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SIPEX . . . EXCELLENCE
IN SIGNAL PROCESSING

SIPEX is a manufacturing company that serves
the analog signal processing market. The
company produces signal conditioning. signal
conversion and data acquisition system products
utilizing both hybrid and monolithic technologies.

Excelling in the fields of high speed and high
precision, SIPEX offers products of standard, semi-
custom and full-custom design. SIPEX also
produces and sells dielectrically isolated wafers
produced to customer specifications.

SIPEX’s broad product offerings and capabilities
are the result of recent mergers between Hybrid
Systems Corporation, Datalinear Corporation
Barvon and Dielectric Semiconductor Inc. As a
result of the mergers, SIPEX provides its customers
with multiple solutions to its signal processing
needs.

While the name SIPEX is new, the foundations of
the company represent years of solid
technological achievements. SIPEX, which stands
for Signal Processing Excellence, is the
summation of the strengths of our two
operations.

W East Coast, in operation for over twenty years,
a leader in technological advances and
certified to MIL-STD-1772, produces standard
and custom hybrid circuits and thin film
substrates.

B West Coast, designs and manufactures linear
IC's and dielectric isolation base wafers,
supplying military and commercial markets with
full custom, standard, and ASIC products.

Quality and reliability have long been inherent to
our company, consequently the wafers, IC’s and
hybrids manufactured by SIPEX are used in many
major military and space programs including
AMRAAM, Sparrow Missile, MILSTAR, Trident and
SICBM. Industrially, SIPEX serves the ATE, process
control, medical, seismics, telecommunications
and other related market areas.

A unified worldwide sales network provides easy
access to our capabilities and applications
engineers. We are committed not only to the
most advanced signal processing products, but
also to the highest level of customer service.
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CAPABILITIES

CERTIFIED TO MIL-STD-1772

In addition to the standard hybrid and monolithic products shown in this catalog, Sipex offers the

following additional capabilities:

CUSTOM HYBRID CIRCUITS

In addition to having a complete line of
standard products, Sipex Corporation also
provides many complex application specific
products to its customers.

Custom products include A/D converters, D/A
converters, voltage to frequency converters,
sample and holds, instrumentation amplifiers, OP
amps., voltage references, multiplexers,
modulators, filters, analog switches, bus
interface, analog and digital interface, thin-film
resistor networks, and thin-film substrates.

With state-of-the-art design and manufacturing
equipment, Sipex Corporation is an industry
leader in the manufacturing of custom hybrid
components. Send your custom requirements to
your Sipex representative or directly to the
factory.

CLASS “S” PRODUCTION

Sipex’s commitment to the highest achievable
quality control and reliability is exemplified
through Military/NASA standard Class “S” hybrids
used in aerospace satellite and manned space
flight applications. Sipex has dedicated a special
program management office to control all Class
*§” production. Our hybrids are being used in the
space shuttle program, MILSTAR defense satellite,
shuttle/centaur booster rocket, and various
military classified defense satellites.

MIL-STD-1772

Sipex Corporation has been certified to produce
Sipex Circuits which meet the requirements of
MIL-STD-1772.

MIL-STD-1772 was established by the Defense
Electronics Supply Center (DESC) to provide a
standardized flow of fabrication processes and
lines. It also provides for a standardization of
Documentation and Testing.

Military Sipex Components purchased to MIL-STD-
883 are now required to be manufactured and
tested in a facility which is certified to MIL-STD-
1772.

RADIATION TESTING

For the past several years, Sipex has been
conducting in-house programs to study the
effects of radiation on our converter products.
Converter circuits have become an integral part
of military and space programs and for these
programs, radiation survivability is an essential
factor. We have completed studies on precision
reference sources, analog-to-digital and digital-
to-analog converters using the facilities at the
University of Lowell radiation laboratory. We have
performed total exposure using CO-60 and fast
neutron exposure using both an accelerator and
a research reactor.

Sipex is wiling and able to test for qualification
any component which we manufacture and in
addition, will be happy to quote on testing
products from other manufacturers. Our
experience testing and characterizing converter
products makes us an ideal source for radiation
testing.
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DIELECTRIC ISOLATION
TECHNOLOGY

TECHNOLOGY/PRODUCTS

Sipex offers a broad range of high performance
linear, monolithic IC’s which either require or
benefit from the use of Dielectric Isolation (DI)
technology. This technology offers several
significant user benefits:

B Higher bandwidths and slew rates than are
achievable with conventional IC technology.

B High temperature operation (up to 200°C).
B Radiation hardened parts.

While DI has long been known for its radiation
hardening benefits, its features extend beyond
just radiation hardening. DI allows high fy, vertical
NPN and PNP bipolar transistors to be fabricated
on the same chip. The presence of the high
speed, vertical PNP transistor allows the high
bandwidths, slew rates and settling times as well
as the excellent DC characteristics that are
uniquely associated with DI OP Amp type
products.

Sipex’s technology extends beyond just high
speed, complementary fransistors. In addition to
these transistors and other devices, the IC
processes employ p channel and n channel
JFET's MOS capacitors, sub-surface zeners and

thin film Nichrome (NiCr) resistors. The NiCr
resistors offer extremely low temperature
coefficients and can be laser trimmed to
achieve the ultimate in matching and precision.
This library of devices offers users the best
combination of speed and precision available
on one chip today.

This DI technology can be accessed at one of
four levels:

B Standard products
B Full custom

B Cell custom

B Array custom

FACILITIES

Sipex has a 31,000 sg. ft. building located in
Milpitas, CA which houses a wafer fab, assembly
and test operations, a design engineering staff, a
full array of CAD/CAE equipment and other
supporting staff and equipment. The wafer fab is
Class 100 in the photo area and all work stations.
The assembly line is MIL certified. Off-shore
assembly houses have been selected and
audited for supplying parts to cost sensitive
operations.
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DI WAFERS

Sipex also provides high quality dielectrically
isolated silicon substrates to a broad spectrum of
semiconductor manufacturers. Sipex provides
unique structures in silicon that serve as a
foundation for:

B High speed linear circuits

B High voltage switching arrays

B Opto-coupled photovoltaic devices
B Radiation resistant integrated circuits

Dielectric Isolation technology allows the
fabrication of these product families because
each active device area may be isolated in an
individual tub region, separated from the other
devices in the circuit. This eliminates parasitics
that degrade circuit performance and improves
reliability under conditions of extreme levels of
ionizing radiation.

Sipex is actively involved in advanced
processing techniques related to cost reduction
of the material and improved island thickness
control. In addition, research is currently
underway to provide material’s processing that
may be applied to very high speed CMOS and
BIMOS technologies.

In addition, Sipex provides services related to the
deposition of polycrystalline silicon, wafer
thinning and chemical etching for transducer
and solar cell applications.

vii
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Sipex Corporation plays a vital part and is an expert in many major military and space programs, both
in the United States and Europe. Some of the programs Sipex Corporation participates in are:

o SPACE SHUTTLE » SPACE LAB
o F-15 e TORNADO
e F-16 o STING RAY
o F-18 o JAS 38

e STD MISSILE e ALRM

o F-11 e SPEARFISH
* B-1 e HOT

¢ SEA SPARROW

» DM2A3 TORPEDO

o TOW-2 o ROLAND

* MAVERICK o LEOPARD I & I
o MILSTAR » AIRBUS 310

o EAGB/B-1 * MAGIC

¢ SPARROW MISSILE

« MIRAGE 2000

* PIVADS * HARM MISSILE
e MIRAGE F1 e LARZAC & CFM 56
¢ AMRAAM o TRIDENT

¢ SICBM
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SALES, SHIPPING & SERVICE
INFORMATION

ORDERING INFORMATION

Orders may be placed with either our regional
sales headquarters. Addresses and telephone/
FAX numbers are listed in the sales office
directory.

International: Customers outside the United
States are served by Sipex’s subsidiaries; Sipex
Systems GmbH and Sipex Systems U.K. Ltd; Sipex
Systems S.A.R.L.; or international sales
representatives located throughout Europe, the
Far East, and Canada. All international orders
may be placed with either our international sales
offices, sales representatives or directly with
International Sales Department at sales
headquarters. Addresses and telephone/FAX
numbers are listed in the sales office directory.

TERMS AND CONDITIONS OF SALE

Price and delivery information of any item in this
catalog is available from our sales represen-
tatives or direct from the Company. Quotations
are F.O.B. factory of origin, and are subject to
change without notice. On all orders, payment is
net 30 days following date of shipment.

APPLICATIONS ENGINEERING

Sipex maintains a support staff of technical sales
engineers, both domestically and internationally,
who are expert in specific areas of analog.
digital, and microelectronics technology. Staff
engineers provide further technical support, as
needed, on advanced circuit designs or
application problems.

SHIPPING INSTRUMENTS

Shipping will be via United Parcel Service or
Parcel Post unless other instructions are indi-
cated. For rush service, we will ship by Air Freight,
Air Express or Air Parcel Post on request.

WARRANTY

Sipex warrants its products to be free from
defects in material and workmanship for a
period of one year from the date of shipment.
This warranty shall not apply to any product
which has been abused or misused physically or
electrically or whose leads have been clipped or
soldered. Sipex'’s sole liability and the Purchaser’s
sole remedy under this warranty is limited to
repairing or replacing defective components.
Sipex shall not be liable for consequential
damages under any circumstances.

RETURNS

When returning material for repair or replace-
ment, it is necessary first to contact Customer
Service. Upon acceptance of the request, a
return material authorization will be issued. We
require a detailed description of the reason for
the return; the date and purchase order number
on which it was obtained, and the date of
receipt.

SPECIFICATIONS

Sipex reserves the right to discontinue items and
change specifications without notice.
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NORTH AMERICAN SALES OFFICES/
SALES REPRESENTATIVES

REGIONAL SALES OFFICES:

EAST REGION

Six Fortune Drive
Billerica, MA 01821
Tel: (508) 663-7811
FAX: (508) 670-9001

CENTRAL REGION
102 South Tejon Street

Suite 110

Colorado Springs, CO 80903

Tel: (719) 578-3346
FAX: (719) 5678-8869

WESTERN REGION
491 Fairview Way

Milpitas, CA 95035
Tel: (408) 945-9080
FAX: (408) 946-6191

SOUTHEAST REGION
10480 Little Patuxent Parkway

Suite 560

Columbia, MD 21044
Tel: (301) 740-5676
FAX: (301) 740-5603

ALABAMA

SACS
Norcross, GA
404-447-6154

ARIZONA

SOUTHWEST TECH
Phoenix
602-893-1209

ARKANSAS

MREP
Dallas, TX
214-484-5711

CALIFORNIA (North)

H-TECH SALES |
San Jose
408-453-2111

CALIFORNIA (South)

H-TECH SALES Il
Laguna Hills
714-583-1488

CANADA (Que.)

ESP
St. Laurent
514-737-9344

CANADA (Ont.)

ESP
Mississauga
416-626-8221
Ottawa
613-236-1221

CANADA (Ont.)

ESP
Ottawa
613-236-1221

CANADA (B.C.)
ESP

Delta
604-943-0183

COLORADO

HOWARD ASSOC.
Parker
303-841-5755

CONNECTICUT

SIPEX CORP.
Billerica, MA
508-671-1940

DELAWARE

TECH SALES ASSOC.
Willow Grove, PA
215-784-0170

FLORIDA

ELECTRO-CRAFT, INC.
Clearwater
813-573-2277

Boca Raton
407-394-9686

GEORGIA

SACS
Norcross
404-447-6154

IDAHO

OLSON TECH SALES
Bellevue, WA
206-883-7792

ILLINOIS (North)

MARTAN, INC.
Schaumburg
708-303-5660

ILLINOIS (South)

MIDWEST TECH SALES
Lenexa, KS
913-888-5100

INDIANA

STB ASSOC.
Indianapolis
317-844-9227

IOWA

MIDWEST TECH SALES
Cedar Rapids
319-393-5115

KANSAS

MIDWEST TECH SALES
Goddard
316-794-8565

KENTUCKY

STB ASSOCIATES
Louisville
502-499-6404

LOUISIANNA

MREP
Dallas, TX
214-484-5711

MAINE

SIPEX CORP.
Billerica, MA
508-671-1940

MARYLAND

EES
Annapolis
301-269-6573

MASSACHUSETTS
SIPEX CORP.
Billerica, MA
508-671-1940

MICHIGAN
TRITECH SALES

Farmington Hills
313-553-3370

RAIMIMIFEA AT

MINNESOTA
WILLMAN ASSOC.

