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MESSAGE FROM THE
CONFERENCE CHATRMAN

On behalf of the 1985 Measurement
Science Conference Committee I wish to
thank all participants (attendees, ex-
hibitors, session developers, speakers
and numerous helpers) for their assis-
tance in providing a highly successful
conference. The evaluation forms
submitted by attendees indicated that
the overall quality of the Conference
was generally perceived as excellent.
This 1is a tribute to the many people
who freely donate their time and
talents to the planning, administr-
ation and many other facets 1involved
in staging the Measurement Science
Conference.

The Santa. Clara Marriott Hotel proved
to be a "top-notch" conference site.
The facilities, food, and courteous/
responsive hotel staff were signifi-
cant contributors to the quality and

success of the conference. BOB WEBER

This year's program was outstanding, providing a variety of technical
and management papers relating to the activities of the metrology
community. WiTliam A. Messina's (IBM-GPD) paper, "Use of Trimmed
Means for Manufacturing Production" was the recipient of the "Best
Paper award. Dr. Robert Soulen, NBS, and Robert M. Silva, VTI,
Inc., received honorable mention recognition and checks for their
papers. Norm Belecki, NBS, and Woody Eicke, consultant (NBS retired)
were selected as co-recipients of the Andrew J. Woodington Award.
This award is given as recognition of professionalism in Metrology.

The Conference was privileged to have outstanding keynote and 1lunch-
eon speakers. Tom McDermott, Rockwell International, was the con-
ference keynote speaker and Richard Anderson, Hewlett Packard, and
Barry Shillito, Chairman of Teledyne International, (Retired), were
the Tluncheon speakers.

This year's exhibits were excellent. The number and quality of exhi-
bits grows with each conference.

Hopefully all attendees to the 1985 Measurement Science Conference

found it to be stimulating and rewarding. We welcome your comments
to assist 1in the <continuing effort to 1improve the conference each
year. We 1look forward to seeing you at next year's conference to be

held in the Irvine Marriott Hotel, Irvine, California, January 23 and
24, 1986.
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1985 MSC KEYNOTE ADDRESS

The following is the Keynote Address presented by
Mr. Thomas C. McDermott at the Measurement Science
Conference held at the Marriott Hotel in Santa
Clara, California on January 17, 1985.

Mr. McDermott is Corporate Vice President, Quality
International

and Reliability Assurance, Rockwell
Corporation, Pittsburgh, PA.

QUALITY PERSPECTIVES

It's a pleasure to
be here today and to
participate with you in

the 1985 Measurement
Science Conference.
Rockwell International

has been a strong sup-
porter of this conference
since its inception. We
recognize the importance
of sharing new concepts
and ideas on a subject
that is vital to our
nation as well as to the
individual organizations
that we represent.

The Measurement
Sciences are important
because they are the
basic foundation on which the rest of our tech-
nology is built. Our current Tevel of technology
could not exist without our measurement standard-
ization and control activities, and our future
technology will be based on our ability to further
expand and refine that capability. Your conference
program shows that you are working hard in that
direction.

This morning I would Tike to share some
thoughts with you about the changing competitive
environment which this nation faces in the inter-
national marketplace and the implication of these
changes to those of you involved in the Measurement
Sciences.

For many years the United States was the
unquestioned Teader in the international market-
place. We had the highest technology, the best
quality and an efficient mass-production-oriented
manufacturing system. We had a very favorable
balance of trade and our only real competition was
from labor intensive products which were produced
in nations that had extremely low Tabor rates. In
the last decade this position has changed signifi-
cantly. We find strong technology emerging from
both Europe and the Far East in a number of areas
that in the past had been dominated by this
country. We have seen a dramatic change in the
quality of products produced overseas as compared
with those in the United States. We have seen new
innovative production concepts in the form of
automation, robotics and "just in time" inventory.
We have also seen a dramatic reversal in this
nation's balance of payments. While some of the
balance of payments problem stems from the strength
of the U.S. dollar, a good deal comes from high
technology, high quality products that are invad-
ing traditional American markets. Inshort, we
are facing a strong level of foreign competition
today and that competition will continue to grow.

Vi

There are probably many reasons for this
change in the level of international competition.
Certainly, government investment and consortiums
in aircraft development and manufacture have
helped the European Aircraft Industry. Investment
in new plant and equipment has helped a number of
our neighbors in the Far East, particularly in the
basic industries. Some believe that the basic
difference is in government industrial policies or
from cultural differences or a host of other
factors. Let me suggest some, which I believe
have had a major influence.

The first of these is attitude.
leader for many years. Perhaps we became a Tittle
complacent. As Avis says in its famous slogan,
"When you are number two, you try harder." Per-
haps, we developed a mind set to accept certain
truths which are no Tonger valid. Or perhaps, we
locked ourselves into a standard of performance
where things were good enough. Whatever the rea-
son, we did not, in many cases, provide the right
attitude to stimulate innovation, and others that
"tried harder" found a better way. I think a good
example of this is in the area of economic build
quantities. The general approach used in this
country was to determine the size of production
lots considering the set up time for equipment and
safety margins to provide insurance that there was
always sufficient stock at each step in the pro-
duction process to take care of unanticipated
changes. These changes involved such things as
fallout from rejected products, change in the mix
of products required by changes in demand, etc.
The result of this activity was additional space
by each machine to handle the queue of material
and the increased investment in work-in-process.
We had established a "mind set" in this country
that accepted set up time as a "given" as well as
the expected quality level of the process.

We had been

The Japanese, on the other hand, devoted their
efforts to the reduction of set up time and to
improved quality of the process. Set up times
were reduced to a point they no longer had a major
impact on the economic build quality formula and
improvement in quality eliminated the need for
safety stock.

The final result was the virtual elimination
of work-in-process inventory and complete flex-
ibility in adjusting the manufacturing process to
sales demand. The success of this concept, which
is commonly referred to as "just in time' was the
refusal of the Japanese to accept the "status quo"
or the "givens" in the manufacturing process.

A second factor, which has improved the compe-
titive position of our foreign competition, and
Japan in particular, has been the emphasis placed
on product quality. This is first an attitude
that perfection is possible and second, a dogged
determination to achieve this goal. Perhaps a
good example of this was the case of a Japanese
plant of the Hewlett Packard Company. This parti-
cular plant had been experiencing a defect rate of
g.4% from their wave solder process. In the first
year of effort they reduced the defect rate of 40
ppm. Inthe second year, the defect rate was
reduced to 3 ppm and they are currently working to
reduce this even further. This is not an isolated
example but reflects the type of activity going on
throughout their industrial organizations. Another
example involves a study made by the Ford Motor
Company on transaxles that are produced to Ford
drawings in a plant in the United States and one
in Japan. Ford disassembled 18 transaxles from
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each plant and remeasured all components. The
results of this teardown inspection indicated that
all parts from both plants met the requirements of
the Engineering drawings. The parts from the
Japanese plant, however, showed much Tess vari-
ability about the nominal dimension than those
made in the United States plant. In addition, the
transaxles from the Japanese plant had a much
better record of field performance and much lower
warranty costs. These are several examples of
using process quality to enhance the competitive
position. Not only 1is the product performance
better, but manufacturing costs are reduced because
of Tess scrap, rework and warranty costs and per-
haps even more important is the improvement 1in
customer satisfaction.

The third major area which has improved the
competitive position of foreign competition
involves the extensive use of automation with
emphasis on robotics to achieve a high degree of
flexibility in that automation. Automation is
effective for several reasons. First, it results
in consistency of operation since it eliminates
the human variable. Robots can work around the
clock without tiring and the only fringe benefit
they require is a little preventive maintenance.
Foreign competition has made more extensive use of
robotics and are considerably ahead in implementing
the factory of the future concept.

The final area that I would Tike to address
involves education and training. A number of
recent studies have indicated that the United
States is falling behind the international compe-
tition in this very important area. The report by
the National Commission on Excellence in Education
indicates that the quality of education in this
country had deteriorated significantly in recent
years. Some of the disturbing findings of this
study are the following:

0 Some 28 million Americans are functionally
illiterate by the simplest tests of everyday

reading, writing and comprehension.
o0 the College Boards Scholastic Aptitude
Tests demonstrate a virtually unbroken

decline from 1963 to 196@8. Average verbal
scores fell over 5@ points and average
mathematics scores dropped nearly 48 points.

o International comparisons of student
achievement completed a decade ago reveal
that on 19 academic tests, American students
never were first or second, and in compar-
ison with other industrialized nations,
were last seven times.

A more recent study by the University of
ITlinois, which tested a large sample of Japanese
and American students in mathematical skills,
concluded:

o The average Japanese high school student is
better in mathematics than 93 out of 100
typical American high school students.

0 When only the top American students tested
were compared with the top Japanese, the
Americans fared even worse. Only one in
1,000 American students scored as high as
the top 10% of the Japanese on the same
math test.
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Another indication of how serious the Japanese
are in the education of their people is the fact
that Japanese students go to school 248 days per
year versus about 190 days per year for American
students. In addition, the focus of their higher
education process appears to be directed at
technology and manufddturing process improvement.
For every 10,000 people in Japan, 460 are engineers
and scientists vs 70 in this country.

The obvious implication of this emphasis on

education and distribution of skills is that we
can expect increasing competition in the future in
many areas that have been traditional areas of

strength for the United States. The major compe-
titor we face in the international marketplace is
obviously Japan. It might be well, for a moment,
to consider the reason for their motivation and
approach. Japan is made up of four major islands
and a large number of small islands, comprising
148 thousand square miles, which is approximately
equal to the size of Montana. Slightly more than
70 percent of the land in Japan is mountainous,
about 67 percent is forested and 15 percent is
devoted to agriculture. Japan has only 18 percent
of the land usable to support a population of 119
million people. Because of 'limited natural
resources, the country's main avenue for survival
has been to convert others' raw material to finish-

ed product for sale in the world market. Their
key strategies, therefore, have been the factors
that make those products saleable; namely, product

quality and the efficiency of the manufacturing
system. That these strategies have been successful
is obvious. What they portend for the future is a
level of competition that may threaten the survival
of some of our basic industries in the United
States. It is important, therefore, that all of
us recognize the need for quality and productivity
improvement if we are to survive in the interna-
tional marketplace.

Now Tet me relate some of the above observa-
tions to the field of the measurement sciences and
suggest some things that may be appropriate for
you to consider.

What is your attitude about your role in the
competitive environment? Do you feel comfortable
or complacent about your activities? Do you have
a “mind set" on what can and can not be accom-
plished to make your operations more effective and
more efficient. Do you have a burning desire for
orders of magnitude improvement?

Let's look at the reliability of test equip-
ment. How often do you have to recall equipment
because of Tack of long-term stability? Are we
spending more time on improving the efficiency of
our recall programs than 1in developing more
reliable equipment. A number of highly accurate
products today are achieving performance levels
measured in millions of hours mean-time-to-failure
and I'm not talking about parts but reasonably
complex systems. Why shouldn t we expect the same

level of performance from our test equipment?
Have we set our design reliability goals high
enough? Are we applying proven reliability and

maintainability techniques to improve these
products? These are fundamental issues that need
to be addressed not only by test equipment desig-
ners but by the user community. With test equip-
ment becoming a larger portion of the production
process, it is imperative that we find more
efficient and effective means of performing the
test function and in maintaining that equipment
used in the test process. We need to rethink
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issues and be certain that we -have the

attitude.

these
proper

What about the quality of our measurement
effort? Ingeneral, | have found metrology and
calibration people to be very meticulous in their
work but several questions come to mind. Are you
taking full advantage of the statistical tools
available to improve the effectiveness and effi-
ciency of our work? Are you continuing past
patterns of calibrating individual instruments and
then replacing them in a test console without a
full understanding of the interrelationship that
exists in the total system? Or, are you develop-
ing a systems approach to calibration that takes
the total factors into consideration? Last year
when the NBS budget was under consideration and
funds for the measurement assurance program were
being reassessed, I was surprised at how few
companies were involved in these programs.

When I mentioned reliability earlier, I was
considering not only qualitative improvements but
improvements in the efficiency of the calibration
process. There is a Tot of money involved in the
equipment calibration effort. It's not only the
calibration effort itself but 1its equipment
downtime, and the need for larger quantities of
equipment to support the production process,
transportation costs moving equipment to and from
the Tlaboratory, as well as potential damage to the
equipment in the transportation process. All of
these factors suggest-a need for much greater
effort on the develooment of effective methods of
performing on-site calibration. There has been
some very good work done in this area but the
possibilities of improvement seem  limitless.
Consider the Utopian, for example, where all
references are provided remotely to each test
station with a computer-controlled self check
prior to use. I'TT Tlet your imagination wonder on
that one for awhile.

The Tast area I want to address is education,
since it has a strong influence on each of the
other areas. We need to improve and expand our
educational resource base in the measurement
sciences as well as other areas of technology. We
need to consider not only the physical phenomenon
in which we deal but the design and operation of
the entire measurement process. We must encourage
young people entering the educational process to
pursue a career in science and engineering, and we
must provide the resources and encouragement to
those on the job to pursue a program of continuing
education. Conferences of this type present an
excellent method of maintaining such currency.

I have discussed some of the competitive
factors at work in the international marketplace.
| hope that | have convinced you that we are
facing some very worthy adversaries. OQur ability
to succeed in this marketplace depends on changing
some of our fundamental beliefs and concepts and a
level of effort far surpassing our activity in the
past. Qur success will depend on everyone doing
their job better. This includes those of you in
the measurement sciences. as well as those in the
technology production and supporting fields. |
hope that | have stimulated your thinking in this
matter and know that we can achieve impressive
results if we put our minds to it.

VIl

THOMAS C. McDERMOTT

T. C. McDermott is Corporate Vice President,
Quality and Reliability Assurance, Rockwell
International Corporation. In this capacity, he

is responsible for all Quality and Reliability
Assurance activities of the Corporation; acts as
the Corporation's senior advisor on Quality,
Reliability and Safety; chairs the Corporation's
Product Integrity Committee and the Quality and
Reliability Assurance Councils; represents the

Corporation on Quality and Reliability Assurance
matters with professional and trade associations,
customers and government agencies.

He is a graduate of Pennsylvania State Univer-
sity where he received a B.S. degree in Industrial
Engineering in 1951. His graduate studies were
made at Carnegie Institute of Technology where he
received his M.S. degree in Industrial Administra-
tion. He also completed the Program for Executives
at the University of Southern California.

Mr. McDermott in his 24 years with Rockwell
has held a number of management positions in the
Aerospace, Electronics, and Automotive Operations
of the Corporation. These positions have included
Vice President of Quality and Reliability Assurance
at the Soece Division during the Apollo and Saturn

programs; Vice President of Operations for the
Autonetics Group, and Vice President of Production
Operations  for the Corporation's Electronics
Operations.

He served with the U.S. Air Force for ten
years. During this time his duties included being
Chief of the Plans Branch, Quality Control Office
in AMC Headquarters, as well as Chief of Plans and
Engineering 1in the Quality Assurance office at the
Ballistic Missile Center.

Mr. McDermott is a Fellow of the American
Society for Quality Control (ASQC) and presently
holds offices of: Chairman, Staff Comoensation and
Benefits Committee; Chairman, Financial Advisory
Committee; and Deputy Treasurer. For ASQC, he
participated in a variety of activities, such as,
Program Chairman for the Annual Technical Confer-
ence in 1965-66, Vice President 1966-68. President
1968-69, and Chairman of the Board of Directors
1969-70.

Mr. McDermott has been active in the Electronic
Industries Association where he previously held
the position of Chairman of the Quality Assurance
Committee, Government Equipment Panel. He served
as the Corporate representative to both Quality
Assurance and Product Support Committees of the
Aerospace Industries Association. He is a member
of Sigma Tau and Alpha Pi Mu honor fraternities
and belonss to the National Management Association,
American -Institute of Industrial Engineers, and
the Society of Automotive Engineers.

T. C. McDermott has served on various local
(California) civic organizations, such as,
Chairman, Manufacturing Group, Orange County, CA,
United Way; Member of the Advisory Board for the
Orange County National Alliance of Businessmen
(JOBS); and Member of the Dean's Advisory Council
for the Pepperdine College Law School.



1985 WOODINGTON AWARD WINNER
— FOR PROFESSIONALISM IN METROLOGY —

MR. NORMAN B. (NORM) BELECKI MR. WOODWARD G. (WOODY) EICKE



RICHARD W. ANDERSON
General Manager
Microwave & Communications Instrument Group
Hewlett-Packard Company

Richard W. (Dick) Anderson is genera manager of Hewlett-Packard Company’s Microwave
and Communications Instrument Group. He is responsible for six entities in the United States
and two overseas. They are. Stanford Park Division, Palo Alto, California; Network
Measurements Division, Signal Analysis Division, and Microwave Technology Division, al in
Santa Rosa, California; Spokane, Washington; Colorado Telecommunications Division,
Colorado Springs, Colorado; Queensferry Telecommunications Division, and Queensferry
Microwave Operation both in South Queensferry, Scotland.

Anderson joined Hewlett-Packard in 1959 as an engineer in the Microwave Division and in
1965 was promoted to engineering section manager for that division. In 1968 he moved to HP's
Santa Clara Division as engineering manager. He became general manager of the former
Automatic Measurement Division in Sunnyvale in 197 1 and 1974 was named general manager
of HP's Data Systems Division in Cupertino. He was named general manager of the newly-
formed Computer Systems Division, headquarted in Cupertino, Cdlifornia, in 1980.

Born in Brigham City, Utah in 1937, Anderson graduated with a bachelor’s degree in electrica

engineering from the Utah State University in 1959. He received his master's in electrical

engineering from Stanford University in 1963. Anderson is currently on the board ofdirectors for
the Cupertino Chamber of Commerce and is a director of Gerber Systems Technology. He has
served as past treasurer and cochairman of the San Francisco section of the IEEE.

BARRY J. SHILLITO
Chairman, Teledyne-International (Ret.)

MEMBER BOARD OF DIRECTORS
American Defense Preparedness Association
Chicago Pneumatic Tool Company

San Diego Chamber of Commerce

Science Applications, Inc.

Morton Thiokol, Inc.

Logistics Management Institute

Aeronca, Inc.

DISTINCTIONS

Responsible for over 100 studies for U.S. Government;
primarily Department of Defense, 1962-68

Secretary of Defense Distinguished Public Service Medal, presented February 1, 1973: Cited as
one of the architects of revised policies and procedures for acquisition of major defense
weapons systems and single individual most responsible for success of President’s
Vietnamization program in area of logistics.

Secretary of the Navy Distinguished Public Service Award

Republic of China Cloud and Banner Meda

Republic of Vietham National Order of Vietnam

Founders Medal, Society of Logistics Engineers, 1975

National Security Industrial Association Edward M. Greer Award, 1978

1978 Digtinguished Alumnus Award, University of Dayton, Ohio
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1985 BEST TECHNICAL PAPER AWARD

"USE OF TRIMMED MEANS FOR MANUFACTURING PRODUCTION"

William A. Messina
[BM-CGPD
Tuscon, Arizona

Mr. Hessina has been employed for the past three years
at 1IBM"s General Product Divisiom in Tuseon, Arizona.
His currentl assignment 15 as a Consulting Statistion.
Prior to joining [BM, he worked as a Reliability
Engineer for eight yecars at Lockheed Missile & Space
Company in Sunnyvale Califormia. He holds a Master of
Science Degree in Statistics from the University of
Arizona. He 1is a member of ASQC and A3A. He has
presented papers at the 37th Hanual JQuality Congrass
in Boston and the 40th Hochester {uality Control
Conferance,
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THE SOLID-STATE VOLTAGE REFERENCE COMES OF AGE

Woodward G Eicke, Jr.
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ABSTRACT
This paper Wl trace the devel opnent of the Zener
reference diode and the solid-state reference wunits
utilizing the device over the past 25 years. Di ode
characteristics, measur ement t echni ques, devi ce
stability and the status of solid-state voltage
standards wll be discussed.
| NTRODUCTI ON
The saturated standard <cel1 has been used to nmaintain the unit of
el ectronotive force far nore than 75 years. Wen maintained at a
coristant tenperature it has a long-term stability of 1 to 2 ppm per year
but it is a delicate artifact and nust be treated as such. Its nost

serious drawbacks are the tine required to stabilize when subjected to
tenperature changes and the deleterious effects of currents in excess of

a few mcroanperes. About 1955 interest in using the Zener diode as a
vol tage standard devel aped. Early work by Enslein £11 showed that
certain Zener diodes had potential at the 100 ppm |evel. Wthin a few
years solid-state voltage references, using Zener diodes, becane the
voltage reference for nost industrial applications and found Ilimted use
in the laboratory as a replacenment for the unsaturated cel | . Si nce
t hen, the state of the art has advanced to the point where solid-state
vol tage references are chal lenging the saturated standard cell as a
reference standard at the 1 to 5 ppm |evel. This paper Wil | review the
four major areas in the development of the solid-state voltage

reference, which are:

(1) the devel opnment of accurate techniques for neasuring voltages in the
range of 2 to 10 volts,

(2) the operating characteristics of Zener reference diodes,
(3» the voltage stability of the Zener reference diodes, and
(4) conplete solid-state voltage references.
THE ZENER REFERENCE DIODE

The Zener diode is a nonlinear passive element in which the voltage drop
across the device 1is nearly independent of the current, in its nornal
operating region. The relationship between the tw is

dV(z)/dI(z) = R(z)
where WV¥(z) is the Zener voltage developed across the diode by the
current, I(z), and Ri{(z) the effective Zener i mpedance which, for

r-eference devices is in the order of 5 to 30 ohns. Al t hough  Zener
di odes can be nmade wth breakdown voltages from two to several hundred
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volt5 only those in the S to 9 volt region have been considered as
reference devices because of the tenperature coefficient of voltage.
For 4 volt di odes the tenperature coefficient is -400 ppm/K and it

i ncr eases, nonlineraly, to +1000 ppm/K for 40 volt devices. Even though
diodes can be made to have a zero tenperature coefficient, a better
solution is to conpensate them by placing one or nore forward biased
diodes in series with a Zener of the appropriate breakdown voltage [Z1.
Devi ces with tenperature coefficients as low as 1 ppm/K can be
manuf actured at the &4, 8 and 9 wvolt Ilevels. One of the earliest
devi ces, the 1N430, was constructed by placing one Zener and two forward
diodes in a single package. Rat her than placing conplete devices in a
singl e package, i ndi vi dual dies were assenbled as a single unit to
r-educe the size of the finished device and inmprove its thermal

characteristics. Early diodes were of the alloy type but by the early
19637 were replaced by the diffused junction devices. The | atter

yielded more ctable devices, had better thernmal properties, and were
more easily manufactured.

Although voltage stability with respect to time is the nost inportant
property of a reference diode are other operating characteristics affect
the performance as a voltage standard. The nost i nportant, t he
rel ati onship bet ween di ode current, tenmperature and voltage, wer e
studied by a nunber of investigators £11, €21, €31, [41, and [5]1. Based
on studies of typical reference Zener diodes Eicke [33 showed that:

{1) the change in diode voltage is very nearly proportional to the
logarithm of the diode current;

(2) the change in voltage with respect to temperature can be descri bed
by @ quadratic equation which usually has a maxinum in the 25 to &5 deg.
C region; and

(3 the first tenperature coefficient {(which is the donmnant term is
proportional to the logarithm of the diode current.

A know1 edge of the quantitative relationships between diode voltage,
current and tenmperature pernmt the designer to reduce the effects of
tenperature on diode voltage by proper selection of the operating
current.

Al'though the zener reference diode is a dc device its voltage is
affected by the presence of snmall alternating currents. Ei cke [31
studied this phenomenon and found for a nunber of types of reference
di odes that:

(1) the dc offset is proportional to the square of the applied ac;

{(2) the offset is always negative, that is it reduced the diode voltage;

(3) the mangitude of the effect is frequency dependent, dinnishing wth
increasing frequency; and

(4) it is device dependent.
Field £[61 also observed that certain solid-state voltages were also
affected by ac applied to the output term nals. The further found that

the offset caused by external alternating currents could be effectively
elimnated by the use of filters on output.
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Early investigator5 used noise nmeasurements (in the 80 Hz to 10 kHz
range) as a nmethod for screening Zener diodes. For alloy type diodes
Baker {431 found that noi sy diodes were not stable but quiet ones were
only potentially stable. Noi se measurenments on diffused junction
devi ces showed little or no <correlation between diode noise and
stability £[33. The data, however, suggested that «certain device defects
could be detected by measuring diode noise as a function of current.
Low frequency (below 20 Hz) noi se was also of concern because of the

affect on the measurenent of diode voltage. This type of noise is
usually caused by wvariation5 in the rate of heat transfer between the
junction and iit5 surroundings. Since the thermal enf of silicon wth
respect to copper is approximately 100 microvolts/K, small changes in
junctiaon tenperature wll result in significant changes in the diode
vol t age. The latter type is the nobst serious and can only be m nim zed

by carefully controlling the thermal environnment of the device.

MEASUREMENT  TECHNI QUES

Di ode stability studies were limted by the ability to make accurate
measurenment of di ode voltages and nost of the progress in inproving the
measur ement process was the direct result of producing Dbetter
solid-state voltage references. Truly "boot strap" netrology at its
best! Early investigators enployed the series-opposition nethod in
which the small difference between the Zener under test and a calibrated
st andard (usually a group of wunsaturated standard cells in series) was
measured using a potentioneter. Wth this technique Baker and Nagy [41
and the author [37 were able to neasure a variety of diodes with an
uncertainty in the order of 1 to 10 ppm depending on the diode voltage.

Measurenments to these accuracies were tine consuming and limted by the
avail abl e instrunentation. Such techniques are adequate for research
but do not lend thenselves to studying nore than a few diodes at any
one tine. The author explored other nethods for nmking accurate diode
voltage neasurenents £71, [81 but they are also linted to |aboratory
type Measurenments. Since diodes for reference use nust be tested and
i ndividually selected, (a process which requires that nany neasurenents
be made efficiently on many devices) sonme type of automated or
sem - aut omat ed met hod was needed. One such technique was described by

Ar net t [?1 and was designed to select diodes of nodest accuracy for use
in a variety of nmeasuring instruments. The availability of the é 1/2
digit DVM and the mcroconputer has made routine high accuracy
measurenments on Zener diodes and solid-state reference units practical.

Field ©[101 developed an automated neasuring system capable of neasuring
voltages from 1 to 10 volts with an uncertainty of a few tenths of a
ppm. It is conprised of a string of resistors, a constant voltage
source, a & 172 digit DVM, a low thermal switch, a desk-top conputer and
a technique for calibrating the conplete system The conputer
controll ed | ow thernal swi tch, devel oped by at NBS L1131 controls both
the neasuring system and select the unit to be neasured. By calibrating
the conplete nmeasuring system for each set of neasurenments it is not
necessary to use state of the art conponents; they nerely need be stable

for the measuri nq period, usually 1 to 3 hours. Field has reported a
one standard deviation overall wuncertainty of 0.13 ppm relative to the
U. s. legal volt.

ZENER DI GDE STABILITY

For use as a reference standard, voltage stability with respect to tinme
is the single npst inportant paraneter and data by early investigators
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[31, [4]1 showed that diodes stable to approximtely 20 ppm per year were

possi ble by careful testing and selection. A reappraisal of Zener
diodes in 1970 [121 indicated that devices fell into three general
cl asses:

(1) those diodes which were stable within 10 to 30 days are either
stable with tine or drift at a low linear rate (less than S0 ppm/yr);

(2) those diodes which stabilize within 6 to 18 nonths and then behave
as (1) above; and

(3) those diodes that continuously change with respect to tine a
relatively high drift rate and are not usable as high accuracy voltage
reference.

Only stability tests <can be used to classify a device. During these
st udi es, two other inportant <characteristics affecting overall stability
were identified. When subjected to excursions of anbient tenperature
some devices showed an abrupt change in voltage ranging from less than a
ppm to SO  ppm or nore. In general the voltage changes dimnished wth
subsequent t enperature excursions. It was also observed that after a
power i nterruption, the voltage tended to return to its initial voltage
then drift to the wvalue before the power was renpoved. The data
suggested that the magnitude of these <changes are related to the
magni t ude  of the voltage <change wth tine.' Toinprove the yield of

reference grade devices manufacturers use a burn-in process which is
designed to stabilize the device by subjecting it to an elevated

temperature while under power. During the burn-in period (usually 1000
hour s) vol tage neasurenents are nade and diodes are graded on the basis
of the nmeasurenents. The conplete operation is wusually automated for
efficiency. The burn-in process greatly inproves the yield of stable
di odes but does not conpletely solve the the tenperature and turn-off
problems. Therefore nmany diode users conduct further test and selection

in order to obtain diodes neeting their requirenents.

Experiments in which diodes were mintained at a constant tenperature
and powered only for very short periods of time (10 to 30 m nutes)

showed t hat the voltage with respect to tine was stable to within |ess
+5 ppm over a period of 2+ years [121. For the three diodes reported
the wor st drift rate was about S ppmiyr and the mean of the three was
approximately, Wwithout regard to si gn, was about 2-3 ppm/yr. NBS sent
three such devices to PTB in 1964 and the nmeasurenents at the two
| aboratories agreed to 1.3 ppm [13). Richman [186]1, in the mid-1940’s
i nvestigated the problem of selecting reference grade devices t0 be used

in precision instrunmentation and developed criteria for choosing stable
di odes and conducted a field test of 49 reference units. He found that
the average drift rate for all was nearly zero and that 82 percent had
an absolute drift rate of 30 ppm/yr or |ess. By 1965 it was clear that
the Zener diode had the potential as a high accuracy voltage standard
not of the saturated cell <class but certainly in the 5t0O 30 ppm range.

THE SOLID-STATE VOLTAGE STANDARD

The Zener diode is a passive device which nust be conbined with a
current source and other conponents to form a conplete reference voltage
source. By 1960 several solid-state replacenment5 for unsaturated
standard «cells appeared on the nmarket. Internally they used an

unregul ated dc power supply that drove a preregulator circuit consisting
of one or nore Zener diodes to develop a voltage about twice that of the
5



reference diode. This regulated voltage was used to power the reference

di ode. A precision resistive voltage divider, across the diode produced
the 1.018 and 1.019 wvelt outputs. This arrangenent gave an overall

regul ati on, at the output termnals, of a few ppm for a 10% change in
line wvaltage. By 1965 there were a nunber units on the market, and in
fact, two were used in the 1965-66 round robin conducted by the National

Con¥ erence of Standards Laboratories and reported by Richardson [1531.
Each was measured at NBS before and after the round robin. The net
change for one was 11 ppm (three neasurenents) during the year required
for the +the unit to be nmeasured at 19 | aboratories east of the
M ssi ssi ppi Ri ver. - The other showed a change of 75 ppm traveling to 19
| aboratories west of the Mssissippi River. A review of other data for

the latter unit suggest that the wunit was drifting with respect to tine
(about 1 yr.).

By 19466 commerci al units wth reported stabilities of 10 ppm/manth
appear ed. In addition to the 1.018 and 1.019 volt outputs they also
provide outputs of 1.000 volt and 1000 mcrovolt. The Zener
preregul ator was replaced by regulated power supplies and all critical

el ements including the resistive voltage divider were tenperature
controll ed. Wth inproved device selection and proper design, the
short-term performance of the wunit was conparable to that of the
saturated standard cell. Using the data given in reference [131, for
zeven units the mean drift rate was -3.9 ppm/mo over a period of 209
days. The standard deviation of a single point for a linear fit of the

data was about 0.9 ppm clear indication that the wunit could serve as an
excellent working standard or a transport standard at the 2-3 ppm |evel.
In spite of many possible applications for such a voltage reference
unit5 many nmetrology |aboratories were reluctant to use solid state
vol tage references.

In addition to the developnent of solid-state voltage reference units,

Zener diodes are used in a wide variety of precision instruments. For a
period of ti me, nore interest was shown in this latter application than
in developing a stand-a-lone voltage standard. Looki ng back, it is
clear that the availability of good Zener reference diodes nmde possible
many  of the electronic instruments now routinely wused to nake high
accuracy nmeasurenents. Ot her advances in the devel opment of the
sol id-state voltage reference include the wuse of operational anplifiers
in the output; operating the reference device at its zero tenperature
coefficient; and batteries to maintain continuous power. The

advantages operational anplifiers are:

£1) the output voltage can be adjusted to any desired voltage, wusually
10.0 volts; and

(2) allowing the wunit to supply a snmall current wthout affecting is
out put vol tage.

These two characteristics are particularly useful when calibrating
automatic test equipnment and other electronic instruments. By operating
the diode at it point of zero tenperature coefficient the need for
speci al tenperature control is elimnated and power requirenents are
reduced to the |evel that make battery operation practical. The | ast

two types of solid-state references are in the the 3 to 10 ppm class.
Vol t age references of the type just discussed are most advantageously
used as secondary standards, as transport standards, and working
standards at renote locations such as the production Iline.
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Each stage of the developnent of solid-state voltage reference seens to
require about a decade. The sixties saw studies of devices and the
repl acement of the unsaturated standard cell. The seventies saw a
maturing of the use of Zener diodes, the developnent of reference wunits
in the 3-20 ppm stability class and the extensive use of stable Zener

diodes in high accuracy digital instrumentation. The eigthies begin the
et-a when the solid-state reference seriously challenges the saturated
standard cell. Today there are four solid-state voltage references for
which the nmakers claim performance of 5 ppm or better. The major goals
seem to Dbe, in order of present priorities; the developnment of a
transportable solid-state reference to elimnate, the need to ship
saturated standard cells; to serve as a working standard at accuracies
approaching the saturated <cell; and ultimitely as a replacenent for the
saturated standard cell. Al four voltage reference manufacturers have
utilized the data accunulated over the past 20 years but interestingly
each arrived at a reference wunit that differs in overall desi gn
phi | osophy.

