging

The MC33340 is specifically designed for
fast charging of Nickel Cadmium (NiCd) and
Nickel Metal Hydride (NiMH) batteries using
negative slope voltage detection. Accurate
charge termination is ensured by an output
that momentarily interrupts the charge
current for precise voltage sampling. The IC
also supports secondary charging methods
of either programmable time or temperature
limits. Protective features include battery
over and undervoltage detection, latched
over temperature detection, and power
supply input undervoltage lockout. A rapid
test mode enhances end product testing.
v Box H on coupon

Subminiature Package Trims Board Space

We offer a variety of products in the
new Micro-8 subminiature surface mount
package. This package uses 50% of the
board area of a traditional SO-8 surface
mount package, and is narrower than TSSOP
miniature packages. The LP2951 adjustable
micropower low dropout voltage regulators,
and MC33264 low dropout micropower
regulators with on/off control are available
in the Micro-8 package. The MC34064/34164
undervoltage sensing/micropower under-
voltage sensing circuits, and the TL431,A,B
programmable precision references are
also available in this space-saving package.
v Box | on coupon

SMARTMOS. Siter Miutle gad SwnfET o Wagemute o Metsrita b



Product Review

Dual/Quad 1.8 V Rail-to-Rail Op Amps have
Enable Feature to Extend Battery Life

MC33206/33207. These dual/quad op amps
not only have input and output rail-to-rail
capability, but also an enable mode that
can be controlled externally. Typical drain
current is £1.0 pA per amplifier in the
standby mode, saving power and extending
battery life. Each op amp in the MC33206
has its own enable pin, and the op amps
in the MC33207 are enabled in two pairs.
These amplifiers can operate with supplies
as low as 1.8 V and ground, yet can still
operate with a single supply voitage as
high as +12 V.

v/ Box D on coupon

New PIP IC Enables TV Feature Versatility

The MC44463 Picture-In-Picture (PIP)
controller IC provides a wide variety of
feature options that are all software
programmable, requiring no printed circuit
board changes. When combined with
external memory, the device contrcls a
replay mode of up to eight seconds that
can be played back at four different
speeds. The IC provides options of a single
PIP, in either active or replay mode; and
three or four PIPs, with one active and the
remaining PIPs in a freeze-frame mode. In
the multi-PIP mode, the user can choose
which of the three or four PIPs is active.
v Box J on coupon

Motorola and (B are regastered trademarks of Motorola, Inc

Hex Transceiver Meets SCSI-3 Fast-20 Specs

The new MC34059 contains six differential
driver and receiver pairs in a 48-pin QFP
for transmission of differential signals at
20 MBPS, meeting the requirements for
SCSI- 3 Fast-20 transmission systems.
Control lines can enable/disable each driver
and receiver as required, and an over-
temperature sensing circuit will shut down
any driver that gets too hot due to ambient
temperature or a prolonged short circuit.
The low quiescent current of 18 mA saves
power in hard disk drive, backplane
communications, and computer-to-computer
data transmission applications.

v Box E on coupon

Dual High Side Switch has
Protection and Diagnostic Features

The MC33143 dual high side switch is
designed for solenoid control in harsh
automotive applications, but can also be
used to control incandescent lamps, relays,
and small motors. This SMARTMOS™ IC
has an on-chip charge pump to enhance
switch performance, and an externally
controlled Sleep-Mode™ for power savings.
Each output has individual overcurrent and
over temperature shutdown with automatic
retry. The device detects and shuts down
globally with any overvoltage condition. It
also detects and indicates an open load or
output short to the supply.

v/ Box K on coupon

Low Cost FM Communications Receivers

MC13135/13136. These low cost, single
chip, dual conversion FM receivers can
be used as stand-alone VHF receivers or
as the lower IF of a triple conversion system,
with a low 2.0 V supply. The MC13135 is
designed for use with an LC quadrature
detector, while the MC13136 can be used
with either a ceramic discriminator or an
LC quad coil. Applications include cordless
phones, radio controlled toys, baby
monitors, walkie-talkies and scanners.

v Box F on coupon-.
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ELECTRONIC DESIGN
ANALOG APPLICATIONS

duces the level, zero-slope portion of
the Z¢p; response that reflects zero
phase shift. At the fjg intercept, Z¢p2
still follows its single-pole roll-off, re-
flecting a 90° phase lag for a net 90°
phase difference at the intercept. This
greatly reduces the phase difference
from the 180° required for resonance,
and would absolutely remove the
resonant reaction of Z¢gj and Z¢ga

On the other hand, bypass optimi-
zation produces a compromise favor-
ing a somewhat greater phase differ-
ence at fig. The (Rp; + Rppy) resis-
tance, which produces the level region
of the Z¢ g response, eventually loses
control and returns the response
curve to a single-zero rise. In the Fig-
ure 4 example, the Lg) impedance
overrides that of Ryy; just at the fig
intercept. Phase shift accompanies
the rise. Intuition may first suggest
increasing the Ry resistance to move
the Z¢g; rise and its phase shift well
beyond the f;g intercept. On the other
hand, such a choice would unnecessar-
ily increase the impedance magnitude
of Z¢y's new level region at (Rpy; +
Rpp1). And a continued increase of
Rpiwould eventually increase, rather
than decrease, the impedance at f;g. In
compromise, setting the (Rp; + Rpy)
level at the intercept magnitude still
detunes the resonance while also re-
straining the impedance increase of
the level region.

As illustrated in Figure 4, this
optimum level places the zero of the
Z¢py rise at the fig intercept. Then,
ZcRy introduces 45°, rather than the
ideal 0°, of phase shift at the intercept.
This increases the net phase differ-
ence with Z¢pga from 90° to 135°, but
still avoids the 180° that produced the
resonance bhefore.

For this compromise, Rpy; + Rpp)
= Z¢pz at fig. Then, Rp; + Rppy =
1/0y;3Co, where:

1
Wy = 2nfip = ————
T LG

Combining these expressions and
solving for Rp; vields:

Rm = '\/LBpl /Cuz = RBpl

From before, the 1-Q impedance
guideline defines Cgz = Lig),j, and sub-
stitution yields the design equation:

OP-AMP BYPASS DESIGN

Rpi1=1-Rpp

Expressed differently, this equation
prescribes that Rp; + Rgpy= 1 Q for a
total 1-Q resistance in the Cg; path.
This repeats the 1-Q guideline under-
lying bypass selection.

Typically, the above Rp; equa-
tion defines difficult resistance val-
ues of a fraction of an ohm. Such
resistors exist, but can be expen-
sive and difficult to acquire. How-
ever, when required, only this solu-
tion removes the effects of the fig
bypass resonance. Fortunately, just
choosing a different capacitor for
Cpgj generally provides an adequate
detuning resistance. Choosing a
Cgp1” with Rypt” = 1 Q detunes the
fig resonance, but still avoids ex-
ceeding the 1-Q guideline. Fortu-
nately, this resistance doesn’t have
to be precise to provide sufficient
detuning of the fjg resonance. Often,
just switching Cg; from ceramic to
tantalum serves this purpose.

Note that the Cpg; switch also re-
quires changing the secondary bypass
value, Cpo. A tantalum Cpgy” substi-
tutes an increased Lgy for Ly, re-
quiring re-computation of the corre-
sponding Cpy’ = Ligy". Increasing Cps
theoretically increases its inductance
and would degrade higher frequency
stability. However, practical limita-
tions generally leave the net induc-
tance condition unchanged.

In practice, some minimum lead
length and inductance always accom-
pany a capacitor construction and in-
stallation. Just the lead length froman
amplifier package pin to the internal
chip will be about 0.05 in. and intro-
duce about 0.8 nH. Chip capacitors
serving the secondary-bypass func-
tion typically display similar induc-
tances, independent of the capacitor
value. Therefore, increasing Cgato ac-
commodate the Cg; change does not
significantly degrade stability.

Adjustments to the Figure 2 ex-
ample illustrate this alternative. In
the example, a very low parasitic re-
sistance accompanies the Cp; that’s
shown. With that capacitor, Rg, =
0.02 Q, thanks to the more ideal ca-
pacitor permitted by ceramic con-
struction. However, this low resis-
tance does little to detune the reso-
nances previously described. Switch-
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ing to a less ideal capacitor (the tanta-
lum Kemet T421B474M050AS) raises |
this resistance t0 0.8 Q for an adequate
approximation of the desired 1-Q op-
timum. This capacitor switch also
raises Ly, from 1.6 nH to 16 nH, re-
quiring a corresponding increase in
Cpa Switching Cgg to the 15-nH Ke- |
met C052C153K2G5CA makes the ad- |
justment for the required 10:1 in- ‘
crease. The latter switch leaves the
parasitic inductance of Cggunchanged |
at 0.8 nH.

SurPLY DECOUPLING ‘

Power-supply bypass provides |
the best first defense against supply- |
coupled noise and related instability. |
However, sometimes the bypass that i
preserves stability does not suffi-
ciently reduce the noise coupled from |
other circuitry. At that point, supply
decoupling filters may be required. |
This typically occurs when the supply-
line noise contains frequencies above ]
the amplifier’s useful PSRR range.
Then the lack of PSRR often couples
supply-line noise straight through the
amplifier to its output. Subsequent fil-
tering would remove this noise, but
not the intermodulation effect of this
higher frequency noise.

As described before, the filter-
ing effectively removes the direct
effect of this higher frequency error |
signal without restricting signal
bandwidth. But this filtering can’t
similarly remove noise components
that intermodulation distortion down
shifts into the amplifier's useful
frequency range. Consequently, the
higher frequency supply noise re-
acts with the amplifier's signal and
distortion sources, producing error
signals in the lower frequency range
of the amplifier. ‘

In this case, prevention must su- ‘
persede cure in the reduction of sup-
ply-coupled noise. Power-supply de-
coupling filters prevent the higher
frequency signals from even reaching
the amplifier. The simplest decou-
pling alternatives include RC, LC, or l
RLC lowpass filters (Fig. 5). The
three lowpass-filter configurations
shown in Figure 5 represent decou-
pling circuits placed between a power-
supply source (V,) and the amplifier’s
positive supply pin (Vp). While shown
as a single capacitor, Cp represents '
the combined capacitance of all capaci- |
tors used for the supply bypass of Vp. |
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In practice, the negative supply line
would have an identical filter. But the
positive supply case shown in Figure
5 serves to illustrate the decoupling
principles.

Each of the three filter alterna-
tives adds series impedance in the
supply line to combine with the by-
pass capacitance Cg and form a low-
pass filter. Then, the high-frequency
noise contained in V, drops across the
series impedance rather than trans-
ferring to the Vp supply pin of the op
amp. The added series impedance
doesn’t have to be mounted close to
the amplifier to provide the desired
decoupling. But it should be placed so
that it doesn’t conduct the supply cur-
rent drain of any circuitry other than
that of the amplifier.

The type of impedance that is
added determines the relative cost
and decoupling effectiveness. And
this effectiveness depends upon both
the filter response and the line imped-
ance presented to the amplifier. The
RC solution offers the lowest cost and
still produces appreciable decoupling
results (Fig. 5a). With this circuit, de-
coupling resistance Ry absorbs and
dissipates the higher frequency, tran-
sient energy, transferring a more sta-
ble voltage to the Cg capacitance.
Analysis of the decoupling circuit in
Figure 5a reveals this action in the
classic RC-filter response:

Vp = V.JA + RpCps)

This response rolls off the supply-line
noise with a single pole at 1/2rRpCpg.
At lower frequencies, however,
this simple RC decoupling increases
the supply-line impedance, poten-
tially increasing the PSRR error. To
calculate this impedance effect, as-
sume that the V, power supply pre-
sents zero output impedance, effec-
tively placing Ry in parallel with Cg.
This sets the decoupling impedance
that’s seen from the Vp terminal as:

Zpy=Rp/(1 + RpCps)

At low frequencies, the RC filter in-
creases line impedance by the amount
Rp. To limit this effect, the Rp resis-
tance must be kept low. A discussion
later in this article deseribes R value
selection.

Alternately, LC filtering re-

OP-AMP BYPASS DESIGN

moves this impedance increase and
produces a double-pole, rather than
single-pole, roll-off of supply-line
noise. However, this alternative in-
troduces another impedance increase
through a supply line resonance (Fig.
5b). Figure 5b illustrates this case
with inductor Lp simply replacing the
previous resistor Rp. Then, the LC
filter presents the low impedance of
the inductor to the lower frequency
current demands from the V, power
supply. The filtering response of this
alternative rolls off supply-line noise
with a double pole at:

1
f=o
2ry LGy
that’s described by:
Vp= VA1 + LpCgs?)

In contrast to the RC filter, the LC
filter does reduce the supply-line im-
pedance, but only at lower frequen-

cies. The impedance seen from the Vp
terminal becomes:

Zpb = Lps/(1 + LpCps?)

At lower frequencies, the s term of the '
Zpp numerator ensures low imped-
ance. But this term tends to increase |
Zpp at higher frequencies. Counter-
acting this increase, the s?term of the
denominator returns the net imped-
ance response to a single-pole roll off
like that attained with the RC filter.

Therefore, the LC filter offers ‘
two-pole roll off of supply-line noise
and reduced low-frequency line im-
pedance. But at an intermediate fre- |
quency, the Zpy, impedance increases
due to a new LC resonance. From an
energy perspective, the Lp inductor
stores, rather than dissipates, the ‘
transient energy of supply-line noise, |
giving rise to this resonance.

At most frequencies, the inductor
simply releases its stored energy to
the bypass capacitance and the ampli- |

Az " Ip —
ﬁm:1-ﬂm -
D1 % l

Inductive

F1B2 =112\ Tgpaliz
|
'r'BZ !
For OPAGT1;
CB1: C202C474MSRSCA - CB1: T421B474MOS0AS
CB2: £0520152K265CA CB2: C0520153K2G5CA
Rp1:=1 Rpt:=0

4Adding resistance Ro1 in series with Cgq detunes two of the resonances shown in Figure 3, but \
at the expense of an elevated Zcg level for intermediate frequencies.
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fier in a more gradual manner than
initially presented by a supply noise
transient. This smoothing of the en-
ergy release protects the amplifier
from supply-line noise by reducing
the associated frequency content to a
range where amplifier PSRR remains
high. But at the inevitable L.C reso-
nance, the Zpp impedance rises and
the filtering fails. As indicated by the
7 denominator (1 + Ll)(,‘Bsz). the
Ly-Cy combination produces a double
pole and a resonance at:

1
~ Onallingty

frDb

This resonance increases, rather than
decreases, the line impedance in the
vieinity of fypp,

Resonance makes the simple LC
decoupling filter an uncertain alterna-
tive for op-amp circuits having high
noise gains. At resonance, energy
stored in the inductor by supply-line
transients circulates between the ca-
pacitor and inductor until dissipated
by some energy druin.

In the ideal LC case, this circula-
tion continues indefinitely. sustaining
an oscillation signal. In practice, even
though parasitic resistances and the
amplifier help absorb that circulating
energy. the amplifier’s PSRR error
and gain offer replenishment to sup-
port the oscillation. Supply-voltage
transients or noise containing fre-
quency components in the range of the
fyppresonance can initiate this oscilla-
tion condition.

Adding a detuning resistor re-
moves the resonance and the oscilla-
tion uncertainty, but also reduces the

OP-AMP BYPASS DESIGN

noise roll-off. This alternative com-
bines the Rpy and Ly series imped-
ances of the two preceding eases (Fig.
5¢). The combination provides both
the energy absorption of the RC filter
and the reduced low-frequency im-
pedance of the L filter. The filtering
response for this RI1.C combination is
defined by:

[+ /RaklV,
P14 (L /Ry s+ LyCys?

The s® term of the denominator in-
itially continues the two-pole roll-off
advantage of the basic LC case. How-
ever, the s term of the numerator in-
dicates a response zero that returns
this roll off to single-pole. Therefore.
adding Rptothe LC filter reduces the
filter attenuation.

Still, Rp improves the decou-
pling’s effectiveness by detuning the
line-impedance resonance that other-
wise adds gain to the parasitic PSRR
feedback loop. Analysis of the Zpy.im-
pedance, as seen from the Vp termi-
nal, vields:

- _Ll)S

Zpe =
% 14(Lp /Ryt LpCs®

This expression repeats that of the
previous Zp, except for the
[(LiyRp)s] term in the denominator.
That term separates the circuit’s two
poles to detune the characteristic LC
resonance and remove the associated
impedance rise.

LiNeE IMPEDANCE CONTROL

Two compromises guide the se-
lection of the decoupling filter compo-

nents. The first is a repeat of the by-
pass-capacitance selection described
earlier—optimizing the value of Cy3 to
maintain frequency stability. Design
equations that were developed earlier
in the article guide this selection. The
second compromise guides the selec-
tion of the series impedance to limit
noise coupling without significantly
degrading other performance.

The series impedance, Rpyor the
Rp-Lp combination, must be large
enough to intercept high-frequency
line transients but not so large as to

compromise the circuit’s lower fre- |

quency PSRR error signal. Power-
supply decoupling reduces the sup-
ply-line noise produced by other cir-
cuitry, but can increase the parasitic
feedback produced by the amplifier
itself. At lower frequencies, the by-
pass capacitors fail to roll-off the line
impedance, and adding the series

impedance increases the supply-line |

impedance seen by the amplifier.
The discussion accompanying Fig-
ure 1 describes the noise-coupling
effect of this impedance. The net ef-
fect upon circuit performance re-
mains a function of multiple vari-
ables which discourage analysis.

On the other hand, following the
previous bypass-capacitor selection
guiclelines and setting Ry equally to
about 5 Q serves most amplifiers that
supply output currents in the 10-mA
range. This 5-Q guideline, combined

with the 1-Q guideline for Cg, pro- |

duces a filter with at least a 6:1 reduc-
tion of higher frequency noise. Also,
adding just 5 Q generally retains
lower frrequency line impedance at an
acceptable level. Amplifiers supply-

vy Rp <—Ip;
o- MV O
G
I 0148
ZDa 2 RD
' 1+RpCgs

=2 (@

(b)

Lps
1+(LpRp)s + LpCps?

Ip; -

)

Power-supply decoupling places series impedance between the output of a power supply (V.) and the op amp’s supply terminal (Ve) to intercept
high-frequency supply-line transients. The simplest decoupling options are RC (a), LC (b), and RLC (c) lowpass filters.
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OP-AMP BYPASS DESIGN

ing greater output current require
correspondingly lower values for Rp.
For RC filters, this Rp selection com-
pletes the decoupling design.

For RLC filters, selection of Lp
still remains. Adding the Lp inductor
of Figure 5¢ benefits performance as
long as the inductance chosen forms a
detuned resonant circuit with the Cg
and Rpthat have been chosen. Making
Lp larger minimizes the line imped-
ance at lower frequencies, but poten-
tially increases it at the LC resonance.
For optimum detuning of this reso-
nance, the Lpimpedance should equal
Rp at the frequency of the potential
resonance. From the discussion of
Figure 5b, the undamped resonance
would occur at the frequency:

_ 1

S —
™ on [LoC

The impedance of Lpis:

Zyp = 2nLpf, = Ly /Cy |

Setting this equal to Rp yields:

Lp = Rp’Cp

Capacitance Cg represents the com-
bined value of the bypass capacitors
connected to the associated supply
terminal. G
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An Ounce Of
Prevention:
Know Your
ADC Input

Understanding The
Input-lmpedance
Characteristics 0f
CMOS ADCs Early
On Helps Avoid
Problems Later.

JEROME E. JOHNSTON

Crystal Semiconductor

It should come as no surprise that CMOS is a popular mixed-
signal technology for many of today's analog-to-digital converters (ADCs)—after
all, it offers lots of digital logic density, good analog switches, fast slew amplifiers,
and high-quality capacitors (although limited in size). The combination of these
mixed-signal capabilities has resulted in a number of different ADC architectures.
However, many of the CMOS-based sampling converters have similar analog in-
put structures that are constructed with analog switches, sampling capacitors, and
in some devices, buffer amplifiers (Fig. 1).

The circuits in Figure 1 illustrate three common input configurations.
These basic inputs are found in capacitive-based successive approximation
register (SAR) converters and in delta-sigma converters. Understanding these
structures and their operation can help the ADC system designer maximize
the circuit’s performance and avoid application pitfalls.