Brooklyn Ctr
612-566-5010

MISSISSIPPI
SACS

Norcross, GA
404-447-6154

MISSOURI

MIDWEST TECH SALES
Earth City
314-298-8787

MONTANA

HOWARD ASSOC.
Parker, CO
303-841-5755

NEBRASKA

MIDWEST TECH SALES
Lenexa, KS
913-888-5100

NEVADA

SIPEX CORP.
Milpitas, CA
408-945-9080

NEW HAMPSHIRE

SIPEX CORP.
Billerica, MA
508-671-1940

NEW JERSEY (North)

PHASE 4
Fairfield, NJ
201-575-4343

NEW JERSEY (South)
TECH SALES ASSOC.
Willow Grove, PA
215-784-0170

AIFAr B APV,

NEW MEXICO
SOUTHWEST TECH
Phoenix, AZ
602-893-1209



NEW YORK (Metro)

PHASE 4
Great Neck, NY
516-482-1790

NEW YORK (Up-State)

MICRO-TECH MKTG.
Rochester
716-328-3000
Kingston
914-338-7588

N. Syracuse
315-458-5254

NORTH CAROLINA
SACS

Raleigh
919-859-9970

NORTH DAKOTA
WILLMAN ASSOC.
Brooklyn Ctr, MN
612-566-501C

OHIO

J.N. BAILEY & ASSOC.
New Lebanon
513-687-1325
Columbus
614-262-7274
Brunswick
216-273-3798

OKLAHOMA
MREP

Dallas, TX
214-484-5711

OREGON

OLSON TECH SALES
Beaverton, OR
503-643-9488

PENNSYLVANIA (East)

TECH SALES ASSOC.

Willow Grove
215-784-0170

RO arior aVaNAY]

PENNSYLVANIA (West)
J.N. BAILEY & ASSOC.
Columbus, OH
614-262-7274
Brunswick, OH
216-273-3798

RHODE ISLAND

SIPEX CORP.
Billerica, MA
508-671-1940

SOUTH CAROLINA

SACS
Raleigh, NC
919-859-9970

SOUTH DAKOTA

WILLMAN ASSOC.
Brooklyn Ctr., MN
612-566-5010

TENNESSEE

SACS
Norcross, GA
404-447-6154

TEXAS

MREP

Dallas
214-484-5711
Houston
713-988-7613

UTAH
HOWARD ASSOC.

Parker, CO
303-841-5755

VERMONT

SIPEX CORP.
Billerica, MA
508-671-1940

VIRGINIA

EES
Annapolis, MD
301-269-6573

WASHINGTON

OLSON TECH SALES
Bellevue
206-883-7792

WASHINGTON, D.C.

EES
Annapolis, MD
301-269-6573

WEST VIRGINIA

SIPEX CORP.
Columbia, MD
301-740-5676

WISCONSIN

LARSEN

Wauwatosa
414-258-0529

WYOMING
HOWARD ASSOC.
Parker, CO
303-841-5755

xi
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818-708-1100 913-236-8800 609-983-8010 214-248-1603
800-257-7111 800-637-7227

MILGRAY MASSACHUSETTS
Camairillo, CA MILGRAY MILGRAY MILGRAY
805-484-4055 Wilmington, MA Parsippany, NJ Stafford, TX

508-657-5900 201-335-1766 713-240-5360
CONNECTICUT
MILGRAY NORTHSTAR NEW YORK OMNI PRO ELEC
Milford, CT ELECTRONICS MILGRAY Dallas, TX
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312-253-1212 800-562-3118

800-322-6271
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SIPEX GmbH SIPEX S.A.R.L. SIPEX LTD NIPPON SIPEX CORP.

Rheinstrasse 32
6100 Darmstadt
West Germany
Tel: 06151-291595
Fax: 06151-292762

SIPEX GmbH

Moosstrasse 10 A
8130 Starnberg
West Germany
Tel: 08151-89810
Fax: 08151-7598

SIPEX GmbH
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West Germany
Tel: 04103-2845
Fax: 04103-7534
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France

Tel: 01-46-87-83-36
Fax: 01-45600784

333 London Road
Camberley Surrey
GU15-3HQ
England

Tel: 0276-28128
Fax: 0276-691131

Tohyama Building 81
Yamabuki-chyo
Shinjuku-ku Tokyo 162
Japan

Tel: 03-266-8585

Fax: 03-266-8587
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Belgium 20131 Milano Valladolid, 27 Panchiao City
Tel: 027368050 Italy E-28008 Madrid Taipei, Taiwan
Fax: 027251619 Tel: 02-2367602 Spain R.O.C.
Fax: 02-2666960 Tel: 034-1-542-4455 | Tel: 2-2537387
DENMARK Fax: 034-1-248-6975 | Fax: 2-2537636
KOREA
E. FRIIS MIKKELSEN A/S
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Fax: 031-15-19194




Cirmnav
Vi A

SIGNAL PROCESSING EXCELLENCE

APPLICATION NOTES n




Cimav
Vi

SIGNAL PROCESSING EXCELLENCE

APPLICATION NOTE
SELECTOR GUIDE

PAGE
DigitizingDynamicSignals ......................... 3
Quad S/H Solves AcquisitionProblems .. ............. 11

CMOS DACs Important Considerations Above 12-Bits .. .17

Analog Processing for Data Acquisition . .. ............ 27



Cirmnav

SIGNAL PROCESSING EXCELLENCE

DIGITIZING DYNAMIC SIGNALS

When using Analog/Digital Converters based on the suc-
cessive approximation technique, careful attention must be
paid to the dynamic behavior of the circuit in order to achieve
the desired accuracy. This article shows how the desired
accuracy can be maintained with rapidly changing dynamic
signals.

INTRODUCTION

The block diagram in Figure 1 shows the typical configura-
tion of a data acquisition system used to convert an analog
value into a corresponding binary form. The analog signal,
which is often non-electrical in nature (like pressure, tempera-
ture, pH-value, distance) is converted to an electrical voltage
by a sensor or transducer. In many cases, this voltage has an
amplitude of just a few millivolts and is often superimposed
on a common mode voltage. The instrumentation amplifier
suppresses the common mode voltage and amplifies the
analog signal to a level which is useful for subsequent pro-
cessing (e.g., 0 to + 10 volts). Additional function blocks like
low pass- or anti-aliasing-filters (to suppress noise and un-
wanted frequency bands) can be inserted between the instru-
mentation ampilifier and the A/D Converter. After the conver-
sion has been completed, the ADC will output a digital word
which corresponds to the value of the analog input signal.
Depending on the desired function of the circuit, the digital
word can be further processed by a computer or micro-
processor.

To test the performance of such a circuit (as shown in
Figure 1), usually a variable voltage source is used as the
input instead of the sensor or transducer. Provided that the
instrumentation amplifier has a linear transfer function and the
ADC meets its specifications (especially differential linearity),
all possible bit combinations (e.g., 4096 for 12-bit resolution)
can be produced at the output of the ADC by varying the
input voltage source. But once a dynamically changing
voltage source, like a function generator, is connected to the
analog input to simulate the response of the transducer,
substantial linearity errors and so-called "missing codes’ can
be observed. This can easily degrade the accuracy of the
data acquisition system from 12 to 10 or 8 bits or less. The
reasons for this performance degradation and how these er-
rors can be eliminated will be described below.

TRANSDUCER

SIGNAL :D__, A/D CONVERTER [ DATA)

INSTRUMENTATION
AMPLIFIER

Figure 1. Block Diagram of a Data Acquisition System

CONVERSION PRINCIPLES

Several analog to-digital conversion techniques have been
developed which are tailored to the specific needs of different
applications. Following is a short description of the three
major techniques

Integrating A/D Converters: Integrating or Dual-Slope ADCs
were the first on the market. They consist of a charging
capacitor, a current source, an analog comparator and a
digital counter with clock. The conversion is done in two
phases. During the first phase. the capacitor is charged with
a current derived from the input voltage for a fixed amount of
time. In the second phase, the counter is started and the
capacttor is discharged with a constant current source. The
comparator stops the counter as soon as the capacitor is
completely discharged. The reading of the counter 1s directly
proportional to the value of the input signal. The conversion
of the input signal and the conversion time is directly depen-
dent on the value of the input signal

Integrating ADCs offer medium to high resolution at conver-
sion speeds of 1to 1000 samples per second. Their charac-
teristics include high noise immunity, relatively simple design
and low cost. Applications include digital voltmeters and ac-
quisition of slow changing signals such as temperature
Special conversion techniques ke Quad-Slope have been
derived from the Dual-Slope principle for special applications
such as very high precision voltmeters

Flash A/D Converters: Offering the highest possible speed,
Flash-converters are used in applications such as waveform
recording and digitizing video signals. Sampling rates ex-
ceeding 100 MHz are no longer a talk of the future. This ex-
tremely high conversion speed is achieved with a single-step
architecture. A reference voltage i1s applied to the top of a
ladder of resistors with equal value. Each tab of the ladder is
connected to one input of a voltage comparator, while the
other input of each comparator 1s connected to the input
voltage. For N bits of resolution, 2N - T resistors and com-
parators are required. This limits the resolution of currently
available Flash-converters to 10 bits (requiring 1023 resistors
and comparators). Each comparator compares the input
voltage with the scaled reference voltage resulting in a
“bar"type output code. A digital encoder finally converts the
linear “'bar"'-type code into a binary code.

Successive Approximation (SAR-type) A/D Converters: This
type of ADC fills the gap between the high resolution/low
speed integrating ADC and the extremely fast, low resolution
Flash converter. SAR-type ADCs offer medium to high resolu-
tion with conversion speeds of 10,000 to 1,000,000 samples
per second.
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Figure 2 shows a block diagram of an 8-bit SAR-type ADC.
The main building block is a Digital/Analog-Converter which
determines the accuracy of the ADC. A comparator com-
pares the output of the DAC with the analog input and pro-
vides a digital signal to the "'Successive Approximation
Register" (SAR). During the conversion time the SAR
generates a digital code in such a manner that the output of
the DAC equals the analog input signal. For N bits of resolu-
tion only N clock cycles are required, far less than that for the
integrating converter. Some converters require one additional
clock pulse at the beginning of the conversion cycle to reset
the SAR. The SAR determines the digital code in the same
way as an unknown weight is determined with a beam
balance with the least number of decisions.

At the beginning of a conversion cycle, the MSB (Most Sig-
nificant Bit) is switched on with all other bits switched off. After
the output of the DAC has settled, the comparator decides
whether the output voltage is greater or smaller than the input
voltage and provides this information to the SAR. If the DAC
output is smaller than the input voltage, the MSB remains
switched on: otherwise it is reset to zero. The MSB of the final
digital output is valid after the first clock cycle and may be
read out (this is normally done for serial output). With the next
clock pulse the second bit is switched on and based on the
comparator's decision, is reset to zero or remains set. This
process Is repeated until the SAR has switched on all the re-
maining bits and latched the comparator’s decisions. The se-
quence over time of the A/D conversion is shown in Figure 3.
It can be clearly seen how the DAC's output voltage ap-
proaches the input signal during the conversion cycle. Figure
4 shows the corresponding timing diagram

PERFORMANCE DEGRADATION

Itis essential to monitor the effects of changes in the input
signal during an analog-to-digital conversion for the different
conversion techniques. The output code of an integrating
ADC depends on the amount of charing current applied to
the capacitor during the first phase of the conversion. A
change in the input signal during the second phase will not
affect the result. Flash converters take an instantaneous snap-
shot of the input signal. so the input signal doesn't really
change during conversion. However. it must be determined
at which point during the conversion time the data is latched
from the comparator outputs into the digital encoder.