Both Koep [161 and Huntley Cd73 control the tenperature of critical

el ement s, keep the unit ‘under power at all tines, and use operational

amplifiers to buffer the output. The fornmer has opted to have an output
vol t age near the voltage of the reference diode, approximately 6.5
volts, while the [latter provides a 10 volt output. Both have a 1.018

volt out put for ~comparing directly against saturated standard cells.
Data on commercial wunits show that day-to-day variations are conparable
to saturated cells and drift rates in the order of a few tenths of a ppm
per nonth have been reported by Huntley [17bl. Spreadbury [181 also

uses an operational amplifier in the output stage and controls the
tenperature but only applies power to the reference diodes when actually
using the unit as a reference. H's reported data indicate perfornmance

in the 5 ppm region over a period of several nonths [18bl. Mrray {191
reported on a wunit that did not control the tenperature of critical
elenments and reported simlar results.

Both Huntley and Koep have used solid-state units as transport standards

with excellent results. Huntl ey [201, C17bl inplies that, wusing NBS
Valt Transfer Program t echni ques, one can achieve a transfer
uncertai nty, at the ten volt level, conparable to that attained by the
NBS VTP. Huntley d91 further discusses the feasibility of establishing
a network of | aboratories, maintaining the wveit at the ten volt |evel,

that are nmonitored wusing solid-state voltage references. Koep [201]
reported the results of ar international round robin in which the
corrected dif+rorence between four national |aboratories (NBS, NPL, NRC

and PTB) w=re approximately -1 ppm when referred to the original NBS
measur enments. This agreement is very good for a test requiring about 7
nmont hs. Finally, NBS £21t1 now offers a service to calibrate solid-state
voltage references at both the standard cell | evel and at hi gher

voltages using the neasuring circuit developed by Field C[101].
CONCLUSI ONS

In the past 30 vyears the Zener diode and diode based conmercial

solid-state voltage reference standards have evolved to the point where
t hey perform at a |evel conparable to the saturated standard cell.

Even so, sone of the problens that remain are:

(1) nmore field data to support the results already in hand, a problem
that only time will resolve;

(Z) the reluctance of standards |aboratories to use these devices; and
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{3) their relatively high cost.

However , the advantages far out weigh the problens just nentioned.

Specifically soild-state voltage referenceas:

{1) can be constructed to provide voltages in the range of 1 to 10

valts;

2) can provide current to an external load with |ittle or
degradation in accuracy;

(3y are far nore robust than the saturated standard cell; and

{4) are nmore nore readily used by unskilled personnel.

Finally, as one of the earliest investigators in the field, the author
is gratified to see that the solid-state voltage reference has cone of

age and will add a new dinmension to accurate voltage neasurenents.
REFERENCES

{11 Enslein, K., "Characteristics of Silicon Junction D odes as

Preci sion Reference Device", |IRE Trans. on Instrunentation, Vol. 1-86,

June 1957, pp. 105-18.

{21 Morganstern, L. I., "Tenperature-Conpensated Zener Di odes",
Sem conductor Products, Vol. 5, No. 4, pp. 25-29, April 1962.

31 Eicke, W G "The Operating Characteristics of Zener Diodes and

Their Measurenent”, |ISA Trans., Vol. 3, No.2, April 1964, pp. 93-99.
£41 Baker, R P., Nagy, J., "An |Investigation of Long-Term Stability
of Zener Voltage References, IEEE Trans. on Inst., Vol 1-9, No. 2, Sept.

1960, pp. 226-31.

ES1 Chandler, J.A., The Characteristics and Applications of Zener
(Voltage Ref erence) Di odes", Electronic Engineering, pp 78-86, Feb.
1960.

£61 Field, B. F., National Bureau of Standards, Private Comrunication.

£71 Eicke, W G "Mking Precision Measurenments of Zener D ode

Vol tages”, Trans. Comm and Electronics, Vol. 83, No. 74, Sept. 1964, pp

433- 438.
[81 Ecke, W &G, "A Direct Reading Voltage Ratio Set", Masters Thesis,
The George Washington University, Dec. 1964.

[?1 Arnett, W, "Automatic DC Data Logging Systent, |IRE Trans. on
Instrunentation, Vol. I-11, Nos. 3 and 4, pp. 148-52, Dec. 1962.

£101 Field, B. F., "A Sub-ppm Automated One-to-ten DC Measuri ng
Systems"™, CPEM D gest, 1984

€111 Kleimann, R E., Eicke, W.G, Unpublished Report, NBS.

G 21 Eicke, W G "Reappraising the Zener Diode as a Reference and
Transport Standard", Electronic Instrunment Digest, pp 50-59, My 1970.

8




Cl31 Eicke, W 6, Ellis, H H, "Sur |la Stabilite Prolongee des Diodes
Zener etalon®", Conmite Consultalif d?Electricite, 11% Session, pp 73-77,
1965.

14 Richman, P., "Precision Zener References: Selection and Field
Performnce", |SA Preprint M2-2-MESTIND-&7, |SA Conference, Cct. 1967.
G 51 Richardson, S. C, "Status Report of the NCSL 1965-66 Measurenent
Conparison”, Froc. of the 1944 Std. Lab Conf., NBS Msc. Pub. 291,
pp.13-30, Jul. 1967.

[16al Koep, K. J., "Voltage Reference Standards", Meas. and Control,
Apr. 1979,

[16b]) Technical Literature, Standards Reference Labs, Inc.

£17al Huntl ey, L. E, Kletke, R D, Penco, C., Aqy, D L., "On an

application for a Solid State Voltage Reference Standard ,
Digest—-CPEM/1982, pp.0-8 to 0-9.

[17b1 Huntley, L. E., "The Fluke D rect Voltage M ntenance Program ,
Proc. 1984 Meas. Sci. Conf.

£18al Spreadbury, P. J., "Utra-Stable Portable Voltage Sources , | EE
Con. Pub. 174, pp. 117-120.

[i18b1 Spreadbury, P. J., "A New Solid-State Voltage Standard"”,
Digest-CPEM/82, p. O 10.

£193 Huntley, L. E, "A Distributed Artifact Standard of Voltage",
IMTC/84, pp.39-43, Jan 17-18, 1984,

{2071 Koep, K. J., Summary Report on an International Round Robin Test
Conducted on a Sol id State Voltage Standard , NCSL 1983 Wrkshop and
Symposium  pp. Il1--9.1 to 11-9.22, July 18-21, 1983

£211 "Voltage Measurements Sec2(d),NBS Special Publication 250, p 36,
act. 1982.



AUTOCAL - FROM INSTRUMENTS TO PORTABLE SYSTEMS

JOHN R PICKERING
DATRON INSTRUMENTS INC.
3401 SW 42nd Ave.

Stuart, FL33497

INTRODUCTION

As more and more instruments, ATE's and
calibrating devices incorporating Autocal are
becoming available the full potential of
automatic'calibration systems is being
realised.

It is most important to emphasise that the
advantage of Autocal is not merely that it
improves efficiency but that it also enhances
the quality and accuracy of our calibrations,
and therefore of our measurements. As will be
finally discussed it also opens up significant
opportunities to re-think many of our
traditional approaches to calibration

problems.

AUTOCAL - WHAT IS IT?

Autocal provides electronic, usually software
controlled, calibration of measurements. It
replaces calibration charts with data-bases,
potentiometers with digital computations, and
in some cases true manual adjustments with
Automatic ones. It does not remove the need
for traceability and the controlled systematic
transfer of measurements. It does vastly ease
and simplify the transfer process whilst
greatly improving transfer accuracy.

LINEAR AUTOCAL

In the example of fig. 1 a simple DMM gain
correction pot. is replaced with processor
controlled arithmetic. As can be seen the pot
is replaced with a multiplier and calibration
data stores in RAM. The mathematical form of
the correction is identical.

SECOND ORDER AUTQCAL

In an AC calibrating instrument incorporating
Autocal it is possible to provide a second
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order frequency response correction since the
calibrator "knows" its output frequency at all
times.

It can be shown that provided poles and zeros
in the frequency response are well above the
frequency of interest (say five times higher)
then the error is proportional to (f/fo)
where fo is the effective -3dB point of a
single pole response. In practice, during
calibration the HF error is measured and the
system pole fo calculated and stored in
calibration memory. Subsequent operation uses
this data and the actual frequency to compute
(f/fo)2 and make an automatic output
correction. See Fig. 2.

AUTOMATIC PARAMETRIC ADJUSTMENT

In some circumstances the correction Taw is
far too complex and yet the traditional
mechanical adjustment is trivial. It is then
sometimes possible to provide an "electronic
servo" adjustment as in the example of
trimming a DMM's frequency response. See Fig.
3

MULTIPLE CALIBRATION POINTS

Autocal is so economic that it is possible to
simply increase the number of calibration
points - perhaps even to the extent of having
one point for each increment of output. This,
of course, has implications in the cost of
calibration but can be very useful in
overcoming unpredictable errors such as the
frequency response of an AC calibrator in

Fig. 4.

IMPROVED PERFORMANCE

A11 the above calibration corrections can be
performed with covers on and therefore with
the units in their normal use condition. The
corrections can allow for high order variables




that would be impractical with analog
adjustments.

The net result is that high performance
products owe their capabilities substantia ly
to Autocal and would have to be degraded
without it.

HISTORY OF AUTOCAL

Computer controlled sytems have incorporated
software measurement "corrections" for some
time but the first instrument (to my
knowledge) with the self contained ability to
provide calibration adjustment was the Fluke
8502. However, this was an option and
therefore not an integral part of the
instrument design or operation. The Datron
1661 was the first DMM to provide Autocal on
all its calibration, requiring no manual
adjustment at all for at least 5 years.
Unfortunately although such instruments have
been around for several years there has been
no fully programmable multi-function
calibrator of sufficient accuracy to provide
the "hands-off" calibration that the DMM was
designed for. Recently appropriate
calibrators such as the Fluke 5448, Datron
4000 and 4200 have become available. Such
instruments have been combined in a stand
alone PC controlled package to provide total
hands off calibration of Autocal DVMs and
semi-automatic calibration of conventional
products.

CALIBRATION SYSTEMS

Computer controlled calibration systems such
as the Fluke system 10, Julie Lo-cost, and
Fluke 7405 span many years. They have
generally been expensive complex systems w th
limited accuracy and difficult programming
Certainly the system cost has been a
substantial "overhead" on the cost of the
calibrators providing the basic performance.
These first generation system have not been
portable nor designed for the new range of
Autocal instruments.

PORTABLE CALIBRATION

Traditionally calibration has been performed
in the Calibration Laboratory by highly
skilled personnel. The environment is
controlled so that we can define and control

the transfer uncertainties and the performance

of the calibrating equipment. However, the
instrument is normally operated in an
uncontrolled environment which may be
substantially different from that in the cal.
lab. A classic example of this is the use of
Instruments rack mounted in shop floor ATE
systems.

Some calibration equipment is now designed to
give good performance over a wide temperature
range. The result is a much more stable

environmental performance than the typical

instrument to be calibrated.

Since such calibration equipment can be
software controlled then the skill factor in
calibrating the instrument is removed. The
result is the ability to take the calibration
to the ATE or other unit to be calibrated.
This has several advantages.

1. Direct calibration of system resulting in
better traceability.

2.  Reduced transfer uncertainties

3. Reduced overall sensitivity to
environmental differences

4, Possibility for system software to check
and certify its own calibration.

5. Vastly reduced system downtime.

A highly accurate portable calibration system
covering DC volts-and current, AC volts and
current and resistance is shown in Fig. 5. It
is capable of "shop floor" calibration under
the control of it's IBM PC to accuracies of a
few parts per million.

CONCLUSION AND FUTURE PROJECTIONS

Until now the greatest problem in a
Calibration hierarchy has been in ensuring the
accuracy of transfers. Autocal, through its
lack of reliance on operator skills and its
inherent capability of transfers to noise
levels, removes this dependence.

This Teads to a change of emphasis from
specific calibration skills, which leads in
turn to a complete re-appraisal of our overall
calibration maintenance systems and programs.

The example discussed is in creating portable
calibration but imaginative thinking unbounded
by blind dogma can result in much better, more
reliable measurement systems.
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A 5@ PPM 47 HZ TO 63 HZ POWER STANDARD

Duane Brown,
Technical Support, R & D Department,
Guildline Instruments Ltd.

ABSTRACT

A micro based thermal wattmeter for the precision
measurement of power over the 47 hertz to 63 hertz
spectrum is described. It will operate up to 1000
hertz with reduced accuracy covering the power
factor range of -1 through O to +l. The principle
used is that of the AC/DC transfer principle, the
main element being the differential multijunction

thermal converter. The design has a resolution of
1 ppm and a direct reading full scale accuracy of
50 ppm.

The design has both current transformer {1A/5A),
potential transformer (120 V/248 V) and direct
1 mA inputs. Methods may be employed using the
direct 1 mA inputs to obtain the best results when
measuring less than full scale inputs. The design

is directly calibrated against an external 1 mA dc
signal or an external 1 mA ac signal. Phase angle
calibration 1is performed against a known

capacitor.
INTRODUCTION

The measurement principle of the thermal wattmeter
is described in a paper by N.L. Kusters (1) and L.
Cox (1) of the National Research Council of
Canada. The main element of the thermal wattmeter
is a differential multijunction thermal converter
(from here on referred to as DMJTC) from a design
by F. Wilkins of the National Physical Laboratory
in England.

The DMJTC has 408 thermocouples and two heaters as
shown in Figure 1. The group of thermocouples on
one heater are wired in series opposition to the
group of thermocouples on the other heater. Thus
if both the heaters are at the same temperature

the output from the thermopile is zero. This
design makes wuse of heater interchange to
eliminate heater mismatch. The heaters are
interchanged simultaneously to achieve a
differential thermal multiplier.

Each heater responds to the square of the rms
current flowing through it. The Targe number of
thermocouples gives high output Tevels, (typically
4@ mV for a 20 mA rms input). By keeping the
current at a lower level it reduces the power
levels in the two heaters and therefore reduces
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the temperature, approximately a 15K rise. The
lTow current also reduces the output noise from the
OMJTC.

This Tlower temperature rise plus the bifilar
heaters with distributed thermocouples results in
lower dc reversal errors and lower ac/dc transfer
errors.

Other features of this thermal wattmeter are:
1) Automatic dc reference reversal.
2) Direct reading self balancing operation.

3) 4 ripple cancel circuit to improve the ac/dc
transfer error.

4) Built-in input transformers.

AC/DC TRANSFER CIRCUIT DESCRIPTION

The thermal wattmeter is basically an AC/DC, 1 mA
full scale input, transfer instrument.

It measures an unknown ac signal by subtracting a
known dc signal from the unknown ac signal in the
thermal converter. A feedback circuit adjusts the
known dc signal to drive the thermal converter to
null.

Ifthethermal converter was perfect with
identical responses then the output as stated in
(1) would be as follows:-

Vdc = K/T"g[(x+y)2—(x—y)2]dt (1)
1T

- =y

= 4Kzl xydt (2)
which is by definition real power.
The <circuit diagram of the thermal converter
multiplier is shown in Figure 2. The main element
is the DMJTC with two heaters HlandH2. The sum

(x +y) is applied to heater Hl and the difference
(x = y) is applied to heater H2. From (1) the
output from both heaters is a function of the
heater power.



(x+y)? = X24Y242(xy)

X24¥2-2(xy)

(x-y) ®

where (xy) denotes the time average product

%ngydt

The output of the thermal converter is no longer a
function of (xy) but also depends on the operating
point (X' + Y?). This operating point makes the
DMJTC ideal for measuring all power factors. The
operating point of the thermal converter is set by
superposition of Vref on the x input.

When the average input product is zero ((xy) = @)
the output of the DMJTC is not necessarily zero.
This is due to heater mismatch. This heater
mismatch or zero offset is eliminated by taking a
second output Oy after reversing the Y input and
taking as the final output the varjation of the
multiplier between normal and reverse settings.
By taking the average of the two outputs

(0 - 0q) /2
a thermal multiplier with zero output is realized.

Due to the long time constant of the thermal
converter the reversing rate of the circuit is
fairly slow. The thermal response is reduced by
incorporating dc feedback (figure 3) to maintain
thermal balance. Another advantage of the
feedback circuit is its linear output, and it is
this feedback which is actually measured.

CIRCUIT DETAILS

From Figure 4 we see that the ac and dc signals
are superimposed on the x and y inputs. Xref is a
constant 18 Vdc and Xvar is the variable dc that
is adjusted to obtain a null from the thermal
multiplier. The average ac input product is then
equal to the dc input product since ac and dc
signals do not correlate.

A1l associated amplifiers are rated for one
milliamp rms full scale. The feedback path
(Figure 4) consists of a proportional plus
integral path. A delay switch is incorporated in
front of the integrator which opens at
approximately 108 milliseconds before the heaters
reverse and closes 1/8 second after the heaters
reverse. This allows the proportional or fast
path to almost null the thermal converter without
introducing a transient into the integrator thus
allowing the integrator to settle quickly.

Unfortunately, the feedback is not always purely
dc. There 1is some fundamental frequency. This
fundamental frequency gets added to Y just as the
dc part of the feedback adds to Y. The component
of the feedback in phase with X gets multiplied’
with X to give apparent power. A ripple cancel
circuit was necessary, to subtract away any
fundamental frequency ripple, to improve the ac/dc
transfer error (Figure 5).
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The phase of the fundamental ripple frequency
reverses every time the heaters reverse or when
the dc polarity reverses but not when both reverse
together. This phase reversal gets demodulated by
interchanging the positive and negative x inputs
of an integrated «circuit multiplier. This
multiplier acts as a phase sensitive detector
producing a signal whose dc average is
proportional to the amount of fundamental ripple
fed back in phase with x. An integrator takes the
dc average and controls an automatic gain stage to
input enough of the -x signal to subtract the 1in
phase ripple in the feedback.

The dc reference (Figure 6) is derived from an
internal solid state supply. The variable dc
reference is a precision D/A converter operating
on the pulse width principle. The logic produces
a pulse from @ to 999 micro seconds wide in one
micro second increments producing an output
voltage from @ to 999 with each step equalling
10 mV dc.

The setting of Xvar is determined by switching the

A/D to look at a @.2% accurate integrated
multiplier. The input to this multiplier comes
directly from the x input of the thermal

multiplier. The dc component is subtracted to
leave only the ac component. Thus the output of
the multiplier represents the first three digits
of the seven digit reading.

Polarity reversal of the dc voltage reference
averages out any dc offsets in the IC amplifiers.

This eliminates any zero instabilities in the
thermal multiplier circuit.

The clock signals that do the reversing are
generated from a precision one second clock. This
accurate clock signal becomes very useful for
calibrating Tless accurate wattmeters. The

Normal/Reverse and Plus/Minus clocks reverse every
one second and two seconds respectively. These
reversals are sinked to an input frequency zero
crossing circuit. This reduces the possibility of

internal clocks heating against any external
inputs.

The A/D is a *20,000 count *2 V full scale
converter. It is triggered to start a conversion
only after the thermal converter has settled. The
input integrate period of the A/D finishes

measuring the feedback signal from the thermal
multiplier just before the heaters reverse.

The input gain to the A/D is set up to equal a 500
millivolt difference between normal and reverse
settings. This represents a @.1% ac/dc difference
which has the same weight as one step on the
variable dc reference. Thus the ac/dc difference

may reach @.4% before the A/D will overrange
asking to have the wvariable dc reference
readjusted.

SOFTWARE

The program begins by setting the variable dc
reference to output 5.00 Vdc. If the ac/dc
difference is greater than 0.4% it will cause the
A/D to overrange. The micro senses the overrange




signal and switches the A/D to look at the 0.2%
integrated circuit multiplier. This reading is
then used to adjust the variable dc reference to
within 0.2% of the ac/dc difference.

After the variable dc reference is set then the
A/D returns to looking at the feedback circuit.

A11 four readings (Normal plus, Reverse plus,
Reverse minus and Normal minus) must then fall
within the @.4% 1level. Each of these four

readings are stored in its own Tocation as a five
digit number, overwriting any previous similar A/D
reading made four seconds earlier. After taking a
reading the microprocessor subtracts Reverse from
Normal readings and averages the two dc polarities
giving the ac/dc difference.

Should the ac/dc difference be greater than #.1%
of full scale but not enough to overrange the A/D,
then the program adjusts the variable dc by a few
steps. It then subtracts this change from all four
input readings such that the next A/D reading will
fit in. This procedure allows tracking sampling
inputs up to 0.2% of full scale per second without
overranging.

The known dc setting of the variable dc gets added
to the ac/dc difference as determined by the A/D
to give a reading in the range of 1. This six
digit reading can then pass through a switch
selectable low pass digital filter having a 10
second time constant. This filter is intended for
use when calibrating low noise, low drift ac power
supplies or wattmeters. The digital filter takes

nine times the old reading and adds the new
reading to give it its 10 sec time constant.
However, if the difference between the two

readings new and old 1is greater than 100 ppm then
the new reading is passed directly to the display.

CALIBRATION

The calibration of the wattmeter (Figure 7 and 8)
involves adjusting the dc reference voltages Vref
and Vvar. These two references can be calibrated
either against a known 1 mA dc input or against a
known 1 mA ac input.

To generate 1 mA dc requires a stable known dc
source and known resistor to generate a known 1 mA
dc signal. The output of the resistor is fed into
the current input of the thermal wattmeter. At
the same time the reference multiplier output,

which sets the variable dc reference voltage, is
set to 1.0 V #1000 ppm. The variable reference is
then adjusted to equal full scale *10 ppm. With

reference calibrated the 1 mA dc
input is removed. The fixed reference now gets
calibrated against the variable reference such
that the thermal wattmeter display also equals
full scale 10 ppm. The unit is now calibrated.

the variable

To calibrate the thermal wattmeter against a 1 mA

ac signal requires the use of a precision 6-1/2
digit voltmeter, a known ac source and two known
equal value resistors. First the precision

voltmeter is connected between the Vref input and
star ground on the thermal multiplier. Vref is
then adjusted such that the voltmeter display
indicates *10 V #10 ppm. The fixed voltage

19

reference is then calibrated. The digital

voltmeter is then removed. The output of the two
known resistors are connected to the V and I

inputs and the ac source is set to generate 1 mA
ac through the resistors. The variable voltage
Vvar then gets adjusted such that the thermal

wattmeter display indicates the calculated value
from the resistors and the ac source. The unit is
then calibrated.

Phase angle calibration of the design requires the
use of a known capacitor and a known resistor.
The impedance of the capacitor should be
approximately equal to the value of the known
resistor. The dissipation of the capacitor should
be zero or known. By connecting the output of the
capacitor and resistor to the I and V inputs
respectively and applying full scale voltage, the
phase angle can be adjusted such that the thermal
wattmeter display equals zero or the value of the
known dissipation of the capacitor.

INPUT TRANSFORMERS

The thermal wattmeter uses amplifier aided current
and potential transformers. Both the current
transformer and the potential transformer are two
stage amplifier aided devices. Amplifier aided
transformers are well covered in many papers.
This paper will concentrate more on calibrating
the two transformers. This calibration procedure
requires the use of a known power standard 120 V
ac source and 1 A ac source and necessary
equipment to prove the above two sources.

POTENTIAL TRANSFORMER

The potential transformer 1is best calibrated
against the 128 V ac source and a known 128 k@
resistor and capacitor. Connect the known

resistor output to the current 1 mA input and
apply 1260 V ac to it and to the PT input. Adjust
the magnitude of the PT such that the thermal

wattmeter display equals the value of the known ac
input voltage plus or minus the known deviation of
the resistor. Substitute the known capacitor in
place of the known resistor on the current 1 mA
input. The phase of the potential transformer can
then be adjusted such that the thermal wattmeter

display equals zero plus or minus the known
dissipation of the capacitor. The PT 1is then
calibrated.

CURRENT TRANSFORMER

Current transformer calibration is best done
against a known standard. This requires a known
1A current source with a known 1A quadrature

output. By applying the known 1 A to the CT and
the known 128 V ac to the PT one can adjust the
magnitude of the CT such that the thermal
wattmeter display equals the calculated known
reading. By switching the current source to its
quadrature output the phase angle of the CT can be
adjusted such that the thermal wattmeter display
equals zero.

APPLICATIONS

The precision clock along with a timer out signal



makes the instrument ideal for calibrating other
wattmeters. The unit will output a start pulse
and stop pulse over a switch selectable perjod of
ten, one hundred or one thousand seconds. In this
mode the readings are accumulated to measure
energy. Dividing the thermal wattmeter displayed
reading by 3600 represents watt hours and by 36000
to represent kilowatt hours.

The thermal wattmeter is well suited for measuring
power in circuits with distorted waveforms of
current and voltage. Crest factors of three in
current and voltage are possible. An additional
area of use is the measurement of power at very
low power factors such as the short circuit Tosses
in Targe transformers or the losses in large shunt
reactors.

It is not always necessary to use the CT and PT
inputs. Improved accuracy and resolution for Tlow
level signals are possible using the one milliamp
current and voltage inputs. External CT's and
PT's with voltage outputs can be interfaced to the
one milliamp current and voltage inputs of the
thermal wattmeter through known resistors. These
resistors can be selected such that the current
output is 1 mA or full scale. Thus it is possible
to read full scale even for a 10 V input.

CONCLUSION

The differential thermal wattmeter for the ac/dc
transfer of power is based on the multijunction
thermal converter. The thermal converter heaters
are fully protected against burn out and crest
factors of three in voltage and current waveforms
are permissible without degradation of accuracy.
Accuracy statements of 40 to 50 ppm are achievable
with 100 microwatt resolution for all power
factors.

The accuracy statements are Timited to the 40 ppm
- 50 ppm Tevel at this time. This is mainly due
to the drift of the internal voltage reference and
inherent problems within the CT section. At this
time I know of only NRC which can certify the
wattmeter to the 50 ppm Tevel and only for the
47 Hz to 63 Hz range.

The design has two ranges for input volts
(120/240) and two ranges for current (1A/5A} along
with the 1 mA inputs.

REFERENCES

(1) Kusters, Norbert 1 and Cox, Louis G. "The
Development of an Automatic Reversing
Differential Thermal Wattmeter." TIEEE

Transactions on Instrumentation and
Measurement. Vol. IM-29, No. 4, Dec. 1980,
pp 426-431.

20




HI

ouT

FIGURE
DMJTC

21



2R
~ ouT
R 3
R

AA"A%

R
; A4
FIGURE 2

THERMAL MULTIPLIER

22




R§ o *
2R
|
"¢
RS
R
L A A"AY,
FIGURE 3

DC FEEDBACK




R R 2R ,
AN R AN %: R
S ps
RS |
Hi = H2 ::R
R + )
A
A.B.A. 1700k DELAY INTEGRAL
R —
_‘__—AVW—__—
00—+
A a8
Vver R
0-9.99V AN
2R
+ PROPORTIONAL
FIGURE 4

THERMAL MULTIPLIER WITH DC FEEDBACK

24




P

>
>
>

W \ INTEGRATED
CIRCUIT
B/LO MULTIPLIER (sets dc)
FIGURE 5
THERMAL MULTIPLIER
X WITH
3 RIPPLE CANCEL CIRCUIT
R ;: SR e 2R 2R &
> ;;R preme AAA——— —— AN ;;R
Vee! 5R %
——A—

25

VWA <
<
Y \ R R
) AN~ 4 VWV ) VW .
R$ (g-l/ R N R=10k
Vvar FEEDBACK
I700R
——A— INTESRAL

= DELAY i€

a/bo—l I0R R
R10 IOR A P AN AAA—
It A
4>—|__L|— g t‘ RIPPLE CANCEL \
B I.5R 3 oR
] M L
A Kg L-l>“ PROPORTIONAL
A ‘;
B : .

RIPPLE CANCEL CIRCUIT INPUT




+18V

DC VOLTAGE REFERENCE

o r o}—a o /1000 <
. _ | MHz
o T_O<I_Q P /1000 Q
‘M 1
+ BCD IN
A AA
A AA AAA
&
7.0V
i /4 Vret
A4 T NV
ZERO v ¥
var
0-9.99V
FIGURE 6

*/_Vvar

26




DC
SOURCE

I mA

IImA

Remove when calibrating
Vref

FIGURE 7
DC CALIBRATION

Vvar DISPLAY
= 1.000000

Vref DISPLAY
=1.000000

27



ZERO POWER FACTOR UNITY POWER FACTOR

IOk + 10 ppm

imA

- Vref
— A A 10.00000

—_— ImA

SOURCE ! N/ )im
r—'VV\t—l
' L THERMAL
—— WATTMETER
e —d
DISSIPATION
= |0ppm 10k — 10ppm
FIGURE 8

AC ImA CALIBRATION / PHASE ANGLE CALIBRATION

UNITY PF.
DISPLAY
= .000000

ZERO P F.
DISP=AY
=1.0c00000

28




SESSION I-C

MEASUREMENT POTPOURRI I
James D. Tostensen
Lockheed Missiles & Space Co.

29
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Janes D. Tostenson

Pr oduct

Assurance Program Mnager

Space Systens Division

Lockheed Mssiles and Space Conpany,

Sunnyval e,

ABSTRACT

The re-entry of Space Vehicles into the atmosphere
after conpleting nmissions in the orbit around the
earth or the noon has been acconplished nany tines
in the past two decades. Past man rated vehicles
like, Mercury, Gemni and Apollo carried from one
to three astronauts and were quite small and
conpact in size conpared to the Space Shuttle
Vehicle and required nuch less of an area to have
re-entry insulation to protect the capsule and its
occupants from the heat during re-entry. |nsu-

lation on past vehicles was an ablative type that
actually charred and peeled away the dynamc

heating of re-entry carrying the heat away from
the capsule. These vehicles were used for only
one mssion.

Tiles manufactured by the Lockheed Mssiles and
Space Conpany, Space Systems Division, Thermnal
Protection System for use on the Space Shuttle
Obiter as a Thermal Protection System are
designed to last up to 100 missions. The tile
will keep the outer structure from melting and
the internal conpartments cool enough to enable
human occupants to perform their duties confort-
ably during re-entry through the atnosphere.

Since each tile is equally inmportant as another,
the need to dinension them accurately to determne
the best fit and relationship to surrounding tile
is very inportant.

Wth the Space Shuttle Qbiter being larger in
size than a Boeing 737 twin jet airliner, this
gives one sone idea of the area to be covered with
tile. The Space Shuttle Orhiter cargo conpartnent
is large enough (15'x15'x60'} to carry the
Mercury, Genmini and Apollo all at one tine.

Since the Mnufacturing process cycle is of key
inportance to maintaining the dinensional toler-
ance and strength requirements a short review of
these processes will be presented prior to the
dinmensional part of the lecture material.

I nc.
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In the conclusion portion of the presentation
several photographs of the vehicle tile Thernal
Protection System will be shown after nission
return to show the effects of dynamc heating and
tile integrity.

The basic raw material
pure amorphus Silica fiber. The fibers are
derived from common sand. Basic fibers are nixed
into a slurry and cast into a block. From the
block the tile shapes are nunerically control
machined. The tile are then coated on the desig-
nated ageas With a silica frit coating and kilned
at 2300°F to fuse the coating to the tile basic
material .

is a short staple 99.7%

Identification of the tile is then-applied and
they are forwarded for inspection. The dinen-
sional relationship of one tile to the other is
equal ly inportant to achieve the proper spacing
for any nmoverment and a breather path to the
atmosphere.  Master Dinmensional Data is anal yzed
and transformed into N C nachining and dinensional
standards conputer tapes which are used to machine
and neasure the conpleted tiles.

| NTRODUCTI ON

The dinensional neasurenent of the tiles are
acconplished by utilizing a Minfrane Conputer in
which the tile standards are stored. Interfacing
with the mainframe conputer are four (4) Bendix-
Cordax Coordinate Measuring machines. commu-
nications with the minfrane conputer is accom
plished by four (4) on station conputers, Card
Readers (IBM Cards), Cathode Ray Tube (CRT) and
tel etypes. | BM cards which are keypunched to
indicate the tile part number and serial number
are read into the card reader and call up the
dinensional standards stored in the mainfrane
conputer. The Bendix-Cordax equipnent is equipped
with a arnming probe on the Z-axis which physically
touches the tile to take neasurenment points.

Wien the nmeasurenent points are conpleted they
will be analyzed by the conputer and a accept/
reject message is displayed on the CRT at the
measurenent station. The dinensions are then
stored in the conputer file and can be readily




retrieved and copies obtained for analysis. The
tile are then subsequently placed into Array Frane
Assenblies (tools) and shimmed to nmeet the tile-
to-tile space (gap) requirements. The Array Frame
Assenblies are then packaged and shipped to the
custoners facility for installation on the Space
Shuttle COrbiter.

BASIC MANUFACTURI NG PROCESSES

The basic raw material used to make the tile is a
short staple 99.7% pure anorphus silica fiber.