An unbuffered capacitor sampler is the most basic of the three input configu-
rations (Flig. 1«). Each time switch S1is on, the capacitor is charged by the external
signal source. When S1 turns off and S2 turns on, the capacitor transfers a specific
amount of charge. This switching process is repeated at a high frequency. The
severity of the dynamic load seen by the external driving amplifier will be
determined by the size of the capacitor and the frequency of the switch closure. In
other words, the dynamic operation of the sampler determines the input impedance
seen by the external driving circuitry. The fundamental equations for charge can
be used to derive either the effective input resistance to the sampler or the input
current. The basic charge equations are:

i=Ag/Atand g = ¢V

The instantaneous current (i) is equivalent to the charge (q) per unit time
(t), and charge (q) is equivalent to the product of the capacitance (¢) and the
voltage (V). From these basic equations, the input current to the unbuffere
sampler of Figure 1a is defined as:

i=Ve/tori= Vfe
where f = 1/t

Notice that the input current into the device is proportional to the sig
voltage to be measured. By rearranging the input current equation, the in
resistance is shown to be:

r=V/i=1l/fe

The equation for the input resistance also indicates that the effective
impedance of the sampler decreases as the sample clock frequency is incre
or as the size of the sampling capacitor is increased.

If the size of the sampling capacitor is large, or if the sampling freq
is high, the unbuffered sampler can present a significant dynamic lo
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ADC INPUT CONFIGURATIONS

high-frequency  transient
current) to the external driv-
ing circuit. Some ADC input
structures include a resistor
to reduce the transient effect
of the sampling current on
the external driving ampli-
fier (Fig. 1b). Resistors also
are included in some sam- v
pling architectures to per-
form voltage reduction (for
example, to reduce +10 V to
+2.5 V), and/or for level shift-
ing. Level shifting makes it
possible to perform conver-
sion on a dual-polarity input
signal with the ADC running
off of a single +5-V supply.
The compromise is that the
resistors can introduce drift.

The third input configu-
ration is a coarse-charge
buffered capacitive sampler
(Fig. 1c). A sampler with a
coarse-charge buffer uses a W
two-step sampling cycle.
When the coarse switch is on
(fine is off), the buffer
charges the sampling capaci-

i oWy i TP ° Vo

<7

(b) Unbuffered capacitive sampler with resistor input

§2
[ &
&1 coarse -l

Vos C

(c) Coarse-charge buffered capacitive sampler

havior of these circuits can

_d’l‘_ _'f‘lz__ interact with other system-

= level components to intro-

Y o " Lomn g O Vp duce some application pit-
; ¢ falls. Then we'll look at how

(2) Unbutfered capacitive sampler 6 3 some imperfections that oc-
1 cur in these sampler circuits

=L — in real-world silicon manifest

[t oV themselves as measurement

S —I_c s inaccuracies in high-resolu-

;l; tion (usually 16 bits and

above) measurement sys-

_?11_ or jf_ tems. Keep in mind that some

of the application examples
will illustrate some common
system-level application is-
sues that may be vendor spe-
cific. There are many subtle
“gotchas” that one can en-
counter when pursuing per-
fection in high-resolution
measurement.

Let’s look at the basic in-
put sampling structure for
Crystal Semiconductor’s
CS5016 50-kHz, 16-bit, self-
calibrating SAR converter
(Fig. 2). The converter’s input
is being driven directly from

tortoa voltage that’s a coarse 1 CMOS technology produces good analog switches and capacitors with low
dielectric absorption. These two devices are the fundamental components
needed in ADC sampling circuits. The mest simple sampling circuit consists
of an analog switch and a capacitor (a). The sampling capacitor must be fully
charged each time the input signal is sampled, and the input driver must
handie the resulting dynamic load. Sometimes, the sampling capacitor is
isotated with an input resistor (b). The resistors also may be used for level
shifting the input signal. Dynamic-load currents seen by the simple sampler
(a) can be reduced by adding a coarse-charge buffer to the circuit (c). The
sampling capacitor is charged by the buffer, then connected directly to the
input signal so that it can be charged to its final voltage. This greatly
reduces the dynamic current seen by the external driver.

approximation of the input
source voltage (V). The volt-
age output from the buffer
includes the buffer’s offset as
well as the input signal. But
the buffer supplies the ma-
Jjority of the current needed
to charge the sampling ca-
pacitor, which greatly re-
duces the current demand
from the source outside of the
chip.

The sampler then enters into the
fine-charge sampling phase. Fine
charge (fine switch is on, coarse
switch is off) bypasses the buffer and
connects the external source directly
to the sample capacitor. This enables
the sampling capacitor to be charged
to a voltage equal to the input voltage.
The amount of current sourced during
fine charge will be a function of the
offset voltage of the coarse-charge
buffer. The input current for the buff-
ered sampler is:

i = Vog/(l/fe) = Vogfe

where Vgis the offset of the buffer, f
is the sampling frequency, and C is the
sampling capacitor. The input current

for the buffered sampler is not a func-
tion of the input voltage; instead, it is
constant as long as the Vg of the
buffer, the sampling frequency, and
the sampling capacitor remain con-
stant. Note that the polarity of the
input current in the buffered sampler
will be determined by the polarity of
the offset voltage of the coarse-charge
buffer. The buffered sampler signifi-
cantly reduces the current required
from the input circuit when compared
to the unbuffered sampler with the
equivalent sampling capacitors and
sampling frequency.
ADC BEHAVIOR

Now that some of the basic input
structures of CMOS ADCs have been
described, let's examine how the be-
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an OP-27 (generic brand) op
amp (Fig. 2a).

When the CS5016 is con-
figured to run at 50 kHz, the
sampler is clocked at 1 MHz.
The offset of the coarse-charge
buffer is typically 20 mV.
When the sampler switches
from coarse charge to fine
charge, the OP-27 op amp is
instantly loaded by a 150-pF
capacitance inside the ADC
and asked to provide an in-
stantaneous transient current.

Just how will the OP-27 behave
when loaded with a repetitious tran-
sient capacitance at a 1-MHz switch-
ing frequency? Not all OP-27 amps
will behave the same, because not all
OP-27 amps are the same. The OP-27
op amp can be purchased from several
different manufacturers, and the de-
vice number (OP-27) doesn’t guaran-
tee that devices from different manu-
facturers are designed with identical
open-loop phase-gain characteristics,
or with identical output-stage struc-
tures. Both of these can influence how
a particular brand of OP-27 reacts to
a high-speed transient load.

The phase-gain characteristics of
the typical OP-27 operational amplifier
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time exceeds the time the
sampler needs for proper set-
tling. The increased settling
time of the RC filter will
manifest itself as a measure-
ment inaccuracy. We'll look

(85016

more closely at this problem
later in this article.

PROPER DIELECTRIC
Besides using the cor-
rect RC component values,

;l; VA
i g,
= 5/ or (b)
;; 1000 pF
% p AGND

be certain to use a capacitor
with an appropriate dielec-

tric. The high-K dielectries of

REFBUF

o

certain ceramic capacitors

pour | (X5F and Z5U) can exhibit

dielectric absorption prob-

v

-5V VA- V-
=y i
0.1 uF 10 0.1 pF

v

lems. Some monolithic ce-
ramic capacitors also can ex-
hibit absorption problems. In
an instrumentation applica-

28wilched-capacitor samplers prefer an RC at the input. Some popular op amps like the OP-27 can have
difficulty driving the dynamic-load requirement of a sampling capacitor. An RC network between the op

amp and the ADC's sampler circuit is recommended by ADC manufacturers. This provides a low

dynamic-source impedance 1o the sampler while also supplying the op amp with a more resistive load.

can result in gain peaking in the re-
gion between 2 and 7 MHz when the
amplifier is connected in a low-gain
(under 20 dB) configuration. The out-
put of an amplifier with gain peaking
can ring when subjected to a transient
load, especially a transient load ca-
pacitance. The exact behavior may
vary among brands of amplifiers, and
may also vary from one production lot
to the next.

One of the more peculiar behaviors
is that the OP-27 amplifier may operate
properly over a range of output volt-
ages, but ring when attempting to
source output voltages near zero volts.
When a system designer encounters
this problem, he or she can mistakenly
conclude that the ADC has missing
codes near bipolar zero if he only exam-

specific RC filter to place in front of
the sampler inputs (Fig. 2b). The R
value is chosen to isolate the driving
amplifier from the transient capacitive
load of the sampler. The C value is se-
lected to provide a very low source im-
pedance to the sampler transient, while
also providing a reservoir of charge. In
addition, the RC time constant is chosen
to be short enough to allow the sampler
to settle to full accuracy in the allotted
sample time.

Some users mistakenly think the
purpose of the RC filter is to provide
some level of antialias filtering. In an
attempt to get better bandwidth re-
duction, these users will increase the
RC component values. This is a mis-
take, and results in making the RC
time constant so long that the settling

tion, this absorption can
sometimes introduce obscure
errors. If the input to the
sampler is a constant de
value, the effects of the ab-
sorption could go unnoticed.
Errors due to dielectric absorption
may only become obvious in a multi-
plexed application in which the input
voltage for each subsequent sample is
changing by large amounts. This can
reveal rather large errors that result
from having inadequate settling time.

Capacitors with high-K dielec-
tries exhibit a large change in capaci-
tance versus applied voltage. For sig-
nal-processing applications, this can
introduce distortion. Therefore, if de-
signers want to achieve top perform-
ance in signal-to-distortion (S/D) ra-
tio, they should use ceramic capaci-
tors with stable capacitance versus
voltage characteristics, such as aC0G
dielectric. Distortion caused by the
capacitor dielectric characteristics is
especially evident in high-dynamic-

converter. But the actual
cause of the problem is that

range ADCs such as Crys-

ADC

the op amp’s output is unable
to remain stable when at-
tempting to source voltages
near zero into a dynamic load.
The amplifier output rings
and the sampler actually cap-

ines the output codes from the

b

Sy
v

o Bias
voltage

tal's CS5321/CS5322 delta-
sigma chip set (120-dB sig-
nal-to-noise at 1-kHz sample
rates). A good circuit-board
layout allows this chip set to
achieve typical signal-to-dis-

tortion that’s better than 116
dB with COG capacitos. Use

tures some point on the mag-
nitude of this ringing output.

It’s common for manufac-
turers of SAR and delta-sigma
converters to recommend a

Capacitive samplers will charge an ac-coupling capacitor. In
some audio applications, designers prefer ac coupling the signai
path to prevent the signal-conditioning circuit’s dc offsets from
getting into the ADC. However, the ADC’s sampler circuit may
charge the ac-coupling capacitor to an offset of its own.
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of ceramic caps with a X7R
dielectric, considered to be a
fairly stable dielectrie, can
reduce S/D performance to
about 108 dB. Other dielec-
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trics may cause even greater perform-
ance degradation than the X7R di-
electric. Be certain to follow the semi-
conductor manufacturer’s recommen-
dations for any RC components in
front of sampler inputs, including both
component values and dielectrics.
Certain ADC applications use
only ac signals. These systems call
for the removal of any dc offset in the
signal to be digitized. In an attempt
to keep any dc offsets from reaching
the input to the converter, some us-
ers will place an RC high-pass filter
at the ADC input (Fig. 3). The
charge input demanded by the
sampler will charge the coupling
capacitor with an offset voltage.
This offset voltage is a function of
the internal bias voltage into which
the sampler dumps its charge. In
ADCs that operate from dual sup-
plies (+5 and -5 volts), the bias
voltage may be near ground. In
converters that operate from 0- to
+5-V supplies, the bias voltage can
be near +2.5 volts. However, the
tendency for the sampler to charge
the input coupling capacitor can in-
troduce its own offset error in the
sampled result. One needs to be

ADC INPUT CONFIGURATIONS

A simplified MOSFET model shows the intrinsic
capacitances that allow for charge injection.
Charge injection occurs in the transistors that
make up analog switches. Whenever the
gate-control voltage is switched, this transition is
coupled through the intrinsic capacitances to the
transistor’s drain and source connections.

awarethatacapacitively coupledin-
put may remove offset from the sig-
nal, but this doesn’t eliminate the pos-
sibility of the sampler introducing an
offset voltage of its own.

The latest generation of audio
ADCs solve this offset problem. First,
the converter runs from a single +5 V
supply. The signal input is specifically
designed to be capacitive-coupled as
this allows the ground referenced in-
put signal to be level shifted to a ref-
erence value near +2.5 volts. Also, a

digital high pass filter may be in-
cluded to remove any offset at the
front end of the converter from the
output conversion words.

Several manufacturers have in- '
troduced delta-sigma ADCs intended
for low-level (< 1 volt) instrumenta- .
tion applications. Some of these con-
verters include gain-ranging circuits |
and programmable output word rates. ‘

|

Users of these devices need to under-
stand the various means by which
gain ranging and programmable out-
put rates are accomplished. '
Some architectures with on-chip
programmable-gain amplifiers change
the size of the sampling capacitor or
the frequency at which the sampler
operates to achieve an effective
change in the signal gain. Changing
the output word rate of the converter
can affect the frequency at which the
input-sampling ecircuitry operates.
Remember from the equations dis-
cussed earlier that the input imped-
ance is a function of the sampling fre-
quency and the size of the sampling |
capacitor. If the size of the sampling |
capacitor or the frequency of the input
sampler is changed to implement a
gain change or to change the output
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High-valued resistors can introduce new error components at the sampler’s input. The source impedance at the input of a CMOS sampling ADC is usually dominated |
by an RC network. Don't exceed the manufacturer's recommended values for R and C. In this figure, the designer has used large R and C values to add another

low-frequency filter comer to the input-signal-conditioning circuitry of the CS5509. These R and C values can introduce new sources of offset error and drift.
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word rate, the magnitude of the input
impedance to the converter will also
change. And this input impedance will
be modified each time a new gain
range or output word rate is selected.

Just how severeis this impedance
change? The impedance can scale pro-
portionally to the change in gain, or
proportionally to the change in output
word rate. For example, if the gain is
doubled, the input impedance can be
cut by half. If the output word rate is
doubled, the input impedance can be
cut by half. This large change in input
impedance can interact with the ex-
ternal-driver source impedance to in-
troduce magnitude changes in the in-
put signal any time gain or output
word rate is changed.

FiXED-GAIN INPUT

Some converter designs maintain a
stable input impecance even when a gain
change is invoked. This is accomplished
by having a fixed-gain input stage in
which the sample capacitor and sampling
frequency never change, followed by a
second stage where the gain ranging is
accomplished. In this architecture, users
will always see a stable input impedance
when the gain is changed.

A stable input impedance also can
be achieved in converters that offer
multiple output word rates. The con-
verter can be designed to maintain a
fixed sample frequency in the input
stage, with all sample-rate changes ac-
complished by changing the decimation
rate of the digital filter. Because the
sample rate of the input stage is main-
tained at a constant frequency, users
see a stable input impedance.

ADC INPUT CONFIGURATIONS

When selecting a delta-sigma
converter with variable-gain selec-
tions, or with output-word-rate selec-
tions, be sure to understand the
means by which these variable fea-
tures are accomplished. Those devices
that alter the input stage of the sam-
pler can result in unexpected meas-
urement errors if users aren't aware
of the possible results that occur due
to changes of input impedance.

In very-high-resolution delta-
sigma ADCs intended for instrumen-
tation applications, there are mecha-
nisms in the input circuitry that could
potentially introduce microvolt errors
if not properly understood. Non-
linearity mechanisms are possible due
to the imperfections in analog
switches, and in the coarse-charge
buffer. The input stage for many in-
strumentation-type ADCs may in-
clude some form of chopper stabiliza-
tion. The chopping is intended to re-
duce offset error and offset drift, but
the switches that perform the chop-
ping can be a source of charge injec-
tion. Charge injection also can occur
in the sampling switches of the capaci-
tive sampler.

Let’s look at the analog switch
and examine how charge injection oc-
curs (Fig. 4). The figure illustrates a
basic MOS-transistor switch, and
shows how it includes capacitors from
the gate to the source and from the
gate to the drain of the device. When-
ever the control voltage to the switch
transitions from either high to low or
low to high, the capacitors that are
inherent in the construction of the de-

+HV
O

Full scale = =25 mV

Device under test
Shorting jumper i
Y [
AlN+ |
M +

s X1 ‘

x 1 )
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Unknown ‘

input
structure \

68hown is a test setup for measuring sampler input current. The ADC is used to measure the offset
produced across a known input resistor. The input current can be evaluated for voltages across the
entire span of the converter by using a potentiometer to adjust the magnitude of the input signal.
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vice couple this voltage transition into
the impedances on the source and
drain leads of the device. The amount
of the charge injection is dependent on
the geometric dimensions of the tran-
sistor, as this affects the size of the ca-

pacitors, the magnitude and frequency |

of the control voltage, and the imped-
ances connected to the source and drain
leads of the device. The magnitude of
the input signal passed through the
switch also can influence the amount of
charge injection, because this voltage
will have some effect on the control-

voltage threshold at which the transis- ‘

tor turns on or off.
Whenever designers use a dis-
crete analog switch, or an individual

field-effect transistor as an analog |

switch, an investigation of the charge
injection introduced into the circuit by
the switch is standard practice. But
once this analog-switch function is in-
ternal to a more complex IC, system
designers tend to forget about analog-
switch imperfections. After all, wasn't
the chip designer supposed to take
care of all of that?
CHoPPER CIRCUIT

For example, in a well-designed
chopper circuit for low-level signals
(+100 to —100 mV), charge injection
may introduce an input current of
1000 pA with a 0-V input signal (the
actual value will depend upon the spe-

cific design of the chopping switches). |

As the input signal is changed from
+100to—-100 mV, the bias on the chop-
per switches is changed. This, in turn,
changes the input current caused by
charge injection.

While the change may be min-
ute, it can be nonlinear with the in-
put signal. For example, the input
current could change from 900 pA at
+100mV to 1100 pA at —100 mV with
a somewhat nonlinear charac-
teristic. This change in input current
with signal level will result in a volt-
age drop across any external source
resistor, and the resulting voltage

drop will introduce a nonlinearity |
that is a funetion of the input cur- |

rent. The magnitude of the non-
linearity seen by the ADC is greatly
influenced by the choice of input re-
sistance in front of the ADC. The
data sheet for a specific ADC may
recommend certain values for the
RC components at the part’s input.
If larger values are used, the system
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A visual histogram display adds confidence to data-set collection. When using the test setup of
Figure 6, it may take several seconds for the RC network to settle to a final output value whenever the
potentiometer is changed, or whenever the shorting jumper is remaved. If multiple conversion words
are collected (500 to 1000 preferred), a pictoral histogram of the conversion words can give users
added confidence that the input has settled and that the statistical results are for a stabilized input.

performance can be degraded by
these imperfections inside the device.

Designers can encounter similar
limitations to measurement accuracy
when using a converter with a coarse-
charge buffered sampler. While the
coarse-charge buffer achieves a sig-
nificant reduction in the magnitude of
the dynamic input current, the buffer
also can introduce some surprises to
the unwary. The magnitude of the dy-
namic input current into a coarse-
charge buffered sampler is a function
of the buffer’s offset voltage, which
may be of either polarity. The conse-
quence here is that the dynamic inpuf
current may actually flow either into
or out of the device.

The magnitude and the polarity
of the offset can vary from device to
device, and can also drift with tem-
perature. Consequently, the dvnamic
current’s magnitude and polarity can
change over temperature. This is of no
consequence if the input to the con-
verter is driven from a low source
impedance. But, there are applica-
tions where a large source impedance
could be preferred.

For example, look at a weigh-
scale digitizer in which the signal from
the load cell is amplified and filtered
before being input into the Crystal
Semiconductor CS5509 ADC (Fig. 5).
In many static weighing applications,
it’s preferable to band limit the load

cell signal to frequencies below 3 Hz.
This is done to remove vibrations on
the scale and to provide good rejection
of the ac line frequency (50 or 60 Hz).
It’s common to use a two- or three-
pole filter for this purpose. In the cir-
cuit shown, the differential input-dif-
ferential output amplifier uses the RC
elements R1C1, R2C2, and R3R4C3
to provide low-pass filtering of the
input signal (Ftg. 5, again). But the
large source resistances of R3 and R4
in front of the ADC can interact with
the dynamic input current to intro-
duce measurement inaccuracy into
the system.