For SAR-lype ADCs the output code may represent any of
the voltages between the start and the end of the conversion.
Therefore, It 1s extremely important to keep the input voltage
constant once a conversion has been started. The following
example shows why. At the beginning of a conversion the in-
put voltage may be just a little bit higher than the value of the
MSB. After the first clock cycle the MSB will remain set. If the
input voltage decreases during conversion to a value lower
than the MSB, the resulting code will be erroneous because
the MSB remains switched on. Once a comparator has made
a decision it cannot subsequently be changed. However, the
successive approximation principle, by its nature, insures that
the digital code approximates the actual value, so errors are
corrected within a limited band. For that reason the remaining
error will never be greater than the voltage change during a
conversion and no totally erroneous codes will be generated.
At least the magnitude of the error can be estimated that way.

When digitizing an analog waveform. the samples must be
taken at precisely determined sampling intervals in order to
be able to reconstruct the original signal. Even though some
kind of error correction takes place during the conversion
time, it cannot be said whether the digital code represents the
input signal at the beginning or the end of the conversion
time or somewhere in between

When the analog input signal changes during the conver-
sion time, not only will the output code be erroneous, but
some of the codes might also disappear. Since these codes
can't be produced with any input voltage, this reduces the ef-
fective resolution of the A/D Converter. It doesn't make
economical sense to use a 12-bit ADC when only 10 or 8 bits
of effective resolution are achieved. As a rule of thumb, the
analog input signal should not change more than 2 LSB dur-
ing the conversion time (which will produce a maximum
linearity error of Y2 LSB) to maintain specified performance.
This 1s because an ADC with a specified integral linearity er-
ror of /2 LSB will not have any "‘missing codes’ and the full
resolution ie available If however, the ADC itself has an in-
tegral linearity error of 2 LSB, each additional error,
regardless how small it is, can lead to missing codes

Figure 5a shows a computer program which can be used
to simulate an ideal ADC when the input signal changes dur-
ing conversion. The program reconstructs the function of an
ADC by comparing the changing input signal with the output
of the internal DAC and 1ssuing a corresponding bit stream to
the comparator. The program listing has been simpilified for
easier understanding and although it is written in HP 85
basic. it can run on any computer after adapting the print for-
mat (line 200).

In Figure 5b the appropriate printout of two program runs
can be seen. Column 1 shows the number of the clock cycle
(cycle 0 1s start of conversion) while column 2 shows the ac-
tual input voltage. The voltage level here is expressed in
LSBs for simplification, but can be converted to any other
voltage level by multiplication with a constant factor. Column
3 shows the digital code which is applied to the DAC and
therefore compared with the input voltage. The comparator's
decision 1s shown in the next column while the last column
shows the SAR output code after the decision. The printout in
Figure 5b shows two 12-bit conversions with input voltages of
2047.66 and 2047.67 LSBs, respectively. In both cases, the
input voltage changes at a rate of +4 LSBs per conversion.
With an analog input of 2047.66 LSBs, the resulting code is
2047; if the input voltage is raised just 0.01 LSB at the begin-
ning of the conversion, the resulting code is 2051. Thus, the
three successive codes 2048, 2049 and 2050 cannot be
generated if the input voltage changes at a rate of +4 LSBs
during the conversion time. This means the effective resolu-
tion of the 12-bit converter has been reduced to 9 bits in this
case.
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The corresponding input signal frequency can be easily
calculated If the conversion time is known. For a popular
ADC like the industry standard HS 574, which has a maxi-
mum conversion time of 30 u sec. the corresponding INput
frequency would have been 16 Hz in this case — pretty low
for a reduction from 12 to 9 bits in resolution

Taking the above mentioned rule of thumb that the input
signal should not change more than 2 LSB during conver-
sion time, the following formula can be used to calculate the
maximum input frequency

1
fmax. = (1)
2 « Pi » 2N + conversion time

(2N = number of codes, e.g., 4096 for 12 bits of resolution)

Using this formula, the maximum usable input frequency
for the popular HS 574 is limited to 1.3 Hz (!), which is much
too low for most applications and would make the high
throughput rate of more than 30,000 samples per second
unattainable (according to signal theory, two samples per
period is sufficient to reconstruct the original signal...)



The above formula is based on the maximum slew rate of
the input signal which for sine waves occurs during the zero
crossing. Sometimes a slightly different formula (2) is applied
which uses the average slew rate of a sine wave instead of
the maximum slew rate. But even using this formula, the
HS 574 would be limited to input frequencies of 2 Hz.

1
fmax. = - @
4 » 2N « conversion time

What are the implications to the user of this input signal
limitation to 1.3 or 2.0 Hz? It simply means, that with input fre-
quencies exceeding that iimit, the specified accuracy of an
A/D-Converter cannot be achieved. The appendix graphic-
ally shows the maximum input frequency as a function of
conversion time and resolution for any given ADC.

TEST RESULTS

Because the quantitative measurement of the above men-
tioned errors 1s quite difficult, a special test set-up has been
used to demonstrate the resulting effects and prove theory in
practice. The experiment has been made with the HS 574
which is used for a wide range of industrial and military ap-
plications. The converter has been used in the 8-bit conver-
sion mode which results in a conversion time of 15 u sec
This has been done because the graphic resolution of the
printer was Imited to 256 dots (8 bits), but the results can be
converted to any other resolution and conversion time.

The ADC has been selected for the smallest linearity error
so that the results reflect the influence of the input signal slew
rate instead of the ADC's linearity error. The sample used
showed an integral linearity error of less than 0.1 LSB at
12-bit resolution which is about 5 times better than specified.

| Figure 6A. HS 574 AK, 8-Bit
{ Resolution, Signal Frequency
| 5000 Hz

MU ==

Figure 6C. HS 574AK, 8-Bit
Resolution, Signal Frequency
41 Hz

In the test set-up a triangular waveform (which means a
signal with a constant slew rate) was applied to the analog in-
put of the ADC. The signal frequency was 41 Hz which is just
the maximum value for an 8-bit converter running at 15  sec
per conversion. The sampling frequency of the ADC was
chosen so that it was asynchronous with the input signal. The
amplitude of the triangular wave was made slightly larger
than the input voltage range of the ADC so that the reversing
points did not fall into the transfer curve of the ADC

A large number of samples of the input signal were then
taken (about 100,000) and the digital data was fed to a desk-
top computer for statistical analysis. Figure 6 shows the
results of measurements at three different frequencies. The
x-axis is scaled from 1 to 254 which represents each output
code while the y-axis shows the density of each output code,
i.e., how often the particular code occurred during all
measurements. With a perfectly linear ADC, you'd expect
every possible output code to occur as often as any other
code (roughly 400 times for 100,000 measurements at 8-bit
resolution). In Figure 6a, which shows the result of the test
with a frequency of 41 Hz, it can be seen that this is almost
true — the density of the codes in the output spectrum is
about the same for each code.

If one of the codes is a so-called “'missing code," it will
show a density of zero. This can be seen in Figure 6b, where
the input frequency has been raised to 1000 Hz. Here more
than 50 codes are missing while the remaining codes appear
with many different densities. The two codes in the middle of
the transfer function (127 and 128) appear more than 1500
times, almost 4 times more than they should. This shows that
not only has the resolution been degraded, but the remaining
codes exhibit large linearity errors as well. Keep in mind that
the same kind of graph would show up at an input frequency
of 62.5 Hz (1/16th of 1000 Hz) if the ADC's resolution were 12
bits. Figure 6¢ shows the results for a frequency of 5000 Hz
(or 310 Hz for 12-bit resolution). Only 50 codes remained in
the output spectrum while none of the other codes occurred
even once during the 100,000 samples that were taken.

HOW TO ELIMINATE
THESE PROBLEMS

To obtain the full accuracy and resolution from your ADC,
you must insure that the analog input signal does not change
during the conversion time, i.e., the input signal must be
frozen. This can be done with Sample/Hold (S/H) or Track/
Hold (T/H) Ampilifiers. (Both amplifier types are similar and
can be used for that specific purpose, but only the expres-
sion Sample/Hold will be used hereatfter.)

In most applications, the digital control input of the Sample/
Hold can be driven directly from the STATUS- or EOC- (End
of Conversion) line of the following A/D Converter. As long as
no conversion is taking place, the Sample/Hold is in the sam-
ple mode and its output follows or tracks the input signal. In
this mode the S/H functions just like an ordinary buffer ampli-
fier with a gain of 1. As soon as a conversion has been
started, this will be indicated by the STATUS-output of the
ADC. This forces the S/H to switch from the sample mode to
the hold mode, “'freezing'' the input voltage.

Sample/Hold amplifiers consist of three major building
blocks: a capacitor, an analog switch and a buffer amplifier.
In the sample mode the switch is closed and the input volt-
age appears across the capacitor. When entering the hold
mode, the switch is opened and the previous input voltage is
stored on the capacitor. The amplifier inside the S/H buffers
the capacitor voltage and provides a low impedance output
to the ADC. Some S/H ampilifiers require an external hold



capacitor. This capacitor must be chosen very carefully,
otherwise, it will memorize the previously stored voltage. This
“memory'" Is caused by an effect called dielectric absorption
Therefore, only polystyrene or teflon capacitors are suitable
for S/H applications because their dielectric absorption i1s
fairly small.

When selecting an S/H ampilifier one could be confused
with all the data sheet specifications. Below is a short descrip-
tion of the major S/H specifications.

Acquisition Time: After switching from hold to sample mode,
the S/H requires some time until the new input signal is ac-
quired (the hold capacitor must be charged to the new volt-
age). The time which is required until the buffer output has
settled within a certain error band to the new voltage is called
acquisition time. After an analog-to-digital conversion has
been completed, the next conversion cannot be initiated until
the S/H has acquired a new input voltage. This delay is the
S/H acquisition time.

Aperture Delay: The logic circult inside the S/H requires
some time to detect the S/H command and some time until
the analog switch has fully opened. The sum of these times i1s
the aperture delay. For high speed applications where it is im-
portant to have very precise timing. the S/H command can
be advanced to compensate for this aperture delay

Aperture Uncertainty: This time is the variation of the aper-
ture delay from one sample to the next one: it 1s sometimes
called aperture jitter. This time is roughly 100 times less than
the aperture delay and it determines the maximum usable in-
put frequency for S/H ampilifiers.

Hold Mode Settling Time: Every time the S/H switches from
sample to hold. a glitch pulse can be seen at the output. The
time required for the output to settle before the ADC's com-
parator makes the first (MSB) decision is the hold mode sett!-
ing tme

Sample-to-Hold Offset: This offset or pedestal is caused by a
charge transfer of the analog switch when switching from
Sample to Hold mode. As long as the resulting offset i1s linear
with input voltage. it will be noticeable only as a small gain
change and can be trimmed out eastly

Droop Rate: Due o leakage and bias currents the hold
capacitor cannot hold the stored voltage indefinitely and
therefore, it will discharge. This discharge 1s specified as
Droop Rate and it must be kept in mind that Droop Rate nor-
mally doubles for every 10°C rise in temperature

* The maximum frequency can be calculated with the formulas (1) and (2)
In the formuias conversion time has to be substituted with aperture jitier

While the S/H eliminates many analog signal processing
problems, it also has some drawbacks. Due to non-linearity of
the Sample/Hold offset and other effects, the S/H will always
add errors to the following ADC. If, for example. the S/H is
specified for use n 12-bit linear systems, a S/H nonlinearity of
0.012% will be specified in the S/H data sheet, which equals
1> LSB at 12 bits. If you sum this error up with the V2 LSB
linearity specification of the following ADC. the worst case
linearity error will be 1 LSB which means that the system ac-
curacy has been degraded to 11 bits. It also might be
necessary to adjust the output offset of the S/H in addition to
the offset adjustment of the ADC

SINGLE PACKAGE SOLUTION

To overcome these disadvantages and still use the benefits
of a S/H, Hybrid Systems has introduced the HS 9474, a
12-bit A/D Converter with built-in S/H amplifier. The ADC
used in this device 1s the industry standard HS 574. All func-
tions of the HS 574 such as microprocessor interface, soft-
ware controlled 8- or 12-bit conversion and internal reference
voltage are also available with the HS 9474. The Sample/
Hold command input of the S/H is directly connected to the
STATUS output of the ADC so that the S/H 1s automatically in
the hold mode during conversion and is switched back into
the sample mode as soon as the conversion has been com-
pleted

The specifications of the HS 9474, such as linearity,
temperature drift and conversion time are identical to those of
the HS 574 but with the S/H amplifier included. This means
the errors of the S/H do not add to the errors of the ADC:
they are included in the ADC specifications. The required
hold capacttor s also included in the HS 9474, eiminating
the need for external components and the possibility of errors
due to dielectric absorption of the capacitor

Figure 7 shows the block diagram of the HS 9474 It is im-
portant to notice that lhe HS 9474 15 pini compaiibie with the
HS 574. This allows existing designs which use a S/H ampli-
fier to be upgraded to the HS 9474 without any hardware or
software modifications. Also. universal A/D interfaces can be
equipped with the HS 574 or HS 9474 depending on the ap-
phication. In ali exising designs where a 574 is used with an
external S/H ampiifier, the 574 and the S/H can be replaced
by a HS 9474 when a connection i1s made from the input to
the output pin of the S/H layout. This not only reduces the
cost for stock and incoming spection (one component in-
stead of 2-4). but also improves system accuracy and even
maintains compatibility to the existing design
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Attention must be paid to the acquisition time of the S/H
amplifier. To acquire a new analog signal, a time span of 10
usec (max) 1s required between two consecutive conver-
sions. Because the output data of the ADC must be read and
stored in memory, this time span is available in aimost any
application. While the digital data is transferred, the S/H
already acquires the new input signal. Unlike the HS 574, the
input impedance of the HS 9474 is very high eliminating the
need for additional buffer amplifiers. Due to the relatively low
input impedance of the 574 (3 to 14k ohm), a buffer amplifier
1s required if the signal source doesn't have a very low output
impedance.