The fibers are derived from common sand. The
Silica Fibers are nixed into a slurry and cast
into several different sizes of production units.
The production units are pre-dried in a nicrowave
oven and then sintered in a kiln at 2250°F to fuse
the fiber junctions for strength. The production
units are cut into snaller sizes called cubes/
blanks from which specific tiles are nunerically
control machined. A masking process is then
performed on the area of the tile to be coated.

A coating consisting of silica frit, borosilicate
and alcohol is used to coat tile specified areas,
of the high tenperature black tile. Wile a white
silica conpound with alumna oxide is used to coat
the low tenperature white tile.

After coating the tiles are air dried for several
hours and then glazed at high tenperature (2300°F)
ina kiln to fuse the coating to the parent

material. The tile are then vacuum wat er proofed
to resist moisture and identified on the coated
surface with a part nunber and serial nunber.

TILE MEASUREMENT PROCESS
Master dinensional data (M) is received from the
customer on the tiles to be manufactured. The M
data is analyzed by the conputer programmers and
converted into data to machine and measure the
tile. Engineering forwards this data to the
Nunerically Controlled Engineering Goup who pre-
pare the NC tapes for driving the NC machines to
cut the tile shape. Quality Engineering also
receives a set of neasurement standards which are
| oaded into the Product Assurance conputer to
dinensional ly inspect tile. After the tile has
conpl eted the manufacturing cycles, it is forwarded
for inspection neasurenent.

The autonmated dinensional system utilized by
Inspection consists of a Minfrane Conputer |inked
to four (4) on station conmputers which drive the
four (4) Coordinate Measuring Machines. The
measuring equipment is operated by the use of a
IBM Card Type Reader, Cathode Ray Tube Console
Display and a Teletype. See Figure 1.

Wien the IBM card is fed into the Card Reader the
tile part, dash and serial nunmber are optically
read and transmtted to the main frane conputer.
This information on the IBM card identifies the
measurenent standards for that tile and dinensions
taken by the coordinate neasuring machine of the
tile will be conpared to those in the conputer
standards.
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The tiles are held in the neasurement position by
a vacuum fixture. The Cordax measurenent nachi ne
is equipped with a Renshaw touch sensing probe on
the Z-Axis colum to detect the measurenent touch
Points wthout damaging the coated (Ceramc d ass
like) surface. The nunber of measurement points
taken on a typical tile are 41, nine points on
each side equally spaced and five points on the
top, as shown in Figure 2. These points are
transmtted via the on station conputer to the
main frane conputer where they are conpared with
the stored standards of the tile size. The min
conputer then transmits a nessage to the on station
CRT which informs the operator of the accept/reject
criteria. The operator can also obtain a copy of
the nmeasurenents by activating a on station thernal
printer built into the CRT console. This infor-
mation is then utilized by Engineering to evaluate
the tile application if it is under or oversize.
Tol erance bands on the tile sides are plus or
mnus .008" and plus or ninus .016" on the top
surface, as shown in Figure 3.

Depending upon the tile configuration the number
of measurenent points taken will decrease or
increase. The average tmeto dinension a sinple
tile on the Coordinate neasuring equipnment is 16
mnutes. Tiles with curved sides and conpound
angles can take up to 30 ninutes to dinension,
to extra nmachine novenents and touch points
necessary to cover the tile entire surface.

due

Ttmight be NOted that since the first shipset of
tiles were delivered for the Colunbia Orbiter 102
on Which eazh tile was dinensionally checked, the
nunber of tile now neasured has declined. (ne of
the main reasons for less of the tile being
dinmensional ly inspected is close control of
Nunerical Control Machining Tapes and also
stability in the tile manufacturing processes.
These conditions allow a sanple measurenent by
famly part nunbers of the basic same configu-
ration. Since the introduction of this system of
control there have been no adverse conditions or
reports of large numbers of out-of-tolerance tile
and savings in dinensional inspection is appre-
ciable.

t he

Anytime a configuration or N C Mchining change is
made the tile are dinmensionally inspected to
verify the change. A typical set up of a tile on
the Coordinate Measuring Equipment is shown in
Figure 4. Since the tiles are coated with a
ceramic glass type material they are held in place
for work operations by a vacuum table during the
measurenment process. COther key itenms in the
dimensioning are the Arming Probe, Contact Probe
and the positioning fixture. Each time the probe
makes contact with the tile surface a signal is
generated and sent via the on station conputer to
the mainframe conputer for standards conparison.

The computer system is also utilized to store
other inspected attributes on the tile. This data
is also entered via a CRT console and card readers
at different inspection stations. This data is
indexed in the conputer froma IBM card which is
peculiar to each tile identifiable to a part
nunber, dash nunber and serial nunber. Sonme other



data entered and stored in the Conputer Data
System via the IBM card are visual, weights,
sions and any special features such as radii,
holes and recesses. Due to the requirenents of
having conplete records and traceability from
vehicle to vehicle should problens arise, alnost
dictates that a automated conputer system be
utilized for quick retrieval of all historical
dat a.

di nen-

The I1BM (MB-09) card is actually the Shop Oder
Travel er which acconpanies the tile through the
entire Mnufacturing and Inspection Cycle. The
back side of the card is utilized to record all
manuf acturing processes, while the front side
(shown in Figure 6) is primarily used to record
Inspection data and for Engineering dispositions
as required.

I NSTALLATION OF TILE ON THE SPACE SHUTTLE

Wen the tile are installed on the Space Shuttle
Obiter vehicle, precise gaps are left between
them to allow for any expansion or contraction and
a breather path to the uncoated bottom and side of

the tile is provided. These requirements estab-
lish the rather stringent plus and mnus tolerances
of the tile size. It would have been virtually

impossible to manually dinension tile, due to the
quantity, conplex shape, fragility and the number
of measurenents required.

Wth an average of 41 neasurenents per tile and
32,000 tiles. required for the Space shuttle that
equates to 1,312,000 nmeasurenments per ship set
of tiles.

Depending upon the area of the Shuttle Vehicle
where the tile are installed the gaps will differ.
The nethod by which the tile are attached to the
Obiter Vehicle is shown in the attached draw ng
(see Figure 5). The gap between the tile as
mentioned before provides a breather path to the
atnosphere and allows for novenent and keeps them
from making physical contact. If tile tend to be
oversize or undersize it affects the gap distance
and installation positioning. The installation
illustration in Figure 5 shows the typical gap
tolerances for the Hgh Tenperature and Low
Tenperature reusable tile insulation utilized on
the Space Shuttle Obiter.

The illustration also shows the method by which
the tile are attached to the Space Shuttle outer
structure, by utilizing RTV-560 and Nomex strain
isolator pad (SIP) between the structure and the
tile. Typical installation of tiles on the
vehicle are somewhat indicated by the color of the
outer surface. The black colored areas indicate
the high tenperature tiles. Some of the white
colored areas are the low tenperature tile, but
later vehicles will also have thermal blankets
which are white in color. For typical vehicle
re-entry tenperatures refer to Figure 7.
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TILE CONDITION AFTER RE-ENTRY

A series of photographs were taken after re-entry
and landing at Edwards Air Force Base to show the
tile condition. To highlight the lecture several
photos of key high and |ow tenperature points on
the vehicle will be shown and narrated to show the
durability of the material and need for precise
dimensioning. Since these photographs are in
color they have not been reproduced and made a
part of this paper. Precise color is needed in
the photos to show tile condition. Photos to be
shown will be of the Shuttle Obiter Nose, E evons,
Body Flap, Wng Leading Edge, Fuselage Side, OV
Pod, Cockpit and Engines.

CONCLUSI ON:

Wthout the conputer driven coordinate neasuring
equiprment it would have been very costly to
dinensionally evaluate the tile for the Space
Shuttle Obiter. Considering the nunber of data
points to be recorded and filed, it would have
been a paper nightmare. Secondly, the copying
errors and transpositioning of nunbers would have
also been an error factor of some magnitude.

To manually dinension a tile with conventional
measuring devices such as microneters, calipers,
hei ght gages and other precision instrunments
woul d have been very costly and even in sone cases
impossible due to tile shapes. Wth a ceranic
glass type coating the handling and instrunent
contact would alsp cause a high percentage of
damage. "

with mllions of pieces of data to be recorded for
historical purposes and the necessity for detailed
traceability and retrieval in a timely manner,
conputers werethe only answer. Manrated vehicles
have stringent requirements for safety reasons
and adequate precise data and records of both
hardware and personnel performng those functions
are essential to the program overall success.
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HIGH FREQUENCY AND STATIC CAPACITANCE KASUREMNT
TECHNIQUE ON LINEAR PARAMETRIC TESTERS

L. Gutai, S. Hylroie, and T. Hazendonk
Philips Research Laboratories Sunnyvale

ABSTRACT

The combined high frequency and static capaci-
tance-voltage technique is a well-known tool in
characterizing  metal-oxide-semiconductor (MOS)
structures. Understanding of the physics and con-
trolling the properties of those structures have a
great impact on the performance, yield and further
development of MOS devices.

Due to the complexity of C-V characterization
techinques and the lack of commerically available
dedicated measurement systems the use of this pow-
erful tool has been limited to research and devel-
opment purposes only. Linear (DC) parametric test
systems commonly used for process evaluation and
device parameters extraction in production areas,
however, can easily be adapted to perform those
measurements.

This paper will discuss the additonal hardware and
software required for the implementation of the
high frequency and static capacitance-voltage
technique on a Keithley Linear Parametric Test
system.

The advantages of a C-V characterization tech-
nique built around a general purpose DC parametric
tester over the commercially available standalone
C-V measurement systems are higher throughput, in-
creased data storage, increased data manipulation
capabilities and integration with standard PCM
testing used in production.

The hardware addition consists of a few items
available off the shelf at moderate cost. The
software architecture allows the use of the power-
ful computational resources, available in such
systems, for process and device parameter exrac-
tion, further statistical analysis and modeling,
as well as process equipment evaluation.

A new technique was developed to correct for mea-
surement errors in the high frequency capacitance
measurement due to the low quality factor of non-
ideal MOS capacitors. Examples of the application
of this system in new process development, process
trouble shooting and process equipment evaluation
will be discussed.

INTRODUCTION

Semiconductor process and materials control have
become an integral part of the semiconductor in-
dustry in recent years. Manufacturing more com-
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plex integrated circuits has placed increasing de-
mands on technologies employed in wafer fabrica-
tion.  Various process steps such as oxidation,
implantation and masking have to be continuously
evaluated in order to maintain the low variations
between wafers and between sites on the same
wafer. A small number of specially designed test
circuits, process control monitors (PCM), are
placed on each wafer and sophisticated measure-
ments are carried out on them to monitor regular
process steps, evaluate equipment performance,
heip in new process development or trouble shoot-
ing (1). Triggered by this demand, the design,
manufacturing and widespread use of a new family
of test equipment, the DC parametric testers have
evolved. The use of parametric testing within the
semiconductor industry has literally exploded
during the past few years (2).

These general purpose parametric testers are de-
signed mainly for steady-state current and voltage
measurements and are used in production areas.
The demand for more sophisticated or special test-
ing methods such as high frequency and static
capacitance voltage measurements or mobile ion
concentration determination in metal-oxide-semi-
conductor structures stimulated the development of
dedicated testers for use in research and develop-
ment environments.

Our goal here is to show the benefits of combining
the advantages of the high throughput, large data
management and storage capability of the commer-
cial DC parametric testers with the advantages of
dedicated test equipment. With the variety of
available microcomputers and IEEE bus compatible
electronic measurement instruments on todays mar-
ket, it is relatively easy and economical to cus-
tom build a dedicated measurement set-up around an
existing parametric tester. A further advantage
of such a system is its compatibility with stan-
dard PCM testing as used in production.

The choice of the high frequency and static capa-
citance-voltage measurement techniques as an addi-
tional process control tool is justified by the
unique properties of MOS capacitors in process
characterization (3). The MOS capacitor has the
advantages of simplicity of fabrication and of
analysis. Since the fabrication of an M0S$ capaci-
tor uses the same processing as the integrated
circuit, it provides direct information on the
actual process. Another important feature of
using MOS capacitors in process characterization
is that while parametric measurements performed on



MOS transistors provide information on the combin-
ed effects of different process steps, the capaci-
tance voltage measurement reveals the role of the
individual process steps separately.

SYSTEM DESCRIPTION
A)BLOXX DIAGRAM

The block diagram of the high frequency and static
capacitance measurement system built around a
Keithley Parametric Tester is shown in Fig. 1.
The heavy arrows represent sensitive signal
routes: high frequency measurement signal from
the capacitance meter and low leakage connections
to the elecrometer. The light arrows and the
dashed lines represent the high level analog sig-
nals and the digital control connections, respec-
tively.

A short description of the functions of each
building block is given below.

The METAL SHIELDING box encloses the prober and
the impedance box (which has to be situated close
to the capacitor), providing shielding against
electrical interference, induced static charge and
light.

The PROBECARD provides mechanical support for the-
electrically shielded and teflon insulated capaci-
tance probe and establishes electrical connections
between the Keithley System and the C-V measure-
ment setup.

The IMPEDANCE BOX serves as a multiplexer between-
the high frequency and static capacitance measure-
ment instrumentation, decoupling one from the
other. This also contains the circuitry to mea-
sure the high frequency equivalent series resis
tance of the MDS capacitor.

The KEITHLEY SYSTEM controlled by the DECPDP 11/
34 mini-computer provides the DC biases for both
the high frequency and static capacitance measure-
ments and measures the analog outputs of the Boon-
ton bridge and the Keithley 616 electrometer.

The ICS COUPLER, used as a listener only in this
configuration, takes IEEE bus commands from the
controller (DEC PDP 11/34) and outputs 10 x 4 bit
TTL signals to set the measurement ranges of the
Boonton 728, control the relays in the impedance
box and operate the light source on the probecard
necessary for MOS capacitance measurements in
inversion.

The 1MHz three terminal BOONTON720 CAPACITANCE
METER measures the parallel equivalent capacitance
of an impedance with an accuracy of 0.25% and lin-
earity of 0.1% provided that the quality factor of
the capacitor is greater than 5. e Boonton
bridge 1s inherently insensitive to parasitic
capacitances between its high and low terminals
and the ground terminal. ese features combined
with the impedance box attachment (described later
in details) makes this measurement suitable for
the high frequency capacitance measurement of a
non-ideal MOS capacitor.

The KEITHLEY AL.ECTROMETER 616 is used as a buffer
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amplifier (input impedance greater than 1014
ohms and leakage current less than 10-15
amperes) to measure the charge on the M)S capaci-
tor in the statlc capacitance-voltage measure-
ments. The charge is determined by measuring the
voltage drop on a known capacitor connected in
series with the MOS capacitor.

The JUNCTION BOX contains all the analog and digi-
tal connections organized in a way that makes it
easy to change the circuitry if necessary. A
small power supply and driver eirecuits for the
relays in the impedance box are placed here too.

B) MEASUREMENT CIRCUIT SCHEMATICS

The simplified circuit diagram of the measurement
setup is shown in Fig. 2. for clarity, the digi-
tal control signal and relay drive routings are
omitted.

(1) High Frequency Capacitance Measurement.

When relays RD and RC are closed and relay RS is
open, the Boonton 72B capacitance meter measures
the parallel equivalent capacitance of the M0S
capacitor .

The DC bias is applied between the terminals ™.0
BIAS and HIBIAS". The inductor L decouples the
1MHz measurement signal from the electrometer
circuitry. The tuned parallel LC circuit provides
a means to apply the DC bias onto the M0S capaci-
tor if the relay RC is open and compensates all
the stray capacitances between the probe and the
ground. (The elecrometer reading can be used to
monitor the DC bias.) The D¢ and D2 silicon
diodes prevent electrical breakdown in thin oxides
by eliminating the voltage spikes generated by the
Eoonton between its high terminal and ground ter-
minal during range changing. For the 15mV 1Mz
measurement signal, the diodes represent a very
high impedance and also limit the spikes to 0.7
volts. (This solution has the advantages over the
common clamping diode circuit that it eliminates
the need of an additonal power supply with volt-
ages set every time slightly higher than the maxi-
mum blas voltage.1

(2) Static Capacitance Measurement.

When using a parametric tester, the obvious choice
for quasi-static capacitance measurement is the
charge-voltage technique (#). In this technique,
the electric charge needed to raise the potential
across a previously discharged MOS capacitor ter-
minals to a predetermined value is measured -
either directly with a coulomb meter or indirectly
by measuring the voltage drop on a known ('stan-
dard) capacitor connected in series with the MOS
capacitor. This voltage drop can be measured with
a high input impedance low leakage current elec-
trometer. In this case, a Keithley 616 electrome-
ter was used in the buffer amplifier mode to mea-
sure the voltage drop on the OQ polystyrene capa-
citor terminals. The bias is applied across the
series combination of the MOS capacitor and the
polystyrene capacitor via the Boonton LO BIAS
and “GROUND" terminals. For high resolution, the
Reed relay RS is used to short the capacitor CQ
before each step ( true static measurement). For




all practical purposes, however, this initializa-
tion is needed only at the start of the voltage
sweep. If the leakage of the system is less than
10~ amperes, the quasi-static method (waiting
between two subsequent biases only for the elec-
trometer to settle) gives identical results to the
"truye" static measurement. During the measure-
ment, the Reed relay RD is open to decouple the
high frequency circuitry. The inductor L blocks
the high frequency signal from the capacitance
meter during the static capacitance measurement.
Using a coulomb meter makes the measurement sim-
pler because the whole applied bias voltage ap-
pears on the MOS capacitor terminals. In that
case, however, one needs an auto-ranging coulomb
meter.

Note that the electrometer input capacitance, the
cable capacitance and CQ are connected parallel,
thus their total known capacitance has to be
determined in a separate calibration step. This
is done automatically during the impedance box
calibration (see: Calibration of the Impedance
Box") and the static capacitance measurement is
calibrated to the high frequency capacitance mea-
surement.

¢) SERIES RESISTANCE MEASUREMENT

When an impedance bridge is used, both components
of a complex impedance can be determined. How-
ever, the Boonton72B capacitance meter measures
the equivalent parallel capacitance only.

This disadvantage can be overcome by the use of a
simple passive circuit as is shown in Fig. 3a,
thus retaining the good qualities of the Boonton
728 capacitance meter (price vs. resolution).

A known capacitor (Co) with a relay across its
terminals 1is qonnecte3 in series with the unknown
impedance (Z). By taking two readings, one
with the relay open resulting in a value CA and
one with the relay closed resulting in a value
Cg, both components of the impedance can be cal-
culated.

When the relay is closed, the meter measures the
parallel equivalent capacitance of the impedance
of the MOS capacitor'(Z; in Fig. 3a):
CB=Cg/(1+Rg? Cs2 ), (1)

since stray capacitances from terminal "H" to

ground and from terminal "L" to ground do not af-
fect the Boonton reading.

When the relay is open, the effect of stray capa-
citance, €q (Fig. 311, cannot be ignored. This
capacitance consists of the capacitance between
relay terminal "B" and ground, the capacitance of
the coaxial cable to the probe and the capacitance
of the shielded probe itself.

The effect of this capacitance could, in theory,
be canceled with a parallel LC circuit connected
between node "B" and ground as is shown in Fig.
2. (The capacitor between "HI BIAS and ground
isolates the DC bias from ground.) If the paral-
lel combination of stray capacitance C} and the
LC circuit is tuned to the measurement frequency,
then no measurement signal flows from node "B" to
ground. In the practical realization, however,
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there always exists a finite impedance between
node "B" and ground. Moreover, this impedance
changes when replacing the probe or the cable.

More detailed considerations show that the effect
of the ohmic component of this impedance can be
ignored. In the following derivation, we substi-
tute this impedance by a capacitance C4 arriving
at the initial circuit in Fig. 3a.

In order to calculate the effect of capacitance
Cq on the Boonton reading, an equivalent circuit
of the circuit in Fig. 3a is shown in Fig. 3b.
( Y-Delta transformation.) It is well known from
linear network theory that the two clrecuits are
equivalent if:

11=2;'+13'+2,'23' 174" . (@)

The Boonton reads the parallel equivalent capaci-
tance of impedance Zj and ignores the impedances
from high terminal to ground and from low terminal
to ground (Z; and Z3, respectively).

Using the notations of Figs. 3a and 3b, one gets:
2y =1/(3uCp + 1/Rp)

ZZ'= 1/30(:5 + RS

11' = 1/1“(:1

73' =1/3uy.
Substituting these values into Eq. 2:

(C5+C0+C1)2+(CQ+C1)2‘R52C52(02
From Egs. (1) and (3), Rg and Cg can be
expressed in terms of CA, CB, ¢g,C4,as
ollows:

Co+C1)/Cg+1

Cg = (Corep)( {CorC1)/Car 4, @)
S otl CO/CA o [

-1y 1/2
Rg= Ce/Cp 1) 17 (5)

uCg

Typical values of CS and RS are 100 picofarads
and 300 - 500 ohms, respectively.

Parasitic Effects of Adjacent Test Structures

On a typical PCH, there are several test struc-
tures, (transistors, guarding ring, etc) located
close to the MOS capacitor. These structures are
usually AC grounded-via the probes used for param-
etric testina of these structures (Fig.4). Due to
the non-zero-series resistance of a practical MOS
capacitor , the finite impedance, Z1', between
the common node of CS and RS and ground will
introduce an error into the series resistance and
capacitance measurement. We can model this impe-
dance at the 1MHz measurement frequency by a
parallel combination of a capacitance and resis-
tance (C4+ and R: in Fig. &b). The equivalent
series capacitance and series resistance, €y and
Ry in Fig. 4c, respectively, can be caluclated
substiuting the. actual values of impedances
24,297, etc., into Eq. (2). According to



Fig. 4b:

14=1/§uCy+Ry 73'=1/(§uCy+1/Ry)

7, '=Rg 73'=1/3uCs),

thus:

Cy=Cs/ (1+Rg /Ry ), (6)
Ru=Rs(1+C1 /Cs) . (7

During the part of the measurement when the MOS
capacitor is in deep depletion, parasitic capaci-
tances of a few picofarads result in a large error
in RS; but since Rq>>Rg, the capacitance
reading is less affected. The procedure is then
to use Eq. (4) and (5) to calculate the measured
s and RS and using their values in Eq. (6)
and (7) as Cq and to caluclate the correct-
ed values. A simple solution to eliminate the
effect of this parasitic capacitance and avoid the
necessity of this correction is either to include
a high resistor or a tuned parallel LC circuit
between the extra probe and the AC grounded source
or measurement instrument.

Calibration of the Impedance Box

To use the impedance box the values of CO and
C4 have to be determined. This can be done in a
simple and accurate way without using any known
standard calibration impedances.

If we replace the impedance Zz' (in Fig. 3a)
by an unknown pure capacitance, then Rg=0 and
from Eq. (1) we get: C5=Cq. Substituting
this value into Eq. (3),alinear relationship
results between the inverse of the two Boonton
readings I/CA and 1/Cg:

1/Cg= [Co/ (Cg+Cq) J(1/CI+1/(Cy+Cq) . ®)

Using different capacitors and plotting 1/Cg
vs. 1/Cp a straight line results, from wich{p
and Cq can be determined. Note that the actual
values of these capacitors are not needed, the
only requirement is that they have to be constant
between the two readings. (Stray capacitances be-
tween the probe and the chuck need not be consi-
dered: they add to the value of these capaci-
tors.)

Error Calculation.

Eqs. (4) and (5) can be used to calculate the
errors resulting in CS and RS.  Assuming that
the random errors in CO, Cl, CA and CB are
independent and, in this particular case, are
equal to 0.1%, the expected relative error in CS
and Q@ (Q 1is the quality factor defined by
Q=(RgCgw)~') are plotted in Figs. 5a and 5b
as a function of Cp/Cg with Q as parameter.
As can be seen from those graphs, this method
gives good accuracy for the series capacitance,
but is less accurate for series resistance mea-
surement. However, in M0S C-V characterization
the accurate value of the series capacitance
rather than the series resistance is needed.
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APPLICATIONS AD RESULTS

Typical high frequency (HWF) and static (QV) capa-
citance-voltage characteristics of an M0S capaci-
tor are shown in Fig. 6. The high frequency
capacitance-voltage curve has been corrected for
back side contact effects to coincide with the
static capacitance measurement in the accumulation
region . The interface state density distribution
across the band-gap extracted from those curves is
shown in Fig. 7. Performing these measurements
lot by lot on a few PCMs on each wafer or on
wafers with all-PCM structures, valuable informa-
tion can be drawn regarding process variations or
equipment peformance, respectively.

As an expample for process variation monitoring,
the threshold voltage variation over a three month
period is plotted in the uppermost graph in Fig.
8. These data have been extracted from measure-
ments used on large area MOS transistors.  The
plot of this important device parameter indicats
that considerable variations have occurred in cer-
tain process steps. To have a deeper insight to
the underlying causes of those variations, differ-
ent process papameters extracted from capacitance
measurements are plotted in the next three rows in
Fig. 8. These capacitance-voltage measurements
have been carried out on MOS capacitors located
adjacent to the MOS transistors used for transis-
tor parameter measurements. Comparison of those
plots gives the relative (w) and absolute (a) con-
tributions of certain process parameter variations
to the threshold voltage variation.

Examples for equipment performance evaluation are
given in Figs. 9 and 10. Measuring the electri-
cally active dopant concentration profile with the
pulsed capacitance technique, a modification of
the high-frequency capacitance-voltage method, the
impurity concentration profiles on an implanted
and unimplanted capacitor, located adjacent to
each other, can be determined as is shown in Fig.
9a. The area between the two curves, the net im-
planted dose, was contour mapped in Fig. 9b. In
Figs. 10a and 10b interface state distribution and
oxide thickness are contour mapped.

The use of the combined high frequency and static
capacitance-voltage techniques helps understanding
the physics and controlling the properties of the
MOS structures which, in turn, gives a means to
control the performance, yield and further devel-
opment of MOS and bipolar devices.

SUMMARY

Hardware modification and software package have
been developed for performing high frequency and
static capacitance-voltage measurements on a
Keithley parametric tester. This measurement set-
up has the advantages over more sophisticated and
dedicated systems of higher speed, increased data
storage and manipulation capability and compati-
bility with standard PCM testing. The system is
simple to use either by engineers or operators and
has proved accurate and reliable. Data collected
and represented in * various ways both in develop-
ment and manufacturing environment can be very
valuable in process and equipment evaluation, new
process development and trouble shooting.




ACKNOWLEDGEMENT

The authors are greatly indebted to Steve Katzman
for his valuable help in software development, to
Joel Orona for building the hardware, to Jim
Crawford for maintaining the Keithley system and
to Irene Diazoni for carrying out most of the mea-
surements.

REFERENCES

(1) Perloff, D. S., “Characterizing Process
Nonuniformities On Large Diameter Wafers:
An Overview”, Rilicon essi nT, M

Special Publication 804 (ed. by D. C. Gupta),
1983, pp. 422-444.

(2) Evanss, G. G., "Semconductor Parametric
Testing: Yesterday, Today, and Tomorrow ,
Keithley Publication, 1983.

(3) Nicollian, E. H., Brews, 3. R., "M0S (Metal
Oxide Semiconductor) Physics and Technology”,
John Wiley & Sons, 1982, pp. 1-11.

(4) Ibid., pp. 488-489 and 601-603.

43




(44

[

SHIELDING BOX

_|KEITHLEY

LP2
SYSTEM

- \\
for - — — ——
. ~ >

IEEE
BUS

DEC
PD11/34

’--—-
-

ICS
4880
COUPLER

PROBER
- —-—=-- - =
PROBE
IMPED
ANCE BOX DUT CARD
~
]
]
t
]
]
V.
- H
KEITHLE H
616 ! | BOONTON 72 B
]
1 n
[ A
1 ]
t '
| | y
JUNCTION BOX
Fig. 1.

Keithley parametric tester.

Block diagram.

High frequency and static capacitance-voltage measurement on



SY

KEITHLEY SYSTEM

av | HF
_BOONTON _
- Lo
|
—
! 1
I |
! ¢
| [j
] THI
e e O
' T
t |
|
! | I
L ! i
[ v
o { ! & R s
o , ' + 3 \ -
: I | ! I | THIS END (5
1 . 1 L IN vb'“
' 1 ANALOG OUT e = =
| € > —
f ]
| | 0w BIAS v
! | L N BAS Iy Q.)
| |
[} 4. |
| |
[ I i GROUNO
! <& > >
L___i_-._-_l K

Fig. 2. Sinplified signal routing schematic.




-
=)]

! -

BOONTON| | pr| ¢ 'z
728 | et W
i ¢, = | 2
-:-_ RS l
L oeI
@)

Fig. 3.

(b)

Auxiliary circuit for high frequency equival ent series resistence

measur enent .

(a) Sinplified nmeasuremnent

circuit of Fig. 3a.

circuit.

(b) Equi val ent



LY

Fig. 4.

(a)

The effect

of adjacent

of MOS capacitor is not
a junction guard). (b)

Fig. 4b.

H
Z,
C, . Cy—r
I 1 G 21 -
3 R s
LA
L

test structures if the series resistance
zero. (a) Test structure (MOS capacitor with
Crcuit nodel. (c) Equivalent circuit of




Q

0
1

N

=10
0.

0.0

\X/

T e

0.01

Fi g.

5a.

0.1

The relative error in the series capacitance,
measured with the inpedance box,

1 10 100

Co/Cs ——m

Co/Cs With the quality factor, Q

(Q = 1/(RsCsw)).

as paraneter.

-

.

yd

_

yd

/

S~
\.
~ |

d CS,
as a function of

Fig.

5b.

The relative error in the series resistance,
neasured with the inpedance box,

Co/C

1 10 100

s

Co/Cs With the quality factor, Q as paraneter.

48

Rs,
as a function of

10

0.1

100

10

g.1

(%)

A Cg/Cg

(%)

A Cg/Csg




CAPACITANCE (PFS) —=

Qv

HF

2.0 0
GATE BIAS (VOLTS) —

Fig. 6. Typical high frequency and static capacitance-voltage
characteristics of an MOS capacitor.

1.0

49



—_—

INTERFACE STATE DENSITY (cm-2)

1E14

1E13

1E12

1E11

1E10

1E9

0.0

Fig. 7.

DI STANCE FROM THE VALENCE BAND (EV) —

Interface state density distribution.

1.12

50




y +.1
/\/r\ THRESHOLD VOLTAGE
s | ANA y — A
>
wl-
+.1 AVT = §Vyy + 8Voy + Vpp w a
= BACKGROUND CONC. |
>
1&!’3?1\\* = S 208, 40%
£ é Vnp N
< !.-.01
S 7 +.05 AT OXI DE THI CKNESS
x v < 'A‘-;"v 308, 173
o4 -.0s ox '
- +.01
_ mmnn VG_TAGE
>
[ 43%
o FB
-
-.01

TITME e

Fig. 8,  Threshold voltage variation over a three nonth period
(uppernost graph). The three subsequent graphs show
tite contribution (in volts) of process paraneter
variations to the threshold voltage variation.

51



1016
nﬂ
v ,\ JUNCTION GUARDED CAPACI TOR
3]
METAL GUARD
3 2
oxmoe_ L } +
3 NP o5
e
£ P
3
Z | neT s
© | pose
\J
0
v ] 2 3

DEPTH (MICRONS)

Fig. 9a. Inplant dose concentration profile measured
by pul sed high frequency CV technique on an
i mpl anted and uninplanted capacitor.

NET DOSE WAFER 1.D. Bscol

(C) $1-00T-198%.
g@mm"ﬁumm

COPPUTER LAD

-

¢ ¢ o
* o o
s @ o
s & ¢
[ > I Y
-

* ° o
¢ o e
* o o
* o
-

11
MEAN = 1.98 x 10"~ CM INTERVAL = 2.3 x 100 em~2

STD. DEV. = 2.9 x 10%% em~2

Fig. 9b. Net dose variation over a wafer. The profiles

were neasured on each site and the net dose was
calcul ated according to Fig. 9a.

52




£s

Fig. 10a.

(C1 S-nNOU-1884

?M&Uﬂﬁﬁ%

VIER LAD

Contour map of the total number of interface
states. Mean = 1.55Ell cm‘z, interval = 2,0E10 cm—2.




va

Fig. 10b.

(€1 S-mOv-1984

BN

R LAd

Oxide thickness contour map.

Mean = 5450 Engstrom, interval = 50 Angstroms.
The oxide thickness was measured by the static
capacitance-voltage technique.



STATIC SYNERGETICS ALGORITHM : A NEW VERSATILE TOOL FOR REAL~TIME QA WITH INTERACTIVE
FEEDBACK TO PROCESS QC QUALITY AND YIELD OPTIMIZATION OF MATERIALS AND DEVICES

Edward Si egel
Static Synergetics Research Ltd.
183~-14th Avenue
San Francisco,CA.94118

ABSTRACT

The time-i.ndependent,static limt of Ha.ken'glgynerg-
etics,the dynamics of pattern evolution out of chaos,
in anal ogy with material,device,or SyStem evol ution
out of input materials during processing,is used as

a _universal,scalable.reversible.mathematical algor—
ithm and/or experimental model(not a theory nor pro=-
cess(specificimodels to provide a_real-time,interac-
tive quality assurance (qa) and feedback to_gquality-
control to be coupled in parallel to a specific
particular process theory or nodel. The input to pro-
cessing @4 and QCis its output,any of the conplex,
frequency- dependent electronic,electrical,dielectric,
mechanical/viscoelastic,optical Or nmgnetic property
Functions of the processing produced defect/imperf-
ection di sorder distribution Pattern at that partic-

ular moment in the processing the instantaneous Patt-
ern an external radiation diffraction-patt-

|nﬁut of

ern. The Algorithm provides a flexible versatile tool
to relate processing induced defect distribution Patt
ern universally to Function/functional property per-
formance,as desi gner and/or user specification,no NB-
tter however(model physics/chemistry,...specificity)
in the processing the defects are produced,on the
scal es of material,device or system/Ic, Additionally
the Algorithm can be utilized in forward Pattern

i nput-Function output, or a backward Function input-
Pattern output to trace back from Function specific-
ation failure to defect distribution Patteen cause.