The fact that there’s a dynamic
current doesn’t by itself cause a prob-
lem. The average value of the dynamic
current will flow through R3 (and R4
for the other input) and produce a
voltage drop. This initially introduces
an error whose value can be calibrated
out. But as the temperature changes,
the dynamic current may change
slightly in magnitude, and possibly
even in polarity. Although the change
in the magnitude of the current is
small, it can introduce several micro-
volts of error if the value of the resis-
tor is large. To put some numbers on
this, the offset of the coarse-charge
buffer may drift at about 20-30 pV/°C.
This will result in an average input-
current change of 5 to 8 pA/°C. And
the resulting voltage drop across the
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input resistor can introduce a drift

component of a few microvolts/’C. |

The error introduced by this mecha-
nism could be avoided by not using

such a large RC combination at the |

ADC’s input.

To obtain the best linearity and
stability in a high-resolution ADC that
uses capacitive-based sampling, it’s
beneficial to understand the behavior of

the dynamic input current when sub- |
Jjected to different operating conditions. |
Manufacturers specify their products |

when driven from low source imped-

ances. With a low source impedance, |
many of the low-level input-current ef-

fects are of no consequence.

There are tests system design-
ers can perform if they want to
evaluate the behavior of the dy-
namic input current (Fig. 6). Illus-
trated is a test setup for evaluating
the input-current behavior of a high-

resolution ADC. The divider-resis- |

tor values are chosen so that each of
the potentiometers can be adjusted
over the full bipolar input of the con-
verter (this assumes the ADC has a
fully-differential input. One ADC in-
put is chosen as the reference, and is
connected to its low-impedance po-
tentiometer tap without a large se-
ries resistance or a filter capacitor.
This allows that particular sampling
input to fully settle when it samples.

The potentiometer on the second
input (the Sig+ input) is then adjusted
to give the desired output code from
the converter with the large input re-
sistor shorted out (Fig. 6, again). The
output code of the converter is re-
corded. The shorting jumper across
the large measurement resistor is
then removed and the output code for
this condition is recorded. The meas-

urement resistor is chosen to be 100k |

in this case. This will yield a voltage
change across the resistor of 100 uVv
for each nA of current through it. It

may be desirable to increase this re- |

sistor value if the input current to be
measured is at the pA level.
Let’s look at an example of this

input test on a generic ADC. The ADC |

is a 16-bit device (65536 codes) oper-
ating in bipolar mode. The device uses

a 2.5-V reference, but has an internal |

amplifier with a gain of 100. The gain
has been system calibrated per the
directions given in the manufacturer’s
data sheet. This yields an input span
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ADC INPUT CONFIGURATIONS

to the converter of 2.5 V/100 = 25 mV, |

or 25 mV for bipolar. Therefore, each
count in the converter represents
50 mV/65536 = 763 nV.

SHORTING JUMPER

The shorting jumper is removed
once the input voltage to the con-
verter is adjusted to give the desired
output code from the converter with
the measurement resistor shorted. In
bipolar mode, the converter spans
32,767 codes positive and 32,768 codes
negative. In our example, the input
voltage with the measurement resis-
tor shorted is adjusted to give a bipo-
lar zero code (code 00000), and then
the shorting jumper is removed.

The time constant of the input RC
is such that it averages the dynamic
current and produces an offset volt-
age across the measurement resistor.
The offset error across the 100k
source resistance will be reflected by
a change in the converter’s output
codes. In this case, the output code
changed from code 00000 to 02116.
This indicates a positive increase of
the input voltage into the converter,
and therefore represents a current
flowing out of the converter’s input
pin with a value of (763 nV X
2116)/100k = 16.1 nA.

There are some precautions to
consider when making these meas-
urements. A high-resolution ADC
will have noise in its output codes.
Therefore, it’s recommended that a
number of output codes be averaged
to compute the mean value of the
output samples. To remove statisti-
cal uncertainty, the number of
points to be averaged should be
more than 500 (with about 1000 pre-
ferred). It’s very helpful if a histo-
gram of the conversion words can be
displayed for each data set being col-
lected (Fig. 7). This histogram can
visually give a confidence factor that
the data is being collected in a satis-
factory manner. Another precaution
is to continue collecting repeated
data sets until the results become
repeatable from one data set to the
next. Following this precaution will
remove some uncertainties, such as
whether the RC filter at the front of
the converter has actually settled.

In doing testing in the lab, I've
used a de-voltage calibrator in place of
the potentiometer shown in Figure 6.
The calibrator was more convenient
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than the potentiometer because it had
a keyboard on the front panel to enter
the desired voltage. But, each time
the output voltage was changed, the
calibrator took almost 20 seconds to
settle before its output could be con-
sidered stable to the 100-nV level.
Taking repeated data-set collections
out of the ADC, displaying the data
set’s histogram, and computing the
mean value of the data set gave me
confidence that the measurements
were being taken properly. Once the
input voltage from the calibrator had
stabilized, the histogram plot and the
calculated mean were repeatable.

Once the test setup is con-
structed, the current into the con-
verter can be measured for different
input voltages across the entire span
of the converter. Some applications
may call for measuring the current on
both of the input pins to the converter.
If a differential input signal is to be
applied to the converter, it may be
important to know how well the two
inputs track. Depending on the qual-
ity of the converter’s design, many
factors may influence the input cur-
rent’s behavior. These include things
such as temperature, power-supply
voltage variation, common-mode volt-
age variation, changing the output
word rate, or changing the gain if the
ADC has gain-ranging on-chip.

The characteristics of the input
current in a particular device may
vary somewhat from manufacturing
lot to lot. Making a measurement of
the magnitude and behavior of the
input current over the full input
range of a converter can give users
a first order estimate of what to ex-
pect. Investigating the input cur-
rent of a sampling ADC and measur-
ing the current’s magnitude will re-
veal whether the ADC’s input struc-
ture is a simple sampler or a coarse-
charge buffered input. Under-
standing the various input structures,
and the behavior of these structures,
can help designers avoid causing sig-
nificant system errors. Gl

JEROMEE. JOHNSTON is an applications
engineer for data-acquisition products at
Crystal Semiconductor, 4210 S. Industrial
Dr., Austin, Texas 78744; (512) 912-3256;
e-matl: jej@crystal.cirrus.com. He has a
BSEE degree from the University of Ne-
braska, Lincoln.
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Analyzing Feedback

In Circuits That Are
Less Than Ideal

' ATechnique Using

Driving-Point

' Impedance And Signal-
' Flow Graphs Makes
Analysis 0f Feedback

 Circuits Clear And Easy.

AGUSTIN OCHOA
Rockwell Semiconductor Systems, Brooksree Diy.

Feedback is a useful tool that iets analog circuit designers
reduce the sensitivity of a circuit’s response to changes in active-element
parameters caused by process variations, aging, and environment. Feedback
allows the design of highly accurate gain stages defined by ratios of passive
elements that are under better control by design or by selection, rather than
by the properties of the active elements, like MOS transistor transconductance.

The topologies used in these circuits trade off excess gain for control by
combining a fraction of a circuit’s output with the input (Fig. 1). In these
circuits, the overall system transfer function, H(s), is defined for the ideal blocks
by the cell’s open-loop amplifier gain, A(s), and the system feedback factor, f:

H(s) = Ag((s)[1-fxA(s)] 1

When the magnitude of fXA(s) is much greater than 1, Eq. 1 becomes
asymptotic to -1/f, independent of the characteristics of Ay(s).

Eq. 1 works very well with op amps that have extremely high gains, high
input impedance, and very low output impedance. Using these op amps, board
designers and serious hobbyists quickly and easily produce well controlled
functions.

The difficulty arises in identifying the block elements A(s) and f when the
blocks are not quite ideal. Then the designer must include the loading effects
at the amplifier’s input and output due to source, load, and feedback imped-
ances. The engineer putting together a discrete system or designing analog
functions in an IC quickly finds that the 10-transistor amplifier circuit used to
save area or ensure quick soldering simply does not behave “properly.” This
article deals with this non-ideal case.

First, a change in notation is appropriate, both for emphasis and to contrast
with the ideal case. The system open-loop gain will be shown to be a misnomer
in that it does not arise by simply opening the circuit’s feedback loop. Instead,
it arises from opening the feedback loop in the system’s signal-flow graph.
Remaining in the graph operation will be the loading effects of the feedback

Va

(a)

Y
Y {E

o Yy

oV V

Agils)

(b)

Adding feedback to a circuit trades off excess gain for added control (a). The system transfer
function typically is represented by the ideal blocks for the open-loop gain, Ao, and feedback

factor, f (b).
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ELECTRONIC DESIGN

pling element, the transcon- ‘
ductance gmj. Eq. 3b states

that the relevant nodal imped- '
ance at the jth node is due to '
the parallel combination of all

admittances attached to this |
node. These equations are a di- |
rect consequence of applying
the driving-point impedance
technique with auxiliary volt-
age sources at each node.>*

ANALOG APPLICATIONS
FEEDBACK ANALYSIS
Vg
Rc Vbe Vce
(Node 2)
V2
Rs  (Note 1) hig Vhegm@ hoe
’ A\ 0
Yi
o—e *+—0O
s :
l (@) (b)
i —| G (Bg + 1Mjg) -gm 1/Gg + hge) e
_(0)

These equations provide the
circuit relations needed to pro-
duce a signal-flow graph. Once
the graph is produced, algebra
is peformed on the graph to
evaluate transfer functions
from source to output.The
standard analysis procedure
for circuits with active ele-
ments is to first create an

A single-stage amplifier using a hipolar transistor (a) can be represented by a small-signal model (b).

The flow graph for the circuit shows the relationships between the circuit elements (c).

element on the input and output nodes
and a feedforward current potential.
So to keep the notation straight,
this article uses open-graph gain,
Ags), instead of Ag. Agels) is the
proper relation and A, will converge
to A,(s) as the amplifier block pa-
rameters become more ideal in com-
parison to the feedhack admittance.
This analysis becomes useful in iden-
tifying directly the factors in Eq. 1 in
a form that allows the designer to un-
derstand how ideal his designreally is.
Before analyzing the feedback cir-
cuits, it's a good idea to discuss the
methodology, a few definitions, and an
example circuit. After the technique,
called the Driving-Point Imped-
ance/Signal-Flow Graph (DPUSFG)
methodology, is defined and demon-
strated, it is applied to three feedback
circuits. Although the method uses sig-
nal-flow graph representations, experi-
ence in the use of flow graphs is not
necessary. Flow-graph algebra is easy
to learn by following a few examples.
Manual analysis quickly becomes
unmanageable with increasing circuit
complexity, so the circuits explored
will be small. While this seems to be a
limitation, it really isn’t because ana-
log circuit design depends on an un-
derstanding of a core circuit embed-
ded in a biasing network. This method
is very useful for analyzing the core.
The simplified circuits produce flow
graphs that can be analyzed directly

or by the mechanical application of
Mason's Rule.
THE DPI/SFG METHODOLOGY
An earlier paper presented the
DPI/S¥G methodology as a useful
general circuit analysis technique able
to handle feedback and the inclusion
of cells while accounting for loading
effects at input and output nodes of
these blocks.? This is done by break-
ing the signals into primitive compo-
nents of nodal voltages: short-circuit
currents and nodal driving-point im-
pedances. A node voltage in this de-
composition is:

Vj = XS(‘jXZJ’ 2)

where ISC; is the current flowing into
a short circuit at the jth node due to
adjacent node voltages, and Z; the re-
ciprocal of the sum of the admittances
attached to this node, is the driving-
point impedance. That is,

ISC; = SUMk{gmjx V] (3a)
where by superposition, the compo-
nent to ISC; from node k is evaluated
with all other node voltages set to
zero, and

Z; = 1/SUMK{Y (3b)
Eq.3astates that eachnodeinthe

circuit can contribute to the jth node’s
short-circuit current through a cou-
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equivalent small-signal circuit |
substituting a small-signal |
model for the transistors.
Power supplies become ac
grounds. Then comes a system of |
equations derived from node and loop |
laws using the unknown state vari- '
ables of node voltages and loop cur-
rents. Substitution or matrix algebra
solves the equations.

The DPI/S¥FG methodology, how-
ever, bypasses mosts of these steps
and uses Eq. 3a and 3b to produce a
signal-flow graph, from which all cir-
cuit relations are found.

Consider a simple example using
a bipolar transistor (Fig. 2a). The
transistor can be modeled with an in-
put impedance, hje; an output conduc-
tance, hye; and a transconductance ele-
ment, gm = o/re, that couples input
voltages to produce an output current
(Fig. 2b). Instead of drawing a new
circuit, the engineer can mentally sub-
stitute these attributes into a flow
graph defined by Eq. 3a, Eq. 3b. and
Eq. 2 as shown below. Higher-order
models can be incorporated into the
analysis in an identical fashion.

Imagine a short applied to node 1
of the circuit (Fig. 2a again). The cur-
rent out of this node due to the source
Vi through G (or 1/Ry) is:

ISCy = VixGg (4a)

and the nodal driving-point imped-
ance (with node 2 held at ground) is:

Z1 = W(Gg+1/hie) (4b)
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FEEDBACK ANALYSIS
Vid
Re
Ry
4%% (Node 2)
oV
Rg (Node 1) =
A%, 04
+ S~
Vi
(a) G
Vj — Gg 1/(Gs + Gy + 1/hjg) / -4m %—1 1(Gg + Gy + hge) Vy E
G I
) Lt

3When a feedback resistor, Ry is added to the amplifier (a), the transconductance Gt must be
included in the nodal driving-point impedances (b).

Similarly, node 2 produces:

ISCy = -V xgm (5a)

and

Zy = 1/(Ge+hoe)  (Bb)

These two sets of equations are in
a particularly nice form to generate
the signal-flow graph (Fig. 2c).

A flow graph is a directed net
with signals flowing in the direction of
the arrows. The relation expressed in
Eq. 4a is depicted as the arrow out of
the first block at the left side of the
diagram. The input to a block is mul-
tiplied by the block’s contents in flow-
graph representation to produce the
output.

In this case, the signal source, V;
is multiplied by G, to produce ISC;.
This signal becomes the input to the
next block, which represents Eq. 4b,
and produces the voltage at node 1 as
defined by the product of the node’s
short-circuit current and driving-
point impedance, ISC;xDPI; (Eq. 2).
Voltage ‘V) is the input to the next
block, which represents Eq. 5a, and is
followed by Eq. 5b. The final output is

V3, which is the circuit’s desired out-
put voltage.

Graphical algebra is used to find
the transfer functions from a source
point to an output point. In this case,
the output voltage Vy is the ecumula-
tive product of the blocks from input
to output:

Equation 6 (see equation listing
1)

The s parameter is needed be-
cause Eq.6is derived in the transform
Laplace space.

A SINGLE-STAGE EXAMPLE

Adding a feedback element to
this simple circuit produces a single-
stage feedback amplifier (Fig. 3a).
Two factors complicate the circuit’s
flow graph: There are two new cur-
rent paths, V;xGy¢ and VoxGg, which
account for the additional component
of short-circuit current to the nodes,
and the DPI blocks now include the
term Gy, which accounts for loading at
the nodes due to the feedback element
(Fig. 3b). The graph now has a loop
showing that a fraction of the signal is
being fed back, creating a self-modify-
ing feedback system.

Using graph algebra, the com-
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plete input/output transfer function ‘
at the collector with no approxima- |
tions beyond those contained in the

transistor model is:

Equation 7 (see equation listing
D

Comparing Eq. 7to Eq. 1, you can
see that the numerator is the gain
factor, now renamed A, This factor
is found by opening the loop in the
flow graph and finding the resulting
transfer function. This is where the
open-loop gain, A, is seen to be in-
complete in Eq. 1. Instead, the open-
graph gain, A, is needed and is easily
obtained from the graph:

Equation 8 (see equation listing 1)

Multiplying the term subtracted
from 1 in the denominator of Eq. 7 by
Gy/Gy, completes the factor Ay with
the remainer now identified as the
feedback factor, f:

f=GdGs (D

This factor modifies the output
voltage Vg to an equivalent input-re-
ferred version of the output voltage
when viewed as a drive source.

To summarize the analysis to this
point, the DPI/SFG technique has
produced a flow graph directly ex-
tracted from the circuit. The flow
graph is an algebraic representation
of the circuit relations containing only
those approximations used in the
modeling of the circuit elements. Op-
erations on the flow graph produced |
the system transfer function directly
with no additional approximations.

The result (Eq. 7) contains load-
ing effects of the feedback element
explicitly. Finally, comparing Eq. 7
to the transfer function obtained
from ideal blocks identified equiva-
lent factors: a gain factor A,z found
by opening the graph loop (rather
than opening the circuit loop) and a
feedback factor, f, which is the ratio |
of the feedback admittance to the |
source admittance.

These results are completely gen- |
eral. Replacing the BJT with an MOS |
transistor in the example circuit |
changes some block values due to dif-
ferences in device model parameters.
As a result, Eq. 7 changes also. The
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FEEDBACK ANALYSIS

Vid < Ry

(Node 2)

{Node 1) Ry

Node 3
(Nade 3) s

Re2

(a)

1/(Gg + G +

116t + higg) | 972

Sum

vi_. @

G'#”fe) e

4|
L&

f

1/(6¢ + Gg2) Vo

()

4]

4A three-node feedback circuit provides a larger open-graph gain than the two-node ampliifer
and comes closer to meeting the desired system gain.

appropriate blocks in the flow graph
are also modified, but not the form of
the graph itself nor of the transfer
funetion. The same is true if the BJT
is replaced with a different BJT. an op
amp, or a vacuum tube.

This illustrates the utility and
universality of the methodology. Add-
ing nodes, however, does complicate

function of -1/f = -5.

The first step is to obtain model
parameters. The bipolar transconduc-
tance is a well-defined parameter due
to the exponential dependence of the
emitter current on the base-emitter
voltage. IFor a 1-mA emitter current,
the emitter resistance is:

O™ kT/(qXIE)
= 0.026/1f; = 26 Q

10)

and the transconductance is:
gm = o/re = 3.85 mMhos an

The input impdeance, h;e, is:

hje = (B+1)Xre (12)

Assuming a transistor similar tothe |

popular 2N2222 with a curvent gain, B,
ranging between 100 and 300 (o = 1) and
hge approximately 0, the range for hje is:
2600 < hje < 7800 Q
And for Ve = 5V, Re must be
approximately 2500 Q for Vptobe 25V,

Resistances Riand Rrare needed |

to complete the design. To calculate
them easily, two approximations can
be made in Eq. 8. Gyean be dropped in
the factor (G¢ - gm), and hge can be
ignored in the last factor. Next, the
design objective says that the feed-
back conductance will be set at 0.2
times the value of the source conduc-
tance. So substituting Gy= 0.2xG into
the simplified Eq. 8 and rewriting it in
terms of R gives:

Equation 13 (see equation listing 1)

Using hje = 2600 and R, = 2500 €,

Equation 13a (see equation listing

1)

the algebra, but it remains |
straightforward. Addition-
ally, because the transcon-
ductances and DPIls are in
the Laplace space, the alge-
bra is in a form suitable for
insertion into computer pro-
grams such as MatLab for
analysis on the complex
plane.

A DESIGN EXAMPLE

As noted, a well de- +
signed feedback system is Vi
defined by the properties of
the passive components in
the feedback factor and not
by those of the amplifier. The
first design example uses the
circuit in Fig. 3a. It is de-
signed to have a feedback fac- | U
tor of .2 and the results are
compared to the ideal behav-
ior for the voltage transfer
52
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Substituting active loads in the circuit of Figure 4 increases Rcz to
the megohm range. The result is a system gain within 1% of the
target figure.

Vi
Vhias2
17
Vhiast
Node Node
fs (1) Rt @)

l The peak A, is 40.86 and
occurs when Ry is approxi-

Ry = 6250 Q. This result
shows that Gy is much less
that gm, confirming the deci-
Ipias sion to drop Gy from the fac-
torin Eq8.

design feedback factor of 0.2
into Eq. 1 (remembering that
Aglisnow A, gives the sys-

05 tem gain:

Equation 14 (see equation
listing 1)

o5
i
<
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This value is 11% off of
the desired value of -5 (=-1/1),
and it will vary with h;e. The
problem is that A,, is not
high enough for a good de-
sign that is defined by the

mately 1250 Q, which makes |

Inserting A,, and the ‘
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feedback factor and that is not sensi-
tive to device parameters. If these
valuesareusedtocalculate A, , =48
and H = 4.75. The higher amplifier

FEEDBACK ANALYSIS

gain predicted is incorrect due tothe
effect of the feedback element of the
nodalimpedance.