BUILDING DATA ACQUISITION
SYSTEMS WITH THE HS 9474

Due to the high input impedance of the HS 9474 only a
single analog multiplexer is required to build a multichannel
Data Acquisition System (DAS). The ON-resistance of the
multiplexer can be neglected compared to the input imped-
ance of the HS 9474. The schematic of such a DAS with
eight single-ended inputs is shown in Figure 8. For differential
measurements, as required when common mode voltages
are superimposed on the input signal, the circuit can be ex-
panded with a second multiplexer and an instrumentation
amplifier as shown in Figure 9. The resistors R1 and R2 can
be used to control the gain of the amplifier in a wide range. If
itis required to change the gain from one channel to the
next, small reed relays can be used to switch different
resistors, one for each gain setting. But for more than two or
three gain settings, the use of a digitally programmable gain
amplifier 1s recommended. Such an amplifier is the HS 2020
which has fixed gains of 1, 2, 4, 8, 16, 32, 64 and 128. The
gains can be programmed with a 3-bit binary code. Figure 10
shows the building blocks for a DAS with a very high
dynamic range

As an alternative to building a DAS with functional blocks,
Hybrid Systems offers the HS 9410 series and the HS 9404/
9408 series. These are complete DAS" as shown in Figures
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8-10 packaged in one hybrid. The advantages of less board
space, less inventory. simpler manufacturing and quickness
to market may be beneficial to you.

INTERFACING THE HS 9474 TO AuP

A built-in microprocessor interface allows easy interfacing
of the HS 9474 to both 8- and 16-bit microprocessor systems.
The device can also be operated in a stand-alone mode. The
converter provides an Ag address input which is normally
connected directly to the LSB of the address bus. In memory
mapped applications two adjacent memory locations are allo-
cated to the device and from a software point of view, the
HS 9474 is treated like an ordinary random access memory.
Start of a conversion is achieved by writing any data byte into
one of the two corresponding addresses. Depending on
which of the addresses was chosen, either an 8-bit or a 12-bit
conversion is started

The STATUS-output of the converter is set to a logic high
level during conversion and returns back to a low level as
soon as the conversion is completed. Once a conversion is
started. there are several methods to detect the end-of-
conversion and to read the data. For example, the STATUS-
output can be used to cause a hardware interrupt by con-
necting the STATUS line to the IRQ input of the processor. An
interrupt service routine then can be used to read the data.
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Figure 8. Block Diagram of an 8-Channel
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But in order to achieve the maximum conversion rate this
method is not very practical because serving an interrupt re-
quires many processor cycles (saving and restoring all
register information). Another possibility is to connect the
STATUS line to an input port and to read that port until con-
version is completed. Also just a couple of NOP statements
can be inserted in the software after the start command. The
amount of the NOP commands must be chosen in accor-
dance with the processor cycle time so that a minimum time
gap of 30 u sec is inserted between the start of conversion
and the data read procedure. This method has the disadvant-
age that even if the converter operates at a higher speed (25
u sec typical). the time gap must be 30 u sec long to be
within the maximum specification of the conversion time.

However, the best method to interface the HS 9474 to a
processor is to suspend all processor operation during con-
version. This can be done by connecting the STATUS-output
to the WAIT- or HALT-input of the processor; in some cases
lillie additional hardware such as gales or inverters i1s neces-
sary. When writing the software, the data read instructions
directly follow the conversion start command. As soon as a
conversion is started, the processor stops operation and all
bus and control lines are absolutely quiet. This greatly
reduces the possibility of noise pick-up in the analog signal or
the converter itself. As soon as the conversion is completed,
the processor resumes operation and continues in the soft-
ware to read the output data

The data format can be chosen by means of the 12/8 input
of the HS 9474 If this input is at logic high level, the data for-
mat is 12-bit parallel; if it is low, the data is available in two
8-bit bytes which are addressed using the Ag line. One byte
contains the upper 8 bits, while the other one contains the 4
remaining bits followed by 4 trailing zeros. The data format in
the 8-bit mode is therefore left-justified.

Figures 11a and 11b show how to interface the HS 9474 to
the popular microprocessors 8080A and 8048. For the
8080A no address decoding is shown; depending on system
complexity an address decoder might be necessary to
generate the Chip-Select signal.

The data outputs of the HS 9474 are able to drive one stan-
dard TTL load. For systems where this is not sufficient, an
additional bus driver (e.g., 74LS245) must be placed be-
tween the data outputs and the bus. The output buffers inside
the HS 9474 are built-in CMOS technology. so pull-up
resistors are not required for CMOS processor systems. The
data outputs are switched into high-impedance (tri-state) if
Chip-Select or Chip-Enable are not valid or the STATUS-
output i1s logic high
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Figure 11B. Interfacing HS 9474 to 8048 u P (Bottom)

HELPFUL HINTS WHEN USING A/Ds

When using A/D converters, some design rules must be
obeyed to achieve the desired accuracy. One should keep in
mind that for 12-bit resolution and 10 volts full scale range, V2
LSB corresponds to just 1.22 mV. However, the comparator
inside an ADC must be capable of making accurate deci-
sions with much smaller voltages. In digital circuits the noise
margin is in excess of a couple of hundred millivolts. but for
analog circuits the noise margin is absolutely zero. Therefore,
already small amounts of noise might have an effect on the
ADC and this noise must be kept far away from such
components



Care must be taken when selecting the power supplies. In
particular, switching power supplies often have high fre-
quency noise in excess of 100 mV on their outputs. The abil-
ity of the ADC to suppress changes in the power supply
voltage is specified as Power Supply Rejection Ratio, PSRR.
But this specification only applies to DC changes such as
long term drift of power supply voltages. With increasing fre-
quency the suppression of variations in voltage decreases
rapidly, so that high frequency noise is not suppressed at all.
If possible, the analog supply voltages of an ADC (+ 15 volts)
should be produced with linear regulated power supplies.
Careful bypassing of all power supplies directly at the con-
verter package is very important. A tantalum capacitor in
parallel with a multi-layer ceramic capacitor should be used.

Correct layout of the ground lines is extremely important to
the function of the ADC. To avoid ground loops, all ground
lines of a system should be connected at one “'star-point”
which should be located as close to the ADC as possible.
Generally, ground lines should be of very low impedance.
Therefore, wide ground runs on the PC board should be
used. If possible, a ground plane should be located directly
underneath the converter package. This ground plane can
also be used to connect analog and digital grounds. In some
cases it might even be necessary to shield the converter
package from the top.

However, the best protective measures are useless if the
analog signal itself is superimposed with noise. In this case
the input signal must be filtered and shielded cable should be
used to connect the analog signal to the board.

If any problems persist while designing in a Hybrid
Systems’ A/D Converter, one should not hesitate to contact
the factory for technical assistance. We know our product
very well and our applications engineers will be able to assist
in solving any problems you may have.

APPENDIX

Nomogram to determine the maximum input frequency
versus resolution and conversion time of ADCs without S/H
amplifiers.
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QUAD S/H SOLVES
ACQUISITION PROBLEMS

As users of data acquistion systems become more sophisti-
cated and their applications become more complex, the
limited capabilities of simple systems become apparent. Two
new quad sample/hold amplifiers from Hybrid Systems allow
circuit designers to optimally address increasingly complex
data conditioning and acquisition problems.

In a simple data acquisition system (DAS), the usual
method of digitizing multiple inputs utilizes an input multi-
plexor (see Figure 1). This configuration utilizes a minimum of
hardware to sequentially sample and digitize the multiple
channels. The timing required is shown in Figure 1b. The
time to sample any channel will consist of the sum of at least
three delays. First is the acquisition time of the S/H, which is
the amount of time required for a worst case input voltage
swing to settle out to the required accuracy at the hold
capacitor. Second would be the aperture delay time, the finite
time required to actually switch the S/H into hold mode.
Because this time represents a delay, it can be pipelined out

MULTIPLEXOR —
VINO T
VINt >—T— I A/D
VIN2 >—— MUX OUTPUT | = A
VIN3 >——f—" S/H OUTPUT
MUXADR1 CONVERT DATA ]]
MUXADRO COMMAND
Figure 1A. Simple Sequential Four-Channel DAS
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tCONV = A/D CONVERSION TIME tHs = 800 ns MAX
tAD APERTURE DELAY TIME tCONV = 2 us MAX

tms = MUX SWITCHING TIME

t TIME REQUIRED TO
CYCLE DIGITIZE ALL FOUR CHANNELS

tcyCLE = (4) (taca + tHS + tCONV)
*NOTE THAT top AND tys HAVE BEEN PIPELINED FOR MAXIMUM SAMPLING RATE

tCYCLE = 39.248
.. PER CHANNEL
SAMPLING RATE = 25.5 kHz

Figure 1B. Timing

of the total time by applying the “'hold’ command earler
When pipelined, the next will be the hold-mode settling time,
the delay while the output buffer of the S/H settles out from
the hold-mode switching transition. Third i1s the specified con-
version time of the A/D converter. A fifth time, that for the
multiplexor to switch channels, is usually pipelined to occur
while the S/H i1s in hold mode, again not affecting the total
aggregate system sampling rate.

Assigning some typical numbers to these times gives an in-
teresting view of the efficiency of such a system. Table 1
shows that for a fast A/D converter, the large acquisition time
(7 us) is the bottieneck limiting a 500 kHz A/D to a 102 kHz
aggregate throughput rate. Even with a slower A/D converter
this time can prove to be troublesome. Consider the design
of a four-channel time division multiplexor for four telephone
channels. A 25 us A/D (40 kHz) proves too slow to sample
the four channels at 8 kHz each if the prescribed 7 us worst-
case acquisition time is allowed.