[ NTRCDUCTI ON

Static Synergetics iS a new subject. Its expression
in a sinple mathematical A gorithm provides a new
tool with useful powers of material/device/system
yield and quality optimzation. It connects Pattern
to Function in a universal,reversible,scalable mat h-
ematical algorithmor experinental model{experiment-
al Pattern input - experinental Function wutput(in
the forward direction) versus experinental Bmetion
i nput - experimental Pattern output(in the reverse
direction),but i S not a specific process mechanism/
process, def ect type/physics/chemistry,...dependent
theoretical model,and therein lies its advantages of
universality,flexibility and versatility as a univ-
ersal measurenent tool of designer specified output
Funetions during processing.

At least four universal phenomena are understood by
this Al gorithm wifieation of/synthesis of the uni-
versal generalized-disorder collective—bgson mode=-
softening  universality-principle(G..P)*", a gener-
alization of the classic Brillouingcirca, 1917=-the
father of solid state physics,and information/comm
uni cations theory) concept of symmetry-breaking (pa-
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tternb,ith the universal infra-red divergence prin-
ciple®“of wigner and Dyson;

¢ Universal Functional Properties(experimental):

21; % 1/T flicker noise power spectrum

2) 8 11/f dielectfii(magnetic,mechanical) suscep~-
tibilities

® Universal derived functional
lal):

COMPLEX,, FREQUENCY~DEPENDENT(wZ 10  Hz. )1
e A.C, electrical conductivity
o DC electrical conductivity
o Dielectric constant/function(relative dielec=
tric perneability
Dielectric dispersion
Dielectric dissipation/loss
Dielectric response/~susceptibility
Dielectric loss tangent
Capaci t ance
| npedance
Admittance
Conduct ance
Qurrent flioker noise power spectrum
Vol tage flicker noise power spectrum
Broadband ® signal-to-noise(SYN) ratio

properties(experimen=

oovjlecvoooeeo o 0o

Optical refractive index
Optioal extinction coefficient
otical reflectivity

[}

[}

[

(3) @ Universal Anderson localization{total inter
nal reflection)(TIR)& Anderson transition
(4) & Universal existence of multi-level system &
associated |lowtenperature/frequency ther-
mal(conductivity,specific heat,...) and
acoustic,and...property anomalies(deviations
from Debye theory predictions) in glasses,
powders, . e.other disordered systens
The latter two are not utilized here,

How can we use these universal properties,explicit
functions of process introduced defect disorder dis-
tribution Patterns via the Algorithm(to be calculat-
ed here)to analyze real-time interactively QA,provi=-
ding feedback on material,device or System process-
ing imediate testing to ascertain processed quality?
In other words,ean process introduced defect distri-
butions be minimized,improved Or even elim nated,
thus optimzing product quality and yiel d? 4nd,can
this be done during a nulti-step process,so that the
specific defect distribution causing step can be id-
entified,isolated and altered,rather than post=proc-
essing,where the steps are blurred together and non=-



separable(for analysis nor alteration)? The key is
the universality of the classic Brillouin symetry-
breaking that the defect disorder distribution per
forms in the material,device or system(IC) at what -
ever scales(or scale distribution) they occur at,
some set of  het erogeneous-di sorder/ ¢l unpi ng/ cl ust er -
ing heirarchy wavevectors in the external radiation
(X-ray,electron,neutron,microwave,ultrasonicyeas )
scattering-diffraction-pattern static-structure fac-
tor S(k) ie.at someconfiguration-space distribution
of scales in configuration-space Fourier transform
of S(k), a(xr),a photomicrograph of the defect disor-
der,This |atter wll be domnated by the small-angle
-scattering(5AS) diffraction-pattern fromthe hetero-
genei ties/clunps/clusters of defects,S, (k)

STATI C SYN¥RGETICS ALGORITHM

Static Synergetics allows derivation of explicit equ-

ations relating directly defect generalized-disorder

(het er ogeneous- di sorder of the 35i3) scattering(inel-

astic differential scattering cross-section,frequen=-

cy averaged or waresolved)-diffraction-pattern nor ph-
ology ie. static structure factor s(icj;z),implicitly

a function of(through the particul ar specific proce=

ss nodel ) processing paraneter seté&deposition tenp-

erature T,deposition pressure P, deposition voltage V,

concentration of #th solute/inpurity species X,,dep-

osition current J,grain Size Ryeeein SONME usual
known functional form Static Synergetics enbodies
three properties:

UN VERSALI TY-eans that the Al gorithm can be used
on, and TS qu,lte,%en,erally applicable t0 any and
all defect distribution symetry-breaking gener-

alized-di sorder introduced before,during or aft-

er processing,whatever type and however produced

-this inparts great flexability and versatility
in the use and application of the Agorithm

REVERSIBILITY-means t hat the Al gorithm can be used
as an experimental nodel in either the forward
(Pattern input-Function output) or reverse/back=
ward(Function i nput-Pattern output) as a nachine,,
-in either direction the Agorithm works!

-input diffraction-pattern s,.,.(k;)=output Fun-
ction F(W) or input Punctiof “F(w) * output di-
ffraction-pattern .8, .{k®), making Function
also inplicitly pro2éSsing parameter/variable
set 8 dependent: F(k38)

SCALABILITY-means that the heterogeneous- di sorder
(defect distribution heirarchy Pattern)so criti-
cal for the infra~red divergence principle part
of the Algorithm(as seeninthesas domi nated
part of 5(k;8))can be considered as a | ow waves
vector(long wavelength)scale With respect to
total system,device or material sanple size/dim
ensions/dianeter. Thus mcroscopic defect distr-
ibutions within a material may be treated equiv-
alently to material defect distributions within
a scaled up larger devies,and in turn equivalen-

tly to a still further scaled up larger system
(IC)/circuit,ee.
W list the Function/functional properties-Pattern

norphol ogy  diffraction-pattern/static structure fac-
tor relations given by the Al geg%thm(ra.ther than de-
riving them)derived previously
lated to defect configuration-space photom crograph
Patterg g(x38) Fourier transform by

(1)

S(ks0)= &(xi®) exp(-i k. r)dr
and we abbreviate inverse density of states/group

ly un=-

ywhere S(k;®) is re-
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velocity, totally containing diffraction-pattern/
static structure factor S(ks®) contribution to the
Function/properties factor,

[2 k s(k;8) - x° 25(k;0)/Pk ] /5%(xs0) = [...] (2

the critical exponent(universal) in universal |/f
flicker noise power spectrumyand i n relaxation res-
ponse susceptibilities(dielectric,mechanical/vizsco-
el astic/magnetic yees)ythe orging of the universal
electrical,dielectric,optical,..,Functions |i sted.

n = Wi = v le) = (0 /)=Ln] (2)
COVPLEX, FREQUENCY-DEPENDENT , DIFFRACTION~PATTERN
DEPENDENT , |MPLICITLY DEPOSI TI ON ( PROCESS) PARAM~
ZTER DEPENDENT :

A,C ELECTRI CAL CONDUCTIVITY:, 2

s 2 [ X X ]
S;C(w;e)=65c(o;o)+eo/w a[VI“/h5) ... ]
DIELECTRIC CONSTANT/FUNCTION
€ (w;0)E ¢ p+(1+i)/w
DIZLECTRIC DISPERSION:

‘e (uso)ze [11e 7PV A [een]

DISSIPATION
2m |V

DIZLE SSs
e"(wie)Ee [++o] (6)

BLC. LSS T : R
tan § (s )= /a0 )AL (112 LA

7
DIELECTRIC RESPONSE: (D

X(w30)/X*(w38) = cot (nr/2) ¥(w;6)(independent
of w and 4))(8)

D ELECTRI C_RELAXATI ON_RESPONSE SUS%LE!LITIES:
X t(w;0)= mupl w3e 5 X (w30)="1" AP L (9)
n=g(w /v

CAPACTTANCE: 5, .2

o(wse) T (am)e 1 + (Le) a2 IV “/%) L"']](lo)
IMPEDANCE: 5 2
Z(w;9) "="R°+ 1/iw(a€_/W) i/w(Zlel Y/ [.-.L_

{1412l VI 2 )L -+JY]

(11)
CONDUCTANCE: -
6(w0)¥ (afM)e, PR L ) (22)
ADMITTANCE:
Y(w30) 1/ z(w38) = 1/(11) (13)

OPTICAL REFRACTIVE INDEX: )
N(w;G):—".’Gol 2{1 + (1) / w(2m|V12/wﬁ )L‘."]}i/?. (12)

whi ch for nonzero extinction coeffieient becones

: 1/2 /2
Moo | T(w0) ¥ 2i0) fer(uio) + m(wsej
causing difficulty in deriving a sinple functio:

l'aw such as (14) without further equation relating
N(w;8) optiwal refractive index to K(ws8) optical
extinction coeffieient

| /f FLICKER NO SE UNI VERSAL Pog% SPECTRUM:
P(w;0)= "/ wi® Snfy 2m V] “/wh®)[ese]

(16)




| /f VO TAGE SZ POWER SPECTRUM:
B (w39)=(4x;1/5) / Al T ens (17)
>
[}

interns of geometrical factor gywhere Vis the volt-

age applied by electric field E=9V,where mh=1 in
atomc units, Very inportant is the realization that
the approximte " sign rather than actual equaliti-

es indicates that the Static Synergetic8 Agorithm is
for B properties onlyjthe amplitude,the numerator of
each expression,is not necessarily universal in magn-
itude and is not known explicitly as a function of
def ect symmetry-breaking diffraction-pattern/statio

st'tqﬁhzre factor 5(k;8),though Dutta and Horn,and Hoo=
ge

point out that the nuneratfr amplitude/modulus
is a universal constant ¥2 x 1077,dimensionless,and
seemngly universal AM for all semconductors and me-
tals.

CGeneral ly (3)~(17)canbe sumarized as
Q(k’"’g)ifX{gﬁq(g(“’p)/ﬁ( [os o] )=R(S(x;0) )=Q(9)(18)

for the generalized Function in terms of generalized
Pattern Piurier transform diffraction-pattern s(k;e)
and hence in ternms of the processing parameter Set
88 {T,P,X.,RyVoI,e0sa) inplicitly. These provide the
coupling %o process nodel specifics for particular
processing  equi pnent/systens.

Static Synergetics Al gorithm covers the fol | owin
frequency ban%% wth %’I Function calculation as gexpl-

icit function of Pattern(diffraction-pattern)of symm-
etry~breaking and processing parameter/variable set:

very low frequency (VLF) s loasﬂz.-l OHz.

low frequency LF) 3 10 Hz.-10 fgz.

audio frequency AR) 3 10,_5Hz.-10 Hz,

radio frequency RF) s 10 gHz.-10_ .Hz.

short wave SW) 3 107 Hz,s10"""Hzy,
Hz.

Hz.-—lO
in validity

microwave—infra~red(iv)-(IR): 10

with a conservatively estimated cut-off
and applicability at the quantunfinter-kand transit-
ion threshold linit of approximately 10 ﬂHz.,;l_n t he
infra~red(IR) band. The Al gorithm spans some 16 dec-
ades/orders of magndtude I n applicability to caleul=
ation of relative M electtical,dielectric,electranic
(intea-band),noise and optical Zand magnetic,mechan—
ical/viscoelasticyess) Function properties,explicitly
as functions of sma,ll—angle-scattering(SA§ efect di=
ffraction-pattern. Above approximately 10 Z+2bSOr=
ption edges of nmaterial specific quantum transitions
occur and are untreatable by the Algorithm,though it
has recently been proposed that local coordination
nunber Pattern EXAFS data be tried as input to caleus
late higher frequency properties. But we caution that
with no logiwal theory of inclusion of quantum proce-
sses in Static Synergetics,an essentially long wave-
length linmit apmoach(valid asynptotically in the

low frequency limit),such attenpts to extension to
still higher frequency nmust be open to rigorous seru-
tinysthe |inear density of states of the infra~red

di vergence principl e becomes"universal"Gaussian W th
n#l for higher energies/frequencies. Yet
ity exists for extension out of the low frequency/en-
ergy limt regime since the all inportant linear den-
sity of states(of the infrared divergence universali-
ty principle)is the lowfrequency limt of a Gaussian
density of states in general,first having been utili=-

the possibil-
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zed(by W gner and Dyson,and mBny successors)for nu=
| ear energy |evel strusture in the Mev energy range,
far above those applicable for solids and other con-
densed matter,and on the other Si de of the inter-be
nd transition quanthm |imt cut-off,Only the future
will tell if successful extension into the near IR
and Visible spectral regines i s possiblejsome band=
structure specificity will have to be introduced,
changing the universal quality of the Agorithm

Static Synergetics Al gorithm sunmarizing equation
set for generic Function properties as explicit fun=
ctionsof Pattern norphology diffraction-pattern/st-
atic structure factor due to defect disorder symm
etry-breaking $(x;e),itself some inplicit function
of processing paraneter set 8=8(T,P.¥.,R,VyJyess)
measured during processing or kiown f;.lom SOMe spec-
ific process nmodel on some specific equipment,or by
trial and error(the usual case):

Q(8)=a(ws0)=a( *(w;0), "(w;0))=a (18O 5y (17
n(8)=n(5(k;))=Iv alw) /w= 112 /v (W)yw =lVIZ/w .

Wu(k;0) 2k = 1710 (k% /5(130)) Ak (29)
the universal infra-red divergence principle,
8(0)=g(w:8)=1/ Iw(k;0)/Ak=1/d(*/5(k;0) 2x  (20)
w(8)=w(k;8)= k°/5(k;0) (21)

the G. «P generalized-Brillouin nodulation principle
s(o):s(xo)=m'g'(r;o) e-iE'EdBHSSAS(k;O) (22)

This will be the basi c equation set of the static
Synergetics Algorithm,usable”as an experinental nodel

with proper experinental Patbern norphology diffract-
ion-pattern S(kse) input,that dominated by snall-en-
gle-scattering(SAS) heterogeneity/clump/cluster—dis=
order dominated S, .(k;8),resulting in Function pro=-
perty output Q(8)S8% reversi bl y Function promerty in-
put Q(8)(deviation from desired designer specificate
ions)resulting in Pattern morphol ogy diffraction-pa-
ttern s(k;e),this latter always domnated by defect
clunping/clustering into heterogeneities.

VW sumarize equation set (18)=(22)in Figure 1 and
in the following nested parentheses parameteric eg-
uation sets of the Algorithms

oUT 4-a(0)=a(n(8) )=a(n(g(8) ) )=a(n(g(w(6)) ) )=R(n(a(w(

s(8))))) (23)
2 g :‘x 5 g ﬁ‘g’é;égg;;m(s(w(s(e)))) gg
w(e)=w(s(e 26
s(@)=s ) &— TN 27

These form an al gebraic heirarchy of nested but sime
ple(only algebraie manipul ations except for one |oc-
al dericitive(in \2)),in the forward direction(mach-
ine)use of the Algorithm Figure 2 summarizes their
method of Algorithm use in an equation flowchart,as
wel | as the imverse function nested parentheses equ-
ations of the Algorithmused in reverse/backward dire
ection{machine)fashion,inputing Function and output-
ing back-cal cul ated (heterogeneous-defect-disorder)
diffraction-pattern Fourier transform of Pattern,Th=
is is obtained by reading nested equation set (23)=
(27)with inverse functions from bottomto top(inver

se = backwards nachi ge):
- == o8
™ TR &



W1(8) = wi(g(e 30
8] 8 g_y{n ] 31
n (8) =n (Q8)) €— IN 32

VW nust strongly enphasize that this Algorithm,culme
imating explicitly in one equation into which these
nested sequences collapse,Function properties equat -
ion set (3)=(17),depending upon Funckion property de-
sired to nonitor continuously as function of process-
ing variabl e/ parameter set 8,always contains term (2)
so that only two multiplications and one derivitive
need be done with input data reducing data manipulat-
ion to the sinplest mninumfacilitating rapi d data
processing through Algorithm The input diffraction=
pattern Sgkgo) may be utilized whatever the external
radiation wavel engths chosen to resonate geonetrica-
Ily with aver&e inter-defect clumpfeluster/heteroge=
neity si ze scalejX-rays,electrons,neutrons,laser phot—
ons(beam) ,nicrowaves,even ultrasound,...synchrotron
radiation source photons(bean)sall are candi dates for
external radiation diffraction-pattern source,depend=-
ing upon the material/device/system(IC),and their ave
ailability for in-process utilization,and of course
expense. However,since the SAS part of the diffract-
ion-pattern will dominate the Algorithm(through its
produced |inear densit?/ of states),it nust be prefer-
entially experinental |y measured,entailing the requi-
renment of external radiation beam intemsity(to nake
diffraction-pattern both local and intense enough to
mnimze diffraction-pattern detector counting tines,
and increase detector signal-to-noise(SNratio to
its maxi num possi bl e value,{c ninimze detection tine

for diffraction-pattern counting.Thus beams,especia=
'y synchrotron radiation and,more portably and |ess

expensively,laser radiation(C#) in the appropriate
geonetrical resonance wavel ength regime,amd perhaps
X-ray sources suitable for X-ray photolithography,
shoul d optimze use of the Al gorithm.since. S,,(k;®)
at the small=angles,in the nost forwa.rd—sca.t%ging
direction,is hardest to resolve with the poorest sige
nal -to-noise(S/Nratio in detection. But with the dev=
elapment of smal|l X-ray sources(Aracor,Microniz)and
diffraction-pattern caneras for in-system anbient real
-time use,currently being done for a host of process-
ing deposition system types,such Sources may soon be
readily available "off-the-shel.f"accessories to proc-
essing systems, Very positively,the tine scales invol-
ved can be exceedingly short;wth current state-of-
the-art synchrotron light sources(ex:SSRL at Stanford)

(k;8) is nmeasurable within a millisecond,with po-
4%vle extension into the m crosecond regine with
the new wiggler nagnets. Since the nmathematical al go-
rithm (23)-?27)in the forward direction or in the re-
verse direction (28)=(32) collapses into single expr-
ession (3)-(17) depending upon desired Function pro-
perty to be calculated,and sinwe al| of these Functi -
ons 1nvolve calculation of function expression (2)
with only sinple algebrair and one derivitive nuner-
ical manipulations of input data Sg,.(k;®) diffract-
ion-pattern Pattern,data processin?@i mes of just a
few mlliseconds are contemplated,totally sufficient
for repeated sanpling during naterial/devicel/system
processing of minutes to hours.Development Of the ine
system X-ray caneras nentioned earlier should open
the use of the Algorithm to a wide-spectrum of in-[)l-
ant processing QA and QC applications. Caution wil
have to be exercised to prevent intemse beam radiation
damage of the material/device/system being prooessed,
and of course safety shielding considerations will be
mandat ory.
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PROCESSI NG FLOACHART AND MATHEMATICAL ALGCORI THM

Ve now flowchart the Static Synergetics A gorithm
used as a mathematical algorithmof an experinen-
tal nodel with universal,reversidble and scal abl e
features,as a conputation machine,and with appli-
cability as a neww, ‘ansatile, flexible tool in pro-
cessing quality a.ssura.nce(le with real-time feed=
back,and when used in parallel with specific pro-
cess model,as an interactive process quality con=
trol(qC) | eading to optim zed processing yield

and quality in designer specification electrical,
dielectric,electronic,optical,magnetic or mechan-
ical Function properties. The flowchart,shown in
Figure 3 is nerely a different organization of the
Static Synergetics A gorithm universal principles
synthesi zed into the Algorithm,and the Pattern-Fu=
netion connection they provide,as shown in Figure
1,reexpressed as the experinental nodel input=out=
put mathematical algorithm of Figure 2, For this
reason we have put all three figures close togeth-
er at the end rather than in the textjtheir basic
identity end equivalence,similarities and differen-
ces can be seen nore clearly in juxtaposition.

G ven the universal,scalable,reversible properties
of this Static Synergetics Al gorithm flowchart, how
can we utilize it in a practical processing applic=
ation,to optimize quality of material/device/syst=
em bei ng grown/processed,while sinultaneously opt -

i m zi ng acceptible quantitative yield,by optim zing
processina real-time? Bach processing step at each
scale(micro to macro) should be amenable to the un-
iversity of the Static Synergetics Algorithm used
as an experinental nodel real-time as an internal
form of quality assurance (Q)) leading ti interact-
ive processing quality control(§C). This should be
appl i cabl e to optical,semiconductor,dielectric/ce=
ramic/insulator,metak,alloy,magnetics,integrated
eircuits,integtated optics,fiber optics, optical
storgae memory,ferrite,microwave mmterial /devi ce/
mc,...material/device;system processi ng. How can
the flowchart of the Algorithmin Figure 3 be used
and applied to real,practical processes,to yield
real -time feedback QA and interactive QC,monitor=
ing of designer specification Function properties
of thin film processing quality and yield optimz-
ation? How can the forward Pattern=Function or rev-
erse Function-Pattern connection of the Agorithm
(in the latter,change in specific Function proper
ties being real-tinme feedback Q4 monitored from de-
signer specifications allows backcalculation of the
defect heterogeneity/clunping/clustering responsi=
ble,its photomberograph in configuration-space(its
Pattern)or Fourier transform diffraotion-pattern
change in_k-diffraction-space)tc)iy triggering a rev-
erse caleulation diagostic of defect distribution
Pattern responsible for deviation from desired sp~
gcifications of Function properties,the devi ati on
from acceptabl e property tolerances (range)/varian=
ces,be utilized as a flexible,versatile t ool for
real-tine feedback Q4 and interactive QC via proce-
ss model and numerical /conputer control and/or the
notivat ed experienced fabrication technician/proces
s sustaining engineer?

PROCESS REAL=TIME FEEDBACK INTERACTIVE QA ANALYSIS=-
QC OONTROL

Figure 3 figuratively illustrates this proceedure,




utilizing the mathematical A gorithm as an experinen-
tal model,with diffraction-pattern input yield Funct-
ion properties output(in the forward direction) or r-
eversibly Function properties input yielding diffrac-
tion-pattern output(in the reverse di rectiong,the la~
ttera deviation from earlier{in the process)accepta~
bl e fon(ex:defect cluster growth,ageing,recrystall=-
i zation ,heat treatment,annealing,graingrowth,nucleat-
ion,.. S . As Figure 2 illustrates,forward direction
use(from bottomto top)relates processing paraneter/
variable set 8 dependent defect norphol ogy/Pattern
via its diffraction-pattern s, .(ks8) or Fourier tre
ansf orm configubation=space Pi%%ern 2(x36) photomicro-
graph,to processi ng parametem/variable set @ dependen
=t Function properties Q(8). In the reverse direction
(top to botton) processing paraneter/variable set &
Function properties @(e)are used as input and rel ated
to calculated (deviations) in small-angle-scattering
(SAS) diffraction-pattern s, .(k3;0),from which the d-
efect size distribution int&26duced detrinentdlly in
processing since the last forward direction applicat-
ion of the Algorithm using the ne fast s,,3(k}®) measu=
rement has deviated from an acceptablgAgensity and
distribution norphology to stop producing acceptable
designer specification Function properties Q8) with-
in the g4 specified required processing/ designer/end
user Function specifications variance allowable. Figu
-re 3 nerely rewites Figure 2,which in twn symbol-
ized the Algoritlﬁ)of Figure 1,in standard processing
flowchart format''’/, .Readipn.the mathematical Algpri-
thm part of the flowchart,itself in parallel with a
processing specific process model{machine specific)
physi cs/ chem st theory nodel,from hottom to ton (f-
orward direction)sexternal processing va.riable?pa.ram—
eter set 8 determine(implicitly)any of the Fmetion
properties Q(8) via their effect upon Pattern morph=
ology photomicrograph g(8),hence upon diffraction-p-
attern Séﬁ\l.k,:s) t hrough the(unknown)complicated ph—
ysies/ch&iTstry of that partieular (deposition,heat
treatment,dry etch,...)process. Working up the Al go-
rithm (in the forward direction use) step-by-step,or
alternatively junping to collapsed Function propert-
i es expressions {3)=(17),one arrives at the Function
properties Q8) that the processing will impartto the
particular material/device/system being processed,
in that process step,it it continues in steady-state
processing operation. The user of the A gorithm then
eval yates whether the desired Function property set
Q(8)} (any conbination of (3)=(17))lies within the
ftowed variances from the designer specifications of
Function properties. |f satisfactory,all is allowed
to proceed stead -state with occasional QA checks(as
deemed necessary3y/i @ another group of diffraction-
patterns(later on). |f not satisfactory,or if the pr-
ocessing devel 0ps non-steady-state fluctuations/gli-
tches(ex:power fluctuatious,voltage fluctuations,
current fluctuations,...in the fab plant)one then
gingerly nodifies some of the processing parameter/
variabl e get{e}to bring the desired Function proper
ty set{a(e)} dack into designer specifications allo-
wed variances limits,verified by re-measuring S.,.(k
;@) diffraction-pattern or by taking a series oFAEo-
nfiguration-space photomicrographs(if that is feasi-
ble in-situ during processing,which diffraction is!).
Reﬁl-tir(rje feedback interactive QA and QC have been
achi eved!

How does the user nodify processing parameter set{e}
This question fall outside the pervue of the Algori-
thm,in parallel with the it in the flowchart,and is
not universal,being process specific. A proaess with
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a well understood and devel oped machine specific
process model(process physics/chenistry specific;
those details being included only in the model,n-
ot the Algorithm!)ean be controllably and systemat-
ically nodified by varri ng processing paraneters/
variables in a |ogical fashion,caleulating expected
results beforehand, and then implimenting these Al -
gorithm predictions of Function properties/expect-
ed results through the process nunerical conputer
controller during processing,real-time,Alternative
ely,the observant notivated quality conscious fab-
rication technician/sustaining process engineer

can try different process nodifications to keep the
diffractionepattern S, .(k;@) within some previou-
sly agreed and defineaA%mctionu“m, thus effective
ely indirectly nonitoring the desired material/de-
vice/ system final Puetion properties indirectly.
This is _indirect Heasurement W thout direct neasure-
nenf! Pre-calibration nust be performed,using the
Algorithm, The latter description of the use of the
Algorithm in converting QA to an interactive QC fu-
nction is nore hit-and-miss,but nore realistic giv-
en the lack of real-time feedback of Fanction prop
erties during processing currently "statewof=the=
art". The former,if well understood and broken-in
process nodel exists,converts JA(of the Al gorithm
Into ¢ in a nost systematic,understood satisfact=-
ory manner. It can optinize productivity by maxim
izing yield quantitanively with Function properties
within designer specifications for end=user needs.
The designer and end-user are after all the custom
er of the processer.

The StaticC Synergetics Algorithm offers this real-
time feedback Q4 and interactive QC during process-
ing for the first time!This can be done without
monitoring the desired Pawtion properties directly,
which may be inpossible during processing,thus sav-
ing that difficult and process/ﬁachi ne specific tam
sk,if the user has a set of target designer specif-
ications mandated,or even guessed at(or even cares
how good the ouality of his output productivity is
as opposed to the obsessive concemwith quantitati
-ve Yyi el d numbers).80 real -tine feedback @ and in-
teractive QC to optinize processing quantitative
yield sinmultaneously with optimzing processing
quality of product,is now possible with proper use
of the Algorithm.as a flexible,versatile t ool qui-
te universally&if the desire is there in the user),
Static Synergetics Al gorithm enbedding within a
scheme in parallel wth a specific process model,fr
-om pProcess start-up to process scale-up,can perfo-
rmthese desired functions uniquely and very adegu=
ately,with i ndirect end-point Function monitodi
nmeasurenment. In actual in-process,i diff-
raction-pattern measurement is not feasable,thesa-
nple may be removed periodically for diffraction-
pattern measurement/monitoring,to i ndirect|y mase=
ure/monitor desired final Function properties des-
igner specifications conpliance. This latter is ime
practieal,but 1S Still superior to to repeated set
of Pumetion properties neasurenent if many are des-
igner speci fi ed foe end-user/customer use. The Alg-
orithm can be applied onanyscal e processing,or On
several scal es simaltaneously,if desired.Its Use is
wp t0 the inginuity,and needs,of the processer!

APPLI CATI ONS

PLASMVA DEPOSITION/ETCHING: .
Plasma striations/inhomogeneities during plasma



deposition,etching,CVD,LPCVD,esscan be h:?@}yzed end
optimzed/elinnated using the Agorit
SEMICONDUETQR ELECTRON CS (9)
As Siegel has stressed,the Kol bessen-Strunk*”’ em=
phasis on enpirical silicon(and extengable to 111-V
and 11=Vl compound)semiconductor material/device/IC
Function properties correlation with nicroscopic de-
fect clusters/clunmps/heterogeneities types and dens-
ities(and inplicitly Patternsg),ca.n be borne to frui-
tion via the Static Synergetics Algorithm,replacing
correlation with analytic mathematical calculation
ability.,independent of defect/process physics/chen=
istry specific processes/mechanisms/models,It reinf-
orces&proves upon systematically and supplants em
pirical correlation(hit-and-miss)if used properly,in
a total strategy ¢f process 3o and QC quality and vyi-
el d optimization.\*% Conpound 111-V's require this!
FIBER OPTICS: 7oy
Intrinsic riber-losse'w{refractive index(coreyses))y
extinction coeffieient,reflectivity,..ecan be real -
tine determined from inhomogeneity S ., .(%390),0ptim=
izing quality in real-time feedback and interact-
ive QC,and optim zing numerical yield.
ACOUSTO=0PTICS(& ELECTRO=~OPTICS):
Defe@)distributions in signal -processing applicat=
ions‘”jsurface-acoustic~wave(SAW)delay lines and de-
vices, Bragg diffraction convolvers involving corre-
| ation and matched fiber deteetion,multichannel op-
eration and chirp Fourier transform processors,acou-
sto=optic Menory devices(via acousto-phatorefraotive
effect),memory-correlator devices,incoherent-light
tine~integrating, processors..scan be treated in fab-
rication with the A gori at all scales,from nmate-
rial to device to citcuit/systemto be real-tine
quality-assured and interactively quality-controlled
to ninimze loss/dissipation and maximze signal-to-
noise(S/N)ratio,in operation of these defect dominate
ed acoust o optic(amd electro-optic)products.
INTEGRATED OPTI CS:
Dielectric waveguide materials and devices, def ect
driven residual Rayleigh scattering losses,other
| 0ss processes(microbending,bending, twist,interface,
ee)sand S/¥ ration can be optimized in their Funct-
i on properties,most i nportantly being | oss ninimz-
ation/transm ssion maximization, Total internal ref=
lection,planar optical waveguides,channel optical w=
aveguides,coupling t 0 optical wavegui des via prism
coupl ersé&rating couplers,tapered fil m couplers,end-
fire or butt couplers,waveguides,waveguide | enses,
(luneberg,grating Or Fresnel,geodesiCyess ) waveguide
nirrors,beam splitters,acousto—-optic transducers(st-
epped-frequency, tilted=-array,phased-array,chirped
frequency,«.s)jtransducer arrays,detector/sensor ar-
rays,RF spectrmum analyzers,A=-to-~D converters,time
i ntegrating converters,high speed optical switching
devices,dielectric waveguides,Bragg refleotion per-
i odi ¢ waveguides,frequency multiplexers(chirped,gr—
atings,grating directional couplers,...) planar wa
veguides(metal=clad,Bragg reflection,... | .eare am
enabl e to Static Synergetics Algorithmaqa and inter-
active process nodel specific QC to maximize yield
and S/ N ratio,as well as numerical quantitative yi-
eld productivity.

I n conclusion,the correct application of the Static
Synergetics Agorithm to ga and QC in processing of-
fers a new flexible,versatile tool to optimze qual-
ity and yieldsin a plethora of processing applicat=
mons.
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MOBILE AUTOMATED CALIBRATION SYSTEMS

FOR ON-SITE TESTING

Milton J. Lichtenstein
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Boonton, NJ

ABSTRACT

Calibration laboratories face some special prob-
lems in supplying calibration services to instru-
mentation fixed in place in test stations or
stationary ATE in manufacturing areas. The same
problems apply when instruments are secured in
racks at large, complex test installations remote
from the "cal lab . Dismantling instruments from
these fixtures for transport to the calibration
laboratory introduces unacceptable work stoppages
and extra costs. To resolve this, cal labs often
bring individual calibrators to the work location

and make a temporary setup to perform the
calibration. The recent. introduction of a series
of  mobhile  antemated  ascillasione  and  mater
calibrators, named CALCART b y Ballantine
Laboratories, Inc., provide the calibration labo-

ratory faced with such requirements with a group
of easily transportable configurations of calibra-
tors with associated controllers, color displays,
disk storage, and calibration software. These
turnkey systems provide the calibration laboratory
with the mobility needed to bring the cal lab
on-site easily, to perform fast, efficient auto-
mated calibration on the largest population of
instrumentation commonly in use in most facilities

- oscilloscopes, voltmeters, current meters,
ohmmeters, and multimeters. This paper describes
a typical meter CALCART and discusses some of the
direct and indirect benefits of mobile on-site
automated calibration.