Generalizing a bit, the transfer

EQUATION LISTING 1

H(s) = \72(5)/ V](s)

H(s) =G, x| - L2 (-—gm)><|:(‘ lh 1 6)
lae G+
{ h,
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Y e (D
h, )| - G, 5 (-gm+G) '
[Gegya || LGe+Githa)]
g h,
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¢ h, /]
[ f
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e 007
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function Hy(s) of node 2 (Fig. 3a again)
cdue to the input signal is expressible
in the notation of Eq. 3a and Eq. 3b as:

Equation 15 (see equation listing 1)

As aresult, ‘
|

Aog = gmyxZixgmpxZs  (16) |
and

fi= gm21/gma1 (17) '
where gm,, is the transconductance
coupling of signal source “a” tonode 1,
gmy) that from node 2 to node 1 and so
forth.

These results are completely gen-
eral and valid for all two-node, single
input cireuits, with no approximations
at this point.

ADDING COMPLEXITY

The second example is a circuit
with three internal nodes (Fig. ja).
The {low graph shown is specific to the
circuit and not in the universal notation
of Eq. 15 (Fig. ;b). Note that some tran-
sconductance elements are zero and so
are not shown: Node 2 does not couple
to node 1 making gmg; = (), and node 3
does not couple to node 2 making gm;;»
= 0. Ignoring h,, in the transistors to ]
simplify the algebra, the open-graph
gain and feedback factor to Vy are:

Equation 18 (see equation listing 1)

|

f = GGy (18b)

Sustituting Eq. 18a and Eq. 18b
in equation 1 gives the complete |
transfer function to node 3. This rela-
tionship is reduces to the ratio -R¢ R,
if Apxfis large. t

At this point, additional terms .
can be dropped to simplify the rela-
tionship:

Equation 19 (see equation listing 1)

Note that this process produces the
transfer functions directly and easily.
It’s also a simple way to derive the feed-
back factor and the open-graph gain
relationships without approximations
bevond those included in the transistor
maodels. Loading effects of the feedback
element at both ports are included.
Once the complete transfer function is
obtained, simplifying approximations
are made on the algebra rather than on



ELECTRONIC DESIGN
ANALOG APPLICATIONS

the circuit. Some terms can be
dropped after considering their rela-
tive weight independent of their func-
tions in the circuit.

In this second example, the feed-
back factor is again 0.2. To simplify the
discussion, 1-mA emitter-bias cur-
rents will be used for both BJT de-
vices, making the transconductances
3.85 mMhos.

R¢) now develops a voltage Vi,
across it. Assuming that to be 0.7 V
makes R, = 700 Q.

, To have dc operating points of 2.5

V at nodes 1 and 2, Rg and R, must
be 2500 €. The design task is reduced
to finding a suitable value for R; and
making R¢= 5XRg, to create the feed-
back factor of 0.2.

The process starts again with the
equation for Ay, Eq. 18a. First, re-
place G¢ with 0.2XGg and set about
maximizing A Since 1/r, dominates
the denominator in the first bracketed
factor, everything but the 1/r, term
can be dropped. Note also that Gq
should be less than about 0.1/r,. With
the transistor current gain, §, greater
than 100, o in the second bracket can
be set to 1. In the numerator of the
second bracket, G¢ is much smaller
than gm and so can be dropped.

The relation is now reduced to:

Equation 20 (see equation listing 2)

FEEDBACK ANALYSIS

sible will maximize A, But the lower | cuit modifications (Fig. 5). The open-

limit on Ry is defined by the need to
make it large compared to r.. So Rgis
set to 260 Q, and R¢ becomes 1300 Q,
yielding:

Ay =698 (1)

and

A =-69.8/(1+69.8%0.2)
= -4.66

(22)

This is off from the desired gain
of -5 by 6.8%. The one-transistor cir-
cuit of example 1 was off by 11%, so
increasing the magnitude of the open-
graph gain from about 40 to about 70
improved the desired gain by a few
percent.

The designer can now examine
the equations for ways to improve the
results. Clearly the larger the open-
graph gain the better the result. The
problem lies in the impedance re-
quired to meet the de¢ conditions on
the circuit. Increasing R while main-
taining the correct bias level would
increase the gain needed. This can be
done by using active loads. An in-
crease in Rep from 2500 Q to the me-
gohm region is easily accomplished by
using current-mirror biasing. Also,
the factor showing the parallel imped-
ance of R.; with h;eo can be improved
by using an active load.

These changes require some cir-

EQUATION LISTING 2

|
l
' Thus, making R as small as pos-
|
|
|

| Gy + [

’ A, (8)=

H] ¥ I:(_gm::)(hm:chl)] x[ (Rc_X:’) j|
: (Ry +hy) (R

(20)

-Be1f )
R, ]Jz ]+(B+l.}’

102 102

_( 1) (700)2600) | | (2500)5) |_ 265,200
' “1726) | (700+2600) |~ | (2500+5R,) | 2500+ 5R,

| :_[;_{LIBH)z(—5x1<»1)=§9é=4'£)5

graph gain now becomes:

Agg = -[I/RYIXI(are)X
hjeoxgmoxR¢

(23)

= -(B+1)xR¢Rg
= -505
and
Equation 24 (see equation listing 2)

The big increase in A, has im-
proved the gain function so that it is
off by only 1% from the target. The
limiting factor in Eq. 24 is the current
gain, B. Substituting active loads for
the collector resistors created high,
unloaded amplifier gains. But the
loading effect of Rrat the output node
does not allow high open-loop gains, so
this loading must be considered.

If a 1% worst-case transfer func-
tion is acceptible, the modified circuit is
a useful feedback system. The result
can be improved further by using tran-
sistors with higher current gain. Addi-
tionally, a Darlington configuration
would boost B considerably, improving

by two orders of magnitude and
creating a stabilized overall gain within
0.01% of the ideal result of 1/f.0
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f Don’t Despair: You

' CAN Design LCD-Bias
 Circuits That Do Their
' Job While Avoiding
Problems With EMI

: Compliance And
Supply Sequencing.

| JOHN WETTROTH

Maxcim Integrated Products

ELECTRONIC DESIGN
ANALOG APPLICATIONS

LCD-Bias Supplies:
Here’s Some Tips
For Turning Out
Successful Designs

quuld-crystal dlsplays (LCDS) are the low-power display
of choice for today’s notebook computers, cellular telephones, and pagers. These
displays almost always require adjustable bias. This bias voltage is usually outside
the value of typical logic-supply rails, ranging from -6 V for small graphic pagers
to @30 V for notebook displays. And to compensate for temperature and viewing
angle, the bias must be made adjustable over a range of about 3:1.

Analog engineers have received little help in terms of articles and application
notes about designing LCD-bias supplies for displays that aren’t for notebook
computers. This article seeks to fill that gap by offering some background on the
drive requirements for LCDs, and some general guidance for designing bias
circuits that are small, quiet, and efficient. Though the example circuits are
illustrated with specific part numbers and component values, the circuits are
intended as examples to be modified according to the needs of specific applications.

LCD applications generally fall into three categories: Text modules,
smaller displays (~10-V bias or less), and large displays (see table 1). The table
illustrates some common applications and their LCD-bias requirements. In
most cases, the required bias voltage is negative. Inthese systems, the negative
voltage requirement (Vy,cp) is lessened by referencing the required bias (Ve
— VLcp) to the positive rail. In the case of 5-V text modules, a compromise is
often made that enables them to operate without a negative supply. Modules
running from 3.3 V typically require a few negative volts. Dropping Ve from
5V to 3.3 V usually calls for an increase in Vi,cpto maintain the same
(Vee- Viep) bias. The basic physies behind this are easily explained (see “Why
LCDs Require Adjustable High Voltages,” p. 62).

Veo—H{w Zeroto5V
Twowire g S0k st v P o
compatible interface  SDA 4 SDA -
6 :
A v :
cC :
M:;:” : M Relerence L—0
Ground Voo

< U msi

*(use MAX522 for SP! interface) 01
u2A 15617
2

1t= zeroto1.25V

Vo
R o LCD module

PWM input 1
from microprocessor

R3 C1
T4HCO4 1k 2.2uF

Alternative PWM-based DAL (see text)

1 Commodity text modules require an adjustable source from 0.4 to 1.25 V. A DAC or filtered
pulse-width- modulated DAC can be scaled to obtain these voltages.
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remembered that the LCD- |
bias supply generally in-
volves a low-power switch-
ing supply of some kind that
will produce EMI. Care
should be taken in design, ‘
layout, and shielding to mini- |
mize the impact of the bias
supply on compliance. One
specific issue that is com- ‘
monly overlooked arises be-
cause the bias supply is often
located close to the display. |
As aresult, the display view-
ing area creates a large port
from which radiated EMIcan
escape. A switching power |
supply operating at 100 kHz |

Cellular phones with GaAs FET power amplifiers require negative gate bias. This bias generator also can

be enlisted to provide LCD-bias voltages.

Lately, manufacturers have be-
gun offering LLCD modules that in-
clude the bias supply. These “single-
supply” modules may be convenient,
but an external supply provides lower
cost, greater flexibility, and higher ef-
ficiency—especially in high-volume or
low-power applications.

Before delving into the circuits
for generating LLCD bias, one should
have in mind several global con-
straints and trade-offs. These are the
issues associated with electromag-
netic interference (EMI), adjustment
method, and power-supply sequenc-
ing. With the proliferation of wireless
equipment, EMI has become espe-
cially important. Your pager must not
interfere with your cellular phone (or
anyone else’s), and your notebook
computer must not fail to support a
GPS PCMCIA card as advertised.

EMI is a complex, multifaceted
topic. The EMI issues in a LCD-based
instrument fall into several catego-
ries. For one, there are the FCC Class

A ) BIAS REUUIR

A or Bregulations. Class A limits are for
industrial or office equipment and are
relatively easy to meet. Class B limits
are for items that may be used in the
home and are quite stringent. The digital
interfaces, CPU, and main power supply
are the dominant factors in meeting
Class B limits. The EMI problems that
are generally bigger headaches are as-
sociated with self-compliance issues.
These are EMI problems where one por-
tion of the circuit interferes with the
operation of another portion. Noise must
be kept out of audio, wireless, and sensi-
tive analog circuits. This can be espe-
cially difficult in systems like notebook
computers that support PCMCIA. To-
day, almost any function can be found on
a PCMCIA card.

The fixes for self-compliance are
generally the same as those for regu-
latory compliance. If you can make
your system self-compliant and do a
reasonable job of shielding and by-
passing, regulatory  compliance
should not be difficult. It should be

. ADE |
|

Application Typical Pixels Typical Bias Reg. Notes
Text module—low end 80 x 16 +0.5 Narrow temp range
Text module—high end 80 x 16 -5 Wide temp range
Cell phone 96 x 32 -5 Small/efficient
Graphic pager 128 x 32 -6 Very small/efficient
Small instrument 128 < 64 -9 Wide temp range
PDA 160 x 320 -18 Small
Large instrument 320 x 240 -20 Wide temp range
Notebook PC 640 x 480 -24 or +30 High current generally

ELECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVEMBLR 18, 1996

with fast rising and falling |
edges will generate EMI har- |
monics into the low-mega-
hertz range. The LCD-bias supply
would be better located near the main
supply with input and output bypass-
ing of circuitry leaving the area of the
main supply. Additional bypassing
should be installed near the display to |
minimize radiation and to reduce ac |
impedance along the trace path.

In wireless systems, the primary
self-interference problems are typically '
manifested as aloss inreceiver sensitiv- |
ity. This is because the noise generated
in the system will raise the minimum
discernible signal level that the system
canreceivereliably. A similar reduction
in dynamic range occurs in sensitive
analog equipment. The key parameter
for receivers and analog data-acquisi-
tion systems is signal-to-noise ratio. If |
you add noise, you reduce this ratio as
well as dynamic range.

There are two interference path-
ways for EMI generated by switching
supplies: Radiated emissions within the
box, and conducted emissions that con- l
taminate Ve on the input supply. Ra-
diated emissions are generally control-
led with mechanical measures such as
shielding and careful layout. The bias
supply should be located away from
sensitive cireuits. Ifthisisn’t possible, it
should be shielded and well-grounded. |
In supplies that use inductors, it’s pru-
dent to use devices with a closed mag-
netic path such as toroids, pot cores, or
shielded inductors. The power level and
peak currents should be limited to what
the display requires, with some design
margin. Higher currents produce larger |
fields. At the extreme, saturated induc-

l
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tors will produce tremendous amounts
of EMI and harmonic content.
Conducted emissions are control-
led by isolating the input supply with
a filter network that includes a high-
quality capacitor and a ferrite bead
that provides loss at frequencies
above 400 kHz. This frequency limit is
significant for several reasons. First,
it's above the frequency of most
switching power supplies. Second, it’s
below the common IF frequency of
455 kHz used in wireless equipment.
It’s also below the 450-kHz limit at
which FCC conducted-emissions test-
ing begins. If the supplies within a
system can be isolated from the sys-
tem’s own input, then overall compli-
ance at the system level will be much
easier. When designing input-filter
networks, remember that the input
current for a switching supply is often
many times higher than the output
current, especially at startup. In gen-
eral, you should incorporate EMI con-
straints early in the design cycle be-
cause they are difficult to add later on.
Most LCD-bias supplies must in-
clude a provision for V,; adjustment.
Only a few systems with a well-con-
trolled ambient-temperature envi-
ronment or viewing angle can afford
to dispense with this feature com-
pletely. The display in a gas pump, for

LCD-BIAS SUPPLIES

TABLE 2: CHARACTERISTIC

VOLTAGES FOR COMMON MULTIPLEXING SCHEMES®

Von/Vorr Vico Vico Vico
Order N ratio (mV/-C) Vee-Vico (5V system) (3V system)

8 1.447 -50 -12 -7 -9

16 1.290 -65 -15.6 -1 -13

32 1.196 -88 -21 -16 -18

64 1.134 -120 -28 -23 -25
*Assumes standard waveforms per definitive paper by Alt and Pleshko—with Vi, = 2V, T¢ = -10mV,
and temperature range 0° to 50°C (20% margin).

example, is exposed to wide vari-
ations in temperature but has a rela-
tively fixed viewing angle. Manual ad-
justments are not practical, so active
and automatic temperature correc-
tion by a microprocessor might be ap-
propriate in that application.

The simplest means of V,;; adjust-
ment is use of a potentiometer. The
pot’s electrical simplicity, however, is
generally outweighed by the mechani-
cal headaches it can cause. For most of
the circuit examples shown, the option
for adjustment with a potentiometer
willbe obvious. All the circuits and tech-
niques to be discussed offer adjustment
by means of software.

There’s one class of application,
however, that is an exception to the
no-pots rule. Consider an interface
based on a touch screen in which the

<|7— U 1
15 MAX220 ;
b Ground =
; 192 R2pur R2yy 1‘3 ;
TTL/CMOS - Rigur RN = | RS-232
levels 2N T2ou1 1 levels
: W  Toor B—
- . o
1, “5* TR0 v fomina-0)
I 0i 1 2
cz(—-‘ Gl \I(;(;6 V«r-—ml-1 :L ";::F
T TV
10 uF Vcc0—<’ = 10 uF 100 pF
= I(
10 uF i €
— \NN—9
R2
o w Zeroto5V M
u Vs Vot 5 / AT 4
SPUOSPH : O . M LCD bias
c?nnt?me : Systemclock  Vgo [ 470k LCD h{:s.gon;pr
— (8 2er010-9,
7
4 Ground Reference o Vge Ve
MAX522 dual DAC

In an instrument with a need for RS-232 communications, raw negative bias voltage can be
taken from the RS-232 IC and scaled to the proper level.

60
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contrast is way out of adjustment. It
may be impossible to readjust by
clicking an appropriate screen icon,
because the contrast might be so far
out of adjustment that you can’t see
the icon. In addition to software ad-
justment, such a system may require
an override similar to the “beam
finder” on a Tektronix oscilloscope.
This might be a “triple click” in the
upper right corner, for example, to
bring the LCD contrast to mid-scale.

There are several general tech-

niques that can be used for Vg, ad- |
justment. A negative voltage can be |

linearly regulated by an op amp that’s

driven by a digital-to-analog con- |

verter (DAC). The DAC can be an IC
type or a filtered, pulse-width-modu-
lated logic signal from a microcontrol-
ler in the system. This technique is
used widely for smaller displays be-
cause the currents are low and overall

power dissipation is minimal. For |

larger displays that draw a bit of
power, the preferred method is to use
switching regulators with DACs set-
ting the reference for the feedback
loop. This results in higher efficien-
cies. There are other techniques as
will be seen in the circuit examples.
Another issue related to adjusta-
bility is the requirement for an LCD-
contrast supply that is jumper-se-
lected between positive and negative
output, either when the display is in-
stalled or during manufacturing. Re-
member that most displays require
negative bias, but some require posi-
tive bias. In many cases, this is a mat-
ter of whether the systemis toinclude
a passive-matrix color displays or a
monochrome display. It’s often con-
venient for a system vendor to offer a
monochrome or color version of their
system with identical internal cir-
cuitry except for the display and a
jumper or two. There are two circuits
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that cover this general requirement
which will be discussed later. This op-
tion is not generally difficult to allow
for and should be considered in the
system design of your equipment.

Most displays require some form of
power-supply sequencing. The logic
supply should be powered-up first, fol-
lowed by the LCD-contrast supply.
This sequence should be reversed on
power-down by first removing the bias
supply and then removing the logic sup-
ply. Some display modules contain in-
ternal circuitry to accomplish this se-
quencing. Often, the correct sequence
canonly be deduced by a careful reading
of the absolute maximum ratings on the
display’s data sheet.

There are two potential conse-
quences to ignoring these sequencing
rules, and neither is very pretty. De
voltage is the enemy of any LCD. If
the contrast bias voltage is present
without the logic supply, the ac wave-
forms will not be generated by the
controller, and dc voltage will be ap-
plied to the LLCD. If these applications
are of relatively short duration, their
cumulative effect will be a reduction
in the display’s lifespan. A long-dura-
tion application of de voltage will ruin
the display in very short order. The
other hazard is latchup of the LCD
drivers. For many displays, failure to
properly sequence the supplies can
put the LCD’s row-and-column driver
ICs into an SCR-latchup condition

he magic of an LCD lies in

the fluid it contains, which
exhibits a 50%-contrast

point (transition voltage) of
approximately 2 V rms with a tem-
perature coefficient of 10mV/°C. De
voltages cause the fluid to undergo
electrolysis and be ruined, so the
control voltage must be ac. Higher
rms levels produce better contrast.
Very simple displays with only a

few segments can include a drive line
for each segment (pixel), plus a back-
plane common to all pixels and be
driven with a square wave. Pixels are
then turned off by control signals in-
phase with the backplane, and turned
on by control signals out-of-phase
with the backplane. This “direct-
drive” scheme becomes unwieldy for

LCD-BIAS SUPPLIES

5 * o4
334F

This clever circuit runs a charge pump directly off the output of a DAC, which inverts and
doubles its input supply to create an easily adjustable negative supply.

that's typically destructive.

Power sequencing is simple for
most systems. The DAC or setting
mechanism should start out at a safe
voltage until main V¢ is established on
the display, and then should be set to
the proper bias value. Power-down se-
quencing also should be addressed. At
the very least, the bias supply should be
clamped so that it collapses when V¢
collapses. An npn switch and a PNP-
level shifter with a few resistors can be
used to switch a negative LCD supply

from a microprocessor’s port pin.

For critical applications, there is
one scenario that should be considered.
What if power is applied to the LCD
controller, but it fails to start up and

all but the simplest displays.