Simple Simuitaneous Pipelined
Seq pling | Acquisition
DAS DAS DAS

Maximum Aggregate
Sampling Rate 102 0 kHz 183 4 kHz 250 kHz
(Assuming 2 pu s A/D)
Maximum Per Channel
Sampling Rate 25.5 kHz 459 kHz 62.5 kHz
(2 u s A/D, 4-Channels)
Maximum Aggregate
Sampling Rate 30.5 kHz 35.1 kHz 37.0 kHz
(25 4 s AID)
Maximum Per Channel
Sampling Rate 7 6 kHz 8 8 kHz 93 kHz
(25 u s A/D, 4-Channels)

Table 1. Maximum Data Throughput Rates for Four-Channel
Data Acquisition Systems

Another characteristic of the simple DAS is the amount of
stress that it applies to the S/H. The one S/H must be switched
at the full conversion rate and with minimum sample-mode
time to get maximum throughput. The required maximum
slew rate in this configuration will be a full scale transition
before adjacent conversions, even though each separate in-
put signal must be antialias filtered to less than 1/4 of this rate
(for a four-channel system). Because of the time multiplexing
of the input to the sample/hold, even slowly changing signals
wiil require maximum siew rate if one signai i1s near fuit scaie
and the next near negative full scale. Failure to observe maxi-
mum acquisition time specifications will lead to non-settling of
the sample/hold independent of the input signal slew rate. In-
deed, non-settling will show up as adjacent channel feed-
through or for worst-case situations as differential linearity
aberrations near the major carry codes (for a successive
approximation converter where the initial major-carry test i1s
fooled by non-settling).

"



A final characteristic of the simple sequential DAS is the
time delay between the samples of each channel. When time
and phase relationships between the channels are important
aspects of the system being monitored, these delays make
the simple DAS unuseable. Consider the class of problem
where multiple inputs are used to infer a multidimensional
parameter of interest. A straightforward example is a robotic
controller for a mechanical arm. Four channels are used to
represent the x, y, z and rotationai position of the arm. The
instantaneous position of this arm would be very difficult to
control during complex motions without simultaneous samp-
ling of the four-dimensional vector.

Another example problem occurs during modal analysis,
the testing of a structure’s response to vibration. Multiple
accelerometers are placed at a spacing determined by the
expected maximum spatial frequency of the bending modes.
A calibrated impact is applied to the structure and the result-
ing accelerations are sampled. From the multiple channels a
two- or three-dimensional map of acceleration, velocity and
displacement can be generated. Any time skew in the
samples will badly distort the spatial relations between the
sensors and thereby distort any two- or three-dimensional
reconstruction. This technique is used with finite element
analysis to verify earthquake survivability of skyscrapers and
the structural stability of airplanes. Other three-dimensional
reconstruction technigues are used in seismic data analysis
for oil exploration and earthquake studies.

Another example of problems exists in an application

where the spectra of two channels must be compared or cor-

related. The phase shifts between various channels are plot-
ted versus input frequency in Figure 2. It can be shown that
the time delay between the channels will apply a systematic
error term of difference between the spectrums’ mathemati-
cal descriptions. This shows up in the imaginary part of the
spectrum as a linear slope
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Figure 2. Phase Shift Between Channels Versus Input
Frequency in Four-Channel Sequential Sampling DAS
(shown below)
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The optimal DAS architecture for these types of problems
is one with a sample/hold for each channel with all channels
simultaneously sampled, then converted sequentially. Figure
3 shows a simultaneous DAS architecture and timing. Notice
that for an n-channel system only one acquisition time delay
is required per n channels converted. A four-channel system
using the same A/D converters as before yields aggregate
throughputs of 183.4 kHz and 35.1 kHz, respectively (see
Tabie 1.). Notice that the hypotheticai teiephone time division
multiplexor is now feasible using a 25 us A/D due to the
throughput gain. Each input channel must be band limited to
one quarter of the Nyquist frequency, which means that the
maximum slew rates at each sample/hold will be one quarter
of that in the simple sequential system. This implies that each
channel will show less dynamic settling error. Finally, the
samples will show time delays of less than 5 ns between each
other, preserving the phase information between the channels.
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Figure 3B. Timing for Simultaneous Sampling DAS
Using HS 9704



While the simultaneous sampling DAS increases through-
put substantially. even more throughput can be obtained by
pipelining the acquisition time entirely out of the total cycle
time. A pipelined DAS and its timing is shown in Figure 4
After the pipeline is filled (11 us for the example in Figure 4),
the system can continuously convert samples at a 250 kHz
rate (assuming a 2 us A/D) or 37 kHz for the 40 kHz A/D (as
in Table 1). Again the slew rate settling requirements upon
the sample/holds are minimized, yielding better dynamic per-
formance. The phase shift between channels is minimized,
but still very significant. When maximum throughput is the
design goal, a pipelined DAS makes the most sense.
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Figure 4A. Pipelined Acquisition DAS Using HS 9705
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Figure 4B. Pipelined Sequential Data Acquisition System
Using HS 9705

An interesting class of problem can be addressed by hard-
ware identical to the pipelined system above. A fast “'window
grabber " system can be used to sample a limited number of
points spaced much closer in time than the A/D conversion
rate. For example, consider an eight-channel pipelined hard-
ware system where each of the channels is connected to the
same input. If the problem at hand involves analyzing eight
points spaced 1 us apart (to examine the impulse response of
system, for instance), it is possible to stagger the hold com-
mands to each channel by 1 us to "'grab’ eight points with
1 s spacing. The multiplexor is then used to route the
samples to a slow A/D to sequentially convert them in non-
real ime.

In order to support the various applications mentioned
above, Hybrid Systems has announced two different versions
of quad multiplexed sample/holds. The HS 9704 is a binary
encoded model. Each sample/hold can be uniquely addressed
by a binary address for ease in uP interfacing. It also supplies
an overriding "hold all"" single control in order to simplify the
design of simultaneous S/H systems. An implementation of a
simultaneous sampling system is shown in Figure 5

This synchronous circuit uses programmable counters to
set various time delays. Converters of various speeds can be
substituted by changing the programmed delays (possibly by
use of dip switches) or by adjusting the master clock frequency

The first programmable delay represents the sample-mode
acquisition time of the S/H. A 7 us acquisition time requires
56 clock periods of an 8 MHz clock. The most significant bit
counter will output a terminal count when it counts to all ones.
This occurs during count 1111 0000 = 240 Base 10. We use
the leading edge of the 57th count to clear a flop and termin-
ate the sample mode. Therefore, the preset data on the
acquisition time counters is set to 240 — 57 = 183 Base 10
or 1011 0111 binary.

The next daby the multiplex time, represents the amount
of ime each channel of held signal must be applied to the
output buffer during each conversion. This time is equivalent
to Tbs + Tcon, the output buffer settiing time plus the A/D
conversion time. For a per channel sampling rate of 8 kHz,
we can allow up to 29 75 us for this time This is equivalent to
238 periods of an 8 MHz clock. In order to prevent terminal
count glitching, we use up two clock periods to sequentially
load and then enable the counters. Therefore, the multiplex
time data inputs are set to 240 — 239 + 2 = 3 or 0000 0011
binary.

The fastest simultaneous system requires that the first but-
fer settling time be pipelined to occur during the acquisition
time. However, each successive channel requires a com-
pletely symmetric sequence of control up to and including
the nth channel. If we postulate symmetric timing for all four-
channel conversions (in order to simplify the hardware), the
beginning point of that symmetric cycle would occur before
the end of the acquisition time. Specifically, it would occur
Tbs — (Ths + Tad) before the end of the acquisition time.
For Tbs = 2 us, Ths = 800 ns and Tad = 200 ns, we re-
quire this symmetric cycle to start 1 us before the hold mode
is entered. Since we previously set the entrance to hold mode
to occur after 56 counts, we need to decode 1 us or 8
counts prior to entering hold mode. This must be done
carefully to avoid glitching caused by asymmetric rise and fall
times on the counter outputs. The magnitude comparator P
= Q output could be used by synchronously clocking it into
a flop at a cost of another flop and one clock period delay.
The P > Q output goes low one count after the selected
count but doesn't glitch. This output is used by applying 240
- 8- 1=231Base 10or 11100111 binary at the sym-
metry start data inputs.
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Figure 5. Four-Channel Time Division Multiplexing
12-Bit DAS Utilizing Simultaneous Sampling

The industry standard HS 574A A/D converter is an
asynchronous device which requires a pulse to start. The
simplified conversion time shown in Figure 3 must be further
subdivided into a start pulse time, a true conversion time and
a data latch time. By decoding one count of an 8 MHz clock
we can supply a 125 ns start pulse (R/C*). The first pulse
should occur Ths + Tad after entering hold mode. The next
three pulses should occur Tbs after the multiplexor is switched
Because we initialize the multiplex time counter early, these
two required timings can be generated by the same circuit,
and the timing becomes symmetrical. The HS 9704 buffer
settling time is 2 us. Therefore, we set the buffer settling delay
data inputs to decode 16 counts after the preset multiplex
count of 3, where 16 + 3 = 19 Base 10 or 0001 0011
binary. Again, the P = Q output can glitch due to input
rise/fall ime differences. The 574 needs a minimum start
pulse width of 50 nsec, so glitches don't start it; but at a cost
of another flop the P = Q output could be synchronously
clocked. This would require applying data to decode one
clock earlier (data = 0001 0010).

The output data can be latched anytime between the end
of the A/D conversion and the next R/C* (start) pulse. The
simplest circuit latches data one clock after the multiplexor
channel is switched. To insure that no false data is latched,
this pulse is not enabled until after the first acquisition. Drop-
ping the convert request level also disables output data and
eventually reinitializes the logic.

The maximum true conversion time allowable runs from the
rising edges of R/C* to the mux channel switch pulse
(ct238h). Quantitatively this is equivalent to the multiplex time
minus the buffer settling delay minus the R/C* pulse width,
assuming that the multiplex switching and the data latching
overlap for a small pipeline effect. In this example, the multi-

nlax edae time 15 237 counts the buffer settling (Ths) = 16
piex eage time is 237 counts, the punier setting (1 0S) =16

counts and R/C* = one count, so the maximum true conver-
sion time at the A/D is 220 counts or 27.500 us. This
specification is met by the Hybrid Systems HS 574A. an in-
dustry standard 12-Bit A/D converter with 27 us maximum
conversion time over the military temperature range. The

HS 9704/5 can be obtained in military temperature grades
also, so that if 541s logic 1s used in the application circuit, the
whole DAS should function over temperature.



The HS 9705 incorporates unencoded direct control of counters to run open loop from clear using a 1 MHz clock

each sample/hold. This feature allows the sampling times of Again, the simple conversion time of Figure 4 must be sub
each channel to be staggered in order to support pipelined divided into a start pulse time, a true conversion time. and a
system applications. A simultaneous sampling system can still data latch time. The 8 MHz master clock allows the conver-
be implemented by tying S/HO through S/H3 together exter- sion time to be synchronously subdivided to decode these
nally, then puising them in the same manner as a "*hold all"' pulses
control. An implementation of a pipelined DAS is shown in In operation the begin h level is brought high and the
Figure 6. counters start from clear on the next 8 MHz clock From this
starting point (run h = 1) until the time decoded by the 1520
This application circuit takes advantage of the 16 us total (7 us here) will be the acquisition time for the first channel
cycle time achievable with a sub-two us converter like the This channel is then put in hold mode until the next cycle
HS 9520. This modulo 2 cycle time allows the 4-Bit binary starts at 4 (Tbs + Tconv) = 16 us
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In general, the next channels must have identical timing on
their S/Hn* lines, except that each must be delayed by (Tbs
+ Tconv), here equal to 4 us. This can be accomplished with
minimal hardware by simply delaying the original signal by 4
us taps using LS164 shift registers. No end-of-cycle reset is
necessary as the 4-Bit counters roll over at the 16th count.

The timing of Figure 4 shows that the optimum system
would have its first conversion initiated at Tad + Ths after the
end of the first acquisition time. This is 1 us for Tad = 200 ns
and Ths = 800 ns. For simple, symmetric hardware, this cir-
cuit initiates the first conversion at a Tbs delay (2 us), which
incurs a one-time 1 us penalty in filling the pipeline. This is
legal because the aperture delay is included in the Tbs speci-
fication on the data sheet. Note that a 200 ns aperture delay
would otherwise become significant (a 10% longer (Tbs +
Tad) delay would be required before each conversion if Tad
isn't pipelined as in Figure 4)

The mux address counter gets enabled from clear after the
first acquisition (at 7 us). Two us later the divide-by-four
(250 kHzh) output goes high. This edge is delayed by almost
125 ns by the flip-flop and the two signals are gated to pro-
vide a start pulse to the HS 9520. At the falling edge of the
start pulse the conversion begins and the status output goes
high. Output data is valid after the status line goes low,
1.5 us later.