INTRODUCTION

Ballantine Laboratories, Inc., designs and manu-
factures a wide range of electronic instrumenta-
tion and calibration standards, many of which are
interfaceable to the IEEE 488 Bus for automatic
test applications. In the last two years we have
launched  four turnkey automated calibration
systems, all driven by Ballantine COMPUTEST soft-
ware run on bus compatible personal computers.
The two most recent systems use an IBM PC and
color CRT monitor as the controller and
information display. These automated systems
provide fast, quality controlled calibration of

oscilloscopes and meters, verifying and
documenting instrument performance versus
published specifications, The free standing

individual components are generally configured as
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conventional bench or work stations and used in
fixed installations within the calibration
laboratory. Units to be tested are brought to the
system for calibration. When those units that
reside in fixed installations are disemboweled
from location and transported to the cal lab for

this work, consternation reigns. The pragmatic
solution is one that will accomplish the
calibration task rapidly, directly on-site, and

with optimum efficiency.
TRENDS IN AUTOMATED CALIBRATION

The contributions to company performance and
profit made by any in-house calibration laboratcry
are  difficult to value. Assuring measurement
integrity clearlymakes a major impact ori control-
ling the quality of design, manufacture, and final
product.  But, since a hard number cannot be put
on this service, calibration is traditionally
considered a necessary but non-productive overhead
expense. Any action by a calibration laboratory
manager that reduces this cost by savings in time
or people, without degrading effectivity, is well
received by management and shareholders alike.

In recent years, automating the calibration pro-
cess has proven to be a viable way to achieve such
savings. Automated calibration systems provide
several advantages compared to manual methods.
They speed the process, raise productivity,
control the quality of the test, and can be oper-
ated by semi-skilled personnel where appropriate.
They record data at quicker rates, and produce
clear, well formatted documentation and calibra-
tion certificates immediately.

Many calibration laboratories have designed auto-
mated calibration systems and written the software
in-house, but turnkey systems are now commercially
available that save users countless hours of pro-
gramming.

We entered this field with a series of automated
systems designed to handle oscilloscopes and
meters. Figure 1 illustrates a typical Ballantine
computer  controlled oscilloscope calibration
system configured as a work station. The systems
components are free-standing, and are moveable
from the station to sites outside the laboratory
with a reasonable amount of ease, if desired.




Wen taking this option, adequate bench space,
often in short supply at a test site, needs to be
found, and non-productive time nmust be spent in
assenbling and cabling the system before start-up.

Mwving the calibration system to the site is often
necessary when instruments are fixed in place in
large test facilities structured to collect and
process masses of data. Further, many ATE systens
secure t est instrumentation in  stationary
cabinetry. In such instances, the availability of
a well designed, conveniently nobile automated
calibration system elimnates costly, time-wasting
renoval of test gear and its transport to the cal
lab, and the added expenses fromtest bed
shutdowns, or, substitution of backup equipnent.
AUTOVATED ON-SITE CALI BRATION SYSTEMS

Bal | antine's "CALCART" concept responds to the
increasing requirements for nobility in automated
systens. Principal design requirenents were that
our COWPUTEST calibration systens be packaged into
a cart on roller bearing casters allowing the
system to be wheeled to a test site for in situ
calibration tasks. The cart had to be rugged, and
its weight, stability, and steerability suited to
easy handling.by one technician when noving the
CALCART through doorways, aisles, and around
corners. Large, |ockable, rubber-tired swivel
casters were chosen to nininize shock when
negotiating door sills or rough floors. Adequate
ventilation was necessary to assure the proper
environment for the on board calibration gear.
Sliding printer shelves and drawers had to be
secure during transit, and the system had to plug
into a power outlet and be ready to operate within
mnutes of being rolled into position at the site.
A CALCART configuration of our COVPUTEST Aut omat ed
Meter Calibration System is shown in Figure 2.
This version includes the followng sources:

Current:

. Ballantine 1620A AC/ DC Transconductance Anplifier

X dc and ac current to I00A
AC signals to lkHz @ 100A and 10kHz on | ow ranges
Basi ¢ accuracy: (dc)+(0.02% setting + 0.1% range)
(ac) +(0,15% setting + 0.1% range)

AC Vol tage:

Fl uke 5200A AC Voltage Calibrator
ImV to 110V (30Hz to 100kHz)
Basi ¢ accuracy:
* (0.05% setting +0.005% range) + 10uV

DC Vol tage:

Val hal la 27018 DC Voltage Calibrator
luV to 1200v
Basi ¢ accuracy: * (10ppm setting + &4ppm range)

Ot her CALCART versions include ac voltage sources
to 1000 Volts, and resistance sources. The sys-
tem s COWPUTEST software automatically reconfig-
ures itself for any conbination of sources used.
Compl eting the equipment inventory is an IBM PC
with dual drive, an IBM Color Mnitor, and a bi-
directional printer. Al conponents operate on
the |EEE 488 Bus.
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A conpani on CALCART (Figure 3) provides autonated
oscilloscope calibration capability, The calibra-
tor in this system is a Ballantine 61278 Program
mebl e Oscilloscope Calibrator, a unit that can
check scopes with bandwidths up to state of the
art 1GHz operation.

CALCART SOFTWARE

The COWPUTEST software provided with the system is
designed for flexibility and ease of use.
Qperation is menu oriented, and graphics, pronpts,
and operator guidance are straightforward wth

col or displays enhancing the nman/machine inter-
face. Calibrations can be performed on neters
that are |EEE 488 talkers or talker-listeners; BCD

tal kers or talker/listeners; or non-1EEE/ non-BCD
(manual ) units. Cl osed | oop calibrations can be
run on talker-listener instrunents with mninal
operator interaction. Figures 4 and 5 are typical
displays available to the operator when the
"viewedit" node is selected. They review a
previously prepared calibration sequence checking
4 DC voltage ranges on a 5% digit nultineter, and
within one of those ranges 3 different scale
values. Figure 6 is the operator's calibrate menu
shown before conmencing a check, and Figure 7 is
the display on conpletion of a series of checks.
The UUT checked on this procedure was a 5% digit
system voltneter, and the tinme taken to verify the
calibration of 8 points on 4 ranges on dc voltage
was approximately 8 seconds. A sanple calibration
certificate produced by the system is illustrated
in Figure 8.

The software allows test procedures to be gener-
ated bythecalibration engineer to any level of
detail required by selecting functions to be
checked from menus, and responding to information
pronpts and conpleting tables. Procedures are
saved on disk for future recall when required.
Tests can be full verifications, or linted to
only those parameters used in the particular test
setup being calibrated. Techni ci ans can opt to
make calibration adjustnents on a "fail" flag if
operating conditions and tine pernmt, or the data
can be stored for |ab use when the unit is
scheduled fOr renoval and correction.

BENEFITS OF ON-SITE CALI BRATION

Servicing test sites with nobile automated cali-
bration systenms frequently allows calibration of a
conplete test station or ATE installation in a
single visit. Although on-site calibration shuts
down the test station, the time off-line is
substantially less than would be spent if units
were disassenbled from cabinets or racks and
transported to the cal lab for conventional bench
calibration.

When a calibration technician is on-site, nany
opportunities are available to evaluate the integ-
rity of the measurement process at the |ocation.
Direct contact with floor test personnel allows an
accurate review of the quality of the testing, and
msapplication or inproper measurenent techniques
can be corrected quickly. Wien isolated within
the calibration laboratory, this kind of transfer
of measurenent skills is difficult to affect. A
second order benefit can result from these on the



job training sessions.,.the number of instruments
returned with problems may be reduced.

Fault reports that accompany units returned for
regular cal lab maintenance are frequently short
and incomplete, Face to face discussions can more
clearly define an operational problem and shorten
troubleshooting and calibration efforts.

CONCLUSION

Mobile automated calibration systems provide a
practical solution to the problem of providing
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fast, efficient calibration service to fixed in
place instrumentation. Downtime at test installa-
tions is minimized since test instrumentation can
remain in place when calibration is performed
on-site. Automated calibration procedures control
the quality of testing, and speed record keeping
and printout of calibration certificates. Faster
calibrations reduce cal lab expense. Additional-
ly, mobile systems can be transported in conven-
tional small vans, to extend the availability of
the calibration laboratory s services to distant
divisions without  investment in  satellite
laboratories.




FIGURE 1. BALLANTI NE COMPUTEST 4003A AUTOMATED
OSCILLOSCOPE CALIBRATION SYSTEM.
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FIGURE 2. BALLANTINE CALCART 4050A—MOD101
MOBILE AUTOMATED METER CALIBRATION SYSTEM.
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FIGURE 3. BALLANTINE CALCART 4003A—MOD101
MOBILE AUTOMATED OSCILLOSCOPE CALIBRATION SYSTEM.
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FIGURE 4. TYPICAL “VIEW—EDIT” DISPLAY OF © PROCEDURE -
SHOWING METER RANGES TO BE CALIBRATED.
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CALIBRATE

TIHE: 15:26:

FIGURE 6. OPERATOR’S “CALIBRATE” MENU FOR 2
PROCEDURE TO CALIBRATE DC VOLTS MODE ONLY
AND OPERATOR OPTIONS.




FIGURE 7. FINAL DISPLAY AFTER LAST TEST
VALUE IN A PROCEDURE.




CERTIFICATE OF CALIBFRATION

Scheduled recall calibration(&mos.)

Manufacturer.....Ballantine Frocedure No.. . .M0O102
Model No.. ...... . 96I5M Operator.. . . . . . «M. Smith
Seri al NO..vwuv...54721 Date...ccevesess12-20-1984

TEST ACTUAL ACCURACY UUT FASS/ COR
RANGE VALUE UUT READING LIMIT ERROR FAIL ACT
e e L e e e L P I LT T T T T EEEEETHENDR T R
DC MLZ 2v +¢, 10000 +0, 10589 0.030% 5.090% Fni 1 DV1
DC + 1. 00000 +1.00377 0.012% 0.377% Fai 1 Dv2
DC +1 . 90000 + 1. 90058 0.011% O, 0317 Fail DV3
DC MLZZ20 +10, 0000 +10, 0007 (21993 S A 0.007%4 Fassy
DC +19.99%0 +20.0019 W OL1% 0.014Y Fai 1 DV3
DC MLIZOOV 100, 000 +100, 005 0.011% 0, 00%5% Fass
DC M L1 20V +199.990 +199.991% 0.011% 0.000% Fass
DC ML 11 0Ny +999, 90 +999.91 0.011% 0.001% Fass

e e e e e e e e e bt o e i e o e ot e e e o e . b o e o o s ke e e i e =

COMMENTS:
Return for recal check &/20/8S.

¥ Indicates results after adiustments.

% Indicates marginal pass.

Low pass filter codes: Li=norm L2=LF1 I=LF2 L4=LF7=.

Low frequency response codes: Fl=norm F2=LF1 Fo=LF2 F4=LF3Z.
Fange codes: M=Manual A=Auto,

Total Cal ibhrationTime: 0Q:00:08
Failed on 4 test(s),

Froduced on & BALLANTINE COMFUTEST calibration system.

COMPUTEST SYSTEM SPECIFICATIONS

FUNCTION VALUE % SETTING % RANGE OFFSET

DC VOLTS 1V-1200V +/- 0.001 +/- 0.0004 -

AC VOLTS

10-30Hz. lmV-1vV +/- 0.1 10uv
10-30Hz. tv-1000V +/- 0.1 +/= 0,005 -
SOHz . ~20FHz . 1mv-1V +/- 0,02 .- 10UV
TOHz . -20kHz. 1V-1000V +/= 0.02 +/= 0,002 -
20-100KHz . 1mV-1vV /=~ 0,05 20uV
20-100KHz. {V=-1000V /- 0,05 +/= 0,005 -

0. 1-1MHz, 1mV=-1v +/- 0.I3 ouv

0. 1—-1MHz. 1V=-1000V +/- 0,7 +/- 0.033 -
VOLT FREG. 100Hz, -1 00kKHzZ,, +/- 1.0 +/~0.1 -
IMHz . /- TG +/=- 0.3 -
DC CURRENT 0-1G0A +/- 0,02 + /- 5502 -
AC CURRENT 0O-100A +/-0.15 +/-0.1 -

(Current spec is related to input vbltane spec)
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A NON- SYSTEMS  APPRCACH

TO AUTOVATED CALI BRATI ON

John R Innis

El ectrical Departnent
Newport News Shi pbui | di ng
Newport News, VA

ABSTRACT:

Calibration of Test and Measuring Equi pnent (TME) The first attenpt, at NNS to inplement this idea
has evolved from standard manual techniques to was to supplenent the LOCOST 1Q6 Wlth an AC

the use of highly automated calibration equipnent voltneter and a non-|EEE-488 distortion analyzer.
and procedures. Several conpanies now manufacture (The 1LOCOST 106 does not have AC voltage measure-
such automated "stand al one" equipment with the ment capabilities.) Wth this ancillary equipnent

needed software to perform calibrations of
specific types of TME  Mre inportantly, these
basi ¢ packages can be supplenmented, at a nodest
investnent, with other ancillary equipment and
additional software, to perform Automated
Calibrations on a much wider selection of TME
The manufacturers have not, however, provided
instructions and software for this expanded ca-

pacity, and as a result many well equipped
| aboratories which now have this equipment at
their disposal are not using it in the most cost

and tine effective manner, The users of TME
want their equipnent back in the field as soon as
possible - tine is nmoney - and Automated

Calibration extended to its practical linit can
be the best answer to that need.
I
| NTRODUCT! ON:
Newport News Shipbuilding and Dry Dock Conpany

(NNS) first enbraced the concept of Autonated
Calibration in 1979 with the purchase of a Julie
Research Labs LocosT 106. It became readily
apparent that Automated Calibration was the way
of the future and we have since purchased another
Automated Calibration System the Ballantine
Laboratories 4020A Oscilloscope Calibration System
installed in 1982.

The experience gained using the 1ocost 106 and
the 4020A has convinced us to further automate
our calibration facility. As part of this effort,
all purchases of calibration equipnent specify
the |EEE-488 bus interface be included. The

| EEE-488 bus is the standard adopted by instru-
ment  manuf act urers.
Automated Calibration of the nore commn types of
TME, voltneters, ammeters, VOM etc.; has proven
to be cost effective. However, other types of
TME are even nore advantageously suited to
Automated Calibration. Routine and time consumng
calibrations are well suited for this concept.
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and the LOCOST 106 we were able to partially
automate the calibration of Instrunentation Tape
Recorders.  The LocOST 106 was used to source the
AC voltage levels used as inputs to the input of
the recorder channel under test. Qutput levels
were rmonitored with the supplemental voltneter,
via the |EEE-488 bus. Distortion was neasured
manualiy and entered as a keyboard input. Wile

not. conpletely automated, theconcept was used
satisfactorily Tor several months. The schedul ed

use of the LOCOST 106 as a standard system pro-
hibited further devel oprent.

The Ballantine Labs 4020A Gscilloscope Calibration

System has the capabilities, anong others, of
sourcing, under |EEE-488 control, precise DC
voltages. This has been used to calibrate DC

vol tmeters. Although not specifically designed
for this function, it has had linited use. Again,
further devel opnent was suspended due to use as

a oscilloscope calibrator. These two trials, while
not conpletely successful, has proven that the
concepts of Automated Calibration should be
further developed. To illustrate this nethod of
expanding Automated Calibration, two different
types of TME are to be discussed. These two

types were chosen because of the repetition and
tine required to do a manual calibration.
AUTOVATED CALI BRATI ON | NSTRUVENTATI ON TAPE
RECORDERS:

The application of Automated Calibration to
Instrumentation Tape Recorders, for instance, has
proven to be very cost effective without |oss of
quality. Instrunentation Tape Recorders typically
have 4 to 14 channels. Each channel nust be
checked at each of the operating speeds of the
recorder, for frequency response, distortion, S/N
ratio, etc. Newer Instrumentation Tape Recorders
are capable of being controlled remtely via the

| EEE-488 bus. (Wth or without the |EEE-488
Interface, Automated Calibration of Tape Recorders



is time saving.)

Four nodels of tape recorders have been adapted

to Automated Calibration at NNS. Two of these
nmodel s have |EEE-488 bus control; the Racal Store
4DS and the Store 141. The two remaining recorders,
the Anpex PR-2200 and the PR-2300 require manual
switch positioning to control speed.

The mnimum equipnent required to nmanually cali-
brate the tape recorders is as follows:

° Signal Cenerator
° Distortion Analyzer
° Vol t met er

For
followi ng equi pment

Automated Calibration of Tape Recorders the
was sel ected:

Generator HP 3325A

° Vol tmeter H P 34558

° Switch Driver HP 11713

° Scanner (lab built)

° eee Controller H-P 86a, disk drives,
(See Figure 1.)

°® Signal

printer

Al equipment listed above or an equivalent is
available in many calibration labs, except the
scanner which was lab built at NNS. (See Figure
2.) A substitute scanner may be available. The
Switch Driver and scanner serve to route the
inputs and outputs of the Tape Recorder under test
to the proper locations. The scanner consists of

two separate but simlar sections. [Each section
consists of sixteen (16) SPDT relays driven by a 1
of 16 decoder (74154 1C). Each section is
separately controlled by the 11713. The operating
power is also derived from the 11713. Each section
is identical except that the relays used on the
inputs of the UUT ground the non selected input.

to the channel

Signals are routed, via the scanner,

under test and to the required measuring equipment.
Al data is taken by the controller and val ues
obtained by the voltmeter under bus control are
conpared with stored constants. Data is printed
with out-of-tolerance conditions noted on the
printout.

The program which controls the equipnent also
monitors the status of the Tape Recorder under test.
Wen close to end of tape, the operator is pronpted

to change the tape and the calibration continues.
For the Racal Recorders this is the only operator
action required.

Qperation is simlar for the Anpex Recorders. The
operator is pronpted to meke the necessary oper-
ations on the Recorder. Again, all data is taken
under conputer control. (See Figure 3.)

Gt her types of recorders can be adapted to this
type of calibration. Here at NNS, the next step
is to include the HP Tape Recorders in this
program

Like all automated systems, developing the software
is the mjor time consunming effort in putting
together an automated system W, at NNS, have
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elected to wite all conputer prograns in BASIC
which although slower than other languages, is well
suited for this application because it is "user

friendly". Technicians find the commands are
easily understood and the programs sinple to

modi fy. Only about 650 lines of code are necessary
for the Racal Recorders and 550 lines for the
Anpex.

Experience over the past year has proven to us at

NNS that the tine required to calibrate a typical
14 channel recorder has been reduced by 80%
without sacrificing quality.

AUTOVATED  CALI BRATI ON
PANEL METER CALI BRATOR

The Arbiter Systems Mdel 1040A Panel Meter
Calibrator (PM) is another prime candidate for
Automated Calibration. Wile several specialized
pi eces of equipnment are required, Automated
Calibration is still cost effective. The PMC is
capable of generating DC volts from 0.01 to
1000 volts, AC volts from 1.5 to 750 volts at 60
or 400 Hz, DC current from 0.0001 to 10 anps, AC

current from 0.15 to 5 anps and is capable of
generating phase shifted signals for use in
checking synchroscopes, power factor and wattneters.
This is a very versatile unit.

To check all of these functions manually and to
meke the necessary adjustments and rechecks can
take many hours. The purchase from Arbiter Systens
of a Mdel 1048 PMC Calibration Unit, a 1040-950
Auto-Cal Modul e and a 1040-900 | EEE-488 Interface
Mdul e made Automated Calibration sinple to
achieve. The 1048 supplies loads and signal
routing to the system voltneter via the 1040-950
Auto-Cal Mdule. The 1040-900 |EEE-488 Interface
Mdule allows the serial data bus of the PMC to be
conmanded and read by the |EEE-488 controller.
(See Figure 4.)

Prelimnary checks of the 1048 PMC Calibration Unit
must be made prior to use to verify accuracies of
internal resistors. This is done prior to each
use of the 1048 and is included in the PMC soft-
vare.

The program again is witten in BASIC. The system
is unique in that all calibration constants for the
PMC are stored in non-volatile RAM  The software
is witten so as to update the stored constants

on any function that is determined to be out-of-

tolerance, and to recheck that function to verify
accuracy.

Equi prent required to manually calibrate the PMC is
as follows:

® Digital Miltineter

® Decade Power Resistor
° Decade Resistor

° Shunt Box

° AC Differential Voltnmeter (2 req' d)
° Distortion Analyzer

° Hectronic Counter

° Qurrent Shunt 0.1 ohm

° Phase Meter




° Qurrent Shunt 0.1 ohm
° Phase Meter

The following ancillary equipment was selected for
automating this procedure:

°® HP 86A Conmputer, disk drives, printer

° HP 34558 Digital Miltineter

° HP 339D Distortion Analyzer (not |EEE-488)

° Drantz 305 Phase Meter with 3008 plug in (not
| EEE- 488)

° Arbiter 1048 PMC Calibration Unit

° Arbiter 1040-900 |EEE-488 Interface Mdule

° Arbiter 1040-950 Auto-Cal Module

Note that sone of this equipment is not |EEE-488
ccnpatable but can be read by the system voltneter
via the 1040-950 Auto Cal Mbdule.

The PMC calibration tine has been reduced by 85%
using the Automated Calibration System

SLIMVARY AND CONCLUSI ONS:

Both of the procedures presented here as illus-
trations were put together wth equipnent that
was available in our lab, with the exception of
the 1040-900 and the 1040-950. The cost of these
two units was nminimal and proved to be a worth-
while purchase. These concepts were tried, to
prove or disprove, that Automated Calibration was
adaptable to most any calibration procedure and
that Automated Calibration is cost effective. The
answer is a definite YES. Time savings were very
significant even after software devel opnent tine.
The breakeven point on the Tape Recorders was on
the forth unit and on the PMC, the third unit.

Automated Calibration should not be limted to
those calibrations that are done by "dedicated
systens" but should be linited only by

i magi nation and equi prent available. Think about
your calibration efforts. Can you save time with-
out loss of accuracy? Quality calibration should
be forenost.

During devel opment of the software to perform
these tasks, much time and effort was spent that
could have been avoided if instrunent nmanufacturers
woul d standardi ze the |EEE-488 conmmands. The

| EEE-488 bus is well defined, now let's

standardi ze the commands used.
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SESSION |-D
CHANGES AND CHALLENGES IN AUTOMATED METROLOGY

Charles E. Weber
Grunman Aerospace
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ADVANCED APPLICATIONS OF AUTOMATION
IN THE CALIBRATION LABORATORY

Charles E. Weber
Engineering Supervisor
Measurement Standards Section
Corporate Quality and Safety Operations
Grumman Aerospace Corporation
Bethpage, New York 11714

CHANGES AND CHALLENGES

The, decade of the 80sis indeed atime of changes and
challenges for the Grumman Aerospace Corporation. A
massive investment of the resources of capital and talent is
positioning the company in aleading role in agrospace
technology. New aircraft programs such as the X-29 Advanced
Technology Demonstrator, the F14D and A-6 update with
virtually al new avionic systems, along with continuing im-
provements on the EA-6B, EF-111 and E-2C aircraft have
demanded new and improved manufacturing, testing, and
quality assurance methods. New business areas, such as the
automatic test equipment field, where Grumman has become
amajor factor, and atomic fusion research have also
presented the challenge of measuring, inspecting and testing
new devices under new conditions.

Theimpact of new and changing programs on the company’s
calibration program has been a major challenge to meet. In
addition, a further calibration challenge has been cost con-
trol. Meeting the calibration requirements of new technology
a any cost is not acceptable in today’ s competitive environ-
ment. This statement is doubly true in Grumman Measure-
ment Standard’ s case since this section not only supports
corporate calibration needs but is aso a major factor in the
quality commercial calibration and repair services field.
High costs would soon stop the company’ s growth in this
area.

MEETING THE CHALLENGES:

Grumman Measurement Standards has met the technologic
and economic challenges by implementing its own changes.
New methods of calibration, new calibration systems and
new standards of higher accuracy and broader range have
been implemented or acquired. The results of our response
to the challenges are clearly evident in the area of produc-
tivity. Productivity gains have averaged 7% per year over the
last few years. At the same time quality levels have im-

proved. Many of the technologic gains and a substantial
portion of the economic and quality gains are directly attri-
butable to the application of automation to the calibration
process.

Basic Rules For Automation:

Grumman's approach to calibration automation has been
guided by afew basic rules:

e Automate where it is an economic or technologic
advantage

Utilize “turnkey” systems wherever possible

Work closaly with system manufacturers

Maintain diligent technical oversight and control over
system operation to assure a high quality level
Innovate and be creative — but be practical!

Prior Success:

Grumman Measurement Standards has a long history of
successful calibration automation. Presently operating
systems, which have previously been reported onl include
those for calibrating:

¢ Pressure Transducers

® Thermocouples

* Digital and analog meters

¢ Voltage cdibrators

e Current calibrators

¢ Resistance decades

¢ Redistance bridges

¢ Potentiometers

¢+ Temperature indicators

¢ Current shunts

1. C. E. Weber, “ Calibration System Automation at Grumman
Aerospace Corporation”, Proceedings of the Measurement
Science Conference, Palo Alto CA. January 1983.



Voltage dividers

Amplifiers

Oscillators

Function generators

Pulse generators.

Continual upgrades have kept these systems in effective
service.

NEW SYSTEMS

Grumman Measurement Standards has, during the past two
years, purchased and/or developed 6 additional automated
calibration systems for calibration of the following types of
instruments:

« Surface plates

. Load cells

« Microwave components

¢ Microwave signd generators

« Microwave power sensors

« Oscilloscopes

« Standard resistors

« Standard cells

« Shunts.

In many instances the calibration process has been fully
automated. In others the calibration process has been
significantly aided by automation.

Surface Plate Calibration System:

Calibration of surface plates has been a challenge for along
time. Most are calibrated on site due to their size and
weight. Using conventional techniques a series of measure-
ments are made and data acquired. Processing and analyzing
the data back at the laboratory takes considerable time. If
some data seems questionable the field calibration crew has
to return to the site and repeat the calibration.

An automated technique, presented in Fig. 1, is now
employed utilizing a laser interferometer tied into a small
computer. Data can now be acquired and analyzed in rea
time. Simple but costly measurement errors, such as picking
up abit of grit under the footpad of one of the reflectors,
are quickly noticed and may be corrected immediately thus
greatly reducing the need for repeat calibrations. The system
utilizes aHewlett Packard 5526A Laser and a Hewlett
Packard software package run on an 85A computer. Data
plots are provided both in numeric and contour form for the
surface plate, see Fig. 2 and 3.

Laser interferometer measuring techniques are also utilized
for calibration of precision linear devices such as the 100 in.
Schwein barometer. Future applications, using an improved
system, will extend automated laser cdlibration to multi-axis
machine tools and measuring machines.
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Load Cell Cdlibration System:

Load cells and other force measuring transducers are widely
used in the aerospace industry. Strain gage type load cells
predominate in Grumman's applications and are used exten-
sively for static and fatigue testing of airframes.

Manual calibration of load cells involved a lengthy sequence
of operator actions which necessarily had to be performed in
the proper sequence to arrive at the correct results. All too
often one or more steps were missed or done out of sequence
resulting in erroneous data. This led to needlessly repeated
calibrations.

Automating the calibration of load cells was a case of taking
exception to the usual rules for automation. With no “off-
the-shelf’ systems available for this application, Grumman
was forced to develop both hardware and software to ac-
complish thistask (see Fig. 4).

The system, as presently configured, is automated to the ex-
tentof prompting the system operator to perform a specified

test sequence while the system is automatically acquiring and
processing the test data.

The computer directs the operator to select a standard of
comparable range and sensitivity to the test article and to
mount the units in the test fixture. A force range of 0 to
10,000 Ib can be applied in either tension or compression
mode. A series of zero load measurements and resistance
calibration equivalent value (RCEV) tests are performed
automatically to assure that the circuits are electrically
operational. By responding to “touch screen” commands, as
illustrated in Figure 5, the operator exercises the transducers
to prepare them for calibration and then performs two cali-
bration runs from zero to full scale and back to zero. At
each test point, the system samples the excitation voltage and
output voltage of the transducers. A least squares solution is
performed on this information which provides the sensitivity,
deviation, repeatability and hysteresis data necessary for the
user of the transducer.

System uncertainty is gtill under evaluation. However it
appears to be better than 0.2 % .

Microwave Component and Signal Generator System:

A custom designed system for calibration of microwave com-
ponents and active microwave devices was purchased from
Microtel, adivision of Adams-Russell (see Fig. 6). The
Microtel System designed for Grumman provides the follow-
ing capabilities:

« Attenuation measurement to 100 dB from.10 MHz to 18 GHz



« VSWR measurement

« Frequency measurement

« Power measurement

« Modulation measurement.

The system consists of aMicrotel 1295 Receiver and a
Microtel SC-811 Signal Generator, each frequency controlled
by a Microtel FS-1000 Synthesizer. A Boonton 82AD
Modulation Meter, Hewlett Packard 436A Power Meter and
an EIP 548A Frequency Counter provide the modulation,
power and frequency measurements necessary for signal
generator calibration. For component calibration, a set of
special Wiltron bridges is employed for VSWR measure-
ment. Considerable effort was put into selecting special, well
matched attenuators, adapters and cables to minimize the
measurement uncertainties.

Initial software was provided by Microtel. Grumman has ex-
tensively modified it to meet our particular requirements.
This system is performing exceptionally well. Calibration
times for broadband microwave components have been re-
duced by up to 90%. Signal generator calibration times have
been reduced by over 50 = «

A set of check standards is being used to monitor the per-
formance of the system. Attenuators of 3 and 60 dB and
reflection coefficient standards of approximately 0, 0.2 and
0.34 are available in N, SMA and APC7 connector styles,
both male and female where applicable to validate system
performance. Repeatability and measurement agreement with
traceable standards have consistently been better than 0.05
dB/10 dB over the short time the check standards have been
available. It is anticipated that longer term testing will allow
us to significantly reduce system uncertainties.

Microwave Power Sensor System:

The Weinschel System || Power Meter System presented in
Fig. 7 was purchased for calibration of power sensors. This
system came complete with software for use with power
sensors utilizing power meters having GPIB capability.
Power sensors requiring power meters having an analog
voltage output can aso be calibrated with this system.
However, accomplishing this did require software revisions
by Grumman. At present, thermistor, bolometer and ther-
mocouple type sensors are calibrated with equal ease.

Calibration time has been cut in some cases by up to 95%.
The average time for a calibration, which consists of three
runs with the unit connected in different positions, is ac-
complished in approximately 20 minutes.

The stability and repeatability of the system have been very
good. Two Hewlett Packard 8478A Thermistor Mounts have
been used as check standards on a monthly basis. The data
shows a spread of less than 1% in the measured calibration
factors.
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Primary Resistance/Voltage System:

The success of Grumman’s commercial calibration service
venture has brought with it an increasing workload of basic
electrical standards. This raised the challenge of calibrating
such units at a reasonable cost, using a minimum of increas-
ingly scarce “primary laboratory” labor.

The Julie Research LOCOST “Mini System”, utilizing the
same software as its big brother, has been successfully ap-
plied to the calibration of standard resistors, shunts, thermal
converters and standard cells.

The system, when applied to basic standards, provides a
quick, accurate means of comparison between NBS
calibrated reference standards and units submitted for test.

In its low resistance comparison configuration (see Fig. 8)
resolution of 0.01 parts per million are achieved with un-
certainties shown to be approximately 0.5 part per million at
the Thomas one ohm level.

Achieving this accuracy level was atrial and error task dur-
ing which a number of digital multimeters, current sources,
switches and other components were tried and found wan-
ting until the final configuration was arrived at. The present
system, when used for resistance comparisons below 100
ohms, utilizes a JRL DM 1060 digital multimeter fed by an
extremely stable JRL 100: 1 gain buffer amplifier. A very
high quality transfer switch was found to switch the input
connections to the amplifier. Since the low resistance
measurements are performed over a short but still signifi-
cant timespan a very stable current source is required. A
JRL DCS106 100 ampere unit was found to be sufficiently
stable to allow comparisonsto less than 1 part per million.

For 100 ohms and higher resistance comparisons, the DMM
is used as a direct reading, 4 wire ohmmeter. Resolution
again is 0.01 PPM with transfer uncertainty of approximate-
ly 1 PPM.

Oscilloscope System:

Oscilloscopes and their related plug-ins represent the single
largest group of instruments in the workload of the
Measurement Standards electrical calibration section.

Automation of alarge workload such as thisis always an
attractive endeavor economically. Unfortunately the metrol-
ogist’ sroad to automating oscilloscope calibration has been
long and rough. Over the years a number of different
systems have been proposed to meet this challenging task
and abandoned by various companies or agencies. Finaly,
hardware designed for the Navy MECCA program, teamed
with user friendly software, made automation of this task
feasible.




Following an evaluation process, Grumman obtained two
Balantine 4002A Automated Oscilloscope Calibration
System (see Fig. 9). After overcoming some early hardware
and software problems, the laboratories have found the
system to be very effective. Calibration times have been
reduced by 25 to 50% for most models calibrated.

Software was provided with the system and in its present
configuration is very easy to use for the system operator.
Unique calibration programs have been generated for ap-
proximately 300 oscilloscope or plug-in models.