Most LCDs are therefore mul-
tiplexed to reduce circuit complex-
ity, pin counts, and interconnects in
the display and in the controller.
The LCD controller generates com-
plex ac waveforms that produce a
high rms voltage for “on” pixels and
a lower (but non-zero) rms voltage
for “off” pixels. These rms voltages
are several times lower than the
bias voltage produced by the LCD-
contrast supply. Each multiplexing
scheme has an “order” or “N ratio,”
which is the ratio of driven pixels to
drive lines. Therefore, N represents
efficiency in a general sense. N in-
volves trade-offs: Higher N lowers
the ratio of on-pixel to off-pixel volt-
age, and it increases the ratio of

27106V |
Ve
C5
@M o | W |
V+ 5 15105V F
Data 8 Vot 03 ‘
SPUMicrowire- o, Oy 5 Spre Ts \LNMF s
compatible System clock  V v 0+10V:
int:rlace L8 110 g ._L_L Gl = wl I+ Auxiliary ;| |
¢l T1 positive output :
Reference C1- U =
<|7—L Ground 33,F L -
MAG22 3 C24 v- L4 Negative lc“.““:{;:f ‘
main output :
Vi 3.3,&111 e 3to-10V !

generate the required ac waveforms? |
In this case, some form of watchdog on l
the horizontal-scan frequency from
the display should be used. A micro- |
processor supervisor or counter input

on a microcontroller can be used
implement this watchdog function.
HANDLING SMmaALL MODULES

Turning to applications associated

to'

with specific types of equipment, we

find two classes of modules for text-

only LCDs. The first is a small com-
modity component that has a usable |
temperature range of about 10 C to

40°C and requires a positive bias

of |

only 0.5 V. The second type has a us- |
able range of about -10°C to +50°C,
and requires a negative bias of about |

WHY LCDs REQUIRE ADJUSTABLE HIGH VOLTAGES

peak to rms voltage (see table 2).

The table offers several in-
sights. The N = 64 case, for example,
has a Von/Vopr ratio of only 13%,
and its temperature coefficient cor-
responds to 0.4%. This means that a
temperature change of 30°C would
turn an off pixel to on. Much smaller
temperature changes, however, are
quite noticeable in the display and
therefore require active compensa-
tion or user adjustment. For N = 8,
the improvements in Von/Voppra-
tio and temperature coefficient pro-
duce a more stable display at the
cost of additional pins and complex-
ity. As a result, for wide-tempera-
ture-range displays in which cost is
not a primary concern, lower multi-
plex ratios are more suitable.
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NO INDUCTORS!
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8-pin UMAX package which is only 1.11mm high and uses half the board area of a standard
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shutdown mode. It permits optimization of supply current or capacitor size by selecting the
switching frequency from 5kHz to 200kHz.
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-5 V. The latter bias requirement is
similar to that of asmall LCD graphics
display covered in the next section.
For commodity text modules, you
generate the desired adjustment
range (zero to 1.25 V) by scaling down
a zero-to-5-V signal obtained either
from a DAC or by filtering a PWM
signal (Fig. 1). A benefit of using the
DAC is that it’s a quiet dc device and
draws less power. The diode is used in
the PWM case for crude supply se-
quencing and to prevent latchup on
power-down. It discharges the output
capacitor when the main supply is
switched off. The DAC approach side-

LCD-BIAS SUPPLIES

steps this issue because the DAC’s
output collapses as V¢ falls.
SMALL GRAPHICS MODULES

Cellular phones, pagers, and other
small instruments represent a class of
LCD-bias circuits that are common but
not well supported by application-spe-
cific ICs. In general, the bias require-
ment is a voltage between -5 V and -10
V that delivers very low current that is
easily met with a capacitive charge
pump. The resulting circuit is typically
smaller and less costly than an induc-
tor-based switch-mode supply. In some
cases, as will be shown, clever design
techniques can derive the required bias

With Ry (range other than 3:1):
13=V+Ry
~Vgyt (maximum) = Reg (20 A + 1)
=Vout (minimum) = Rpg x(6.66 mA + 1)

or to solve for range (ratio):

I o 23 086(range)
3 range -1

+21046V o a
input 0.1 uF 2 4F &
i s2v [
Ve §
5.66 pA RSENSE
Reset 6-bit
Power-on | o 6-bit 1020 pA
- comlr “ng'w P
Ipac
Control Reference
Adjust | Logic increment cs
On/oft Switeh- Dyi
b mode
power Drow
supply
Bias
F8
Ground
MAX749 o /
BN = o W o DT
atzerovolts |
Without R ' Optional to adjust
« + A | B maximumminimum <3
~Vgut (maximum) = Rpg 20 mA '
=Vout (minimum) = Vgt (maximum)/3 l Vs

Capable of generating the high negative voltage required in PDAs and notebook displays, this

one-chip solution also contains its own DAC.
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voltage from other parts of the system.
The bias circuit shown is specific
to cellular phones and two-way pag-
ers that incorporate a GaAs FET-
based power amplifier in the trans-
mitter (Fig. 2). GaAs FETs require a
very quiet negative gate bias. The
bias generator in this circuit (IC1) in-
cludes a charge-pump voltage in-
verter and low-noise negative linear
regulator that generate negative bias
at the main output. A voltage equal to
the negative of Vj, (available at IC1’s
NEG negative-output pin) is directly
usable for some low-voltage displays.
In this particular example and in
most others, however, the voltage at
NEG is insufficient. The charge-pump
output is therefore applied to an exter-
nal diode-pump doubler that produces
an output of —6 V. This charge pump is |
controlled from a PWM signal from the
cellular telephone’s microcontroller for
adjustment. The PWM varies the out- |
put from minus one times the input to
minus two times the input by varying
the amount of charge the second stage
of the charge pump is allowed to trans-
fer. The pump can be operated “wide
open,” if desired, by eliminating the :

MOSFET and PWM input. IC1 enables
the GaAs FET bias to be turned off |
while the charge pump remains on, at a |
power-saving lower frequency, to gen- |
erate the LCD bias. [
|

A second LCD-bias circuit suitable
for small displays with requirements of l
-5 V to -10 V is suitable for portable
instruments that include an RS-232 port ’
(Fig. 3). To ensure the minimum-speci-
fied output of +5 V, most single-supply |
RS-232 transceivers generate £10 V in- |
ternally. The negative charge-pump |
output can be tapped and amplified with |
alow-quiescent-current op amp. The IC
shown (MAX220) is a low-current ver- '
sion of the original, standard MAX232, '
You can use the MAX232 if low current |
is not an issue, but the op amp should |
remain a low-current type: At high data
rates, the current available for external
use (from IC1, pin 6) is only about 5mA. |

The last circuit in this category |
uses an unusual method of adjustment,
A low-power DAC can generate the
input V¢ voltage for a charge pump l
directly (Fig. 4). IC1 is essentially the |
charge-pump circuitry from Maxim’s |
MAX232 transceiver, made available in |
a tiny 8-pin uMAX package. Accepting |
an input on pin 6, it produces 2 Vj, as |
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6This single-chip solution is capable of generating positive or negative voltage with a jumper change. Often, the same unit must support both
polarities for color and monochrome LCD versions.

separate outputs on pins 7 and 4, form-
ing a simple adjustable power supply.
The major limitation is IC1l’s mini-

| mum Vi, of 1.5 V, which sets the mini-

mum outputs at £3 V. You can replace
the DAC witha PWM signal and passive
RC filter followed by an op-amp buffer
to maintain reasonable component sizes.
Remember the sequencing issues that
were covered in the first example for the
stored charge of the PWM filter capaci-
tor in this case. A simple diode from the
filter capacitor to V¢ should be used to
discharge the capacitor as V¢ falls.
LARGE-DISPLAY SUPPLIES
High-end notebook computers
feature a direct-drive TFT LCD,
which doesn’t require field adjustabil-
ity by the user. Dual-scan, twisted-ne-
matic displays (DSTNs) are multi-
plexed and require adjustment by the
user for temperature and viewing an-
gle. In many cases, a system such as a
notebook computer might be avail-
able with either type of display. So

| they’ll often still require an adjustable

LCD bias. Notebooks represent a
high-volume, mainstream application
for which manufacturers have pro-
duced single-chip solutions for the
LCD-bias requirement.

Such standard ICs fit the majority
of notebooks, but they may not be di-
rectly suitable for PDAs and other in-
struments. For these, the designer
often needs a different V, range, a
lower quiescent current, or some kind

| of “non-notebook” interface. Two such

circuits are presented, along with de-
sign equations for modifying the Vg,
range (Figs. 5 and 6). In each case,

the switch-mode controller features
an external switch and an internal ad-
Jjustment DAC.

Each circuit is capable of generat-
ing the high voltages required in these
applications, and each includes simple
“hooks” forthe V ,; adjustment. Though
convenient, these circuits require an ex-
ternal transistor that makes them less
suitable for low-voltage applications.
EMI is a major issue for notebook and
wireless devices, so the circuit in Figure
6 includes a frequency-select pin that
lets you modify the operating frequency
or synchronize it to an external source.

The IC in Figure 5 includes a 6-bit
DAC and employs pulse-frequency
modulation (PFM) to regulate the cur-
rent-limited negative output. The DAC
is incremented on positive edges on the
CTRL pin. The edges are generated by
a keyboard controller or debounced
pushbutton switch. For standard appli-
cations, the minimum V;; is set at one-
third of the maximum by IC1. To in-
crease thisrange, you caninject current
at the FB terminal (a virtual-ground
summing junction) by means of RM
and V+ as shown. V+ should be a rela-
tively stable voltage. In some cases,
Ve may not be directly suitable for
this purpose, because the 5 to 10%
variations that can occur when, for
example, a hard disk spins up, can
cause unwelcome changes of contrast
in the LCD. Typically, a stable source
will be available in the system either
as Vgcor as a reference.

A jumper-selectable positive or
negative bias circuit for notebook LCDs
is illustrated (Fig. 6, again). This

method is more efficient because the
controller IC operates directly from
the notebook battery (instead of a
regulated 5-V source as in Fig. 5). It
also includes a de-dc converter and
DAC, but offers greater flexibility in
setting the output polarity, output
range, and operating frequency (Fig. |
5, again). Though part of a family that
includes other types of communication
interfaces, this particular IC controls
the internal DAC by means of a serial
interface now common in notebook
computers—the SMBus. Because of its
frequency-control input, this ecircuit
also is suitable for wireless applications.

The external switch for both of
these notebook supplies can be a bipo-
lar transistor or a FET (Figs. 5 and 6,
again). Both ICs can drive either type
of switch. At higher currents, the
trade-off is between low cost (bipolar
transistor) or efficiency (FET). To
drive a FET, the designer would tie
the two driver outputs (DH and DL)
together. To drive a bipolar transis-
tor, it's a matter of connecting one
output directly to the base (the one
that removes base charge in the off
state) and adding a current-limiting
resistor in series with the output that
turns the transistor on. Gl

JOHN WETTROTH is a senior applications
engineer at Maxim Integrated Products, Field
Conporate Applications U.S.A., 127 Barriedale
Cir., Apex, NC 27502; (919) 303-5733. He is
involved in product definition for standard
products and field applications. Wettroth re-
cetved a BSEE in 1982 from the University of
Ulinois, Champaign-Urbana.
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s I promised back in August
8,1991*—YES, you can eas-
ily make a 0.02%-accurate
| analog multiplier, IF you
have signals in a limited range. If each
of your analog signals runs the range
from +5 V to -5 V, it’s hard to get
enhanced accuracy. But if one of your
signals only runs from5 Vto9Vor2.5
V to 3.5 V, then it’s a lot easier to
design improvements. Back in 1991, 1
got samples of an MPY534KD analog
multiplier, rated to 0.5% accuracy. 1

worked well, with less than 0.02% ac-
curacy. But I always wondered, what
if we made the
multiplier out of an
analog-to-digital
converter driving
a multiplying digi-
tal-to-analog con-
verter—an ADC
and an MDAC??

It turns out that
an ADC plus an
MDAC costs about

neer it. There is

nothing simple.

Let’s look at the example in Figure
1, using an ADC1241 and a DAC1210.
These parts are some of the cheapest
grades of 13-bit ADC and 12-bit
MDAC. As I said, we can get good
accuracy over a limited range of Vi,

put them into my trick circuit—and it |

BOB PEASE one-third to one-
OBTAINED A half as much as an
BSEE FROM MIT analog multiplier,
IN 1961 ANDIS and can provide
STAFF better accuracy if
SCIENTIST AT you are trying to
NATIONAL do Dbetter than
SEMICONDUCT- 0.05%. If you are
OR CORP,, trying to do less
SANTA CLARA, aceuracy, or more,
CALIF. you have to engi-

WHAT’S ALL THIS
MULTIPLICATION STUFF,
AnYHOW? (PaRT l1)

by running MOST of the signals
through linear amplifiers, using good
resistors. The output of the multiplier
is attenuated by a factor of 31—notice
the ratio of R102 to R101. Since these
ADCS and DACs have an accuracy
better than 0.1%, then the output ac-
curacy is limited mainly by the preci-
sion resistors. If you want to buy 1%
resistors, that’s crummy but can give
fair accuracy; if you buy 0.1% or 0.01%
metal film or wire-wounds, you can
achieve very good accuracy.

NOW, I am not going to worry a lot |

about the equations. I could have set
up a BOX of equations, the same as [
did in 1991. BUT, let me EXPLAIN
how we ENGINEER the values of the
resistors. I don’t require fancy equa-
tions. I do my whole design on the
basis of something I learned at MIT 35

years ago from Assistant Professor |

Lenny Kleinrock. He’s not teaching |
linear circuits these days, but he’s do-
ing complicated computer stuff down
somewhere at either UCLA or USC.
Meanwhile, I am still designing linear
and almost-linear circuits. In my cir-
cuit, every R has a rhyme and a rea-
son. Let’s go over the reasons.

WHY is R1 =100 kQ? Because that
is a nice round number. Not too

heavy to drive. Likewise, R5 and
| R101 are 100 kQ.

WHY is R2 = 400 kQ? Because the
input range of the ADC is 4.096 V—
just a bit larger than 4 V, so we need a
gain of 4 to get the input signal range
of 1 Vp-pupto4 V p-p.

WHY is R3 = 116.695 kQ? Well, 1
decided that I want the working input
range of Vi, to be from exactly 2.50 V
t0 3.00 V t03.50 V to 3.51 V. When Vj,;
gets to 3.561 V, the ADC will see 0 V, and
cannot respond. But in the range 25V
to 3.5V, V, will be in the range 0.040 V
to 4.040 V, so the output code will still
respond. In other words, we have to set
the offset properly by using:

Vin1 = 3.51 V/R1
= 4.096 V/R3 = 35.1 pA.

WHY is R4 = 640 kQ? Hold off on this
question; I'll answer this in a second.
WHY is R5 = 100 kQ? Same as R1.
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TABLE 1: OUTPUT VOLTAGE OF MDAC (at pin 11)

AS A FUNCTION OF Vin1 AND Vin2

Vinz = +2.500 V

Vi Vx
+3.510V omVv
+3.500 V 40 mV
+3.000 V 2040 mV
+2.500 V | 4040 mVv 3

WNCV)TTE: Vxis thg amplmed signél fed iﬁfo t

he ADC at pin 1; similarly, Vy is the voltage fed into the

Vy = 0.000 V

MDAC at pin 10. The multiplier may have errors as large as 2 or 3 mV, but these errors will be

attenuated by 31 before they get to the output.

WHY is R6 = 800 kQ? Because we
want Vy (the input of the DAC1210 at
its pin 10) to cover the broadest possible
analog range, from +4 V to -4 V, while
Vinonly covers a 1-V range. So we need
a gain of 8. Thus, R6 = 8 X R5 = 800 kQ.

WHY is R7 = 163.840 kQ? When
Vinz is 2.50 V, we want Vy to be 0.000
V. S02.50 V/100 kQ = 4.096 V/R7. This
defines R7.

WHY is R8=911.681 kQ? Very sim-
ple. If you look at every value of Vi1,
Ving and Vgy, you could compute the
best value for R&. But you don’t have
to look everywhere. The easiest place
to analyze is according to Table 1:
When Vi, is 3.51 V, the ADC has all
codes OFF, and the MDAC’s output is
0 no matter what Vy is. In that case,
per Table 1 and Table 2, the gain to
Vout from Vy must be 0.8775 V/8.000
V, or 0.1096875. Thus, R8 =911.681 kQ
(the reciprocal of that gain).

Similarly, now let’s analyze RA4.
When Vjsis 2.5 V, the gain from Vi,
to the output is supposed to be 1/0.625.
When Vjo is 2.5 V, there is ZERO
input to the MDAC, so it will have no
gain. So to get this gain, we just have
to set R4 at 640 kQ (= 400 kQ /0.625).
If you avoid matrices or fancy comput-
ers, it's easy to develop an intuitive
feel for this kind of circuit.

How do we find the value of R101 to
be 3.125 MQ? Easy. After we chose R8
to be 911.681 k€, that sets the gain for
the case when Vj,; = 3.51 V. Per Table
1, when Vi, is at 2.5 V, only R101 =
3.125 MQ meets the gain require-
ments. The good news is that 3.125
MQ = 31.25 X R101, a relatively large
ratio. If the output of the MDAC is
reasonably accurate, its errors are at-
tenuated or “smallified” by a factor of
31. That’s what we are shooting for.

The ADC needs a certain amount of

“glue logic” to enable it to convert and
then spit out its data to the MDAC, as
shown in Figure 2. The MM74HC46060
counter and the gates put out these
needed pulses, CS and RD and WR,
and an initial calibrate pulse CAL,
when power is first turned on. If you
want to see how I choreographed
these signals, send me a SASE.

Note: One engineer estimated that
maybe I had put in more than the mini-
mum necessary amount of glue logic, so
if you are going to build 1000 of these,
you may be able to simplify that some-
what... This version used one can of
74HC14s and two of 74HC00s.

When we built this little fellow, it
worked the first time we powered it
up. See the observed data in Table
3—comparable to the Chart of data
that we ran backin 1991. The aceuracy
is quite good. What else can we say?

Another advantage of this scheme
is that if you need several channels of
signal multiplied by one signal, you
may be able to use several MDACs
and just one ADC. This could save a
lot of space—and money.

WELL, nobody in the WORLD will
need this circuit 1 just designed. But
other people may need a similar multi-
plier, with high accuracy. Or; the concept
that multipliers can do useful things.
The best, cheapest way is to put most of
the signal through linear amplifiers, us-
ing inexpensive precision op amps such
as LMC6482A or LF411As, and put just
the nonlinear part of the signal through
the multiplier. If you need to multiply
@5 V) x (15 V), then R4 and R8 have to
become open-circuits, R102 becomes
100 k<, and this circuit provides ZERO
improvement.

If you have to multiply (3 V) X (+3
V to +4.5 V), for example, and you
need an improvement in accuracy, this
can help a lot. I am not arguing you
couldn’t put in one or two high-resolu-
tion ADCs and do the whole thing
digitally. But it would cost a lot for the
high-resolution ADCs, and it would be
a little slower. Keeping most of the
signal in the linear domain gets you
cheapness and speed.

Speed? I set up this converter with
the laziest possible set-up,and high reso-
lution. The conversion rate in this case is

(D 3.3k
.@’ 3K
4 & 2.00f

2,125

© ANMLOG IN FROMVX

we (& .fl‘ﬁq./
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TABLE 2: OUTPUT VOLTAGE AT Vout (THEORETICAL)
FOR ALL VALUES OF Vin PER THE EQUATION:

Vout = Vin1 x Vin2/4.000 V

+3.000 V

about 8 kHz, or one update per 120
psec. The output accuracy is no better
than 100 pV, but the resolution is better
than 40 uWW—WELL below 20 ppm of
the output signal. If you figure out that
you need accuracy that is merely better
than 1 mV, you can get away with a 10-bit
ADC and MDAC, and that would save
you a lot of pennies. If you can get away
with 1% accuracy, you may be able touse
cheap 7-bit or 8-bit converters at any
imaginable speed. And while fast ADCs
are not exactly cheap or low power, if one
channel is slow—put that into the ADC,
and the MDAC can be pretty quick—
faster than a MegaHertz. Do you need 5
MHz? Let’s discuss...

Got the picture? This is a VERY
nonlinear kind of system. There is no
simple formula or procedure to pre-
dict where you can save $$ or accuracy
or speed. But if most of the signal can
go through ordinary resistive paths,
you can generate real advantages.

I got a letter from an engineer just
the other day, criticizing my old 1991
multiplier circuit. He said that at sev-
eral of the output voltages, the output
error was worse than 0.01% or 0.02%
of the output voltage. He said I could
never hold 0.02% accuracy, because
the resistor ratios were already as bad
as0.02%, and because the errors of the
multiplier in that circuit were not at-

+2.500 V

tenuated by a factor of 25.

Well he DID point out an error in
that write-up: I neglected to point out
that the expected accuracy was not
0.02% of the output signal, but 0.02%
of full scale. In that circuit, the largest
signal was8 Vx9V/10V =7.2V.None
of the errors was as large as 0.72 mil-
livolts—all smaller than 0.01%. And
that was without any particular opti-
mization. That was what we got the
first try. But with analog multipliers,
it is customary to specify the accuracy
as a percentage of full scale. Obvi-
ously, nobody can make an error bet-
ter than 0.02% of the output voltage
when V,;; is around zero volts!!