16

The start pulse occurs during the first 125 ns of the “'simple
conversion time."" The converter must complete its conver-
sion within 1.875 us, because at that point the multiplexor will
be commanded to switch and the analog input will soon
begin to change. Output data will be valid for 2.125 us and
can be latched anytime within this window. The simplest
implementation is also the fastest and uses the inversion of
250 kHzh to latch data at 1.875 us after the start of true

conversion.

The HS 9704/5 quad multiplexed S/H's provide three of
the major building blocks of a multichannel data acquisition
system within one 24-pin double dip. The addition of an A/D
of the required speed and control logic form a complete four-
channel DAS. expandable in four-channel increments. The
choice of control logic offered by the otherwise identical units
allows for the design of sophisticated systems optimized for
throughput or the required application. Making use of the in-
ternally trimmed offsets and pedestals and the temperature
tracking allows the designer to construct unusual systems of
high accuracy. “Window grabbers' require no extra external
parts. The use of two parts and an external differential op-
amp completes a two-channel true differentiator (y(t) = x(nt)
- x(nt=1)). As A/D converter speeds continue to rise. the
sophisticated system designer will increasingly turn to inte-
grated subsystems such as these for system solutions
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CMOS DACS

IMPORTANT CONSIDERATIONS ABOVE 12-BITS

BACKGROUND

High resolution data converters are now more than just a
design curiosity in current circuit designs. In particular. with
the price of digital to analog converters becoming more cost
efficient designers are increasing system performance with
Iittle increase in parts cost. The new 16-bit CMOS DAC's are
now selling for what used to be the price of 14-bit DAC's
and 14-bit DAC's are now replacing 12-bit DAC's for more
demanding applications. The evolution from large rack
mounted DAC's to modules and now to hybrnids and mono
lithic devices has been made possible by the optimum use
of each technology. Modules could accommodate precision
resistors and individual bit trims along with thermal blankets
(ovens) to achieve the desired stability. However. modules
have been imited in terms of circuit density and rehabiity
With the development of CMOS IC techinology along with
the maturation of deposited resistor techinology. cireut
designs have taken full advantage of these advances
benefit of the user.

to the

Hybrid Systems has been a leader in the design and
production of high resolution hybrid and IC DAC's. Rec-
ognizing the benefits of both CMOS and resistor tech-
nology Hybrid Systems has introduced important and
innovative products . . . many of these products were
industry firsts and are listed below

DAC370. Industry's first hybrid 18-bit MDAC linearity
0.0008% (16 bits) with input registers

DAC377. Industry’s first complete 18-bit DAC linearity
0.0008% with output amplifiers and reference
DAC9331-16. Industry s first 16-tit MDAC witnh 0.0008%0
accuracy and guaranteed monotonic over temperature to
16-bits with internal latches

DAC9377-16. 16-bit 0.0008% accurate complete DAC
with voltage output and internal reference. Also available
in 4 BCD

HS 3140. Industry's first 14-bit MDAC linearity 0 003%
(14-bits) from 0°C to 70°C (0° to +85°C, E version
-25°C to +85°C, B version).

HS 3160. 16-bit monolothic MDAC. guaranteed monotonic
to 0.003% (14-bits) from 0°C to + 70°C (C version)

and -25°C to +85°C for B version with MIL-STD 883
screening

HS 3120. 12-bit MDAC, monolithic, double-buffered. uP
compatible, super stable 1ppm/°C Max.!! linearity drift,
monotonic 0°C to 70°C.

HS 9338. 12-bit low cost. complete (0 to + 10V, + 10V),
uP compatible.

DAC9356. Low cost complete 12-bit DAC with lowest
power ... 176 mW, + 10V out DAC8O pinout.

DACS80. Industry standard low cost DAC voltage and cur-
rent versions . . . no + 5V required

High resclution DAC's doveloped by M
DAC9331-16 (top) industry's first 0.0008% accurate Hybrid DAC
and HS 3160 (bottom) 16-bit CMOS MDAC guaranteed monotonic
to 14 bits (0.003%) from - 25°C to +85°C.

Figure 1

loped by Hybrid Systems include:

DESIGN PROBLEMS

Problems and technical 1ssues must be addressed by
both the designer of the DAC and the user in applying the
DAC within an application circutt. The device design prob-
lems arnd solutions are presented first. While it imay seem to
the user that the problems of the device designer are mat-
ters of Iittle importance to the application. quite the contrary
s the case These issues are relevant in that they serve to
enlighten the designer with nontrivial considerations in
device selection and in great measure the selection of a
vendor to supply these parts

t

The most important issue in designing high resolution
DAC's 1s the basic architecture. 1.e. binary weighting versus
others. The most common technique for building a D/A con
verter of n-bits 1s 10 use n-binary weighted switches to turn
n-current or voltage sources ON or OFF, Figure 2. These
swilches are designed so that each switch or “bit”" con
tnibutes twice as much to the D/A ouput as the preceding
bit. This allows an nth-bit converter to generate 2(n-1) output
levels by turning ON the proper combination of bits
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DESCRIPTION OF KEY SPECIFICATIONS

HS 3160

MODEL
TYPE

4 Quadrant Multiplying

DIGITAL INPUTS

Resolution

2-Quad Unipolar Coding

4-Quad. Bipolar Coding

Logic Compatibility

Input Current
REFERENCE INPUT

Voltage Range
Input Impedance
ANALOG OUTPUT

16-Bits
Binary

Offset Binary
CMOS, TTL
<1pA

+ 25V (max), AC or DC
6.5kQ + 50%

Output Capacitance
Important consideration for
settling time and feedthrough.

Scale Factor
Scale Factor Accuracy
Output Leakage

@ +25°C

. . @ +125°C
Integral Linearity Output Capacitance

Measured as the arithmetic Cyup 1. @llinputs high
mean value of the magni- Cyup 1. all inputs low
tudes of the greatest positive Cour 2. allinputs high
deviation and the greatest Cou 2. all nputs low
negative deviation from the STATIC PERFORMANCE
theoretical value for any given
input combination.

Integral Lineanty
HS 3160-3

HS 3160-4

Differential Lineartty
HS 3160-3

HS 3160-4

Monotonicity
HS 31603
HS 3160-4

Stability of Linearity vs DYNAMIC PERFORMANCE

150uA/Vper + 50%
%o

+19

10nA (max)
200nA (max)

100 pF
50 pF
50 pF
100 pF

+0.006% FSR. (typ) X . .
+0.012% F.S.R. (max) Differential Linearity

+0.003% FSR. (typ) The deviation of an output
. / step from the theoretical value
+0.006% FSR. (typ) of 1 LSB for any adjacent in-
+0.012% F.S.R. (max) put codes. +0.006% Max
+0.003% FS R (typ) is accuracy to 14 bits. The
+0006%FS R (max) DAC9377-16 is guaranteed to
0.0015% (16 bits).

Guaranteed to 13-Bits
Guaranteed to 14-Bits

Offset

The missing specification.
After the HS 3160 was
characterized, it was found
that this specification is
0.0325mV/mVs. Because of
this, external potentiometers
can be eliminated.

Digital Srmall Signal Settling
Digital Full Scale

Transition Settling
Reference Feedthrough Error
(VRer = 20Vpp)

@ 1kHz

@ 10kHz
Reference Input Bandwidth

S Reference Input BW

28 The reference can be an AC
signal. The dynamics of this
parameter are important in

521%‘\/ high speed signal processing.

1MHz

STABILITY (Over specified temp. range)

Scale Factor
Integrat Linearity

Differential Linearity
Monotonic Temperature
Range
The temperature range over
which the analog output in-

Monotonicity Temp Range
HS 3160C-3/-4
HS 31608B-3/-4

POWER SUPPLY (Vpp)

4ppm/°C (typ) . 3
0.5ppm FS.R./°C (typ) Linearity TC

Tppm F.S.R/°C (max) Impressive stability only ob-

0.5ppm FS.R/°C (typ):> i )

1ppm FS.R./°C (max) tained by the decoding
techniques described.

0°Cto +70°C

-25°Cto +85°C

creases or remains constant
as the input digital code in-
creases, but never decreases.
This range of monotonicity is
important in many servo or

Nomnai Voltage
Voltage Range
Current
Rejection Ratio

TEMPERATURE RANGE

+15V +5%
+8Vto + 18V
2mA

0.0005%/%

Operating HS 3160C-3/-4

Operating HS 3160B-3/-4

Storage
SCREENING

control systems

C-Models
B-Models
MECHANICAL
Case Style
Price __ PRICE(19)
Important key criteria in
evaluating the price perform-
ance ratio

HS 3160C 3
HS 3160C 4
HS 31608-3
HS 31608-4

0.4% AQL

0°Cto +70°C

-55°Cto +125°C

Screening
-65°Cto +150°C

0.4% AQL means that there
R _ will be no rejects in a sample
<«— lot of 100 pcs. All units have

full burn-in at +85°C.

MIL-STD-8838

22 pin DIP. ceramic
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20 21 22 =
Binary weighted current sources. Note resistor valves increase geometri-

cally. This form taken directly becomes difficult to implement at high
resolution.

OUTPUT

| a

20 2! 22 2n hd

R - 2R ladder network. By far the most basic approach in DAC
construction.

Figure 2 Binary Weighted DAC — Circuit Configuration

Figure 3 illustrates graphically the binary bit weights.
Since the most significant bit (MSB) contributes to 1/2 of the
full scale output, bit 2 (MSB-1) contributes 1/4FS, bit three
contributes 1/8FS etc. It follows that the worst errors occur
at the major transitions of 1/2 scale, 1/4 scale etc. In bipolar
modes where 1/2 scale is translated to 0, the greatest error
in this case is at 0. Because of these conditions, the stability
of the resistors and switch elements must be closely con-
trolled As an example, a 1% change in the MSB of a 10-bit
converter will affect the output by 0.05% of full scale. On
the other hand, a 1% change in the LSB of the same 10-bit
converter affects the output by only 0.001% of full scale. To
extend this discussion to 16-bits . . . and to maintain say
1/4LSB differential linearity the resistors have to be matched
to 0.00015% (15 ppm) . . . and be kept to this match over
time and temperature.

To overcome this basic drawback, Hybrid Systems has
applied a decoding technique originally used in high speed
“low glitch™ DAC's. In 1979 Hybrid Systems introduced the
first “low glitch™ display DAC, DAC394, using a design ap-
proach that would reduce glitches. The design task at the
time was to develop a DAC structure that would reduce the
amount of switching currents that occur at the major transi-
tions inherent in the R-2R approach commonly used.

Therefore, to reduce glitches (digital feedthrough) and to
improve DAC performance . . . linearity and stability . . . the
DAC is divided into two sections. This was the design ap-
proach used in implementing all of Hybrid Systems’ high
resolution DAC's. Figure 4 shows a 16-bit DAC with
decoding of the top 4 MSB's.
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Figure 3 Binary Weighted DAC-Bit Weights
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BIT1 BIT2 BIT4 BITS BIT6 BIT7 BIT 15 BIT 16

mMsB Lse

16-bit MDAC implemented by decoding top 4 MSB'S into 15 equal current
sources followed by 12-bit R — 2R DAC

16-BIT DAC
BITS 1-4 DECODED - 16 LEVELS
BITS 5-16 BINARY WGTD

«—4096 (12 BITS)
RESOLUTION
FOR EACH STEP
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Figure 4  16-bit decoded DAC, top 4 bits decoded
into 15 steps.
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The lower order 12-bits which together only constitute
6.25% (4096/65536) of the total output current is im-
plemented with a conventional R-2R current ladder.
However, instead of the upper 4-bits driving current
sources with a binary weight of 1/2, 1/4, 1/8, and 1/16 the
input lines are decoded into 15 logic lines which drive 15
equal current sources. Now, each of these equal sec-
tions . . . of the top 4 MSB’s . . . has a weight of only
1/16th or 6.25% of the total output. Therefore, as the in-
coming code on the 4 MSB's increment from 0O to 15, the

equal current sources incrementally add 1/16th to the
equai current Sources incremeniany

previous sum. As can be seen from the Truth Table 1, only
1 current source is switched ON for each successive major
transition. Further it can be seen that all switching between
any of the 16 major transitions involves either turning ON or
OFF current sources . . . but never both in the same step
Using this technique greatly reduces the glitches produced
by asymmetrical switching.