HOW FAR CAN THEAUTQOVATI ONOFCALI BRATI ON
Q2

At last count, approximately 37% of the calibrations per-
formed by Grumman M easurement Standards have been
automated (see Fig. 10). The remaining 63% of the
workload would seem to be an inviting target for automa-
tion. However, there are many items for which no practical

automated calibration methods have been developed. For ex-
ample the largest segment of the remaining non-automated
workload is an assortment of small inspection tools such as
micrometers, calipers, thread gages, hole gages, etc. It is
anticipated that the use of such instruments will decrease
due to the emphasis on quality. assurance methods built in as
integral parts of automated manufacturing and assembly
processes rather than traditional inspection methods of prod-
ucts. In spite of this trend, there is no doubt that alarge
volume of these tools will remain in the calibration
workload for the foreseeable future.

The answer to the question therefore is not clear. Certainly,
some of the instrument types presently not calibrated by
automated methods will be picked up as existing systems are
upgraded in performance. However, many other types are
waiting for those new or better ideas which undoubtably

will come along. One need only look back 10 years to see
the great strides made in automated metrology by people
with imagination, to conclude that such progress will
continue.

84



Fig. 1 Automated Surface Plate Calibration
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Fig. 2 Surface Plate Numeric Plot
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Fig. 3 Surface Plate Contour Plot

Fig. 5 Load Cell System Control Console Fig. 7 Automated Microwave Power Sensor Calibration System
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Fig. 9 Automated Oscilloscope Calibration System
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COPING WITH NON-EXISTENT NATIONAL STANDARDS - AN NBS PERSPECTIVE

Brian Belanger
NBS/DOD Liaison
US Natl. Bureau of Standards
Gai thersburg, MD 20899

ABSTRACT

The act establishing the US National Bureau of
Standards (NBS) lists as a principal function to
undertake The custody, maintenance, and devel-
opment of the national standards of measurement
and the provision of means and methods for
making measurements consis tent with those s tan-
dards.. .." For many common measurements, cali-
bration labora tories can achieve traceability to
national standards by utilizing measurement
services provided by NBS. High-level cali-
bration laboratories typically provide calibra-
tions for lower level laboratories in a hier-
archical fashion so that measurements at the
working level can ultimately be related to
national standards. Measurement inconsistencies
may develop where national measurement standards
do not exist or where measurement services are
unavailable from NBS. This paper outlines from
NBS perspective the nature of the resulting
problems and discusses how they may be resolved.

INTRODUCTION

The act establishing the US National Bureau of
Standards (NBS) lists as a principal function to
undertake The custody, maintenance, and devel-
opment of the national standards of measurement,
and the provision of means and methods for
making measurements consistent with those stan-
dards... ." FoOr many common measurements, cali-
bra tion labora tories can achieve traceabi li tyto
nati onal s tandards by utilizing measurement
services provided by NBS. High-level cali-
bration laboratories typically provide calibra-
tions for lower level laboratories in a hier-
archical fashion so that measurements at the
working level can ultimately be related to
national standards. Measurement inconsistencies
may develop where national measurement standards
do not exist or where measurement services are
unavailable from NBS.

Measurement services provided by NBS to facili-
tate traceability to national standards include

o Calibrations and Special Tests (1)

o Standard Reference Materials (2)

0 Measurement Assurance Program Services
(1,3)

For many types of common measurements, e.g.
mass, length, temperature, and dc voltage. NBS
maintains national standards and provides con-
venient measurement services. Reference 1 lists
several hundred different calibration and spe-
cial test services available from NBS, and
reference 2 lists over 900 different Standard
Reference Materials (SRMs) available from the
Bureau.

In spite of this plethora of available NBS ser-
vices, there are a variety of measurements for
which NBS, in most cases, does not provide ser-
vices. Examples are:

Workplace Measurements:

NBS generally focuses its attention on providing
services to support the highest level standards
labora tories rather than working level measure-
ments. Thus, for example, NBS does not cali-
bra te torque wrenches or bench volt-ohmmeters,
since such devices can easily be calibrated to
the required level of accuracy by laboratories
that utilize NBS services to calibrate primary
standards. Similarly, NBS provides accurately
analyzed gas SRMs to the pollution control com-
munity to facilitate quality control in the
production of large quantities of commercial gas
reference materials used on a daily basis to
calibrate air pollution measuring instruments.

Highly-derived Units:

There is no need for NBS to provide services for
units easily derived from base units. For
example, NBS does not need to provide velocity
calibration services because NBS does provide
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services for length and time, two fundamental SI
units that can be measured to very high accur-
acies. Those who must calibrate speedometers
can utilize these length and time services to
derive velocity calibrations.

Certain Ranges of Parameters:

Where a given quantity must be measured over
many decades, NBS of ten provides services at one
or a few reference points. Thus, while NBS does
provide calibration services for microwave para-
meters such as power and attenuation, these
services are only available for certain power
levels and for certain ranges of frequencies.
NBS SRMs for trace elements in a ma trix may be
provided only at one level of concentration.

PRIORITIES FOR NBS SERVICES

At no time in its history has NBS ever attempted
to provide measurement services for all types of
measurements nor would we ever expect to do so
at some future date. The number of different
kinds of measurements is simply too great. NBS
must continually reassess the current mix of
services that we do provide and strive to opti-
mize it,

Because of the time required to develop new
measurement services, NBS must anticipate future
developments. The Federal budget process is
such that when a need for a new measurement
standard is identified, it typically takes a
minimum of 2-3 years before new funding actually
becomes available. Where a problem is deemed
sufficiently important, reprogramming may be
used, that is, work in some existing measurement
service area will be terminated in order to free
up resources to attack the new requirement, In
some cases funding from some other government
agency may become available to develop a new
standard. Once work begins, it may take 2-3
years of R&D to develop a new standard and
verify the technical integrity of the associated
service. Thus NBS must anticipate now what
services will be needed 5 or 6 years hence if
they are to be available when needed.

Often NBS is successful in anticipating needs.
For example, several years ago NBS decided that
optical fiber measurements were likely to become
important and we were able to reprogram a small
amount of resources. A research program was
begun to develop optical fiber measurement stan-
dards and services. This work is now bearing
fruit, and it is clear that the decision to
pursue this course was a good one. Some times we
fail to identify a standards need early enough,
but more often, we identify the need but have
difficulty locating funding to carry out the R&D
required to address the need.

NBS strives to gather up-to-date information
from the communities it serves in order to plan
future services. Documents such as the NCSL
National Measurement Requirements Survey (4) are
invaluable for this purpose.
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COPING WITH NON-EXISTENT NATIONAL STANDARDS

The ultimate purpose in having national stan-
dards of measurement is to minimize measurement
errors so that different organizations or in-
dividuals measuring the same item will achieve
consistent results and produce credible data.
The significance of NBS reference standards
becomes more clear when we consider how errors
affect measurements.

The errors associated with any measurement
can be divided into two categories:

o Random error (imprecision)
o Systematic error (bias or offset)

(References 3 and 5 provide more detailed infor-
ma tion on these two types of error.)

National measurement standards and NBS measure-
ment services provide a means for quantifying
(and wusually for reducing) the uncertainty of
measurement arising from systematic errors, but
the random error contribution of a given labora-
tory s measurement process to the uncertainty of
its measurements will be present whether or not
na tiona 1 s tanda rds exist. Figure 1 and the
example described below, which it illustrates,
clarify this point.

Consider a hypothetical case that is a simpli-
fied version of an actual situation. Suppose
industry is interested in measuring micro-
wave/millimeter wave attenuation in some fre-
quency band for which NBS services are not
available. Because it is not possible to send a
standard attenuator to NBS for calibration in
this band, some other approach to achieving
consistent measurements must be found. A logi-
cal first step in determining how large measure-
ment disagreements between companies are would
be to select a high quality attenuator thought
to be stable and reproducible and circulate it
to interested labora tories to be measured in an
interlabora tory round-robin .

Figure 1 illustrates how the data might look if
4 companies took turns making a ttenuta tion meas-
urements on this standard attenutator. Each
firm measures the attenutation at the specified
frequency or frequencies several times, con-
necting and reconnecting the attenuator for each
measurement. (The data might well differ if the
measurements were repeated at a different fre-
quency or at much higher or lower power levels.)

There is a certain amount of scatter in the

measurements of each company (random error) but
the size of the random error varies considerably
among the 4 companies. The mean of the measure-
ments of each company would normally be reported
as each company s best estimate of the value of
the a t tenua tor. The true value of the attenua-
tion is shown by the dashed line, but of course
none of the participants in this experiment has
any way of knowing what that true value is.



A logical approach to solving the problem of the
lack of NBS services for this measurement would
be to define the accepted value of the attenua-
tion of the attenuator as the group mean or
average of the values determined by the 4 parti-
cipants. The uncertainty statement would, of
course, have to reflect the wide varation in
values obtained by the laboratories. In this
example, it is clear from the figure that the
group mean would be higher than the true value.
If a second round of measurements were carried
out, each participant could correct the new
values obtained by the offset of that partici-
pant s previous measurements from the group mean
determined in the first comparison. Presumably,
this would lead to considerably better agreement
in the second experiment, although the entire
group would be offset from the true value. For
actual situations of this kind, guidelines are
available for determining how to weight the data
from the various participants, how to treat

ou tliers, e tc.

If the measurement process in each laboratory is
stable, the groups results should quickly con-
verge so that each member would get nearly the
same answer when measuring an attenutator of
this type at this frequency and power level.
The magnitude of the random error or scatter in
the measurements of each company would be ex-
pected to remain about the same if the experi-
ment were repeated several times.

Note that the previous paragraph begins with If
the measurement process in each laboratory is
stable. ..". In fac t, a key step in this ap-
proach is to ensure that each participating lab-
oratory has achieved a state of statistical
control within the laboratory before the round-
robin with the other labortories begins. The
term state of statistical control means a
condition where the precision achieved in a
given laboratory is stable and predictable from
one set of measurements to the next and where
sudden unpredictable shifts in the mean do not
occur. Reference 3 describes how one determines
whether or not a state of statistical control
has been achieved.

Note that in the example above, it ispos-

sible for the group to achieve consistent meas-
urements of attenuation even though the whole
group may be offset from the true value.
Whether or not this offset is a problem depends
on the nature of the measurements being made.
For some types of measurements, it isonly
necesssary to have consistency within a given
organization or group of laboratories. If so,
the method for obtaining a group consensus des-
cribed above, might be all that is needed. Such
an approach works rather well for small groups
of participants, however, it would quickly be-
come unwieldy if there were 150 companies that
needed to have consistent measurements for this
kind of attentuator. If these measurements also
needed to be consistent with attentuation meas-
urements made in other countries, the small
group consensus method would also be difficult
to use. In such circumstances, it is clearly
advantageous to have a central organization such
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as the National Bureau of Standards take respon-
sibility for determining what the true value is
and coordinating these measurements with
national standards laboratories in other coun-
tries.

The example described above is very close to an
actual situation. NBS does not currently pro-
vide calibra tion services in the millimeter wave
band from 40-50 GHz. Several defense contrac-
tors who must make measurements in this range
have banded together to carry out experiments to
achieve measurement consistency within the
group. NBS is helping with the design of the
experiments, the analysis of the data , and the
selection of measurement methods. There is a
consensus among the participants that this
approach is the best available given current
constraints.

For some types of measurements for which
national standards do not exist in the U.S., it
may be possible to utilize measurement services
from other friendly nations such as Canada or
the U.K. NBS can provide addresses and phone
numbers of national standards laboratories in
other countries for those who wish to explore
the availability of particular services. Some
countries attach surcharges (e.g. 100%) to ser-
vices provided to parties outside the country,
but even when these surcharges are considered,
the cost of services from other countries is
of ten comparable to that of NBS services since
some other countries subsidize the cost of
measurement services provided by the national
laboratory.

SUMMARY AND CONCLUSIONS

0 It is unlikely that NBS could ever pro-
vide all of the measurement services that people
need nor maintain all of the national standards
that might be convenient.

o It is important to communicate standards
needs to NBS so that NBS plans can realistically
reflect the current needs of the measurement
community. NBS needs to know what standards you
need, why you need them, and what the impact
will be if these standards are not available.

o Industry and government laboratories
that must make measurements for which national
standards and/or services are unavailable must
still find ways of achieving measurement consis-
tency . In some cases services from other coun-
tries may be an option.

o Laboratories that wish to achieve meas-
urement consistency for a given type of measure-
ment for which no standards exist should con-
sider banding together to carry out experiments
of the kind described in this paper. Organiza-
tions such as IEEE, ASTM, NCSL, EIA, and others
can play a role in sponsoring such groups. NBS
should be invited to participate in such groups,
and within the constraints of available resour-
ces can often provide consulting services to
help ensure the success of the experiments.



o National measurement standards provide a 2. NBS Standard Reference Materials Catalog ,

way of reducing systematic errors or offsets to NBS Special Publication 260 (and supplements
acceptable levels but do not directly provide a there to), updated periodically. Current edition
way of reducing random error, which can only be available from the NBS Office of Standard Ref-
done by each labora tory. Group interactions of erence Materials, Gai thersburg, MD 20899.
the kind described in this paper can help group
members achieve measurement consistency , but 3. Belanger, B. C. (Part I, May 1984) and
persistent offsets from the true value may still Croarkin, M. C. (Part II, April 1984) Measure-
exist. ment Assurance Programs , NBS Special Publica-
tion 676.

o Data generated by interlabora tory round-
robins should be carefully documented for future 4. Caldwell, D. H., Editor, 1982 National
reference. Statistical control methods should Measurement Requirements Survey , National Con-
be utilize to analyize the data and establish ference of Standards Laboratories Report #NMRC
realistic uncertainty statements for each parti- 83-01, May 1983.
cipant.

5. ANSI/ASQC Standard M1-19XX, American
National Standard for Calibration Systems (see
REFERENCES Appendix - Quantifying Calibration Errors ).

1. Calibration and Related Measurement Ser-
vices of the National Bureau of Standards , NBS
Special Publication 250 (and Appendices there-
to), updated periodically. Current edition
available from the NBS Office of Physical Meas-
urement Services, Gaithersburg, MD 20899. For g
recent update to this publication, refer to
McClendon, L.T., and Kirby, R. K. (Editors);
NBS Physical Measurement Services Status Re-
port , NBSIR 84-2875, May 1984. (Available from
same address.)
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STATUS OF THE INTERNATIONAL TEMPERATURE SCALE

Robert J. Soulen, Jr.
Temperature and Pressure Division
National Bureau of Standards
Gaithersburg, MD 20899

ABSTRACT
In June 1984 the Consultative Committee on
Thermometry met in Sevres, France. Repre-

sentatives from many laboratories throughout the
world reported on recent developments in high
accuracy temperature measurements. Significant
progress has been made in many areas, including:
(1) improved realization of the  thermodynamic
temperature scale; (2) improved fixed points; and
(3) improved fitting techniques for platinum
resistance thermometers. This article will sum-
marize these results and thus indicate the status
of the international temperature scale presently
in use.

INTRODUCTION

The ultimate responsibility for international
standards of measurement rests with the General
Conference on Weights and Measures (GCWM). It
meets at the International Bureau of Weights and
Measures, which is located on a heavily wooded
hill overlooking Paris. To assist it in assess-
ing developments in standards, the GCWM sponsors
several consultative committees which generally
meet every two years. The Consultative Committee
on Thermometry (CCT) last met in June 1984 and I
was honored to serve as the U.S. Delegate. This
article contains a brief report to the attendees
of the Measurement Science Conference on several
topics in temperature standards that were dis-
cussed at the 1984 CCT meeting. It is intended
to provide some perspective on the status of
temperature scales to the practitioners of ther-~
mometry in science, engineering, and standards.

The GCWM currently acknowledges two international
temperature scales. The mature IPTS-68 enjoys the
full and formal sanction of the GCWM; it begins
at 13.81 K and has no upper bound. The EPT-76 is
a provisional scale, designated by the GCWM to
serve as the basis for international thermoinetry
from 0.5 K to 30 K until the IPTS-68 is replaced.
The logical structure of both scales is the same:
values of temperature are assigned to a set of
well-defined fixed points and a prescription is
given for calibrating specified interpolation
devices using the fixed points. The third and
very important feature of the scales is that they
be as close as possible to the thermodynamic
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Kelvin (i.e., the "absolute") scale as other
conditions (e.g., "smoothness™","high precision )
permit. This last feature imposes on the scien-
tific community a continuing responsibility for
conducting thermometry experiments with the best
possible thermodynamic accuracy so that the re-
sulting scales are meaningful.

This report on the 1984 CCT meeting will address
specifically the latest developments in these
three salient features of the temperature scales.
We will start with a discussion of the thermody-
namic accuracy of the two scales as we now under-
stand it, then proceed to a treatment of the
fixed points, and finish with a discussion of
interpolation devices.

THERMODYNAMIC ACCURACY OF IPTS-68 AND EPT-76

Ultimately, a thermodynamically accurate measure-
ment of temperature must rest on the application
of a physical law which unambiguously relates
some measured quantity to temperature. Such laws
are surprisingly sparse; to date only a trio has
been used in careful temperature measurements.
These are the ideal gas law, black body radia-
tion, and Nyquist noise.

A recurring question at the CCT meeting in as-
sessing the thermodynamic accuracy of the inter-
national temperature scales is: How do the latest
results using these different laws compare?
Secondly, if there is a consensus among these
results which can be believed, how do the scales
being used now (i.e., IPTS-68 and EPT-76) deviate
from that consensus?

With the help of documents presented during the
CCT meeting, we can phrase eloquent answers to
these questions in graphical form. In Figure 1
we display the results for the region extending
from 0 K to 273 K, while the data from 273 K
(0 °C) to 1337 K (1064 °C) are shown in Figure 2.
We have chosen to present the results in two
graphs because the ordinates differ by about a
factor of 50 in the two different temperature
regions. These figures represent my somewhat
imaginative attempt to include information dis-
cussed at the CCT meeting as well as some previ-
ous results reported in the literature.
Individual data points are not shown; instead the




shaded band in each figure defines the region
into which all the data fall. Individual con-
tributors and their institutions are not identi-
fied because much of the work is in press and
because proper acknowledgement would unduly
lengthen this article. The figures will be dis-
cussed instead in terms of the physical laws used
to obtain the data. These two figures are in-
tended only to serve as a rough indication of
the status of the temperature scale. More accu-
rate summaries will undoubtedly appear (1). The
reader may be assured, however, that the likeli-
hood is small that the figures will change sig-
nificantly in subsequent treatments.

Consider now the temperature region described in
Fig. 1. On the ordinate we plot the difference
T-T., where T i1s taken as the best estimate to
the thermodynamic temperature scale and whevre T
refers to temperatures defined by the EPT-7
(i=76) or by the IPTS-68 (i=68). The consensus
of the measurements is immediately apparent
(i.e., the black band) as is the inaccuracy of
these temperature scales. In the region defined
by EPT-76, measurements were made using gas ther-
mometry at one national standards laboratory from
2.4 K - 28 K, gas thermometry at a second from
14 K - 100 K, gas thermometry at a third from
14 K - 300 K, and noise thermometry at a fourth
institution from 2 K - 4 K. The region below 2 K
was defined by extrapolation and by self-
consistency of the vapor pressure of He3 and He™.
There has not been much recent activity in this
region, so that only one paper was submitted to
the CCT in 1984 and it concerned itself with the
agreement of the EPT-76 with preceding scales.

In the region in Fig. 1 defined by the IPTS-68, a
truly impressive amount of data has been taken
and compared. The results are based - with the
exception of a single data point near 83 K taken
with a noise thermometer -entirely on gas ther-
mnetry . Data from four laboratories fall within
the shaded band in Fig. 1, which is a remarkable
consensus indeed. The only improvement to these
data which might be achieved would be to include
more measurements based on noise thermometry. We
argue that measurements based on two physical
laws can inspire more confidence in the accuracy
of the results than can measurements based on a
single physical law, because systematic effects
are varied more significantly in the former case.

In Fig. 2 we have plotted the estimated thermody-
namic inaccuracy of the IPTS-68 at high tempera-
tures. Note that the vertical scale for Fig. 2
is coarser than that of Fig. 1, reflecting the
fact that the discrepancies increase at higher
temperatures. Note also that convention speci-
fies the use of a capital T as an abbreviation
for temperature when the unit K is used, while t
is used for °c. From 0 °C to 460 °C the curve
was defined until very recently by only one labo-
ratory s gas thermometer measurements. At the CCT
meeting, confirmation of these gas thermometer
results from O °C to 140 °C (defined by the black
band) was achieved using a total radiation ther-
mome ter . In the temperature region extending from
140 °C to 460 °c, the gas thermometer results
stand alone; the dark band indicates the internal
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consistency of the gas thermometer data. In the
region from 460 °Cto 630°C, new measurements
from two laboratories using spectral radiation
thermometers were reported to the CCT and were
used to define the curve in Fig. 2 for that
region. Finally, data using two radiation ther-
mometers and one noise thermometer were used to
define the curve appearing in Fig. 2 at its upper
extremity. All of these measurements had been
reported much earlier than the CCT meeting; no
new measurements in this range were reported.

FIXED POINTS

In Table I, we list the fixed points used to
define the EPT-76 (e), those used to define the
IPTS-68(*) and certain other fixed points (un-
designated) which are under consideration for use
in a future international temperature scale.

The five superconductive transition points, a
relatively new entry into the list, have stimu-
lated a question: Since samples of these materi-
als have been generated to date by only one
laboratory, what would be the reference tempera-
tures  obtained from samples generated by an-
other? The question may be phrased alternatively
as: How closely do the samples measured thus far
represent the natural superconducting transition
temperature for each material? During the CCT
meeting, results were presented for several sam-
ples of each material made in the U.S.A., the
USSR, and Czechoslovakia. With the exception of
one sample exhibiting a broad superconductive
transition (and thus discountable), the spread in
the transition temperatures was found to be less
than 0.5 mK for each material. These data repre-
sent a partial answer to the question posed, but
clearly more data will be needed before a conclu-
sion can be reached as to how satisfactorily
superconductors can provide temperature fixed
points. At the same meeting, a few other papers
discussed the influence of impurity and of mea-
surement technique on the measured transition
temperatures of superconductors.

Another issue regarding fixed points that con-
fronts the CCT is the evaluation of triple points
and the replacement of the boiling point of a
given material by a nearby triple point of an-
other substance. In general, a triple point is
to be preferred for reasons of precision and
convenience over a boiling point because a pres-
sure measurement tube must be provided for mea-
surement of the latter while the former may be
contained in a completely sealed cell. The CCT
sponsored a six-year study in which forty-one
sealed cells containing seven different materi-
als were measured by thermometrists in nine labo-
ratories. Three of these materials (Ar,0, and
equilibrium H,) are already defining fixed points
on IPTS-68, and this study indicated the quality
of results achievable with sealed cells.
Broadly speaking, the triple points of different
samples of Ar and H, were found to differ by as
much as 0.6 mK, while the spread was two times
larger for 0,.

Several cells providing the Ne triple point were
examined; measured temperatures of different



cells spread by approximately 0.6 mK. The triple
point of Ne is being considered as a replacement
for its boiling point which is only 2.5 K higher
and which presently enjoys the status as an
IPTS-68 defining point.

A few measurements on N, deuterium and methane
were obtained, but the results are rather incon-
elusive. It would appear that, if some care is
taken to assure the purity of the gas, these
triple points can come under strong consideration
by the CCT as defining points for the scale.

In addition to this experimental study of triple
points, the CCT earlier commissioned a compila-
tion and critical evaluation of the data availa-
ble for many (over 30) materials with phase
transitions occurring in the temperature region
from 13 K to 3700 K. The CCT has now received
this report and has asked that it be pub-
lished (2). In addition to this document, sepa-
rate papers submitted to the CCT reported on new
measurements of In, CHM' Ga, Hg, 02, Ar.

INTERPOLATION DEVICES

A discussion of this topic divides itself natu-
rally into four categories corresponding to four
temperature ranges.

The first is defined by EPT-76. Debates as to
the proper or most useful interpolation device
for this region have persisted almost from the
day EPT-76 was inaugurated. For the past eight
years the CCT has discussed various options which
have included gas thermometers, paramagnetic
thermometers, and vapor pressure of He” and e,
as well as RhFe alloy resistors. No one candidate
seems to stand above the others when all desira-
ble characteristics (thermometric precision,
small size, simple measurement instrumentation,
simple interpolation equation, commercial availa-
bility,...) are considered. At the last CCT
meeting the only discussion of this topic cen-
tered on a paper which proposed specific proper-
ties envisioned for the gas thermometer. The
debate seems far from over, but clearly all can-
didates are possible and any one may be adopted
with confidence by a laboratory desirous of es-
tablishing EPT-76 in situ.

In the second temperature range, 13 K to 273 K,
the situation is very much different. The stan-
dard platinum resistance thermometer has reigned
as the interpolat ion instrument of choice for
many years. Four papers at the CCT meeting em-
bellished the reputation of this device even more
and indicated that still better precision may now
be achieved with standard platinum resistance
thermometers. Arranging the papers in a logical
sequence, the first took the temperature scale
defined by Fig. 1, smoothed it and showed that a
particular thermometer could be fitted to the
data with a maximum deviation no larger than
0.3 mK over the full range. A second paper indi-
cated that, when several other platinum resis-
tance thermometers were calibrated versus the
first using only eight fixed points, the fitted
deviations corresponded only to *0.2mK. Leaving
out one strategic fixed point increased the
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as was shown in a third pa-
indicated that platinum
resistance thermometers made by five different
manufacturers,  when compared, showed greater
deviations in the behavior (perhaps a factor of 2
or 3) than those reported in the third paper.
This last result notwithstanding, it appears that
platinum resistance thermometers all conform
incredibly well to a universal function of tem-
perature and that differences are equivalent at
most to +1mK throughout this range. The plati-
num resistance thermometer in this temperature
range is undisputably the most precise thermomet-
ric instrument available.

residuals to #1.0 mK,
per. A fourth paper

In the third temperature range, 273 K to 903 K,
the same standard platinum resistance thermometer
is also recommended for interpolation. Its ex-
cellent precision in this range has been demon-
strated by many earlier studies and has not
received attention in recent years. No informa-
tion was therefore discussed at this CCT meeting.

We pass finally to a discussion of the range from
904 K to 1330 K. IPTS-68 is defined here by stan-
dard thermocouples. It has been an interest of
the CCT for several years to consider redefining
this range with an instrument possessing better
precision than the standard thermocouple (-0.1 to
0.2 K).

At this CCT meeting an impressive amount of data
(11 papers) was reported on the stability of
several platinum resistance thermometers prepared
especially for high temperature service. Most of
the resistors tested were supplied by China
following the CCT meeting two years earlier, in
response to a request by the CCT for more de-
tailed study of the thermometers. The studies
also involved a few thermometers that were pro-
duced in the U.S.A. A number of problems were
identified, including contamination, electrical
leakage, and the fact that not all laboratories
observed the same types or extent of insta-
bilities in their thermometers. In studying the
data, one has the impression that it is a some-
what premature, but not an especially bold asser-
tion that high temperature platinum resistance
thermometers, owing to their superior performance
(by a factor of 10), eventually will supplant the
standard thermocouple in this temperature region.

SUMMARY AND CONCLUSIONS

It will be the prerogative of the GCWM to con-
struct the next international temperature scale
based on data such as we have discussed in this
article. Unconstrained, however, by the formal
responsibilities and obligations of this body, we
may advance a few predictions as to the probable
features of the new scale. As for thermodynamic
accuracy, most of the research (except possibly
for noise thermometry) has been completed below
273 K, while more experiments are called for in
regions above 273 K. Further studies of some
superconductive transitions and triple points
will be necessary before a complete set of refer-
ence points can be chosen. Though choice of a
single interpolation device below 30 K may yet be
difficult, the platinum resistance thermometer




appears to be the undisputed choice from 30 K to
1337 K.

It would thus appear that the main body of the
next temperature scale has already been cast;
what remains is a careful crafting of some of the
details.

ACKNOWLEDGEMENT

The author wishes to thank Dr. James F. Schooley
for a critical reading of this manuscript.

TABLE 1.
reference points.

REFERENCES

(1) The CCT has charged one of its working
groups with the responsibility of construct-
ing an interim table of the deviations of
EPT-76 and IPTS-68 from the thermodynamic
scale. The report will appear in

Metrologia.

(2) Bedford, R.E., Bonnier, G., Maas, H., and
Pavese, F., Recommended Values of
Temperature For a Selected Set of Secondary
Reference Points", Metrologia, Vol. 20,
1984.

Defining fixed points of IPTS-68 and of EPT-76, and some secondary

Equilibrium State

oCd superconducting transition point
® 7n superconducting transition point
® Al superconducting transition point
oEn superconducting transition point
e' He boiling point

® Pb superconducting transition point
*eTriple point of equilibrium hydrogen

*¢Boiling point of equilibrium hydrogen at

25/76 standard atmosphere
*eBoiling point of equilibrium hydrogen
® Ne triple point
%eNe boiling point

*0, triple point
N, triple point
N, boiling point
¥Ar triple point

%0, condensation point
Igr triple point
*¥H,0 triple point
%a triple point
*H,0 boiling point
*Sn freezing point
*Zn freezing point
Sb freezing point
Al freezing point
*Ag freezing point
*Au freezing point
Cu freezing point
Ni freezing point
Co freezing point
Pd freezing point
Pt freezing point
Rh freezing point
Ir freezing point
W freezing point

Tgg (K) Tq6(K)
0.519
0.851
1.1796
3.4145
4.2221
7.1999
13.81 13.8044
17.042 17.0373
20.28 20.2734
24.5622 24.5591
27.102 27.102
t68( °C)
54.361 -218.789
63.146 -210.004
77.344 -195.806
83.798 -189.352
90.188 -182.962
115.764 -157.386
273.16 0.01
302.924 29.774
373.15 100
505.1181 231.9681
692.73 419.58
903.905 630.755
933.61 660.46
1235.08 961.93
1337.58 1064.43
1358.03 1084.88
1728 1455
1768 1495
1827 1554
2042 1769
2236 1963
2720 2447
3695 3422

*Defining point on IPTS-68.
@Defining point on EPT-76.
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Figure 1. Deviation of EPT-76 and IPTS-68.
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USE OF TRIMMED MEANS IN MANUFACTURING PRODUCTION

William S.

IBM Corporation,
Tucson,

ABSTRACT

Line engineers want to use techniques whose
statistical properties remain reasonably constant
for data typical in manufacturing production
(outTiers in the data). Identifying and trimming
outliers from each side of a data-distribution
curve has been an approach used intuitively by
line engineers for a long time to analyze data.
The trimmed mean is obtained from a data set by
removing a specified percentage (e.g., 10%) of
observations from each side of the distribution.
An application of trimmed means to a manufacturing
process will be examined in this paper.
INTRODUCTION

To optimally control manufacturing processes, line
engineers are continually faced with the
responsibility of making decisions based on
manufacturing process data. This paper will
analyze the case of data distributions that have
outliers (long-tailed distributions). Beckman and
Cook (1) have written an excellent article on the
history of statistical work done in this area.
OQutlier distributions are common in manufacturing.
This paper proposes a statistical technique based
on trimmed means to apply to these distributions.
The trimmed mean obtained by removing a specified
percentage of observations from each side of a
data-distribution curve.

Line engineers want to use techniques whose
statistical properties remain reasonably constant
for data typical in manufacturing. In statistics,
a technique is evaluated on the basis of two
criteria: validity and sensitivity, and the
evaluation is made relative to a specific model,
usually the normal distribution. However, in
manufacturing process data where outliers are
common, the validity and sensitivity of the
techniques will sometimes differ greatly from the
values calculated based on normal distribution.
Techniques whose statistical properties remain
reasonably constant for distributions that differ
from the normal are called robust. The trimmed
mean is a robust statistic. An analysis of robust
statistics is given by Huber (2).

Identifying and trimming outliers from each side
of a data-distribution curve to analyze data has
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Messina
Products Division

Arizona 85744

101

been an approach that line engineers have used
intuitively for a long time. It is only within
the last 20 years that this technique has been
formally evaluated and shown to give results that
are robust for validity and sensitivity. This
paper will examine an application of trimmed means
to a manufacturing problem. A comparison between
statistical techniques based on all the data
available and trimmed means will be made to show
how different conclusions can be drawn from the
data and how results based on trimmed means more
closely match the results line engineers might
expect to obtain.

BASICS OF TRIMMED MEANS

The trimmed mean is defined as the mean obtained
from trimming off a % of the observations from
each side of a data-distribution curve. We will
use the notation T(a) to denote the &% trimmed
mean, for example, T(1@) will denote 18% trimmed
mean. The mean of a data distribution is defined
as T(@) and the median as T(50). We will use the
following set of 20 numbers to show how the

trimmed mean is calculated: 30, 32, 33. 35, 44,
42, 43, 45, 5@, 52, 56, 66, 63, 65, 70, 72, 73,
78, 79, and 808. To calculate T(a) for various

values of a, the data has to be arranged in
numerical order first. Table 1 shows the value of
the trimmed mean for the following trimming
percentages: @, 5, 10, 20, 30, 46, and 508. The
trimmed mean, therefore, is simply calculated as
the usual arithmetic mean after a% of the
observations has been removed from the tails.