He observed that if the ratio of the
14.2857 kQ to the 10 kQ resistor could
be as bad as 0.02%, the accuracy would
be lousy. No, because only a little bit
of the signal came through those resis-
tors. Most of the output voltage was
established by the de offset path,
which gets trimmed.

In our case, for example, the 640 kQ
resistor R4 is in a path where the total
gain error can be as big as 0.04%, due
to the cascaded tolerances of R1, R2,
R4, and R101. But that does no harm
to the overall accuracy. If we swapped
one R4 that was 0.01% high for one
that was 0.01% low, all we have to do
is tweak the 2 kQ Output Offset Ad-

TABLE 3: OUTPUT VOLTAGE AT Vout (MEASURED)

Vint

+3.500 V
(error)

+3.000 V
(error)

+2.500 V
(error)

NOTE: The worst observed error was 0.015% of the full-scale output of 2.625 V.
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just pot, and the output would still be
in spec. And, the errors in the output
of the MDAC really are attenuated by
31. Gotta be! Absolutely.

All for now. / Comments invited!
RAP/ Robert A. Pease / Engineer

Address:

Mail Stop D2597A

National Semiconductor
P.O. Box 58090

Santa Clara, CA 95052-8090

*“What's All this Multiplication
Stuff, Anyhow?”, Electronic Design,
August 8, 1991; reprinted in August
19, 1996, ED Supplement, p. 55.

NOTES for Figure 1: First, I tried
OP-07s running on separate +7-V sup-
plies, because they are cheap and have
as good as 60 uV offset voltages. Then 1
evaluated LF411As with Vg less
than 0.5 mV. Finally, I evaluated
LMC6482s, as they had rail-to-rail out-
puts, so they could put out +4.5 V or
better, even with 5-V supplies droop-
ing as low as 4.75 V. Their offset voltage
isonly as bad as 0.35 mV max. However,
the amplifier used with R104 was left as
an LF411A, because it could drive the
2-uF bypass cap I had to add at the
Reference input of the ADC at pin 2. I
put a 1-kQ2 pull-up from that point to the
+5-V supply, so the LF411 only has to
sink current, not source it.

All op-amps had feedback capaci-
tors of 50 pF. Increasing this C¢ can
help cut down noise, if you don’t need
much bandwidth. All power supplies
were bypassed with 0.1 pF ceramic
and 2 pF electrolytic capacitors.

All resistors were 0.01% precision
film or wire-wound, except R102 (3.125
M€) and R105 (185.7 kQ) at 0.1%.

I sent in the artwork before I had the
whole circuit built. So if you want to
build this, be sure to ground pins 3, 12,
and 14 of the DAC, as well as pins 1 and
21. Also, add a couple microfarads from
the ADC’s Pin 2 to ground.

NOTE: Table 3 shows what we meas-
ured for Vg, using LMC6482AINs,
with the error from the theoretical
value below the V; data. Power sup-
plies were set at +4.76 V. The errors
tend to get a little better at 5 V. Not
sure why. /rap
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Pre-Process Audio
With Notch Filter

To Improve FFT
Dynamic Range

| the 16-bit converter used in the FFT |

TOM MINTNER, 4udio Precision Inc., PO Box 2209, Beaverton, OR 97075; (503) 627-0832. |

The total harmonic dis-
tortion plus noise (THD+N) of a sys-
tem is typically measured by feeding
a single sine-wave stimulus into a de-
vice under test and measuring distor-
tion on the output using a distortion
analyzer. Within the analyzer, a sharp
notch filter is tuned to the frequency
of the stimulus sine wave to effec-
tively null out the fundamental fre-
quency. A voltmeter then measures
the sum of the distortion products and
noise within the bandwidth of the in-
strument settings. Expressed in per-
cent or dB relative to the amplitude of
the fundamental, this gives a useful
single number for distortion and noise
(THD+N) that fairly represents the
overall performance of the device.

But it is often desirable, or neces-
sary, to view the harmonic content and
noise versus frequency to evaluate
the harmonic balance of the distortion
products, to check for the presence of
hum components, or to analyze the
character of the noise floor. This is
usually done with a fast Fourier trans-
form (FFT) spectrum analyzer. Be-

cause the FFT process is inherently
digital, a high-quality analog signal
must first be converted to the digital
domain before spectrum analysis can
take place.

On the other hand, the perform-
ance of standalone FFT analyzers is
limited by their analog-to-digital con-
verters (ADCs), to the detriment of the
low-level distortion and noise measure-
ments desired. Even 16-bit or greater
converters lack enough dynamic range
to handle high-performance analog
audio signals without degradation.
This, in turn, will affect residual read-
ings. A typical example would be meas-
uring the analog performance of a 16-bit
digital-to audio converter (DAC) with
an FFT of its analog output. Even a
16-bit ADC on the FFT analyzer would
fail to provide sufficient performance
margin for measurements on the con-
verter under test.

Similarly, other higher perform-
ance analog audio channels might
achieve THD+N of —100 dB or better
relative to fundamental, but the theo-
retical maximum dynamic range of

ChA ChA
input input ranging
Channel
select
multiplexer
Chg_____| ChB
input input ranging

|| Noteh Selec@ahle | To
filter gain ADC
amplifier

1 Dynamic range for measuring the spectral components of harmonic distortion is significantly
increased by using a notch filter to remove the test signal fundamental. The remaining low-level
distortion and noise components now fit within the dynamic range of an FFT analyzer's ADC.
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analyzer remains only 98.06 d B, with
typical 16-bit ADC system distor-
tion + noise at perhaps -90to -93 dB.
In fact, a glance at specification
sheets for many standalone FFT or
network analyzers shows typical re-
siduals (total in-band content, not
| displayed average noise levels) of -
80 dB or worse.

In the smgle sine wave case
above, the sine wave fundamental
must be scaled to just below full-scale
input value of the ADC. If higher, the
signal will be clipped in the conver-
sion. If lower, the low-level distortion
components will begin to be buried in
the noise floor of the converter. Pre-
processing with a notch filter will
solve the problem. By intelligently
combining the notch filter from the
distortion analyzer described above
with an FFT analyzer, the full dy-
namic range of the ADC for the FFT
may be utilized for the distortion and
noise residuals alone (Flig. 1).

The amplitude of the sine-wave
fundamental is measured and stored
for later use as a reference level for
the residual distortion and noise read-
ings. The distortion analyzer’s notch
filter will then remove the fundamen-
tal, at least to the depth of the notch
itself—which will be 100 to 120 dB in
an excellent analyzer. The remaining |
distortion components + noise have a
much smaller total dynamic range,
typically about 30 dB on a low distor-
tion device under test (DUT). A low-
noise selectable-gain amplifier in the
distortion analyzer optimizes the
level of this distortion + noise residual
signal for conversion by the ADC. The
worst distortion component is now
nearly at full-scale of the FFT ana-
lyzer’s ADC, making the converter’s
intrinsic noise and distortion negli-
gible. The distortion components are
now 30 to 40 dB above the noise floor
of the ADC. Assuming a well-de-
signed system with a 16-bit ADC, the
resultant FFT will display distortion
components at —130 dB and better.

A comparison of FFT analysis—
with and without notch filter pre-proc- |
essing—of an extremely low distortion ‘
sine-oscillator indicates that with the |
notch filter, even extremely low-level
harmonics may be observed out to the ’
11th harmonic and beyond (Fig. 2). If |
the FFT analyzer also is capable of |
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averaging data from [ pyioPrecision
multiple FFTs, then with and

sufficiently low. But if
all the measuring com-
ponents are contained
in one analyzer system
the entire measure-
ment process may be

even finer detail may "“"”_"f'o"g‘"
be resolved at these : | I
levels. If the analyzer "
uses a 20-bit or greater -70.00 1 kiz fundamental
converter, even more (dB) @0 dBr {oft graph top)
| impressive results may T Fal;e :Jsl;:ion
} rodu
“ be obtained. . e (generated In ADC)
The general prin- Attenvated
| ciple will work for any fundamentat 74 5 L T
| set of measuring de- e @111k // / / \
i vices, as described, / % \
provided that the noise -100.0 v /
and distortion residu- / / \
als of each device are / \
-110.0
|

o

True
distortion products

-130.0
managed at once. Input

auto-ranging, notch

i

LR

tuning, gain amplifier
setting and internal
ranging, as well as ref-

-140.0

-150.0

L A s e e o

erence levels and

. 0.0
measurement units are

2.00 4.00 6.00 8.00 10.0
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12.0

14.0 16.0 18.0 200 220

internally coordinated
to produce automatic
readings. Bl

| Instantaneous,
Filterless AM
Demodulation With
An Analog Divider

| EBERHARD BRUNNER and BARRIE GILBERT, .45alog Devices, 804 Woburn St., Wilmington,

f MA 01887; (503) 690-1333.

| Amplitude Modulation

i (AM) is implemented by multiplica-
| tion; it follows that demodulation
| ought to use division. In practice,
however, the required element—a
low-cost  four-quadrant  divider
’ (4QD)—has not been available.
[ The common approach to AM de-
| modulation has been to rectify the re-
ceived signal and to then low-pass fil-
ter it to remove the carrier and leave
1 only the modulation envelope. It also
is achieved at times by using synchro-
nous detection, which requires a bal-
| anced modulator (1 function) clocked

by alocal oscillator that is at the same
frequency and phase as the transmit-
ted carrier. Low-pass filtering of the
demodulated signal, however, is still
required. The two detectors are iden-
tical when the modulation envelope
never goes negative. The 4QD resem-
bles the use of synchronous demodu-
lation because it requires the carrier
information to be recovered at the re-
ceiver and can demodulate to any
depth. On the other hand, it differs in
that it does not require low-pass filter-
ing and can, therefore, provide in-
stantaneous demodulation.

2The instrument’s ADC creates false distortion products that limit the measurement range (upper trace). Using a
notch filter produces meaningful measurements out to the eleventh harmonic, which is 140 dB down.

If we define the modulating signal
as E, fi,(t) and the sinusoidal carrier as
E, sin(wt), where E;,, and E, are the
amplitudes of the modulation and car-
rier waveforms, respectively, and f(t)is
some arbitrary modulation waveform,
then the modulated waveform will be:

s(t) = E¢c Ep, fi(t) sin(mgt)

To recover the modulation enve-
lope, we can divide s(t) by a signal at
the same frequency, with some gen-
eral amplitude, E,, which is exactly
in-phase with the carrier:

v __ st
au(®) E, sin(w.t)
_EE,f,(®)sinw)
E, sin(w,t)

ol

It’s important to note that this
process of division is instantaneous.
Simply put, no filtering is required.
Furthermore, it is symmetrical,
meaning that the carrier and modulat-
ing frequencies can be reversed, with
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1 Two low-cost multipliers can form a four-quadrant divider for filterless AM demodulation. The RC
network at the output compensates for unacceptable phase shift at maximum input voltage levels.

either being the higher frequency;
this property could be useful in re-
solver applications. It also is apparent
that the modulation can be of any
depth, and such a circuit can have gain
if E, is smaller than E..

A practical four-quadrant divider
can use two inexpensive AD633 mul-
tipliers. The original idea for this type
of (]1\’1(181 was pesented in a paper in
1976.' (Fig. 1). The AD633 generates
the output:

W=XY+2

where X =(Vx1-Vx2)/10V,Y =(Vyl
- Vy2)10 V,Z = Vz/10 V, and W =
Vw/10 V. The 10 V scaling voltage is
determined by an internal reference
of the AD633.

The divider works as follows: Ul
is connected in its standard multiplier

T T —

[ ﬂuﬂ A‘

._.ﬁ‘,

mode and takes the output Wt plus
the signal Y 1y and produces their prod-
uct. U2 has its output and Z input tied
together at low frequencies. This re-
sults in U2 operating “open loop.”
Therefore, the product of its two inputs
has to be zero to produce a finite output.
Since Yy 1is a nonzero input, the second
input must be zero, which implies:

Xin- Y ixWour=0
and therefore,
Wourr= Xiv/Yin

The input to the divider and the
demodulated output (lower wave-
form) have a 10:1 frequency ratio with
the carrier at 10 kHz (at 10-V ampli-
tude) and the squarewave modulating
signal at 1 kHz (at 5 V amplitude with
a +3 V dc offset added (Fig. 2a, upper

%M u

waveform). The input signal was set
up so as to require four-quadrant divi-
sion as can be seen by looking at the
polarities and phase changes on the
input waveform. Note the equal rise

and fall times, demonstrating the in- |

stantaneous demodulation.

In Figure 2b the modulating
waveform is now a sinewave with a
2-V amplitude and zero offset with a
slight ripple caused by multiplier er-
rors, which becomes apparent only at
very-low signal levels (Fig. 2b, lower

waveform). Every time the divider |

approaches zero-divided-by-zero, the

output will become distorted unless |

thedivider is perfect. This errorisless
apparent as the carrier-to-modulat-
ing-frequency ratio increases.

The AD633 was designed to be op-
erated only in certain modes. Connect-
ing two of them in series results in un-
acceptable phase shift at the maximum
input voltage levels. To compensate the
complete divider, the RC network is
introduced (Fig. I, again). The usable
modulation bandwidth is de to 20 kHz
for a 10-V carrier amplitude at the Yy
input. The carrier frequency is only lim-
ited by the bandwidth of the divider,
roughly 500 kHz.

To summarize, This brief shows
how a filterless, instantaneous, de-
modulator can be built using just two
AD633s. The same approach can be
used with higher bandwidth multipli-
ers like the AD734. @

References:

1. B. Gilbert, “New Analogue
Multiplier Opens Way To Powerful
Function-Synthesis,” Aicroelectron-
ics, Vol. 8, No. 1, London, 1976.

The upper waveform depicts a 10-kHz carrier modulated with a 1-kHz squarewave, while the lower waveform represents the demodulated output (a). When
the carrier is modulated with a 1-kHz sine wave (upper waveform), the demodulated output (lower trace) exhibits a slight ripple due to multiplier errors (b).

(72 |
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‘Battery Charging
‘Made Easy

| JADE ALBERKRACK and THOMAS SOMERVILLE, .\ fosorv/a Serviconductor Products Sector, 3102
N. 56th St., Phoenix, AZ 85018, (602) 413-3873, -5053.

The %rowth 1N portable
applications has brought renewed in-
terest in more cost-effective battery

| technology and, consequently, the bat-

tery chargers designed to keep these
| batteries in service. A number of pa-
rameters must be controlled to pro-
vide safe operation, ensure maximum
battery life, and charge the battery in
the least amount of time. Previously,

| charging circuits have been designed
from the simple to the more complex
for smart batteries. However, the
most cost-effective methods have not
always been the most accurate. A
charge-control circuit has been de-
signed to simplify battery charger de-
sign for both nickel cadmium and
| nickel-metal-hydride batteries that
| addresses the need for accuracy with-
out a hefty cost premium. This circuit
provides a number of options to the
battery charger designer.

A representative system uses a
MC33340 controller core in an isolated,
linear-regulator charging application
(see the figure). (The controller also
could be used in switch-mode control or
fast chargers.) The battery voltage is
monitored by the Vggninput that inter-
nally connects a voltage-to-frequency
converter and counter for detection of a
negative slope (-AV) in battery voltage.
A timer with three programming inputs
is available to provide backup-charge
termination. Alternatively, these inputs
can be used to monitor the battery-pack
temperature and to set the over- and
undertemperature limits for backup-
charge termination.

Two active, open-collector out-
puts are used to interface the control-
ler with the charging circuit. The first
output, Vgpn-gate, furnishes a gating
pulse that momentarily interrupts the
charge current. This allows an accurate

ELECTRONIC DESIGN
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method of sampling the battery volt-
age by eliminating voltage drops that
are associated with high charge cur-
rents and wiring resistance. It also
eliminates any noise voltages gener-
ated by the charging circuitry. The
second output, fast/trickle, is de-
signed to switch the charging source
between fast and trickle modes de-
pending on the voltage, time, or tem-
perature.

When the Vggyinput is between
1.0and 2.0 V, the one-cell equivalent is
within the fast-charge voltage range.
The charger switches from trickle- to
fast-charge mode as Vggp enters the
voltage range. The reset signal is ap-
plied to the timer and the overtem-
perature latch is released. A changein
operation occurs when the Vggninput
is still between 1.0 and 2.0 V and two
consecutive —~AV events are detected
after 160 seconds. The battery pack
has reached full charge and the
charger switches from fast to latched-
trickle mode. A reset signal must be
applied and then released for the
charger to switch back to the fast
mode. The reset signal is applied
when either Vgpn<1.0 Vor >2.0 V, or
Ve <2.86 V. The signal is released

o

detect

Undervoltage

lockout

UVGI-E

Vgarr

R2=R1| AT 4

( VSEN )

, VREF + (lapy R8)
IcHe(tast) =" 7

VIN - VF(D3) - VBATT
ICHGitricke) = R

WQE*

femperalure >

_________________ ) I - O R L
Gnd Q4

n this example, R7 sets the fast charge, while R5 sets trickle in a charge controller used in a line-isolated linear regulator charger. The R2/R1
divider is set so that Vsen <2.0 V when the battery is fully charged.
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other macromodels of circuits? Are
there features in some Spice simula-
tors that help in the creation process?
To answer these questions and to
illustrate the creation process, consider
the development of a macromodel for an
adjustable voltage regulator such as
National Semiconductor’s 1.M117. The
first step in developing a macromodel is
to find a functional block diagram, which
in this case is included in the data sheet
(see the figure, a). If this were not the
case, it would be necessary for the de-
signer to determine the functional be-
havior of the various stages of the IC.
It is important in building a
macromodel that the components con-
nected to the pins of the model are
similar to those connected to the pins
of the chip. This will help mimic the
nonlinearities seen by loads connected
to these pins. The transient response
of this and many ICs is a result of the
ac and dc effects interacting. It is ad-
visable to model the ac specifications
first and then the dc specifications. A
first-pass macromodel has asimplified
pass transistor with some of its ac

characteristics removed and control-
led by a series resistor and capacitor
(Rpc, Cro) (see the figure, b). The am-
plifier portion of the IC is modeled
with a dominant pole amplifier. The dc
input bias current is modeled with a
current source, and the reference
voltage with a voltage source. Devel-
oping the design equations for this
circuit is done by finding the poles and
zeros of the ac ripple rejection and
output impedance with a Spice simu-
lator such as the Electronics Work-
bench EDA (Version 5.0) tool from
Interactive Image Technologies.

The next step in the creation proc-
ess is to build-in the nonlinear de effects
(see the figure, ¢). For this regulator,
that would be the dropout voltage
(Dgy), the short-circuit current (poly-
nomial-controlled source, Egp), and the
foldback current (polynomial-control-
led source, Erp) This macromodel was
then tested for its transient response
and although the line regulation and
load regulation transient responses had
not yet been considered in the modeling
process, the model predicted these re-

Boost Converter For
TV Tuners: 5 V-30V

BOB KELLY, Vuxim Integrated Products, 120 San Gabriel Dr., Sunnyvate, C-4 94086,

(619) 486-6668.

Because of the present
limitations in varactor diodes, the
tuner module in a satellite- or cable-
TV receiver often requires 30 V for
proper operation. This voltage is gen-
erally unavailable for tuners that are
to be embedded in existing equip-
ment, so the design engineer must de-
velop a low-cost circuit that derives
30 V from the available supply volt-
age—usually 5 or 12 V.

Circuit designs published by 1C
vendors tend to focus on size, effi-
ciency, and power consumption,
rather than cost. The design shown
here, on the other hand, has been op-
timized for cost with an emphasis on
commonly-available components
(Fg. 1). It features an efficient boost
controller (IC1) that operates on 5V,

generates a 30 V output, and delivers
output currents to 12 mA. The cur-
rent-sense resistor (R4) causes Vgur
to rapidly drop for output currents
above 12 mA, but most tuner modules
require only 5 mA. The circuit is a
conventional boost converter, but
various parts substitutions have been
made to reduce cost. The lossy-leaded
inductor, for example, costs four to
five times less than surface-mount
types.