INPUT BINARY CODE OUTPUT

MSBBIT2BIT3BIT4] 123456789101112131415
0 0 0 1 100000000 0 0 0O 00O
0 0 1 0 110000000 0 0 0 00O
0 0 1 1 111000000 0 0 0 0 0O
0 1 0 0 111100000 0 0 0 0 0O
0 1 0 1 111110000 0 0 0 0 0 O
0 1 1 0 111111000 0 0 0 0 0 O
0 1 1 1 111111100 0 0 0 0 0 O
1 0 0 0 111111110 0 0 0 0 0 O
1 0 0 1 111111111 0 0 0 0 0 O
1 0 1 0 111111111 1 0 0 0 0 O
1 0 1 1 111111111 1.1 0 00 0
1 1 0 0 111111111 111000
1 1 0 1 111111111 111100
1 1 1 0 111111111 111110
1 1 1 1 111111111 1.1 1 1 11

4 binary bits decoded into 15 LINES
TRUTH TABLE 1

In summary, by means of decoding, a high resolution
DAC such as the HS 3160 can be made less sensitive to
changes in individual bit switches. Further, differential lineari-
ty, and stability both over temperature and time are 8 times
better . . . (the MSB contributes 1/16 vs 1/2).

The HS 3160 is fabricated using a CMOS monolithic pro-
cess in which the 4 MSB's are decoded. This requires 27
analog switches. 12 switches are used for the lower 12 bits.

By far the most important benefit of the decoding tech-
nique described here is the reduced Vg sensitivity of the
DAC. The segmented DAC is less prone to linearity varia-
tions due to the TC effects of VOg in the output amplifier.

APPLICATION PROBLEMS

The benefits of the decoding process will become ap-
parent to the user. DAC specifications can be analyzed

rolatina tn 1icar hanafita
r&iaung © user teneriis.

Temperature Stability

As discussed above, the decoding of the 4 MSB's (as in
the HS 3160) improves parameters affecting DAC output by
a factor of 8 over conventional R-2R techniques. Hybrid
Systems’ thin film resistor process yields resistor tracking
stability in the order of 2ppm/°C typ., 6ppm/°C Max.

This stability will yield (in the R-2R approach) linearity
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temperature coefficients of 1ppm/°C typ., 3 ppm/°C Max.
However, in a decoded DAC we can divide these TC's by
8 ... which yieid linearity TC of 0.13ppm/°C, 1ppm/°C Max.
In the case of the HS 3160, the specifications are conser-
vatively rated at 0.5ppm/°C, 1ppm/°C Max. for both integral
and differential linearity. Monotonicity is then guaranteed

0° to 75°C (C models) and —25°C to +85°C (B models).

Other high resolution DAC's from Hybrid Systems also
feature impressive stability specifications due to the decod-
ing process. Consider the DAC9331 (16-bit hybrid MDAC)
with differential linearity TC of 0.5ppm/°C Max. Long term
drift of linearity is specified at 3ppm FSR/1000 hrs. and
scale factor TC is specified at 2ppm/°C FSR Max.

Output Capacitance

An undesirable specification of all CMOS DAC's is output
capacitance. This is the capacitance effect of the FET bit
switches and is present in all CMOS DAC'’s. The DAC
equivalent circuit is represented in Figure 5. Cq is the output
capacitance which is the distributed switch capacitance
apparent at the output terminals (o terminals) to ground.
The unwanted problems associated with this parameter are
settling time and digital feedthrough; both will be discussed.
However, because of the decoding technique previously
described, Hybrid Systems’ CMOS DAC's all exhibit in-
dustry's lowest value for this important parameter. In the
decoding scheme, the binary weights are smaller (resistors
are larger), so small FET switches can be used with
resulting low capacitance. Basic R-2R DAC's require very
large FET switches in the MSB's to reduce ON resistance
thereby increasing Cp.

For example, Hybrid Systems’ HS 3120 is a 12-bit CMOS
DAC, the specified Cq of 25pF/50pF (shown with both con-
ditions . . . switches OFF/ON) is the lowest capacitance Cq
of any CMOS DAC available . . . in fact at least 5 times bet-
ter. The specification indicates the expected values for Cq
over all input codes. Hybrid Systems' HS 3140 and HS 3160
(14- and 16-bit MDAC's) have specified Cq of 50pF/100pF
which is the lowest specified for this class of product.

VREF O—1—
A &
MECVA
c

v

hY

Figure 5 MDAC Equivalent Qutput Circuit

Settling Time

Settling time is directly affected by Cq. In Figure 5, Cq
combines with Rf to add a pole to the open loop response,
reducing bandwidth and causing excessive phaseshift—
which could result in ringing and/or oscillation. A feedback
capacitor, Cf, must be added to restore stability. Even with
Ct there is still a zero-pole mismatch due to RiCq, which is
code dependent. Mismatch is minimized when RiCq =
R¢Ct. However, Ctf must now be made larger to compensate
for worst case RiCq; resulting in reduced bandwidth and in-
creased settling time. With Hybrid Systems’ 16-bit HS 3160 a

small value of Cs can be used. Resistor R~ can be added:
vaiug O Uf Can DE usSeC. mEeSiSo! Y 0€ adgeqd,

this will parallel Rj decreasing the effective resistance. If Ct is
reduced, the bandwidth will be increased and settling time
decreased. However, a system penalty for lowering Cs is to
increase noise gain. The tradeoff is noise versus settling
time. If Ry is added then a large value (1uF or greater) non
polanzed capacitor Cp should be added in series with R
eliminate DC drifts. If setthng time is not important, ehmmate
Rp and Cp and adjust Ct to prevent overshoot.



Digital Feedthrough

Digital feedthrough is never directly specified by manufac-
turers, however, the user can assume that this will generally
be directly proportional to Cq. This parameter as applied to
multiplying DAC's refers to the change in output with OV
applied to the reference (analog input) and toggling the
digital inputs at any worst case code. When using high
resolution DAC's any feedthrough will affect system perform-
ance considering that 78V is 1/2 LSB at 16 bits!

In the case where the DAC has on-board latches,
measurements of feedthrough should be made with the
reference set to full-scale and the data latched. Now tog-
gling the input code any resultant output change is feed-
through. Feedthrough does occur even when DAC's have
on-board latches. One can surmise that any feedthrough in
latched DAC's is due first to capacitative coupling between
CMOS cells where energy is coupled to the output in the
form of spikes. Secondly, spikes can be coupled onto the
output due to the capacitance of the package alone.

Hybrid Systems' HS 3120 with on-board latches has been
measured for feedthrough characteristics by several users.
Even though the specification for Cq is typically 4 times bet-
ter (due to decoding) than equivalent devices, measure-
ments confirm that feedthrough i1s an astounding 10 times
better than others tested.

Most manufacturers now concede that there will be digital
feedthrough even with one or two (double-buffering) layers
of registers built into the device. The solution is to keep all
digital input lines to the DAC as inactive as possible by use
of external buffers. An example of this shown in Figure 6
where a rank of 74LS273's serve as separate latched buf-
fers. Low power Schottky logic is recommended when ex-
ternal latches are used because of the uniform nature of the
propogation delays between the rising and falling signal.
This is not usually the case with other logic (or standard
Schottky) devices. The latches should be as close to the
DAC as possible and DAC input lines should be of equal
length.
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Figure 6 Microprocessor Interface to HS 3160

Another suggestion to lower digital feedthrough is to
clamp the MSB inputs to the DAC. As shown in Figure 7,
resistors can be added to the MSB inputs to keep the logic
1" voltage as close to minimum as possible. Rather than
allowing the TTL drive line to rise to +3.5 or +4.0 volts the
lines can be kept at close to a minimum "'1"" or 2.4 volts.
Pull down resistors are added from the inputs to ground.
These resistors cause the driving element to source more
current which lowers the DAC input voltage and source im-
pedence. This impedance reduction will reduce noise
pickup. Low power Schottky gates will source 400uA for a
“1" output of +2.4 volts

LSB
74LS
273
HS 3120
— lp
74LS
175
DATA BUS l MSB
$S$SSR
ADDRESS IR R K1
DECODER c

Figure 7  Clamp Resistors added to MSB Inputs

Finally, digital feedthrough can be reduced if strobe lines
are optimized. In Figure 8 note that the data is strobed to
the DAC on the § positive going transition. In this case, the
more desirable strobe to use would be Strobe B where the
input pulse is not changing during the DAC transition. If
Strobe B cannot be used, Strobe A should be made as nar-
row as possible to reduce energy presented to the capac-
itive feedthrough elements.

DAC
ouTPUT

|
St

I

|

|

|

sosea— L——

STROBE B —Lr———
|

Figure 8 Strobe Input to DAC
STROBE A should be made narrow if used.
STROBE B recommended

Grounding

In addition to latched buffers, the designer must use the
normal grounding and bypass techniques to further reduce
unequal logic delays associated with external latches. If
possible, a large ground plane and pin guarding should be
used beneath and around the DAC and output amplifier,
see Figure 9. With the ground as shown, the ground pin
should be soldered directly to the ground plane. Further, in
high speed applications, plastic or ceramic sockets should
not be used.
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Figure 9 PCB Assembly Layout
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w

Figure 10 Typical output connections unipolar (top), bipolar (bottom)

Ground placement associated with the output amplifier
used to convert DAC output current to a voltage addressed
to minimize system errors. Typical connections for unipolar
and bipolar operation are shown in Figure 10. The amplifier
input low (noninverting terminal) and analog ground must
be connected directly at the DAC. If this is not done the ef-
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fective resistance r; (Figure 10) creates an undesired input to
the ampilifier resulting in loss of system accuracy. Consider
the following:

r; = Track resistance from DAC I, terminal to
the amplifier input. Assume 100 milliohms.
I, = 2mA (typical full scale DAC cutput current)
" Vin+ = Voltage apparent at amplifier input.
= 2x10-3x 100 x 10-3 =200uV
At 16 bits 200 u V error results in an additional 1.31
LSB’s error where 1 LSB at 16 bits is 153uV on the 10V
range.
This example shows that ground returns at the output
amplifier must be made with low impedance runs to reduce
error created with unwanted IR voltages.

Power supplies must be properly bypassed to provide low
impedance ac paths to ground. All power supplies used in
the DAC system should be bypassed with at least 0.1uF
(low frequency) and paralleled with 0.01uF ceramic type
(high frequency). Ideally, a large ceramic capacitor should
be located as close to the DAC as possible. With high
resolution DAC's (above 12 bits) switching power supplies
should be avoided and if possible accurate linear regulated
supplies should be used.

Output Offset

In most applications, the output of the DAC is fed into an
amplifier which converts the DAC's current output to volt-
age. A little known and not commonly discussed parameter
is the linearity error associated with the offset voltage Vog of
the output amplifier. Al CMOS DAC’s must operate into a
virtual ground; i.e. the summing junction of an op amp. Any
amplifier offset will appear as a linearity error at the output
which can be treated as LSB's of error.

Most all CMOS DAC's today are implemented using an
R - 2R ladder network. Consider the following analysis (see
Figure 11):

VN R Vc R VB R Va

VREF
2R 2R 2R 2R g 2R
LI
" |
: Vos l: Vour
) I
Figure 11 R—2R DAC with output amplifier
When: Vos = 0

Va N = VRgel20-D)
where v, = vg/2
Vg = Vg/2. . etc.
For a 12-bit converter (R-2R type), where Vggr = 10V
Vp = 4.88mV, Vg = 9.77mV,
Ve = 19.5mV, etc.
However, when Vpg = Va then
(1) Vey = (Vgrl2n~1) 22121 = V¢
(9 )
c){= R
@ Ve = WIS > Vg
R + % R
but for simplicity let Vgy = Vg then
@) Var = Vg x 2R/(R+2R) > Va
4) Vay =_2_Vg=Vos



Where Va1 is the voltage at the LSB node. From (4) one can
see that when the offset voltage Vg is equal to Vay then

I; = 0. This results in a change in the linearity error of 1
LSB. In this case, it has been shown that:

(5) where Vpg = 0, an LSB goes to 1"
(6) Vos = Vay. an LSB goesto 0"

Or to put it another way; to change output linearity 1 LSB
(i.e. changing 2.44mV) the corresponding Vg change
would have to be:

) AVOS-'% Vg = % (9.76) = 6.5mV

Now we have a 1 LSB change in linearity for 6.5mV change in
Vos- Therefore, it takes a 6.507mV change in Vg to vary the
output inearity 1 LSB (Vggr = 10V, 12-bit R - 2R type).