The standard deviation of the trimmed mean, ST’ is
defined to be:
— - 2 -
S; = YI(n 1s,*/(h-1)]
where n is the original sample size, Sw is the

winsorized standard deviation, and h 1is the
trimmed sample size. Tukey and McLaughlin (3)
explain the use of the winsorized standard
deviation with the trimmed mean. The winsorized
standard deviation is obtained when the values of
the trimmed data are replaced by the values of the
data points next in line for trimming, after one
or more points are removed from each side of the
distribution. This set of values is then used in




the common way to calculate the standard
deviation. The following example illustrates the
calculation of the trimmed standard deviation.

The 10% trimmed standard deviation, 310’ is
calculated for the data shown in Table 1. As you
can see, the following values remain after
trimming 10%: 33. 35, 4@, 42. 43. 45. 50, 52, 56,

60. 63. 65. 70. 72. 73, and 78. To determine the
winsorized standard deviation, we must first
winsorize the data set by adding the values 33.
33, 78, and 78 to the above values; then deviation
is calculated in the usual manner, which gives

SW = 16.446. Therefore,

S = V[19(16.446)%/16]

17.937
STATISTICAL ANALYSIS USING ALL THE DATA

Let's assume that a Tine engineer has to evaluate
three different mixtures (concentrations) of raw
materials to determine if any of the mixtures is
capable of producing an average viscosity between
22.5 and 23.5 centipoise (cp), based on the data
shown in Table 2. [Cornell (4) and Snee (5)
explain how to conduct mixture experiments.]
Figure 1 is a box plot [Tukey (6)] of the data
showing that an extreme observation (a possible
outlier is the value in the circle) exists for
mixture 3. At this point, the engineer should
determine whether this value is an outlier or not,
but, for comparison purposes later, we will use
all the data to perform the statistical analysis.

We performed a one-way analysis of variance
[ANOVA--Snedecor and Cochran (7)] using the
figures listed in Table 2 and the result is given
in Table 3. Using a 5% significance level, the
three mixtures were'declared significantly
different. We then used the Fisher
least-significant difference [LSD--Snedecor and
Cochran (7)] multiple-comparison test to determine
how significantly different each mixture is from
the other two. Although many multiple-comparison
tests exist in the statistics Titerature, we chose
the LSD test because it is relatively simple to
calculate and is a powerful test [Carmer and
Swanson (8)]. This test is a two-step procedure,
in which individual pairs of population means are
compared. In the first step, a one-way ANOVA is
performed. Ifits result does not reject the null
hypothesis (no difference between mixtures) at the
5% significance level, the procedure stops and we
conclude that there is insufficient evidence to
support differences between population means.
the result of the first step rejects the null
hypothesis, we proceed to the second step of the
procedure, called the protected LSD procedure).
In this step, we apply the two-sample t-test to
every pair of means. The LSD statistic is then

If

=
LSD ta,n—K v[2(MSE)/r]
where ta n-K is defined in a table of critical

values that correspond to a significance level of
ae and to degrees of freedom equal to the total
number of samples minus the number of treatments,
MSE is the mean square error obtained from the

appropriate ANOVA table, and r is the number of
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replicates per treatment. Calculating the

equation yields

= [ .
LSD =ty g5 5] VI2(1.763)/8]

= 2.080 V[2(1.763)/8]
=1.38

We then arrange the means of the three mixtures
shown in Table 2 in descending order: 24.71,
23.32, and 21.96 for mixtures 1, 2, and 3,
respectively. Next. we calculate the difference
between the means and if it is greater than the
LSD value of 1.38, the two means are declared
significantly different at the 5% level. In our
example, because the difference between mixtures 1
and 2 is 1.39 (24.71-23.32), the two mixtures are
significantly different at the 5% Tlevel. A
similar calculation for mixtures 2 and 3 shows
that the difference is not.

A better method to illustrate the results of
multiple-comparison tests is using graphics.
Andrews, Snee, and Sarner (9) discuss this method.
For the purpose of graphically showing our test,
we define the 1least-significant interval (LSI) as
LSI = x + LSD/2
where X is the treatment mean and LSD is as
defined above. In our graph two mixtures are
declared significantly different if no overlap
exists between their respective LSIs. Figure 2
shows the LSIs for the three mixtures, from which
we note that mixtures 2 and 3 are not
significantly different at the 5% level. To
determine if any mixture satisfies the
specification that the average viscosity be
between 22.5 and 23.5 cp. we draw a
standard-interval T1ine on the chart at 22.5 and
23.5. Ifa comparison between the standard
interval and the LSI for each of the three
mixtures shows that the LSI does not overlap the
standard interval, the mixture does not meet the
specification; otherwise, it does. Figure 3
illustrates graphically that mixtures 2 and 3 meet
the specification.

STATISTICAL ANALYSIS USING 10% TRIMMED DATA

As you will recall from Figure 1, we Tabeled as an
extreme observation the value in the circle for
mixture 3. For this analysis, we used a trimmed
mean with a trimming percentage of 18% [T(10)].
Hoaglin, Mosteller, and Tukey (1@) have conducted
studies to determine what effect trimming
different percentages has for different data
distributions. Table 4 shows the result of
trimming 10% (one observation) from each side of
the data distribution given in Table 2 after it
has been put in numerical sequence. The trimmed
mean, X, (i=1,2,3), for each of the three

i
mixtures is given at the end of the table. Figure
4 is a box plot of the viscosity for the trimmed
data shown 1in Table 4, from which you can
immediately 'see that the difference between
mixtures is more pronounced than that shown in
Figure 2 (all data), especially between mixtures 2
and 3.



A study by Yuen and Dixon (11) using the Monte
Carlo simulation shows that a two-sample,
trimmed-t statistic can be approximated by a
student's distribution with degrees of freedom
corresponding to the reduced sample. The Toss in
power when trimmed-t is used is small under exact
normality, but the gain may be appreciably larger
for long-tailed distributions. If we extend the
results of the study to more than two means, then
the ANOVA technique based on trimmed means yields
satisfactory results.

Table 5 gives the results of the ANOVA for 10%
trimmed data. As in the earlier analysis, the F
test is significant at the 5% level. As
previously, the LSD test is employed to determine
which mixtures are significantly different. The
LSD value is calculated to be:

2.131 v12(0.71)/6]

= 1.04.

LSD

The LSI is defined as:

LSI = it + LSD/Z
i
= Xti +0.71,
where it is the trimmed mean for each of the

1
three mixtures. Figure 5 is the graph of the LSI
for the 10% trimmed data. The results of this
graph show that all three mixtures are
significantly different from each other.
is a comparison of the LSIs and the
specifications, showing that only mixture 2 meets
the specification.

Figure 6

COMPARISONS OF THE TWO STATISTICAL APPROACHES

A comparison of the LSIs for all the data (Figure
2) and for the 10% trimmed data (Figure 5) shows
that mixtures 2 and 3 are significantly different
at the 5% level for the trimmed data but not for
all the data. The reason for this difference is
the outlier that exists in the untrimmed data for
mixture 3, as shown in Figure 1.

A comparison of the LSIs and the specification
also shows different results: using all the data
shows that both mixtures 2 and 3 meet the
specification, while the 10% trimmed data shows
that only mixture 2 does.

SUMMARY AND CONCLUSION

The example presented in this paper has shown the
different results obtained when using trimmed
means instead of means based on all the data.

When outliers are present, they affect the results
of the analysis if they are not taken into
account. Trimming the data before any statistical
analysis is performed eliminates this problem
while keeping the analysis fairly robust. The
results so obtained will usually match the
engineer's intuitive results more closely than
those based on all the data when outliers exist.
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Trimming Percentage

Observation ] 5 10 20 30 40 50
1 30
2 32 32
3 33 33 33
4 35 35 356
) 40 40 40 40
6 42 42 42 42
7 43 43 43 43 43
8 45 45 45 45 45
9 50 50 50 50 50 50
10 52 52 52 52 52 52 52
11 56 56 56 56 56 56 56
12 60 60 60 60 60 60
13 63 63 63 63 63
14 65 65 65 65 65
15 70 70 70 70
16 72 72 72 72
17 73 73 73 73
18 78 78 78
19 79 79
20 80
T(a) 54.9 54.89 54.81 54.83 54.25 54.5 54.0
Table 1. Trimmed Means for Various Trimming
Percentages
Mixture 1 Mixture 2 Mixture 3
(in cp)
22.02 21.49 20.33
23.83 22.67 21.67
26.67 24.62 24.67
25.38 24.18 22.45
25.49 22.78 22.29
23.50 22.56 21.95
25.90 24 .46 20.49
24 .89 23.79 21.81
Treatment
mean: x1 = 24.71 x2 = 23.32 x3 = 21.96
Table 2. Viscosity Results for Al1 Data
Degrees of Sum of Mean
Source Freedom (df) Squares Square F
Mixture 2 30.306 15.153 8.59
Error 21 37.030 1.763

where df is the degrees of freedom, the mixture df
equals the number of mixtures minus 1, which
equals 2 (3-1=2), and error df is equal to the
total df (24-1=23) minus the mixture df.which
equals 21 (23-2=21). The value of the F ratio is
found by dividing the mean square of the mixture
(15.153) by the mean square df error (1.763),
resulting in an F value of 8.59.

Table 3. ANOVA for A11 Data
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Mixture 1 Mixture 2 Mixture 3

23.83 22.67 21.67
25.38 24.18 22.45
25.49 22.78 22.29
23.50 22.56 21.95
25.90 24.46 20.49
24.89 23.79 21.81

Trimmed «

mean: T2 = 24.83 X1, = 23.41 Xpg = 21.78

Tab e 4. Viscosity Results for 10% Trimmed Data

Degrees of Sum of Mean

Source Freedom (df) Squares Square F

Mixture 2 28.041 14.02 19.88

Error 15 10.577 .71

where the error df is equal to the total df

(18-1=17).

‘able 5. ANOVA for 10% Trimmed Data
(Maximum) 26.67 20.33 (Minimum)

X
|
|
-l—
| _1
||
| | X ]
[ -1
11 i
T [
| I _1
| I
I 11
| T x
| | i
x I Pl
Mixture 1 X I
Mixture 2 11
T
|
X
Mixture 3

A box plot is obtained by calculating the Tlower
and upper quartiles and the median of each

mixture, and then plotting these values as shown.
In the box plots, the ends of the rectangular box
represent the Tower and upper quartiles (this
distance is called the interquartile distance) and
the horizontal line in the box represents the
median. The crosses represent the largest and
smallest data values that fall between the edge of
the box and the interquartile distance measured
out from the side of the box. Box values outside
1.5 times the interquartile distance are denoted
with a darkened circle.

Box Plot of Viscosity Results for All
Data

Figure 1.
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AN AUTOVATED ENVI RONVENTAL MONITORING AND ALARM SYSTEM FOR

METROLOGY LABCRATCRI ES

David R Wrkman,
Martin

ABSTRACT

Qperation of a netrology system in confornance
with ML-STD-45662 and other applicable spec-
ifications requires that calibration environnment
conditions must either be maintained wthin
specified tolerances or reported as a part of
test instrunent performance data. Because it
not practical to record environmental data on
all workload, a common practice is to establish a
| aboratory "normal" environment specification
with proviso that calibrations may be perforned
only when the l|aboratory neets these requirenents.
Wen exceeded, environment nust be noted and
judgement made as to whether or not conditions
will adversely affect the calibration process on
an individual item basis. The calibration tech-
nician is normally held responsible for nonitoring
the environnent and assuring that subject nandates
are being naintained.

the
is

Wth common nethodology, it is virtually

i npossible for technicians to know for sure if
working conditions nmeet specifications. This is
particularly true in regards to the critical
parameters of tenperature and humidity which can
contribute significant process errors and result
in equipment damage under extreme conditions.

It has been noted during tours of many netrol ogy
| aboratories that instruments used to nonitor
these paraneters were incapable of either
assuring specifications or alerting technician
personnel when "out of spec." conditions exist.
This results in situations where high probality
exists that calibrations are being performed
under conditions which are in direct violation
of both ML-STD 45662 and conpany policies.

This paper describes a solution for the specified
problens which has been installed at the Martin
Marietta-Denver Aerospace (MDA) Metrol ogy

Laboratory in the form of an Autonated Environ-
mental Mnitor and Alarm System

DI SCUSSI ON

The subject of environnental control problens is
an aspect of Metrology System operation which is

sel dom publicized outside of an individuals' own
conpany. On the other hand, it has been noted
to be a popular "off the record" topic during

G oup Leader
Marietta - Denver Aerospace (MDA
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unofficial meetings of netrology personnel.
Cbservations and experience have indicated that
virtually all nmetrology systens exhibit simliar

problens relative to naintaining adequate system
environment. Wile netrologists are righteous
and verbose concerning their calibration nethod-
ol ogy, standards and traceability, indications
are that virtually all organizations have sone
kind of "dirty linen" where the integrity aspects
of their process is related to the environnmental

system and specifications. This anomaly is not
due to lack of cognizance on the part of netrol-
ogists as much as it is the result of conditions
which are wusually beyond their control.

In a typical netrology situation:

a. Metrology engineering establishes specifi-
cations for environnental system operation
based on standards and contractual require-

ments, which are designed to ninimze adverse
effects on the calibration process.

b. Conpany facilities engineers, who are not
normal |y cognizant of netrology system
requirenents, design and arrange for con-
struction of the system wusually on a "lowest
bi dder" basis.

c. Metrology system standards for conpany
operation are witten on the basis of agreed
upon requirenents and design specifications
deemed necessary for contractual conformance.

d. The "low bid" contractor installs a system
which functions but is either incapable of
proper performance without re-work or else
marginally nmeets specifications.

e. Due to conbinations of bad design, inadequate
control systens, malfunctions and periodic
plant rmaintenance shutdowns, the netrology

condi tions which
sust ai ned

lab nust function under
are less than acceptable for
legitimate operation.

f. Metrology supervision "dunps" the problens
in the lap of the technician by assigning
responsibility for assuring integrity to
the individual performing the calibration;
but often does not provide the training or
equi prent necessary to acconplish the assign-
ment .



g- As an overall result, the netrology Iabora-
tory nmust attenpt to maintain a productive
and legitimate operation under conditions
which are ofttines in direct violation of
of their witten nandates.

From an honest standpoint, there are no "bad

guys" in the above scenario in that all parties
are serving the conpany interests to the best of
their abilities. On the other hand, the situation
results in conditions under which it can be
reliably predicated that periodic environment
control system nalfunctions are inevitable. Wile
lacking control of the situation, responsibility
nust still be borne by netrology personnel to
assure that know edge is nmaintained concerning
what the conditions are and respond as required
in conformance with their docunented procedures.

At present, the mainstays of environnental
monitoring in nost laboratories are Tenperaturel
Hunmidity recorders in circular or strip chart
formts. For the nost part, these devices have
measurenment accuracies of * 2% of span on a 0 to
100 degree F scale (+ 2 degrees F or 1.11 degrees
C). Typical laboratory operating environment
specifications range from £ (0.5 to 2.0) degrees
C. It has been interesting to note that

metrol ogists who would be righteously indignant
at the suggestion of calibrating with standards
having the same or |ess accuracy than the device
they are testing, routinely base the environ-
mental validity of their operation on instruments
having accuracies the same as or worse than the
specifications they are attenpting to maintain.

Beside the fact that doubt exists relative to the
ability of many observed |aboratories to neasure
their specifications, an equally inportant problem
relates to whether or not individuals working
within a given system are aware when an out of
tolerance condition exists. It has been further
noted that many individuals are not cognizant of
the performance specifications they are directly
responsible for and often do not know what to do
when tolerances are exceeded. From a practical
standpoint, it has been observed that unless
individuals are nmade aware of the fact that they
are calibrating under conditions which do not neet
specifications and given specific directions as
to what to do, they will not respond or react to
environmental changes, unless the conditions
produce personal disconfort. This statenent is
not made in criticismas it is sinply the result
of the fact that technicians are normally engross-
ed in productive efforts and oblivious of their
surroundi ngs.

In the Denver Aerospace Metrology Laboratory,

the stated problems were addressed in 1980 with
steps taken to correct them in the new netrol ogy
l'ab then schedul ed for construction. An overall
solution was indicated to be a conputer control-
led environmental nonitoring system with alarm
provisions to alert enployees when out of toler-
ance conditions exist. Despite high levels of

managenent support and problem awareness, budget
l[imtations resulted in the cancellation of the
needed capability from the original construction.
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As such, the required system was not nade
available for use when the new lab was nade
operational in April, 1983. Despite this set-
back, funding was again requested with procure-
ment and installation made in the nmid-year 1984
time frane.

SYSTEM DESI GN  REQUI REMENTS

At the outset, it was realized that a system

of the type required to sustain the subject
requirements would not be inexpensive. Because
"integrity" is difficult to sell as a sole
justification, economc factors would be
necessary considerations. Analysis of prevailant
operating practices and the fact that the design
of the new facility required the nonitoring of
12 specific areas, gave proof to the fact that
not only would the requested system provide

the technical capability necessary for legitimte
operation, but would actually save enough in
ternms of supplies and technician naintenance
time for chart recorders to pay for the system
in short order. It was further realized that
when procured, a powerful tool would be available
which offered potential for nunerous other

| aboratory support applications. Wile the
system was requested and justified solely on the
basis of environnental nonitoring requirements,
other applications were considered in the design
stage in order to provide the conpany with

maxi mum utilization potential.

Fundanental environnmental nonitoring requirenents
for the netrology system include the follow ng:

1. Tenperature

Hum dity

Ambi ent  Pressure
Light Levels

Radi ati on

Dust  Count

AC Power Systens
Vi bration
Acoustic Levels

Wiile theoretical capability exists to nonitor
all of the listed parameters with conputer
access and data analysis, from a practical
standpoint it was realized in the design and
procurenent stages that attenpting to activate
all of the indicated capabilities at once would
be both technically and economcally infeasible.
For this reason, it was determined that only the
critical areas of tenperature and humdity
monitoring would be initially addressed; with the
understanding that inherent capability existed
in the system given adequate transducers, to
establish nonitoring capability for the other
paraneters at a future date.

Because critical tenperature paraneters include
voltage and resistance reference baths, along
with area anbient measurements, it was decided
to locate the Data Acquisition System in the
Electrical Standards Reference Laboratory to
provide bath access. Likew se, this was
necessitated by the fact that reference bath
stability resolution of 0.001 degrees is re-
quired; which could only be tested with Platinum




Resi stance Thernoneters (PRT's)
sensor does not function well
wires.

and this type of
with long |ead

Tenperature and Hunmidity specifications for
normal |aboratory operation are as follows:

Cener al

Tenperature 23 + 1.5 degrees C (73.4 £ 2.7
degrees F)
Humdity 20 to 55%

Laboratory Areas

Reference Laboratory and Balance Room

Tenperature 23 + 1.0 degrees C (73.4 + 1.8
degrees F)
Humdity 35 to 55% with a 45% noni nal

setting

Alignnent  Laboratory

Tenperature 20 + 1.0 degrees C (68.0 + 1.8
degrees F)
Humdity 20 to 55%

TEMPERATURE AND HUM DI TY TRNASDUCER SYSTEMS

Analysis of tenperature requirenents indicates
that on a 41 ratio basis, in order for the

subj ect specification to be verified, a tenmp-
erature measurenent system with uncertainty no
greater than * 0.25 degrees C would be required.
Wiile not specified except for linmts, it was
determined that a + 5% overall hunidity measure-
ment capability would be acceptable.

As previously indicated and illustrated on the
Metrol ogy Laboratory layout (Fig. 1), there are
12 identified areas which nust be nonitored.
Two inportant considerations requiring address
were:

1. Selection of a transducer system which
woul d verify system specifications.

2. How to mount the transducers to provide
the best approximation of tenperature
environment at the work station.

The selected course of action was to procure
zone monitor transducers which would be capable
of both tenperature and hunidity nonitoring
with built-in signal processing electronics to
sinplify data analysis. The device selected was
a VAISALA Mbdel HWP 112Y having the follow ng
specifications:

Measur enment
Pt 100 1/3 DIN 43760

Tenperature

Tenperature Sensor:

Tenperature Range: -40 to +80 degrees C
Qutput Vol tage: 10 nmV/degree C

Accuracy: + 0.3 degrees C

Humdity  Measurenent

Hum dity Sensor: Huni cap

Hum dity Range: 0 to 100%

Qutput Vol t age: 10 v %

Accur acy: + 2.0 %RH (0 to 80K
Wile the + 0.3 C tenperature accuracy did not

meet the indicated requirement of + 0.25C it
was rationalized that when adjusted for system

108

operation and nornmalized at the noninal |evels,
overal | system accuracy of + 0.2 C would be
obtainable. This rationalization was |ater
proven to be correct during system verification
tests.

An inportant problem which needed to be solved
in the design stages was how best to nount the
transducers in order to verify the actual work-
ing level tenperature environment. Because of
tenperature gradients, it is accepted that the
tenperature where a transducer is nounted nay
or not be the same as where the technician is
working. As a result, - it was determned that
regardl ess of nounting location, the transducers
woul d be adjusted to read the tenperature at a

designated reference location working |evel.
Two types of nounting are used, Ceiling Mount
(Fig.2) and Wall Munt (Fig.3).

As an afterthought, it was realized that it
woul d be desirable to have nonitors at all
locations so that the tenperature and humidity
environments could be verified at the work
stations. This is easily acconplished with the
selected type of transducer and consists of
adding only a low cost dual digital neter
assenbly, calibrated and scaled to read out
directly in tenperature and humdity as shown in
Fig. 3. FEfforts are currently being made to
fabricate and install these nonitors in all
referenced areas.

SUPERVI SORS  PANEL

outputs are fed to the

shown in Fig. 4. This

assenbly acts as a selectable readout for all

lab areas. The panel is located adjacent to the
control box for the Reference and Bal ance Lab-
oratory air conditioning systems to facilitate
ease of test and adjustment by maintenance
personnel . The assenbly also acts as a junction
box for all signal leads; which are fed from this
location to the data acquisition system in the
Electrical Reference Laboratory. This panel also
is the location of the environnent status lights
and audible signal system alarm

Al zone transducer
Supervi sors Panel

DATA ACQUISITION SYSTEM

The Data Acquisition System shown in Fig. 5 is
a HP 30548 mounted in a desk console along wth
a HP 87 Controller and a HP 9133XV Fl oppy/
Wnchester Disc Drive for data storage. The
system has a storage capability of 10.5 Myte,
of which approximately 7 Myte is required for
a years environmental performance data. An

overall diagram of the entire system is shown in
Fig. 6. As indicated, the system not only
monitors the laboratory environment and critical

also acts as the controller
for the automatic voltage reference test setup
for conparing Saturated Cell and Zener Voltage
References. Wile this portion of the system
has not been fully activated, system software is
being prepared and when operational, it will
perform all critical conparisons autonmatically
at night to avoid the effects of personnel in
the area. Prelininary evaluations of the

reference baths but



automated cell conparator have indicated capabi-

lity for 3 Sigma uncertainties in the region of
1 nvV with the developed configuration.
Wiile it is theoretically possible to continuou-

sly scan and nonitor the area transducers, it
was determined that 15 ninute scanning intervals
woul d be adequate to verify environmental system
operation. This interval was selected in order
to mnimze wear on the scanning system relays
and allow time between tests to perform other
operati ons.

As shown on the attached 24 hour
hourly reports are provided for all identified
areas which indicate the Mean, Hgh and Low
temperatures and humdities plus a 24 hour
summation. Al data are derived from the scanned
4 test per hour series.

system report,

Besides a daily operations report, the system has
capability for real tinme identification of zones
and paraneters which are not neeting tolerances.
Notification of out of tolerance conditions is
given to laboratory personnel by activation of

a timed audible alarm visual change from Geen
to Red light condition at the Supervisors Panel
and conputer readout of the zone and paraneters
which are not neeting specifications. Aerts
are also provided when the system out of tolerance
condition is corrected.

An ongoing concern relative to operation of the
subject capability is that know edge of the
calibration system environnent is required
during both work periods and tines when the

| aboratory is unattended. This is particularly
true when related to scheduled and unschedul ed
system air conditioning and power shutdowns. A
primary requisite is that the nonitoring system
must naintain operation during these shutdowns
in order to obtain data for evaluation of their
affects on system performance. This is another
reason why the Data Acquisition System was
installed in the Reference Laboratory, as it is
powered, along with the Master Voltage Reference,
from a 2500 VA battery operated UPS system

ENVI RONVENTAL ~ AWARENESS

Wile it is felt that the described capability
meets all of the instrumentation requirenents
necessary for support of critical environmental

specifications in the Mirtin Mrietta Denver
Aerospace Metrology Laboratory system it nust
be enphasized that without an operating system
which is capable of properly using the achieved
capabilities, its value would be minimzed. What
has been found to be of equal inportance is the
achievement of a state of "Environnental Aware-
ness" on the part of all laboratory personnel.
Even with the described capabilities, it has been
determned that achievement of this awareness is
an ongoing process which requires both technician
and supervisory cognizance. |n sunmmation, even
with what is believed to be a "State of the Art"
Environnental Mnitor and Alarm System mainten-
ance of a legitimate netrology system remains an
ultimate responsibility of the netrologist.
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DISCUSSION OF OVERALL | NDUSTRY REQUI REMENTS
As previously indicated, it is believed that
conformance with documented environnental spec-
ifications is an industry wde problem which

affects not only netrology systenms but also test
and receiving inspection areas. The overall
problem stens from the fact that cognizant in-

is supposed to be done and
their docunentation reflects the fact that they
are doing it. In practice, because of facility
limtations, inadequate environmental nonitoring/
alarm systems and lack of individual awareness
coupled with schedule and productivity require-
ments, there is likelehood that large quantities
of workload are being processed industry wide

in direct violation of specified contractual
requirenents.

dividual s know what

both netrology and quality
"You nust say what you

A fundarental rule of
control systenms is that
do and do what you say". If the problens assoc-
iated with test environment are as widespread
as believed, the situation is a "Sleeping Gant"
which awaits only higher inspection cognizance;
because indications are that many organizations
are not "doing what they say".

while technically and
the Denver Aerospace

It should be noted that,
econonically justified for

operation, a conmputerized data acquisition system
is not a mandatory requirenent for legitimte
operation. On an overall basis, the industry

solution lies nore in the devel opment and inple-
mentation of programs which are carried out as
document ed.

Using ML-STD 45662 and M L-HDBK-52A as base
requirenents, the following are nandatory en-

vironmental requirements for netrology systens:
M L- STD- 45662
5.3 Environnmental Controls. Measuring and test

and neasurenents standards shall be
in an environment con-
necessary to assure cont-
required accuracy giving

equi pnent
calibrated and utilized
trolled to the extent
inued neasurenents of
due consideration to tenperature, hunmdity,
vibration, cleanliness, and other controllable
factors affecting precision nmeasurenent. Wen
applicable, conmpensating corrections shall be
applied to calibration results obtained in an
environment which departs from standard condi-
tions.

interpretation, this states that
establish and mintain
performance which will

In sinplified
a netrology operation must
environnmental standards of

not adversely affect the performance of cali-
bration. It further states that if the environ-
ment differs from what is deemed to be a standard
environnment corrections will be applied as
required.

M L- HDBK-52A Paragraph (C further states "The
Governnent representative shall ascertain that

all measurement standards and measuring and test
equi pnent applicable to the contract are cali-
brated and/or utilized in an area in which the




contractor has provided controls for environ-
mental conditions to the degree necessary to
assure nmeasurenments of the specified accuracy."”

It is interesting to note that if this statenment
is taken verbatum it would indicate that if a
given level of control is required and mandatory
to acconplish a legitimate calibration, the sane
level would be required in the area where util-
ized. It is further interesting to note that
because on-site calibrations are normally nade

in areas lacking environnental control, by de-
finition, the whole concept of on-site calibra-
tion is not in conformance with the precepts of
M L- HDBK- 52A.  Carrying the situation to the
ridiculous, it could be interpreted to mean that
it is illegal to neke neasurenents outdoors

because there is no environnental control.

Despite the possible range of interpretations
relative to Covernment Standards, the situation
breaks down to the fact that given the basic
guidelines outlined in ML-STD 45662, a con-
tractor nust document what he believes to be a
legitimate standard of performance and if the
supervising inspection agency concurs that the
conpany specifications are acceptable, these are
what the contractors performance will be judged
on. As such, conpanies are far nore prone to
"hang" thenselves with their own docunents than
is the customer with a governing standard. As
a general comment, many netrology systens place
thenselves in jeapordy by documenting environ-
mental specifications of performance based nmore
on what they would like them to be than what they
are and conpound the situation by stating re-
quirenents they have no capability to test. A
prime exanple of this type of specification is
temperature rate of change which is often
specified but, seldom evidenced as an operational
test capability.

As an overall suggestion, it would seem advis-
able, if an organization wishes to avoid trouble,
to closely examine their own specifications and
assure that it is both possible to meet them and
conformance exists to what is stated. It nust be
noted that it is far easier to add requirenents
as needed, than it is to explain itens which are
claimed but not supported.

In addition, because it is recognized that there
will be times when the system will not neet
specifications, a fallback plan is necessary to
relate what can and what can not be done under
adverse conditions. As specifically related to
tenperature, it is recognized that not all
calibrations require a tight reference I|aboratory
specification. As an exanple of this situation
is the general purpose power supply which may
have low accuracy specifications and because of
non-critical standard requirements can be re-
liably calibrated in a + 5 degree range from
standard environnent. In other cases, it is
possible where calibration reports are issued,
to merely docunent the test tenperature. In
other words, in order to acconplish a legitimte
program nore is required than the establishnent
of sinple environmental specifications, as it is
necessary to look at all workload, considering
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both the effects on the test instrument and
standard and establish realistic environnent
requi rements based on the type of work being
acconpl i shed.

The second factor of legitimte performance,
assuming that a realistic conmpany standard and
fallback plan are in existence, is that it nust
be known at all times how the operating condi-
tions relate to the specifications. In order to
acconplish this action for critical paraneters,
equi prent nust be available that is capable of
measuring the designated paraneter to the
required accuracy. Because it is recognized
that technicians can not spend their time pro-
ductively and stare at environnental nonitors,
subj ect devices should also include provision
for H and LO linmt alarms to provide indications
when a system exceeds standard specifications and
when it returns to an in tolerance condition.
This coupled with proper conpany standards and
enpl oyee indoctrination will, for the nost part,
satisfy the requirenents for sustained legitimte
operati on.

An exanple of the type of device required is the
Tenperature NMonitor [ Aarm system shown in

Fig. 7. It should be noted that it is this
instrunent which allowed for legitimate tenp-
erature system operation in the Denver Aerospace
Metrol ogy Laboratory from the 1980 time frane,

when anomalies were discovered, until 1984 when
the autonmated system was installed.
The third accepted requirenment for maintenance

of a legitimte netrology system is that cust-
onmers usually require records of system perform
ance. Existing tenperature and humdity record-

ers are usually nore than adequate to sustain
this function so long as it is clearly under-
stood that, if existing systems are not capable
of verifying tolerances, they are used only for
the purpose of indicating long term trends in
system operation. Were other less critical
parameters are concerned, log books of perform
ance tests wll normally suffice.

In summation, the following check list is given
for establishment of a legitimate |aboratory
environment  system

1. Examne system documentation and assure that
stated requirenents are realistic and can be
support ed.

2. Develop a "Fall
can and can not
ance conditions.

3. otain instrumentation that is capable of
monitoring critical paraneters and providing
alarm when conditions exceed tolerances as

Back Pl an"
be done under

and document what
out of toler-

determned by local needs.

4. Keep conprehensive records of system perform
ance.

5. Assure that all involved individuals are
adequately indoctrinated relative to system

requirements and know what is required for
mai ntenance of legitimte system operation.



CONCLUSI ON

Because of the design and conplexity of the
MWDA Metrol ogy Laboratory, installation of the
described system was deened to be the only course
of action which would provide a legitimate and
cost effective long term solution to |ocal
environment nonitoring and alarm requirements.
Upon exam nation of one's own requirenents, it
is possible that others may require simliar
systens to sustain operation and if such is the
case, the MDA Metrology System offers proof of
benefits for having such a capability.