Note that IC1’s output stage (the
Ext pin, designed for driving MOS-
FET gates) is specified for 55 ns rise
and fall times with 1000 pF of load
capacitance. This application, how-
ever, drives the base of an npn transis-
tor through a 470-Q resistor—an inef-
ficlent arrangement in which Q1’s
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sponses to within £10% in amplitude and |
time—a consequence of the ac and dc |
specifications being modeled accurately.
Probably the most important step
in the modeling process is testing. The |
developed model must capture the '
overall behavior and must not introduce |
any new phenomenon. This is why the '
ability to change component values dur- |
ing simulation and to do a model pa- |
rameter sweep is an important func- |
tionality of the software. This allows |
testing various loads to see if the model |
responds properly, and gives the de-
signer the opportunity to create a vir- '
tual data sheet for the new model.
Model creation is an ongoing
process that must track the prolifera- Y
tion of analog and mixed analog/digi- '
tal ICs and there is a need to develop
new core macromodels. The Boyle op
amp macromodel has been used to
model hundreds of op amps. The ad-
justable voltage regulator macro- |
model is currently being used to |
model dozens of voltage regulators for |
the Electronics Workbench EDA |
model libraries. E3 |

|

\

4
slow turn-on and turn-off significantly |
increases the switching losses. The ‘
usual antidote is to connect a “speed- |
up” capacitor across the resistor,
which speeds the turn-on and turn-off
times by rapidly conveying charge to
and from the base. Because this circuit
tolerates poor efficiency, the layout
can be simplified by omitting that ca-
pacitor, which, as a result, reduces
cost.

Consequently. instead of using an
n-channel MOSFET power switch,
the 2N2222A transistor does the job
at very low cost. Similarly, the recti-
fier function is handled nicely with an
inexpensive 1N4148 diode instead of
the usual Schottky or fast-recovery
diode.

Not all substitutions are accept-
able, however: A 1N4001 diode, which |
turns off too slowly when reverse bias
is applied, would actually draw en-
ergy from the output capacitor and
prevent it from charging to 30 V. In
addition, the output capacitor should
have low equivalent series resistance
(ESR). Skimping in this area may pro-
duce greater output ripple, causing
the tuner to fail its specifications. The |
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temperature readings. The ratio of
the voltage divider, R2/R4, is calcu-
lated to equal the drift of the thermo-
couple (58 pV/°C) in relation to the
diode drift (2.1 mV/°C). The nonin-
verting input range of the ADS7816 is
equal to Vinyto VRER

R6 is used as an open-circuit in-
dicator, having a high resistance
value such as 1 MQ. In the event that
the thermocouple is open-circuit, the
inverting input to the ADC immedi-
ately becomes the voltage at the di-
ode, approximately 0.6 V. This ex-
ceeds any voltage that the
thermocouple could generate as a re-
sult of high temperature exposure.
The digital conversion of the diode
voltage produces a full-scale output,
which is interpreted as an error con-
dition by the 80C51 uP (U4).

The ADST7816 is a 12-bit ADC
with a fully-differential sampling in-
put. Reducing VRgF operates in the
application as a gain control, where

1 NEN
VREF LsSB Effective | Effective
input voltage |resolution gain
to 5 VFSR

5.000 V 1.22mV 12 bits 1.00
3750V | 916V 12.5 bits 1.33
2500V 610 uv 13 bits 2.00
1250V | 305uV 14 bits 4.00
0.500 V 122 uv 15.3 bits 10.00
0.300 V 73.2uV 16 bits 16.67
0237V 58.0 uv 16.4 bits 21.10
0200V | 488uV | 16.7 bits 25.00
0.100V 245V 17.6 bits 50.00

the ADC’s input range is decreased,
while the converter continues to have
12-bit resolution. The multiplexer
(U3)useslevels from a voltage divider
across the power supply. The range
and absolute values of the voltages at
the input of the multiplexer are tailored
to the thermocouple type and tempera-
ture range of the application; for a tem-

Remote Gain

Control With A
Digital Pot

RICK DOWNS, Dallas Semiconductor Corp., 4401 S. Beltwood Pkwy., Dallas, TX 75244;
(972) 3714447, e-mail- rick.downs@dalsemi.com.

Digital gain control
has previously been accomplished
using voltage-controlled amplifiers
(VCAs) and digital-to-analog con-
verters (DACs), or by using multi-
plying DACs as the feedback ele-
ment of an op amp. For balanced-in-
put amplifiers, such as for instrumen-
tation, these approaches have their
drawbacks: A balanced VCA is com-
plex, and a multiplying DAC usually
must be ground-referenced, while
the gain-setting element of the tradi-
tional three-op-amp instrumentation
amplifier must float with the input. A
digital potentiometer can provide the
solution to these limitations as well
as extra functionality.

A digital potentiometer can be
thought of as a resistive ladder with
taps, with the taps being selected by
an analog multiplexer under digi-
tal—normally serial-—control with
the value routed to a “wiper” termi-

nal, much like a conventional potenti-
ometer. Within the ratings of the de-
vice, the two ends of the digital po-
tentiometer can be tied to any
voltage in the circuit, as can the
wiper. This is a significant advan-
tage over multiplying DACs, and
provides the opportunity to use a
digital potentiometer as the gain
setting element of an instrumenta-
tion amplifier. Digital potentiome-
ters are available in a variety of for-
mats, including a choice of linear or
log tapers, single or multiple, and
volatile (wiper settings are lost on
power-down) or nonvolatile (the last
wiper setting being saved in some
form of nonvolatile memory, typi-
cally EEPROM). In addition, many
are optimized for use in audio appli-
cations, and have excellent audio
specifications.

This combination of features
makes it tempting to use the device to
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perature range of 0 °C to 1000 °C, the |
delta-voltage of the “E”-type thermo-
couple is 58 mV. The output voltage of
the multiplexer is filtered and buffered
with a single-supply op amp (U2) before
it is presented to the ADC.

The resolution increases are pos-
sible only if special care is taken to
reduce the noise from the input sen-
sor, voltage reference and power sup-
ply (see the table). Although the clock
frequency to the ADC is relatively
fast for a thermocouple-sensing appli-
cation (3.2 MHz), power dissipation is
kept to a minimum by reducing the
frequency of conversions. (For exam-
ple, the power at a sample rate of 100
kHz is about 1 mW, while at 1 kHz, it |
reduces to about 20 uW.)

Although a thermocouple was used l
to illustrate the functionality of this cir- |
cuit, other sensors also can be used. The
gain range of this simple circuit, using
the low-power ADS7816 and multi-
plexer, can vary from 1 to 50. @ ‘

|
|
|
|
provide remote gain control for a high- |
quality microphone preamplifier (see |
the figure). There are several notable |
features to this circuit, using a Dallas '
DS1802 log-taper potentiometer, one |
of which is that the circuit also pro- |
vides output limiting.

The primary gain element in
this design is a Burr-Brown INA103
instrumentation amplifier optimized
for audio applications. The balanced-
microphone input is coupled to the
INA103 through C3, C4, C5, and C6, |
which provide isolation from phan- |
tom-powered microphones. R10 and l
R11 provide a de bias current return
path for the INA103. The output of
the INA103 is fed back through an
amplifier built around U2, providing
adc servo to U3 (eliminating de out- |
put offset) and creating, in conjunc-
tion with DZ1 and DZ2, the bias
supply voltages (Vb) for the
DS1802, which is rated at 7-V
maximum. Using the dc servo out-
put, the supplies for the DS1802
float with the dec offset, ensuring
that the DS1802 will always have
rails that meet the input signal con-
ditions. The DS1802 is used to set
the gain of the INA103 with control
through the three-wire serial in-
terface. Clock, data, and chip select |
signals are level-shifted from TTL |
to the floating supplies of U1. |




The DS1802 does have its limita-
| tions on signal swing. The voltage
| level across the potentiometer cannot

exceed its power supply rails; other-
wise, clipping will result. Q3 is used to
sense when the output from the
INA103 swings to within 0.7 V of the
positive supply voltage tothe DS1802,
while Q1 senses swings to within 0.7
V of the negative supply. The outputs
of these two sense circuits use Q2 as

an OR gate, providing a low output
when the signal is approaching clip-
ping, which can be used to enable a clip
indicator. The DS1802's pushbutton
control inputs and three-wire serial
input can be used simultaneously, so
one of these inputs can be used with
this CLIP signal to provide automatic
limiting.

This microphone preamplifer
circuit provides 60 dB of digital-gain

ELECTRONIC DESIGN
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controlin 1-dB steps. Its output level
is limited by the DS1802 to about +6
dBu (about 4.5 V peak-to-peak), which
is adequate for many systems, par-
ticularly for digital-audio ADCs which
have a similar input range. The circuit
has been built on a less-than-ideal
solderless breadboard, yet still pro-
vided distortion figures of 0.01%, and
an equivalent input noise less than
-110 dBu. @

(1224F  +15V
0501 4F F 3 *
1pd +g
W ‘ 19 R21k
-n o4 (347 uF/B3V 5 5
4 Ri147k ¢—131 B 1110 s 3
i i 25 INA103 N2907
11
o4 CAATFEY L ‘ o Outpu
| | £22.2
1 R104.7K . 1
£60.1uF *
+Vg
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Cioe VPO300
5V V
4'.‘79l Ut LSS
0s1802 '3 nyF
. B P v |24
Q e
Data o, 04 21 cout vuuey) H8
2N7000 +H CLK vo(oct) {8
D Bo(uco) 7
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X g v 5 *— m MUTE (=
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he remote gain control and limiting of an instrumentation amplifier (U3) can be implemented by using a digital

potentiometer (U1).

Interfacing Linear
‘Temperature
Sensors With
Computer Sensor

JERRY STEELE, N'ational Semiconductor Corp., 6377 . Tangue Verde Rd., Suite 101, Tucson,

| 17 85715; (520) 751-2380.

Used for hardware

monitoring of microprocessors, Na-
tional Semiconductor's LM78 pro-

1

vides an internal temperature sensor
as well as an input for thermostat-
type sensor outputs, which are de-

fined as trip-point outputs from sensors
equipped with internal comparators
and setpoints. Examples of thermostat
sensors include the LM56 analog
thermostat-type sensor and the O.S.
(Overtemperature Shutdown) output
of the LM75 digital sensor. While the
addressability and digital output per-
mits multiple LM75s to be used along
with the LM78 in systems, many de-
signers are attracted to the smaller size
(SOT-23), lower power consumption,
and lower cost of analog output sensors
such as the LM45 or LM50.

The LM78 provides for five posi-
tive analog inputs with a full-scale
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O Vs=5V

Ri160k wﬁ
A LM50
2 ”%&_« -
(o]
5V

n op amp is used to offset and amplify the LM50 output for use with the LM78 using an external amplifier (a), and one of the internal inverting

mplifiers of the LM78 (b).

range of 0 to +4.096 V. These are dig-
itized by an 8-bit ADC (analog-to-digi-
tal converter). Analog sensors can
simply be connected to one of these
inputs; however, the 16-mV LSB
(least significant bit) of the LM78's
ADC is somewhat larger than the 10
mV/°C scale factor of typical linear
sensors such as LM45 and LM50, and
this reduces resolution as well as pro-
viding nonoptimal coding of the digital
output. An ideal matech would be to
apply a gain of 1.6 to match the linear
sensor output to the ADC to provide
a1 "C/LSB resolution.

The LM45 provides a zero output
point at 0 'C. The LM50 provides a
built-in offset of 500 mV to permit
measurements of negative tempera-
tures from a single supply (0 “Cis then
=500 mV and 25 °C = 750 mV).

A sensible arrangement for the
digital coding should make the 0 °C
output occur at one-half the full-scale
range of the LM78’s ADC, or at 2.048
V. The table lists the digital output
codes for several points in the range
(see the table).

This coding is like a two’s-comple-
ment with an inverted-sign bit. An
implementation uses an operational
amplifier external to the LM78 and

the offset is derived from a precision
reference (see the figure, a). The values
for R1 through R4 must simultaneously
satisfy the requirement to provide a
2.048 V offset with the gain of 1.6.

Equation 1 describes R2 in terms
of an arbitrary value of R1:

R2 = Yeias RL

0.78 W

Determine R3 and R4 to provide
overall gain from the LM50 output of

1.6. Equation 2 describes R4 in terms
of an arbitrary value of R3:

Ra= {[1.6 x ( ngsz )]- 1} xR3 (@)

Selection of the absolute value of
the offsetting resistors R1 and R2
must take into consideration the 2 kQ
output resistance of the LM50. Select
R1 to be at least one order of magni-
tude greater than the LM50 output
impedance; even better, make it more
than two orders of magnitude, sug-
gesting a resistor value of around 392
kQ as the nearest standard 1% value.
The values shown are based on 392 kQ
for R1 (see the figure, again).

AR . RN ’

Temperature LM50 output LM78 analog input code from LM78
-25°C 250 mV 1.648 V 0110 0111
0°C 500 mV 2,048 V 1000 0000
25°C 750 mV 2.448V 1001 1001
125 °C 1.75V 4.048V 1111 1101
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External op amps can be elimi- '

nated by using the LM78’s internal
inverting op amps. The internal op
amp accepts the output of an LM50
temperature sensor and scales it so

that an LSB corresponds to 1 °C (gain |

of 1.6) (see the figure, b). Since the
LM50 has a positive-going output, the

op amp must have its input offset to |

keep it within a linear output range.
This offset is obtained from one of the
negative supplies.

A considerable latitude of choices
are available for exactly where this off-
set can be, but there is one logical choice.
The LM50 output at 0 °C is 0.5 V. Be-
cause the amplifier inverts, the code
from the LM78 will decrease with in-
creasing temperature. A sensible choice
for the point in the output range that
corresponds to 0 °C would be at an out-
put code corresponding to decimal 127:

Code at -1 °C: 1000 0000
Code at 0 °C: 0111 1111
Code at1°C: 01111110

In order to provide this inverted
two’s-complement coding, the op amp |

output, when the LM50 is at 0 °C,

should be equal to 127 X 16 mV, or |

2.032 V. The choice of values for Ry
and R are a function of the gain of 1.6
required, so Rq can be found from:

Ry =70 3)
2032) (05
o HE

where Vg is the voltage or power

supply used to provide the offset, |



| most likely the -5 or —12 V supply.

In this example, since the -5 V
supply is used, R is 649 k. With this
circuit arrangement, use the second
amplifier for sensing the same nega-
tive supply that provides the offset.
Configure the second voltage-sensing
amplifier to have an identical gain
with respect to the offsetting supply

as the temperature sensor amplifier.
Accomplish this by making both feed-
back resistors the same value, and the
input resistor, Ry, the same value as
the offset resistor, Rg. In software,
subtract the output of the supply-
sensing amplifier from the tempera-
ture-sensor amplifier to null out any
effects of power supply variation. Gl

Fan Speed Control
Adjusts To Temp.

DON ALFANG, 72/C.om Semiconductor Inc., 1300 1erra Bella Ave., Mountain View, C-1 94039,

(512) 873-7100.

+HV
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his temperature-proportional fan-speed control for a brushless d¢ motor uses TelCom

Semiconductor’s TC631.

Why 1s it that elec-

tronic equipment manufacturers run
their system cooling fans continu-
ously and at full speed? This not only
wastes supply current, but generates
objectionable acoustic noise. In addi-
tion, continuous full-speed fan opera-
tion inevitably causes fan-bearing
failure. (You remember fan-bearing
| failure? That’s when the fan emits a
blood-chilling squeal, second only to

fingernails scraping across a black-
board!) If you have a fan in your sys-
tem, you also should provide tem-
perature-proportional fan speed con-
trol. This fan control methodology
saves supply current and significantly
reduces acoustic noise. Fan life also is
dramatically extended; for example,
operating the fan at 90% of its rated
speed can as much as double fan-bear-
ing life.

ELECTRONIC DESIGN
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A temperature-proportional fan-
speed control circuit can be based on
TelCom’s TC631 3-bit temperature
detector (see the figure). The circuit
supports 12-V, brushless, de fans hav-
ing a maximum operating current of
200 mA, but higher current and/or 5-V
or 24-V fans can be used if the values
of R5 through R8 and the power rat-
ing of Q3 are adjusted accordingly.
The user programs the TC631 upper
and lower temperature range meas-
urement limits (Tset1 and Tset2) with
resistors R3 and R4. The TC631 di-
vides this programmed range into six
equally-spaced states (plus under-
range and over-range states) and as-
signs a binary output code (000 to 111)
to each one. The values of R3 and R4
shown program Tsetl at 40°C and
Tset2 at 85 C; the TC631 output code
therefore advances one count every
7.5°C temperature rise above 40°C.

The temperature sensing volt-
age to the TC631 is provided by a
low-cost NTC thermistor and resis-
tors R1 and R2. This network gener-
ates a TC631-compatible voltage
range of 4.08 V to 3.86 V for the
corresponding temperature range of
40 °C to 85 °C. The outputs of the
TC631 connect to a fan-driver cireuit
consisting of resistors R5 through
R8 and transistors Q1, Q2, and Q3.
At temperatures below 40°C, all
three outputs of the TC631 are low,
maximizing the current through the
collector of Q1 and minimizing the
output voltage applied to the fan. In
this state, it is at about 6 V, causing
the fan to run at roughly 50% of its
rated speed. The fan is operated at a
minimum speed of 50%, assuring
stall-free operation. As the tempera-
ture increases, the TC631 output
code advances, causing a higher
voltage to be applied to the fan. This
continues until the output code 111
is reached, at which time Q1 is com-
pletely turned off, and the fan is op-
erating at approximately 90% of full
speed.

Circuit construction is straight-
forward, although care must be
taken to keep the supply and ground
lines of the fan separate from those
of the TC631. The supply line of the
TC631 should be adequately by-
passed and TelCom Semiconductor
offers a preassembled version of the
cireuit for evaluation. El

83
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DEMODULATOR EXPANDS
DISK-DRIVE CAPACITY

By improving the accuracy of hard-
disk drive servo-positioning systems,
the 32H6522 6-burst servo demodula-
tor chip enables servo designs to ex-
ploit the narrower recording track
widths of advanced MR heads to boost
overall drive capacity without further
modification. The demodulator ac-

cepts multiphase analog differential-
burst-encoded, position-error signals
from a read-channel IC, performs an
area integration and comparison, and
sends the result in digital bit-serial for-
mat to a digital servo-timing controller
or DSP. From three to six consecutive
servo bursts can be captured at any
time to allow optimal trade-offs be-
tween positioning accuracy and servo
burst overhead. Two additional analog
channels are available for other func-
tions such as calculating digitized per-
formance measurements for a read
channel. The 32H6522 includes an
area-regulating AGC loop, an area de-
tector, and a 10-bit 1.2-Us analog-to-
digital converter for digitizing burst
areas. An analog multiplexer directs the
burst area information to one of six
track-and-hold circuits with an on-chip
capacitor for temporary storage. To
minimize servo channel mismatch, the
32H6522 uses a single capacitor for
servo burst-area detection. The IC is
available in a 32-pin TQFP for $4.00
each in quantities of 1000.

Silicon Systems Inc., 14351 Myford
Rd., Tustin, CA 92680-7022; (800)
624-8999, ext. 151.

CIRCLE 80

BAR-CODE READERS
ARE CORDLESS

LaserLite and DuraTrax from Videx
are portable battery-powered bar-code
readers housed in water- and dust-re-
sistant aluminum  housings. Each
reader contains 128 kbytes of battery-
backed memory and an internal clock
that automatically records the time and

ANALOG PRODUCTS

date for each transaction. A 2-by-16
LCD display prompts and verifies in-
formation during data collection. Bat-
tery power is checked by requesting an
LLCD display. Three buttons are pro-
vided for scanning, scrolling forward,

and scrolling backward through the
data. LED indicators and audio tones
provide feedback with each successful
read operation. The readers use four
standard AA alkaline batteries that pro-
vide up to three months of power,
35,000 bar-code scans, or 100,000
Touch Memory button reads. A lithium
backup battery protects memory data
even while the alkaline batteries are
changed. Data is transmitted via infra-
red to computers or printers using the
ItDA infrared standard. Collected data
is transferred as an ASCII text file for
importing to any database or spread-
sheet program. LaserLite reads bar
codes using a 670-nm visible laser di-
ode with a scan distance of 2.5 to 24
inches. It reads six common bar-code
symbologies: Code 3 of 9, Code 128,
Interleaved 2 of 5, UPC, EAN, and
Codabar. DuraTrax reads Dallas Semi-
conductor Touch Memory buttons and
the same six symbologies as LaserLite.
It comes with 655-nm visible light op-
tics and a sapphire scan tp. Application
Builder software works with both scan-
ners and is available for Windows 95
or Macintosh.