However, due to decoding (Figure 12), the basic R-2R
portion of the DAC yields a larger voltage at V, and
therefore the DAC is less prone to errors due to the am-
plifier's offset voltage

DECODE R-2R (10 BIT)
j=—PORTION R Vc R Ve R Va

VREF

Ry

(b

I B
DECODE =
2703
MSB  MSB-1

Figure 12 HS 3120 Decoded 12-bit DAC—2MSB's decoded
followed by conventional 10-bit R—2R DAC

Hybrid Systems not only uses decoding (sometimes re-
ferred to as “'segmenting”’) in the impiementation of high
resolution DAC's, but also binarily weights the LSB's. This is
shown in Figure 13.

VREF

BINARY WEIGHTS LSB'S

DECODING ™ R-2R
4 MSB'S 9 BITS

Figure 13 HS 3160 16-bit MDAC shown with implemented
with decoder, R—2R, and binary weighting.

By doing this, it can be seen that a change in offset con-
tributed by the output ampiifier affects DAC linearity at a
point “higher up" from the LSB switches. This will yield a
greater insensitivity to changes in Vgg. Data taken on the
HS 3160 (Figure 14) confirms these calculations. Table 2
compares high resolution DAC's with the method of decod-
ing to illustrate this coefficient of sensitivity to amplifier offset.
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1. Actual measurement of 26-27mV compares favorably with the calculated
value of 28.5mV (Table 2).

Figure 14 HS 3160 Additional Linearity Error vs. Output- Amplifier
Offset-Voltage

TABLE 2

TYPE RESOLUTION| DECODING|R - 2R| BIN/ |AVos/1 LSB

(Bits) (Bits) | WGT | ERROR
Gen Pur 12 NA 12 6.5mV
HS 3120 12 2MsSBs | 10 26 0mV
Gen. Pur 14 NA 14 163mV
HS 3140 14 4 MSB's 9 1LSB 28 5mV
Gen. Pur 16 N.A 16 041mv
HS 3160 16 4 MSB's 9 |3LsBs| 285mv
HS 933116 16 4MsBs | 12 3 56mv

From the above table one can see that for a 12-bit DAC
the HS 3120 is 4 times less sensitive to Vpg than a standard
R - 2R type. At 16 bits the HS 3160 and the DAC9331-16
are 69 and 9 times less sensitive than the standard schemes.

What this means tc the user

user is that mary types of low

jegte Yy

cost amplifiers can be used with decoded DAC's without
the need to adjust offset.

Consider the following calculations. Table 3 of Vg, for
specific amplifers:

TABLE 3

AMPLIFIER | Vos TC Vos

@25°C +25°C to +70°C
LF41t 0.5mvV 10uV/°C 0.95mv
LM301 75mv 30uv/°C 8 85mV
LM741 6mv 30uV/°C 7 35mV
HA 2525 10mV 30uV/°C 1135
0oP0O7 75uV* 0.25uV/°C

*Drift specified at 1.0uV/Month Max.

Normally, CMOS DAC application notes will always show
a potentiometer used to null out the aiplifier's offset. Note.
always use the offset terminal to insert a nulling voltage—
never inject a correction current into the summing junction
The designer can readily see that with Hybrid Systems’ high
resolution DAC's the potentiometer can be eliminated saving
PCB space and lowering system cost.

Finally, while this discussion has dealt with the issues of
change in linearity with respect to AV(g it should be pointed
out that this should in no way be confused with initial
accuracy which will still be present . . . but in many applica-
tions can be calibrated out.
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Output Amplifier—Finite Gain Effects

The ideal model of an operational amplifier assumes in-
finite open-loop gain. This implies zero differential input
voltage at all output levels. In reality, operational amplifiers
exhibit open-loop gains ranging from 80 to 100dB (104 to
105 V/V). This results in finite measureable input voltage dif-
ferentials. For example, in a typical DAC system with a full-
scale output of 10 volts an amplifier having an open-loop
gain of 100dB (105 V/V), the amplifier differential input

un ST=R el " AL i hi A
voltage would be 100uV with respect to ground. This addi-

tional “error’ voltage appearing at the input terminals can
be treated as an additional offset and would effect linearity
according to Table 2 above.

One can see that there are errors produced by “finite”
amplifier gain. This can produce significant errors in high
resolution 14- to 16-bit DAC's which might be justifiably
ignored at the 12-bit level

To maintain system accuracy when using high resolution
DAC's, we recommend output amplifiers such as the OP07
or LF411 type which possess large, stable open-loop gain
and reasonably low (but stable) offset voltages. For less
demanding applications, the 741 or 301 type amplifier can
be used provided the resultant errors are within acceptable
limits and where cost is a consideration

Reference Voltage Level

Performance of high resolution DAC's are optimized for a
10 volt reference level. However, it should be noted that as the
magnitude of the reference is lowered, offset voltages, leak-
age currents and other higher order parasitics represent an
increasing contribution to linearity and gain error. Typical
linearity error versus reference voltage are shown in Figure 15.
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Figure 15 Linearity VS Reference Voltage, HS 3160 (top),
DAC9331-16 (bottom)
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LOW COST HIGH RESOLUTION
DAC SYSTEMS

Discussion previously has focused on understanding high
resolution DAC's from the combined perspectives of the
DAC designers and the design engineer applying the DAC.
The following application discussion will focus on compo-
nent selection.

12-Bit DAC System

By using Hybrid Systems' HS 3120 and HS REF01 along
with National's LF441A, a low power economical 12-bit DAC
system can be realized.

HS REFO01

This reference element is by now an industry standard. It

is multisourced and available in four temperature grades—

3, 10, 20, and 70ppm/°C. The 20ppm/°C plastic grade

is generally available for $2.00 (100's)—even the 3ppm

grade in a TO-99 is only $7.60 (100's approx.). The

HS REFO1 draws only 1mA quiescent current and can

deliver at least 10mA to a load. Therefore, one HS REFO1

can power several DAC's allowing the fullscale tempco of
the entire system to be referenced to one source.

HS 3120

This popular 12-bit DAC has many design features that
make it an ideal choice in this 12-bit system. The HS 3120
is a monolithic 12-bit MDAC with double buffered input
registers sectioned into 3 segments (nibbles) of 4 bits
each. Each section is individually addressable for easy in-
terface with 4-, 8-, or 16-bit data busses. The control logic
allows the designer to use the DAC in a “memory map"
mode. The decoding discussed above results in very im-
pressive differentiai and integral linearity guaranteed at
1ppm/°C maximum. Monotonicity is guaranteed 0°C to
+70°C along with scale factor TC of 2ppm/°C max. Due
to decoding, feedthrough is low and the effects of Vg are
also lower than conventional 12-bit DAC's

LF441A/LF411A

Now, two low cost JFET input op amps are available
from National Semiconductor The LF441A has low power
consumption (supply current 150 uA), low noise, and low
offset voltage (0.5 mV, Max). It has the same bandwidth,
gain, slew rate, and pin out of a 741 at 110 the power.
The LF411A has 3 MHz gain BW (Min), low noise, and low
offset voltage (0.5 mV, Max).

These op amps are trimmed to reduce input offset voltage
to 0.3 mV typical, 0.5 mV Max. Because of the decoding
of the HS 3120 (Table 2), it takes 26mV of offset (Vg) to
yield a linearity error of 1 LSB, so pots are not necessary
to keep within 12-bit linearity even over temperature. The
temperature coefficient of input offset voltage is 7 uV/°C
typical, 10° uV/°C Max
For example

Max. Vgg, 0°C to 70°C: 0.5mV + (10)(70uV) =1.2mV

Typical Vg, 0°C to 70°C: 0.3mV+ (7)(704V) = 0.82mV

Additional linearity error, due to Vog and dVpg (0/70°C)
Maximum: 1.2 x 1/26 = 0.046 LSB's
Typical: 0.82 x 1/26 = 0.032 LSB's
Now include the specified 1ppm/°C differential linearity
drift (700uV over 0°C to 70°C) and the system yields a
total drift of linearity 0°C to 70°C of less than 1/3 LSB.



The HS 3120 with the LF441/LF411 requires no external
trim pots which save PCB space and material cost. This
system will provide monotonicity over a large temperature

The 12-bit DAC system implemented using these parts is
shown in Figure 16. The cost in 100's for the unipolar
system is $20.15 while the bipolar version is $24.05.

range.
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INPUTS
| FBg L
o I FB3
lo2
CE O-_J
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o =
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1 External resistors should be selected for good bipolar offset tempco and need only track well
Absolute TC or tolerance 1s not important  The internal 5K resistors can be used if 10ppm/°C dnift s tolerable
COST (POWER BUDGET)
UNIPOLAR: 0to —-10V CODING: SB, CSB BIPOLAR: - 10V to + 10V CODING: OB, COB
Current Drain Current Drain
PART TYP MAX COST/100's | PART TYPE MAX COST/N00's
HS REF01C +1.0 +14 $ 2.00 LF441ACN + .15 + 2 $ 240
LF441ACN + 15 + 2 2.40 - .15 - 2
- 15 - 2 5K Resistors W.W 1.50
HS 3120 +1.0 +25 15.75 Load Current, A2 +1.25 +20
Unipolar Parts +2.15 +4.1
-5 ) -2 20.15
Total +2.15 +4.1 $20.15 Total +3.55 +6.3 $24.05
- 15 -03 -04

Figure 16 Low Cost 12-Bit DAC System
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High Speed System

Fast settling times can be realized using the circuit in
Figure 5. Three op amps are reviewed. The HA2525 is the
fastest with 120V/uS slew rate and a gain BW of 20MHz.
However, in low gain configuration, additional compensation
is needed. So while this device is the fastest, system perfor-
mance is limited by compensation required for G<3. The
disadvantage is no short circuit protection and up to
10mVps at 25°C. The LF357 is next best but requires trim
pots. The LF411ACN is the least fast but requires no trim
pots. Settling time and component values are shown in
Table 4.

TABLE 4
OP AMP | R; Caw Ct SETTLING TIME
to 0.1%
HAZ525 | 1K 5oF 1.8usec.
LF357 1K 20pF 2.0usec.
LF411ACN| 1K 2.5usec.

Note:

1. HA2525 uses a ‘BW' capacitor on pin 8, therefore,
no Cy is required. The LF411ACN has internal compensation
and appears to operate well without the addition of Cj.

2. Rj and Cs are designations from Figure 5

14-Bit DAC System

The 12-bit DAC system described above can be up-
graded to 14 bits by using Hybrid Systems’' HS 3140. The
HS 3140 is a single chip DAC implemented using decoding
and binary weighting. The improved DAC performance has
been discussed above. Monotonicity is guaranteed from
—25°Cto +85°C and the specified stability of 1ppm/°C Max.
is not matched by competitive devices. The diagram in Figure
10 can be used along with external input latches shown in
Figure 6.

16-BIT DAC System

Once again, upgrading from 12 or 14 bits to 16 bits can
be accomplished by using either the HS 3160 or HS 9331-16
Both DAC's use decoding for the MSB's along with an
R—2R ladder, and binary weighting for the LSB's. This
makes it possible to use the amplifiers previously discussed.

Bipolar Operation

Most application notes including this one show bipolar
operation as indicated in Figure 17A. As noted earlier, R,
and Ry must and A; and A, must have low offset to elim-
inate the offset adjustment. If A; and A, are LF411A type,
the system would have to deal with Vgg of 0.5mV Max. Us-
ing the LF412A then Vg would be + 1mV. The user should
realize that in bipolar operation all a