Videx, 1105 N.E. Circle Blvd., Cor-
vallis, OR 97330; (541) 758-0521; In-
ternet: http://www.videx.com.
CIRCLE 81

BACKLIGHT INVERTERS
IMPROVE EFFICIENCY
Two single-stage cold-cathode fluo-
rescent lamp (CCFL) inverter modules
from Linfinity Microelectronics em-
ploy the company’s Current Synchro-
nous Zero  Voltage  Switching
(CS-ZVS) technology for the design of
more efficient dimmable CCFL in-
verter circuits. The 8-mm high modules
offer a light-efficiency improvement of
up to 48% over older Buck-Royer de-
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signs, and improved magnetics reduce
size and power requirements. The
LXM1592 and LXM1593 convert un-
regulated dc voltage from a battery or
ac wall adapter to the high-voltage,
high-frequency sine wave required to
ignite and run a CCFL. They regulate
the line voltage and lamp current and
permit lamp dimming using a single
synchronous power stage built from a
pair of complementary power MOS-
FETs. The half-bridge LXM1592 op-
erates with lamps needing less than 5
W at input voltages above 7 V. The
full-bridge LXM1593 operates at
power levels up to 5 W with input sup-
ply voltages down to 4.5 V. The mod-
ules support both monochrome and
color displays with a single lamp. Fea-
tures include analog brightness control
inputs, typical 3 LA sleep current, and
short-circuit and open-circuit protec-
tion. For quantides of 1000, unit prices
are §25 for the LXM1592 and $24 for
the LXM1593.

Linfinity Microelectronics Inc.,

11861 Western Ave., Garden Grove,
CA 92641; (714) 898-8121 or (800)
877-6458.

CIRCLE 82

POWER GaAs FETS
DELIVER UP TO 16 W

A family of internally matched
power GaAs FETs are for use in solid-
state power amplifiers for 6.4- to 7.2-
GHz C-band satellite earth-station and
microwave point-to-point and point-
to-multipoint communications trans-
mitters. Class A linear operation makes
these transistors suitable for digital sig-
nals. The IMG6472 series of devices
combine high power output with 20.3-
dB gain flatness and high linearity (-
45-dBc  third-order intermodulation
distortion at specified single-carrier
levels). Transistor performance can
help reduce the level of intermodula-
tion distortion and harmonic spurious
signals for higher-linearity power am-
plification. Internal 50-Q input- and
output-matching networks eliminate
the need for RF matching and eliminate
(continued on next page)
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(continued from previous page)

the handling and die-attach problems
associated with using large-geometry,
high-power chip transistors. Typical |
power output at 1 dB gain compression
is +36.5 dBm (4.5 W), +39.5 dBm (9.0

W) and +42.5 dBm (18.0 W) for the
INI6472-41., IM6472-8L, and 1M6472-
161, respectively. Unit prices for quan-
tides up to 9 units are $194

i (IM6472-4L), $366 (IM6472-8L), and
§720 (IM6472-16l). Declivery is 4-6|

weeks ARQO.

Hewlett-Packard Co., 5301 Stevens
Creek Blvd., P.O. Box 58059, Santa
Clara, CA 95052-8059; (800) 537-
7715, ext. 1927,

CIRCLE 83

16-BIT SAMPLING ADC
BOASTS 4-CHANNEL MUX

The ADS7825 16-bit sampling ana-
log-to-digital converter (ADC) comes
complete with a four-channel input
multiplexer, sample/hold, reference,
clock, and a parallel/serial output mi-
croprocessor interface. It can be con-
figured in a continuous conversion
mode to sequentally digitize all four
channels for industrial process-control,
test and measurement, and analvtical
instrumentation  applications.  The
ADS7825 can acquire and convert 16
bits to within +2 LSB in 25 Us while
consuming onlv 50 m\! Laser-trimmed
scaling resistors provide a £10-V input
range and channel-to-channel match.
ing of £0.024%:. Key specifications in-
clude 2 LSB maximum INL, 106-bit
DXL with no missing codes, operation
from a single +5-V supply, and a 50
UW  power-down mode. Priced at
$34.50 each in lots of 1000, the con-
verter is available for the industrial tem-
perature range in a 28-pin, 0.3-in.
plasac DIP or a 28-lead SOIC.
(continned on next puge)

|

1 dor't know doctor; ever
I've been seerng double!!

Tum your excess inventory into a
substantial tax break and help
send needy kids to college as well.

Call for your free guide to learn how
donating your slow moving inventory can
mean a generous tax write off for your company.

Call (708) 690-0010
Peter Roskam
Executive Director

—\ |

P.C. Box 3021. Glen Eliyn, IL 60138
FAX (708) 690-0565

Excess inventory today...student opportuniry tomorrow

ELECTRONIC DESIGN ANALOG APPLICATIONS ISSUE NOVEMBER 18, 1996




(continued from previous page)
Burr-Brown Corp., 6730 S. Tucson
Blvd., Tucson, AZ 85706; (800) 548-
6132,

CIRCLE 84

HIGH-OUTPUT OP AMP
USES LOW POWER
Consuming just 7.5 mW, the
CLC450 current-feedback op amp is
optimized for low-power portable
equipment. The device has a small-sig-
nal bandwidth of 100 MHz (Ay = +2
V/V) and a slew rate of 280 V/us
while operating from a single +5-V
supply. Using a buffer-driven common-
emitter output, the CLC450 can source
or sink 100 mA and drive 2 100-Q load
within 1.2 V of either supply rail. The
op amp is ideal for applications such
as video line-driving through coaxial
cable, and for signal-boosting applica-
tions such as driving single-ended
transformers. Other applicatons in-
clude 8- to 10-bit video ADC (analog-
to-digital converter) driver and DAC
(digital-to-analog converter) buffer de-
signs, portable test and measurement
equipment, and high-speed modems.
Performance is further enhanced in 25-
V systems where bandwidth increases
to 135 MHz and slew rate jumps to 370
V/Us. Available in industrial tempera-
ture range 8-pin plastic DIP, plastic
SOIC, and plastic SOT-23 packages,
the op amp costs $1.39 each in lots of
1000.
Comlinear Corp., 4800 Wheaton
Dr., Fort Collins, CO 80525-9483;
Deborah Reinert, (970) 226-0500.
CIRCLE 85

5-MHz SAMPLING ADC
MERITS MIL-STD-883

Fully qualified to MIL-STD-883, the
ADS-944/883 is a 14-bit, 5-MHz sam-
pling analog-to-digital converter (ADC)
with guaranteed no missing codes to the
14-bit level over the military temperature
range of -55°C to +125°C. Signal-to-
noise ratio is 76 dB and total harmonic
distortion (THD) is =77 dB. Packaged in
a hermetically-sealed 32-pin ceramic DIP,
the converter typically consumes 2.95 W
Superior differendal linearity, SNR, and
harmonic distortion performance quali-
fies the device for use in tme-domain
and frequency-domain applications such
as FPA- and CCD-based imaging, digi-
tal communications, radar, and sonar.
Initiation of the conversion process re-
quires only the rising edge of a single
start pulse, and the device does not
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have a pipeline delay. Complete with
internal sample/hold amplifier, refer-
ence, timing/control logic, and error-
correction circuitry, the ADS-944/883
is priced at $849 each in lots of 100.
Delivery is 12 to 16 weeks ARO.
Datel Inc., 11 Cabot Blvd., Mans-
field, MA 02048; (508) 339-3000,

ext. 227 or 221.
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POWER NMOSFETS HAVE
LOW ON-RESISTANCE

Two n-channel 30-V power MOS-
FETS, the IRL3103 and IRL3303, offer
improved efficiency over previous 60-
V parts that are commonly used in
dc/dc converter circuits. With the pro-
liferation of Pentium-based and other
3.3-V  microprocessors, 30-V Gen5
MOSFETs: are ideal for either on-board
or voltage-regulator mode dc/dc con-
verters. Other applications include 12-
V UPS systems, and automotive
systems such as ABS, power steering,
and HVAC systems. Lower voltage and
on-resistance allow the use of a single
IRL3103 or IRL3303 instead of two
IRFZ44s or two IRFZs in parallel, re-
spectively. Both devices are logic-level
parts with on-resistance ratings at VGS
=10Vand 5.5 V. At VGS = 10 V, the
IRL.3103 has an RDS(on) of 0.014 Q
and ID of 56 A. The respective
IRL3303 ratings are RDS(()n) 0.026
Q and ID = 34 A. For quantities of
1000, pricing for through-hole TO-220
versions of the IRI.3301 and IRL.3303
are $2.06 and $1.19, respectively. Simi-
lar quantities for surface-mount ver-
sions cost $2.38 and $1.50, respectively.
International Rectifier, 100 N. Sepul-
veda Blvd., El Segundo, CA 90245-
4359; (310) 252-7161.
CIRCLE 87

HOT-PLUGGED SUPPLY
DELIVERS 3000 W

The PM33211BP-5 power supply,
with isolated front end, can deliver up
to 3000 W! In a 5 by 5 by 11.5-in. case
and weighing only 10.5 pounds, it is
ideal for unattended operation in a re-
mote system. The hot-pluggable design
with power factor correction is ideal
for use in N+1 fault tolerant applica-
tions. Standard output voltages of 24,
26, 28, and 48 VDC are available. Full
power is provided at input voltages
from 170-264 VAC, 43-63 Hz, at am-
bient temperatures from 0 to 50°C, or
~30°C to +70°C as an option. Over-
current, overvoltage, and overtempera-
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ture protection are standard features. It
is approved to UL, CSA, and VDE
safety specifications, and meets VDE
and FCC EMI requirements. Delivery
time is approximately 10 weeks for
most models.

Pioneer Magnetics Inc., 1745
Berkeley St., Santa Monica, CA
90404; (310) 829-6751.
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DC-DC CONVERTERS AIM
AT BATTERY DESIGNS

Two dec-de converter ICs track the
trend to lower supply voltages for ICs
used in battery-powered products. The
output voltage of the MI.4950 converter
is programmable from 2.0 V to 3.0 V via
two external resistors. A small inductor
and two capacitors are the only other
external components required. The chip
supplies up to 100 mA of output current.
The ML4850 dc-dc converter has a fixed
output of either 2.2 or 2.5 V and requires
no external programmiing resistors, Both
devices convert and regulate voltage
from a single alkaline battery in the range
between 1.5 and 1.0 V with an accuracy
of £3% and an efficiency exceeding 90%.
The chips also work with single-cell bat-
teries such as NiMH and NiCd. High
efficiency results from the use of syn-
chronous rectification. This technique
replaces the traditionally used catch di-
ode with an intelligent circuit that
switches a built-in MOSFET to conduct
inductor flyback current. Both devices
generate a low-battesy signal with a pro-
grammable threshold that is set with a
resistor pair. This signal can activate a
battery-low indicator or initiate a low-
battery routine in a microcontroller.
Available in an 8-pin SOIC package, the
MIA4950 and MIA850 cost $2.05 and
$1.95, respectively, in quantities of 1000.
Micro Linear Conp., 2092 Concourse
Dr., San Jose, CA 95131; Doyle
Slack, (408) 433-5200.

CIRCLE 89

(continued on next page)
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‘ (continued from previous page)
| LOW-PASS FILTER

OFFERS COMPACTNESS
The LTC1096-1 is a monolithic 8th-
order elliptical low-pass filter that re-
quires no external components except
power-supply bypass capacitors. It oper-

| ates from a single supply of 3.3 to 35V
| and provides 72 to 80 dB of dynamic

range for precision telecommunications

| and and-aliasing applications requiring a

compact solution. Programmed by an
external clock, cutoff frequency is equal
to the clock frequency divided by 100.
Typical passband ripple is 10.15 dB. The
stopband attenuation has a progressive
elliptic response reaching 52 dB at 1.4
times the cutoff frequency and over 70

dB at twice the cutoff. The filter can be |
| clock-tuned to cutoff frequencies up to
| 12 kHz with £5-V supplies, 8 kHz with
| a single 5-V supply, and 5 kHz with a

single 3.3-V supply. Power consumption
is 2 mA on a single 3.3-V supply and 3.8
mA with a 25-V supply. Maximum cut-

off frequency is 12 kHz with a £5-V '

supply. Signal-to-noise+THD is over 70

| dB for an input voltage range of 0.3 to

2.5 Vrms. Commercial and industrial ver-
sions are available in 8-lead PDIP or SO-
8 surface-mount packages. Pricing begins
at $4.70 each in quantities of 1000.
Linear Technology Corp., 1630
McCarthy Blvd., Milpitas, CA 95035-
7417, (408) 432-1900.
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' 1IC INTERFACES POWER

SWITCH AND SENSOR

The 156501 CMOS IC is 2 complete
motion detection interface between a PIR
sensor and a relay or triac switch. It in-
cludes a two-stage amplificr, window com-
parator, and digital filter to amplify and
noise-filter the input from a PIR sensor.
Gain and bandwidth are externally con-
trolled to allow customization of the mo-

| tion-detecion waveform. Features include

single- and dual-pulse mode, programma-
ble timer, selectable dead time, ambient

light-level inhibit, regulated 5 V for the |
PIR sensor, and 2 moton-detection LED |

indicator. An output driver powers a relay
in dc mode or a triac in ac mode. Appli-
cations include automatic lighting con-
trols and intrusion alarms. The LS6501

| comes in a 16-pin plastic DIP at $1.45

each in 1-k lots. A 16-pin wide-body
SOIC costs slightly more.

LSI Computer Systems Inc., 1235
Walt Whitman Rd., Melville, NY
11747; (516) 271-0400.

| CIRCLE 921

Typical spatial scan at
selected frequency.

Red = high emissions;
blue = low emissions.

Spectral scan identifies
key frequencies for
further study.

|
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Catch rf emissions problems at
board level, where compliance

fixes are least costly.

ow you can quickly get a color

\ image of the electromagnetic
performance of your printed-circuit
board or subassembly before final
compliance testing. Spatial and
spectral displays generated by the
EMSCAN PCB emissions scanner
show you which frequencies and
which areas of the board under test
are guilty. These scans are stored
for later comparison after design
alterations, to check whether offend-
ing emissions are now down to
acceptable levels.

Just plug your receiver or spec-
trum analyzer, and your computer
with IEEE-488 interface, info the
EMSCAN scanner, and a matrix of
1280 H-field probes maps the area
of your test board (up to 9" x 12") for
high, medium, and low-emissions
spots within the 10 MHz-1.5 GHz
frequency range. Or you can see a
spectral display showing the overall
condition of the board across the
spectrum. You may then choose a

A0 Resennc

frequency of particular interest for
intensive spatial examination.

After the development stage,
you can use EMSCAN as a quality-
control tool, checking completed
boards against a “good” scan before
they go into assembly. This is the
point where production compliance
becomes virtually assured.

The software operates under
“Windows” to make early diagnosis
easy, even for those who are new to
compliance testing. It can run on
several PCs (486 or higher), and is
readily ported to other environments
for analysis.

You should learn all about this
qualitative and quantitative measure
of emissions for use during product
development—where design correc-
tions are least costly. To start, call
toll-free (1-800-933-8181) to speak
with an applications engineer and
arrange to see a demonstration in
your office or plant.

www.ar-amps.com

160 School House Road
Souderton. PA 18964-9990 USA
215-723-8181 * Fax 215-723-5688

For engineering assistance, sales, and service throughout Europe, call
EMV ¢ Munich, 89-614-1716¢ ¢ London, 908-566-556 * Paris, 1-64-61-63-29
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Need More

Headroom”

Dual Mode Low Voltage Differential
SCSI Terminator ICs

Super-Fast Speed

The new UCC5630 breaks the Fast 20
barrier and blows the roof off your
expectations for previously unreachable,
super-fast megatransfer rates. You'll
achieve higher speeds - without the high
cost. Clean connectivity is guaranteed up
to 25 meters point to point or at 12 meters
with 16 devices. The UCC5630 dual mode
terminator supparts both today’s widely
used single-ended buses while assuring
forward compatibility with

LVD-based systems.

(all Unitrode today for free samples and
product data sheets.

@ UNITRODE

TEL: (603) 429-8610

hitp://ww.unitrode.com « FAX: (603) 424-3460
7 Continental Boulevard « Merrimack, NH 03054
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The UC(5630 Advantages

4 Dual mode terminator (both single
ended and LVD)

¢ Automatic bus type detection

¢ Differential termination 100 - 110 ohms
# Differential bias 100-125mV

4 Common mode termination 150 ohms

4 Common mode bias 1.25V
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New Instrumentation Amplifiers

Fixed and Variable Gain IAs in Single and Dual

INA128 and INA141 are low power, general purpose instrumentation amplifiers offering
excellent accuracy and wide bandwidth-—even at high gain (200kHz at G=100). They're
perfect for industrial measurement and control, test and measurement equipment, battery
operated systems, and medical and scientific instrumentation. INA128'’s gain is set from
1 to 10,000 using a single externa! resistor. The fixed-gain version, INA141, uses simple
pin connections to set an aceurate gain of 10 or 100 without external resistors. INA128
and INA141 have internal input protection that can withstand up te +40V without damage.
INA128 key specs: S50pV max offset vaitage, 0.5uV/°C max drift, 5nA max input bias cur-
rent. 120dB min CMR, and a tow 700uA quiescent current. INA141 fixed-gain
version provides similar performance and has excellent gain accuracy (x0.05% at G=10).
Companion dual versions, INA2128 and INA2141, save space and lower cost in
multi-channel applications. INA128 and INA141 are available in 8-pin plastic DIP, SO-8
surtace-mount packages. Dual versions come in 16-pin plastic DIP and SOL-16 surface
mount packages. INA128 and INA141 are priced from $3.55 in 1000s; INA2128 and
INA2141 from $6.40.

Reader No. 10 FAXLINE No.11296, 11297, 11243, 11244
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Programmable Gain IAs for Multiplexed Signal Acquisition

PGA206 and PGA207 are precision, digitally controlled instrumentation amps. PGA206
has digitally selected gains of 1, 2, 4, 8V/V; PGA207 has gains of 1, 2, 5. 10V/V. Both are
ideally suited for multiplexed-input data acquisition systems. Their FET input and fast
settling time of 3.5us to 0.01% allows multiplexing of many channels. Gains are accurate
to 0.05%. Available in 16-pin DIP and SOL-16 surface-mount packages and priced from
$9.19 in 1000s.

Reader No. 11 FAXLINE No. 11241

Burr-Brown Corperation

New Instrumentation
Amplifiers Brochure

This new brochure describes the
industry’s most complete line of
instrumentation/programmable-
gain amplifiers. It describes
over 20 industry-standard and
7 recently introduced products.
Three pages of technical
information highlight applica-
tion solutions. For a FREE
copy, call (800) 548-6132.
Or, contact your local sales

\.
representative.

Reader No. 12 FAXLINE No. 50336

Difference Amp Rejects
+200V Common-Mode Voltage

INA117 is a unity-gain difference amp with an extremely high
+200V common-mode input range. It's an effective,
monolithic, low cost solution for measuring signals in the
presence of high CMVs. Nonlinearity is 0.001% (max)}

and CMR is 86dB (min). Gain error is 0.02% (max)

and it seftles to 0.1% in 6.6ps. Offered in 8-pin @
plastic mini-DIP, SO-8 surface-mount, and T0-99

package. Priced from $4.60 in 1000s.

Reader No. 13 FAXLINE No. 10748

-\

* Electrometer
FET Input

New “femto-amp” Instrumentation
Amp with 3fA Input Bias Current

INA116 is a complete monolithic, FET-input instrumentation
amp with only 3fA input bias current. It’s ideal for amplifying
ion-specific electrodes such as pH probes, electnc field
measurement, and other ultra high impedance measurements.
Use it for scientific, lab, and medical instrumentation
applications. Key specs: 3fA typ, 25fA max input bias current,
2mV max offset voltage, 84dB min (G=10) CMR, and 1mA
quiescent current. Available in 16-pin DIP and SOL-16
surface-mount packages and priced from $7.20 in 1000s.

Reader No. 14 FAXLINE No. 11242
BURR - BROWN®

Burr-Brown Corporation « P.0. Box 11400  Tucson, AZ « 85734-1400 « Call (800) 548-6132 or use FAXL/NE (800) 548-6133 « hitp://www.burr-brown.com/