As a final note and point of concern, because
observations of questionable integrity have been
noted industry wide relating to environnental
system specifications, it is strongly suggested
that all concerned should take a close look at
their own systens and assure that they are
"Saying what they do and doing what they say".
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HuM. HY % 331 333 362 X 32,9 325 323 36 3O3R L 32 .2
HuM, L0 % 32,5 330 33 2.9 3.5 3.3 32t 32 35 LS 3R 3.8 329
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4 r A [ad il 1 an ] [al nn oNA T

i TERE,AYE, T 22.99 22 22,98 22,94 23.92
. s Aw Am n e . AT prooA ey
Wi 0 235 2% 3 23.63 22,99 2322
n be ol ¥l s ] A A an N aln] Rela B wial an [ ~4 ] a an [x} ks ] s nY nT ~ nT ks )
L2 [ 20,88 22,94 20,95 21,88 22,97 22,89 2.9 22.89 22.97 22,87 22,97 12.9% 122,83

HUk, AV, % 35,3 47,4 44,1
HUM., HI % 448 48 7.4 4
Huw, 8 1 M4 © 35

7 BALANCE LAB TEMP.GVE. T 22.86 20.86 22,88 22.3% 2267 22,85 2083 2.5 20.89 22.B5 22.85 20.87 2.
WL € 22,88 22,9 229 22,689 2051 285 2.9 22,93 2.9 Q.89 22.91 22.89 22,93
0 © 22.8% 20.84 20.85 228 22.83 22.83 20.8 22.88 22.88 2284 22.88 22.86 71.83
HUB. AYE. 1 42.3 447 4.4 4 $.7 351 49 ALT 439 M1 M5 43,9 4.3
WM. KD % 433 454 AA5 84 465 A4 AT 30 443 483 4B 441 454
UM, L0 T 87 483 AR4 0 LT 84 AL ALA ALA 436 49 M2 43T %
1 HIGH VOLTAGE L3B TEMF.AVE. © 2.7 7228 22,75 2224 222 13,07 GD5 2.4 2312 22,1 22,09 20,98
o 22,79 2.1 22.26 I 127 2019 248 2045 2203 2247 2.1 2.3
o 22,27 20,77 2174 2027 2049 2215 I3 2.3 2201 22,09 22,09 21.44
HUK. AV, T 0.9 3.9 3. 3LT L4 ILE 3T 30.5
MUK, HD 2 i3 .2 34 3Le R 32
HUM. LD % 0.8 3.9 3 IO 3T O3LT 9.2
4 PARTICLE L43 TENFLAVS. © 2035 2531 24,31 2433 2432 2432 243 24,32 .13
M€ 20,33 24,35 2436 2074 2434 2434 24,33 2435 24.4
L 24,37 28,3 24,30 24,37 2432 243 .79 2429 23.58
HUR, AVE. T 297 30.2 0 30.4 30.3 30,7 304 36,3 30,4 I0.6 3006 30.9 307 30
M. D % 299 0.5 3.5 306 0.4 305 304 305 3006 307 3 30.8 3
HOe. LD % 296 300 3004 30,20 0.2 3003 303 304 Ths 306 3.8 307 X9
5 RF LAB TENP.AVE. © 20,91 20.97 20,87 21,88 20.87 2057 2009 22.1 2201 2212 22,09 22.41 22,02
BEC o258 2 22,00 72 20,97 2.1 221 2070 22,71 1273 2 2.1 W
L0 C 20.81 20.8 20,78 20,77 2077 2175 20.97 203 22 2099 22 22,00 2075
HUM. AVS. % 34 4.4 347 345 M5 3 M ILE M4 41 32 342 138
Uk, 1343 35 B 347 37 LS AT M 342 IA4 345 44 35
HUM. LD % 336 343 347 344 344 337 3L T OI9 3L O3 M 37
&  SCOPE CAL AREA  TEMP.AYE. © 22,53 22,5 2286 22,57 22,56 22,57 22.4b 22.45 225 22.57 22.54 22.58 22.51
ML € 22,6 2272 20,57 22.56 20.64 2265 2057 2045 22.46 271 22.82 22,71 22.72
LD C 2248 22,37 2237 2248 22.45 22,39 22,35 2278 2235 2043 22.46 22,5 22.78
HOM. VG, T 33 337 LB 3RS OInA IL2OILT 3L OIS O34 336 3L I
oM. HD % 337 OIS O 3R L6 3RS FLTOILG IL9 3L4 3LE 3RA 34
HUM. LD 7 339 LT3N 3L O3RIOIZ9 3N 33 ILE 3N O3LS O34 3
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B9 el LI ¥ sonk oSO bk S¥ ¥ 4] anc Tl B0 oo -
DENVER AERDSPFACE METROLDEY

DaTE: 11/

/84 DAviE

IONE LABORATORY AREA  PARAMETER  (Z:0¢ (3:00

7 T TE! 2.7 B
EMPERATURE ARER TEMP.AVG. ©  22.9 8BS 22.%9 22,84 Z1.82 22, 72,57 2.7
i  22.9%4 B? 27,67 23,08 22.38 2349 23O 7:‘-:
L8 € 22.8 a1 22,39 22,88 22.%2 22,87 2% i
PO P Sl d
HUM. Aa¥6. 7 33.2 34 44 M46 44 TET FA7 4.7 4 4y 35 4.8 3
HUM, B ¥ 337 4.7 347 3 .7 373 We x5 x . By
KX N | T 34,7 37 T 38 Y3 OIS IR
WM. LG 7333 3 LT M 32 3L 1 Wi Wa e T
. L0043 34 .20 T3 3 18,2 3R AL 742 A VAR 4L Lt
\ T nioA 3 d
8 RC/DC CRL AREA TEMPLAVG. T 22,63 22,73 22,487 22,54 22,7 23,82 22080 IDAB ZTLAR 72045 37,08 2745 A4
i 00 2.0 Lde O A o 1« NS « PR I A I A
7 r an T8 A4 7 a7 1= £ L1 : ey
?; ¢ :g.ra .i..S 22077 22,59 22,83 2207 2L.TT 2089 ZRTT 22,73 i o1 ey
L L 22,36 27,66 22,57 22,48 2Z.51 22,58 22,6 72,87 22,637 22,57 22.97 22.%% 2 02
n SLe 2 Li:0% Laedd Ll Ll d Lia NG
HUM. AvG, 1 33 .5 MY 345 343 18 MY 45 MLs M7 3BT EAP
A ? ? 1 . 34, 8 BN 4,0 L 32 Sh] e
HiM, BT %1 34,2 3.&8 15 Jo.b 48 3R G460 3.2 3R 349 38T IS L
HU l : . Jhes e : : .' e ST Saw dade Jea
M. L0 % 33, 4.3 35.B ME 342 343 W3 O3AY s MLy WY Wy 3
=~ £
9 BE/FORCE £RER TEMP.AVE. C 69 2521 2217 3.4 R DDA S 5 B S S O - A 23 09 :
o : 23. R0 0300 2R 2300a 250 2301T 23009 %L
- - v d LY - ) -
HI T 3.1 23,23 2324 2309 2318 2304 Z30te ZIL0Y 2312 2% ;s i
e e e o i3 . " :_-1; 25,7 31 214
L 5 252 23006 23, a0 2LV ZRGE 23002 2301 2308 2304 R4
. z ' 2308 72,45
[H1 Y b4 LT Y T
UM, v, 7 31 K3 WO SRS DT 5 I TS W S S TGS I S U NS S R U S N0 4 O TS W4
: T e : : ESTREES i, 5 PRSI N
HS:. Fé 3 ;i.Q .38 37 3B LY MLe LS 39 3he 3T 37 s
oY M 1.2 3L IO 1 ! g z M5 T 300
R A7 TGS T § DA SRS TR S O T 51 SR SO RS N N U S U T ¥ O R {1
i Ut T ! A An LT
10 VIBRATION LRB TEMP.AVG, © 22018 22,29 22,2 22,03 22,74 2.1 I 07 22,70 22020 2m1R 2rie 12 maum
£ 2 . Ll Ll ided L7
HI € 22,3 22,2} 22,30 23,77 22,37 20.7% 22,11 22.3% 22,26 22,76 72,72 22 g o j”
2335 Ui 22039 32,26 22036 i2.72 ZRUZR 239
L& [ 22,08 22,27 22,10 22,12 22,1% 22,158 22,11 22,1 22018 Z2. i ”:.' .08 22,01
2010 Z2LEe 2401 2200 23018 ZZ bl 22010 22,09 22,58
HUM. A¥B. % 32.5 33 [ SRS B S B R RRIR: B
’ ol & AR Gda
HUM, HI %1 32,9 353 3.5 332 33% 0 LSS M, 2
PRER e | - R E NN q 8,y
LD 7 T 19 T: 28 BB B SR
. BN 2 Shat
BE 1A n 5
i1 PRESSURE LAB TEMPLAVG, 22,47 22,53 22,18 22,45 22,48 2,37 22,1 28 2072 20037 %) 1%, oA
‘ o Sda S ill% PSS PN T A AN F N
Rl € 22,49 22,38 22,36 22,85 22,67 2240 32,81 21,35 32,35 22,71 20055 ZDLAD 214
0 : o o co P S -H 20033 £2,3% A7V 20,30 DA A 1s
22,25 23,5 22,77 22,23 22037 2807 Q2074 24071 2228 22,21 22043 2720 2%
HUM. A¥E. ¥ 32.5 32.9 334 3.7 I3 I3
h . 4 z--J 325 3.4 3.7 33 KETIC SR AP S S T T T A S O S .00 IS
UM, HI % 32.8 332 3.y 33T 338 33d 0 3ke 3L 7o 33703 4
R S 3 33 5 RIS R 373 z
32,7 3.8 352 7 3T 3Lt 3T 13 e 3 33 .
2 . .01 R Y- TR P S R TR A T £
T ' :
12 ALIGNMENT LAB TEMPLAVE. € 20.55 20,56 20.56 20.54 20.54 20,57 T0.53 26.%4 20,51 X% 20,82 20,53
. e ey SVadL FARRRT NI AV IR
3] . - - - :
HI € 20.37 20,39 26,37 2¢.57 20.5% 20,93 20.53 20.% 20,54 24,5 20,56 20 “
0 - b 54 26,5 1,54 20,4
L8 L 20.5F 20,58 20,85 20.%¢ 20.53 20,50 20,51 20,53 24,53 20,91 20.9¢ 049 30 ;3
! il Ve IVedd  SW I sV dd S T LU
HUM. AV6. 1 24,1 24.6 24.& 24,7 25 25,7 25,9 240 26.5 Th.G 26,7 267 IS
25, 725, 28, 6.7 28, 26, 2
: 2b, 25,
HuM, HI 1 24,3 24,7 24,8 25,1 25, 25,8 26,2 I3 Z8.6 0 28,7 25,7 2%,7  27.%
i - 4 : : .1 : b0 26,7 2R 267 27.%
L0 % 24 24,6 .6 4.5 4.8 2%.6 258 2.1 ZES Zh6 0 2.7 W7 C4
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ABSTRACT

This paper describes a system developed to calibrate
thermometers at cryogenic temperatures. The temperature
range of the system is from 1.2 to 330 Kelvin. The techniques
used for automation of the system data acquisition and data
reduction are described as well as future plans to provide
improvements to the system.

INTRODUCTION

Rockwell International Corporation has entered into a
significant new business area requiring the production of
state-of-the-art devices that detect (sense) radiation at low
energy levels. These devices perform most efficiently at
cryogenic temperatures. A critical factor in their performance
is the ability to sense and control their operating temperature;
hence, the importance of the capablity to calibrate
temperature sensors at the product operating temperature.

BACKGROUND

The need for a low temperature calibration capability was
recognized during the Company’s 1978-79 annual forecast of
new capital equipment requirements because of the vigor of
the R&D programs beginning to surface and the requests for
calibration being received by the Metrology Laboratory.
Temperature calibration depends upon the ability to produce a
suitably stable environment. Without this ability it was not
possible to comply with the early requests for low temperature
calibration. However, it soon became apparent that there
would be a continuing need to have a complete capability to
calibrate thermometers at very low temperatures. The forecast
for capital expenditures was amended to include funds for
“Cryogenic Temperature Calibration” and studies were made
to define the essential characteristics of a system for
producing the temperatures required, including the standards
and complementary instrumentation essential for calibration.

A significant result of the initial user surveys was that an
inordinately large quantity of sensors would require calibration
and subsequent re-calibration at periodic intervals. Limitations
of the range of temperatures to be spanned by a given usage
would aid in the efficiency of calibration; however, the time
required for each sensor to be individually calibrated would still
be excessive. Therefore, the ability to calibrate groups of
sensors was included into the specifications for a calibration
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system. Further, the system was to be automated to the
greatest possible extent to permit the accumulation of the data
necessary for the generation of fitted functions that represent
the performance of a sensor throughout a range of
temperatures.

Procurement of the system was authorized for the 1982 Fiscal
Year. The order was placed in April of 1982 and the system
was delivered to Rockwell International in January of 1983.

SYSTEM DESCRIPTION

Preliminary discussions with potential suppliers had shown
that only one of the qualified sources had indicated a firm
interest in providing the system envisioned by Rockwell. A
“turnkey” system concept resulted from the ensuing
negotiations to define the system specifications. This system
(Figure 1), which has been in operation since early 1983, is
capable of calibrating up to 20 sensors with four-terminal
connections over a temperature range from 1.2 Kelvin (K) to in
excess of 300 K. The system is manually controlled from 1.2 to
4.2 K and automatically controlled from 4.2 to 300 K. Helium is
used as the cryogen for temperatures from 1.2 to -80 K and
Nitrogen is used from 80 to 300 K.

SYSTEM OPERATION

Control of the system (Figure 2) is provided by a dedicated
HP9836 Computer that collects the data required, using an
HP3497 Data Acquisition Control System. Individual setpoint
temperatures are selected by the computer in ascending order
as a calibration progresses, then delivered over the IEEE-488
bus to a Lakeshore Cryotronics Model DRC80C Temperature
Controller that applies power to heaters in the Cryostat to
establish the calibration temperature of the sample probe.
Once the temperature has stabilized sufficiently, computer
controlled data acquisition begins. A constant current source,
a digital voltmeter, standards and the sensors being calibrated
are the sources for data.

A significant feature of this calibration system is the manner in
which the software and instrumentation interact to derive a
data package (Figure 3). After a temperature is established, it
is monitored continuously until a predetermined stability is
verified; a stability of + /- 10 milli-Kelvin (mK) is the criteria
used in the software at this time. When the system is stable,
the control remains with the DRC80C but is no longer




monitored by the computer. One of two internal temperature
standards, using the constant current source at the proper
current, is monitored by the digital voltmeter. Using an
algorithm stored in the software, the temperature of the
sample is established. While this temperature may vary
slightly from that displayed by the controller, +/- 0.5 K, it will
be sufficiently close to the desired calibration temperature to
be satisfactory. Another factor that is monitored is the drift rate
of the sample probe temperature. This also must be within a
preset value, typically less than 10 mK per minute. When the
drift rate has been satisfied a required number of sample
times, the characteristics of the sensor being calibrated are
measured. The standard readings, using both forward and
reverse currents, are saved; then the current is applied to the
sensor, in the forward and reverse directions, and either the
resistance or voitage measured according to the kind of device
being calibrated. In the case of a resistive device; Germanium
Resistance Thermometer (GRT), the voltage drop across the
device is a measure of the resistance if the current is known.
For this reason, the bus-controlled current source incorporates
a unique variation. There are four built-in precision resistors;
100, 1000, 10,000, and 100,000 ohms, that are in-series with
the various constant current ranges of the source. Before and
after each readng of either the standard or the test sensor, the
voltage drop across the standard resistor is taken to calculate
the actual current being applied to the device being measured.
A benefit of this design is that the calibration of the current
source relies upon measurements of the precision resistors
because they are more stable than active devices and may be
analyzed by means of control charts, etc., to assure their
stability. In the case of voltage sensitive devices, diodes, etc.,
the current source is critical; however,the voltage
measurements are only made in one direction. Completion of
the data set for a sensor is accomplished by re-reading the
standard’s forward and reverse current to obtain a second
temperature after the sensor values are stored. At each test
temperature, commonly at 5 K intervals, up to 20 sensors may
be evaluated. The resulting data sets are stored in a file for
data reduction after all of the values are obtained.

The standards, permanently mounted on the sample probe,
consist of a GRT and a PRT that have been calibrated by the
National Bureau of Standards (NBS). The GRT is usable from
1 to 30 K and the PRT is usable from 14 to over 300 K.
Implementation of the NBS calibrations required the ability to
use the measured resistance of the standard to establish the
calibration temperature. For the GRT, the NBS calibration
provides on orthonormal least squares fit of polynominal of the
form:

LOG,,, RN = SUM AJ!N (LOG«[() T) J

for Jfrom0Oto N, N=P, P+1,P+2....

The NBS polynomial provides resistance as a function of
temperature; therefore, it was necessary to generate a similar
Polynomial giving temperature as a function of resistance. A
Polynomial fitingroutine, prepared for use with HP9836 for
normal data reduction, was first used with the original NBS
data to reproduce the 15th order polynomial supplied by the
NBS Report of calibration. This was used to test the
agreement with the NBS solution. When the NBS weighting
was applied to the data, the Rockwell and NBS solutions were

quite similar (Figure 4). Inverting the data, a polynomial of the
form:

LOG,,, Tn= SUM AJ,N(LOG10R)J
forJfromOtoN,N=P,P+1,P+2.....

was created using the original NBS raw data. With a 16th
order polynomial, the agreement of the original data has an
index of fit of 0.999 999 999 and differences between the
measured and calculated values equal to or less than 0.6 mK.

The PRT calibration report supplied by the NBS is given in the
conventional IPTS-68 format and is not readily converted into
a usable format for the system software. Therefore, the
polynomial fitting routine was set up using data points
extracted frm the NBS tabular values of resistance versus
temperature at 5 K intervals from 13 to 340 K. The shape of
the function at the lower temperatures precluded a simple
polynomial and the range covered was difficult to fit so the raw
data was separated into two groups. The lower segment was
fitted to a function of the form:

LOGio T = SUM Ay (LOG,, R)Y’

forJfromOtoN,N=P,P+1,P+2....
and the upper segment fitted to:

T = SUM AR’

forJfromOtoN,N=P, P+ 1,P+2...

Tables of T versus R were generated to test the validity of the
fits and found to conform to the original NBS tabulation to
better than 0.1 mK in every point examined.

Use of the polynomials in the calibration system software
involves the selection of breakpoints that direct the
measurement of temperature to the GRT when it is below 25 K
and to the PRT for temperatures from 25+ to 340 K. A
secondary breakpoint is defined when using the PRT that uses
the LOG function from 25 to 80 K and the simpler function from
80 to 340 K.

The calibration probe, (Figure 5), is designed to accomodate
20 sensors in a four-terminal configuration. The removable
mounting block contains drilled cavities suitable for most of the
standard configurations of thermometers and may be replaced
with other blocks to accept special devices. Above the
mounting block is a terminal block for connection of the
sensors to the wire harness. An adiabatic shield with a heater
encloses the mounting block. A helium pot is located above
the mounting block assembly outside of the shield.
Surrounding the adiabatic shield and mounting block
assembly is a vacuum jacket sealed wth Woods metal. During
operation the vacuum jacket is alternately filled wth helium gas
for heat transfer or evacuated to assist in temperature control.
The helium pot is filled with liquid helium and partially
evacuated to control temperatures when calibrations below
4.2 K are to be performed.

Not considering measuring time, loading and unloading the
system with sensors requires about one working day.
Improvements to the mounting techniques are being
investigated with one thought being to revise the connection



system to the terminals by eliminating the soldering. The
system in use at the NBS has a flexible connector with female
pins as the termination on the mounting block and the device
being calibrated is provided with crimped-on male pins to plug
into the connector. This approach results in significant gains in
the loading process as well as reduction of the incidence of
shorts and miss-wired connetions.

While operation of the system follows well-established
techniques that have been described elsewhere (References
[-5); its effective use requires a familiarization period. Since
the system was received, the Rockwell Metrology Laboratory
has been able to complete the calibration of more than 200
PRT’s and over 75 Diode’s Unfortunately, the occurrence of
re-calibration has not offered the opportunity to compare
calibrations for the same article enough times to evaluate the
long term performance of the system or to evaluate the long
term trends for devices being calibrated.

DATA REDUCTION

All of the data obtained during the calibration of a set of
sensors is stored in files on floppy disks. When sufficient data
has been obtained to provide a complete calibration, the files
are closed and prepared for data reduction by a second set of
software.

The data reduction software, supplied to Rockwell by the
manufacturer of the calibration system, has been highly
modified by the Metrology Laboratory staff. The resulting
program, THERM (figure 6), collates the data from the original
files, groups it by individual sensor and sorts it to arrange the
data in ascending values of temperature. Each sensor file may
then be examined to delete obviously erroneous values or to
add values obtained from other sources. When a file is
acceptable for further manipulation, weighting functions may
be applied; if the weighting is not changed, the default value
for weight is one. The relative precision of each of the data
points is considered in calculating the relative weight of each
point during the subsequent calculation. A fitting function that
is suitable for the particular type of sensor is selected from the
menu (Figures 6,7,8,9). Then the sensor data is fitted to the
function to the degree necessary to provide the “best fit". Best
fit is determined by the program and provided with the display
of the coefficients for the polynomial. Experience with the
calibration of different types of sensors has shown that the
degree of fit required for the sensors is an indication of the
quality of the data taken during the calibration. Establishing
the polynomial for the correct function is the first element. With
the polynomial, sets of tables (Figure. 11) are prepared for the
sensor that show the actual relationship of temperature versus
resistance or voltage in increments of temperature. The
increments are selectable to suit the application. If desired, it is
also possible to invert the data and fit functions that yield
resistance or voltage versus temperature and to generate
tables in appropriate increments. Some of our customers use
their calibrated sensors in automated systems. We are able
then to provide them with the polynomial coefficients (Figure
12) to use in their software directly, thereby eliminating the
need to translate tables while conducting their tests or other
operations.

STANDARDS CALIBRATION

Recalibration of the standards permanently mounted in the
calibration probe will be performed using two standards that
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are also available at Rockwell. One of these standards, a
capsule type PRT, has a calibration history, while the other, a
Rhodium Iron Thermometer was only recently calibrated by
the NBS. A second mounting block has been fabricated for the
Rhodium Iron Thermometer (RIT) and the capsule type PRT
(CPRT) for recalibration of the permanently installed standard
GRT an PRT. The recalibration will be manually controlled
rather than automatically because the instrumentation used
for the RIT and CPRT is not capable of interfacing with a
computer. Resistance measurements of the RIT and CPRT
are made with Guildline Model 9975 Direct Current
Comparator Resistance Bridge after stabilizing the setpoint
temperature in the cryostat to within 1 mk. At least 30
measurement temperatures will be required for both the PRT
and the GRT. Other standards available at Rockwell for
verifying the continued validity of calibration data are
SRM-767, Superconductive Fixed Points from the NBS and an
Argon Triple Point Cell, at 83.798 K. Neither SRM nor the
Argon TP have been operated by Rockwell at this time and it is
planned to request the services of the NBS to calibrate the
Argon TP before using it for calibration.

CONCLUSION AND FUTURE PLANS

The calibration of thermometers at cryogenic temperatures is
an expensive demanding task. The equipment is complex and
the skills required to use it are difficult to acquire. However,
with the increasing use of cryogens to improve the
performance of electronic devices it is necessary to acquire
these skills and to extend the capability to calibrate
thermometers into the cryogenic region. There'is a direct
relationship between the accuracy of a thermometers
calibration and the performance of equipment at very low
temperature. Increasing the accuracy of low temperature
calibration in a industrial metrology laboratory such as
Rockwell’s is not entirely based upon the ability of the NBS to
calibrate the standards. Within the laboratory, there must be a
dedication to the proper use of the standards; and the
application of control techniques are vital to the continued
success of the calibration activity. At Rockwell the use of
control standards within the calibration process is encouraged
and will be applied to this new facility. Further, the acquisition
and use of new additional fixed point standards is in our
planning for the future.

Presently, we are delivering calibrated thermometers with a
stated accuracy of only + /- 0.1 K; due in part to the in-stability
of the system. As we gain familiarity with the operating
characteristics of the system, we are able to improve
temperature stability. This will aid in improving our accuracy
when the system is re-calibrated. Within the next three
months, after a recalibration, we will re-analyze the system
characteristics and, based upon the precision of the data
gathered during system usage should be able to improve our
accuracy statements to at least +/~ 0.01 mK. The reported
calibration accuracy will, however continue to be based upon
the device stabilities, etc. Also, an improved temperature
controller has been provided by Lakeshore Cryotronics that
should help in improving the stability. This new controller,
DRC-82C, provides variable power modes for heater
operation that improve the temperature stability.

ACKNOWLEDGEMENTS

| am grateful to David Allen for his efforts in creating the data
reduction software that is a major contribution to the




successful use of this calibration system and also for his
efforts in revising the software used for system operation.
W.G. Pierce and J. Krause of Lakeshore Cryotronics were
very supportive as the suppliers of the system by continually
relaying their experience with a similar system in their facility.

REFERENCES

1. C.G.M. Kirby, Automation of a Thermometer Calibration
Facility, Temperature Its Measurement and Control in
Science and Industry, Volume 5, 1982

2. M.H. Cooper, Jr., R. L. Anderson and CA. Mossman,

129

Automated Temperature Measurements from -183 to 2300
C, Temperature Its Measurement and Control in Science
and Industry, Volume 5, 1982

. Craig T. Van Degrift ad Robert S. Kaeser, Automation of

Measurements in a Low Temperature Laboratory,
Temperature Its Measurement and Control in Science and
Industry, Volume 5, 1982

. E.R. Pfeiffer and R.S. Kaeser, Realization of the 1976

Provisional 0.5K to 30K Temperature Scale at the National
Bureau of Standards, Temperature Its Measurement and
Control In Science and Industry, Volume 5, 1982

. M. Durieux and R.L. Rusby, Helium Vapor Pressure

Equations on the EPT-76, Metrologia 19, 67-72 (1983)



e,

Thermometer Calibration System

Figure 1. Cryogenic
LSC LsC
DRC 80C CURRENT
TEMP. SOURCE/
CONTROL CONTROL
>
HP 9936 HP> 3397A LsC
DATA
COMPUTER AGQUISITION CALIBRATION
CONTROL
PRINTER/ - HP 3456
OR PLOTTER DIGITAL
VOLTMETER;

Figure 2.

System Block Diagram

136




DEGREE

OF CURVE FILT
_INDEX OF DETERM

AUTOCAL

{

INITIALIZATION
DEFAULTS
CLOSURE DATA

CURRENT SOURCE

TEST TABLE
NUMBER

TYPE AND
DEVICE

INITIALIZE
DEFAULTS,

CALIBRATION
MODE
START POINT
END POINT

\TEMP CONTROL,
BY
TEMP-TIME

COEFFILCIENTS

5. 2402896977
-4,53T13378774
7.67B71079665
~H6.01B6B11258

1=+

N
ole
M08 AN
COMPARISON
< 10 mK

INCREMENT

DEVICE
NUMBER

R\

A

READ DVM
CURRENT
+

READ DVM
CURRENT

AEAD STD

Figure 3.

15
PRI LT4LT

[

Flow Chart AUTOCAL

1
i
1
|

> DD DT D

[EMPFERATURE
ELVIN

1.01370
1. 09995
L. 17960
120004
1. 50005
168, OUO7E
19.00018
SO, Q0087
21.,00018
2E.00135

N B W ol

ERoaonn

fongn

1.O0184

WE I GHT RESISTANCE
MEASURED
U6 163598, GOO0Q
Q7 115208.00000 ]
.08 B6525. QOO0
.09 80713%. 00000
.11 58826 . GOO0O
EHG WO 2971550
79.3Q 26.47061
PIL20 27.72907
108g. 00 21.479350
145,00 19.5749%
144,00 1794985

-4843

784.10689B47%

~4574, 25512326

17866.4370161
. 23425

93234.56918485

- 128907.7233457

128162.842668
—F0691. 9753151
44520,3021614

—14400.4010205
2759.2550863H
~2E7.227068B776

HRESISTANCE
EGWATION

163588, 47627
115243, 35494
‘86489.21187
BOTOS. 76637
586851.70141
29.71679
26.4304 1
23. 72847
21.47828
19.57484
17.950186

STANDARD
CALCULATE SDTA(:-'ZE
Order of fi?=15
Standard
Coefficients Deviation Ratio

A 0 = 0.524028949319030+01 0.802240-03  4532,07
A 1 =-0,45331344715407D+01 0, 74644001 80,72
A 2 =0.767873040459700+01 0, 21087D+01 3.64
A 3 =-0. 8401894082866 11402 0, 276250402 311
A 4 =0.704108842RT70T0+03 0, 207490402 3.78
A 5 =-0, 4574264898349 70+04 0. 996611403 4.59
A &=0,178564706332030405 0.320120+04 5 .48
f 7 =-0. 48436316581 3950+05 0, 755571+04 6.41
A 8 = 0,932348379778730405 0.126791405 7 . 3 5
A 9 =0, 128907923356 36D+06 0. 155760405 8,28
A0 = 0,12816302201407D+06 0. 14010[+03 9.15
Al1 =-0.906921157133620405 0.912120+04 9.94
AL2 = 0. 44520260780614DH05 0, 418260+04 10.64
A13 =-0, 14400419702653405 0, 128100404 11.24
Al4 = 0.275925846431654404 0.23516D+03 11.73
ALS =-0,23722737474424D+03 0. 193671402 12.12

Standard Deviation of Fit =

T R R Calculated DeltaR
Kelvins Ohns Ohms Ohis
1.0137 163598.000000 163588, 475563  9.524437
1.1000 115208.000000 115243,353424 -35.353426
1.1796  86525,000000 84489,21155%  35,780441
1.2000 80713.000000 80705,766290  7.233710
1.3001 58826,000000 59051,7016851 -25.701851
18.0007 29.71535¢ 3.716787  -0.001437
19,0002 26.430610 26, 430408 0.000202

20,0007 23.729070 23,726448 0.000602
21.0002 21.479500 21.478276 0.001224
21.0014 19.5749%0 19.5748%%  0,000154
23.0018 17.949830 17.950179  -0.000329

Figure 4. NBS — Rockwell Data Analysis
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TABLE 1. FROM 12 T0 90K

PRT POLYNOMINAL COEFFICIENTS FOR INDIVIDUAL PRT
SERIAL
-1 -2 . -3 -5 -7 -8 10 -13 -15 -17
NO. Ag Ayx 10 A, x 10 Agx 10 Agx 1077 Agx 10 Agx 10 A;x10 Agx10 Agx 10 Ajpx10

40514-1 | 0.792 989 | -0.224 633 | 0.302 610 | -0.209 922 | 1.406 400 | - 3.492 992 | 0.428 079 | -0.264 374 | 0.660 486
40514-2 | 1.077 635 | -1.063 670 | 1.334 604 | -0.889 136 | 4.063 174 | - 9.975 024 | 1.422 959 | -1.196 942 | 5.533 471 | - 1.087 093
40514-3 | 1.078 376 | -1.205 188 | 1.514 313 | -1.011 007 | 4.544 968 | -11.125 081 | 1.591 654 | -1.345 711 6.259 250 | - 1.237 836
40514-4 | 0.951 495 | -1.020 977 | 1.281 679 | -0.854 558 | 3.965 035 | - 9.835 511 | 1.413 195 | -1.194 688 5.541 237 | - 1.090 712

40514.5 #.817 499 -§.725 838 | £.981 380 -0.709 050 3.530 475 | - 8.978 269 1.302 971 | -1.107 400 5.160 459 | - 1.821 651

40514-7 #.756 811 -0.624 733 | 8.851 965 -0.619 426 3.160 799 | - 8.049 840 1.159 550 | -0.973 994 4.473 818 | - 0.871 275
4¢514-a #.929 495 -1.052 448 | 1.391 528 -0.970 386 4.489 768 | -11.189 026 1.628 687 | -1.404 186 6.678 271 | - 1.353 742
4¢514-g 1.621 257 -2.969 854 | 3.939 823 -2.821 434 | 12.706 @30 | -34.666 037 6.033 370 | -6.795 814 | 48.118 073 | -19.488 040 3.447 150

49514.11 | 1.696 080 -2.342 259 | 3.822 430 -2.111 614 9.686 229 | -25.679 085 | 4.352 @29 | -4.769 858 |32.778 699 | -12.870 @82 2.204 625

R=nag+ ¥ AT
i=1

WHERE: T = TEMPERATURE (KELVIN)
R = RESISTANCE (OHMS}

Figure 12. Matrix for Polynominals




Cryogenic Temperature Calibrations

K. Jaeger

Lockheed Missiles & Space Co.
1111 Lockheed Way

Sunnyvale,

ABSTRACT

The Lockheed Missiles & Space Co. has acquired a
closed <cycle helium refrigeration system for
calibration of high precision standard thermometers
between 15 and 90 degrees Kelvin. A total of five
triple point cells of high purity gases will be
utilized to realize intrinsic temperature points

for Argon, Nitrogen, Oxygen, Neon, and Deuterium.
Calibrations will be done for Rhodium-Iron and
Platinum resistor thermometers as well as for

Germanium diodes.
INTRODUCTION

A closed cycle helium refrigerator system has been
purchased from Cryosystems, Inc.. By the use of
high pressure helium gas, temperatures below 10
degrees Kelvin will be attainable. It is planned
to utilize five (5) triple point cells of high
purity gases in order to realize primary and
secondary fixed points as defined by the
International Practical Temperature Scale of 1968
(IPTS-68). We are planning to measure resistance
via the 4-wire method for rhodium-iron and platinum
wire wound resistor thermometers using the
intrinsic temperature points of argon, nitrogen,
oxygen, neon, deuterium points only.

With these calibration points, the polynomials
defined by IPTS-68 can be fitted between ~18. to
273.16 degrees Kelvin, i.e. regions 2, 3, and 4.
The thermometers so calibrated will then serve as
reference standards in a second cryogenic
calibration station which performs comparison
calibrations of sensors with unknown values versus
the standards.

I. HARDWARE

The refrigerator was manufactured by CTI-Cryogenics

and consists essentially of a compressor unit
connected to a <cold head via interconnecting
flexible stainless steel piping. The cold head
operates in two (2) stages thereby reaching
temperatures below 10K. The heat T1oads are
estimated at 250 mW at 10K, 1.4 W at 15K, and 2.0 W
at 20K. (Fig. 1).

Fig. 2 shows schematically the 2 stage cycle of the
refrigeration taken place inside the cold head with
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a single displacer. The He gas is supplied by the
compressor at 24@-260 psig to the top of displacer
(piston). When he displacer rises, the gas streams
to the center of the displacer (top end) which
contains regeneration material that behaves 1like a
good heat exchanger. The gas, somewhat cooled but
stil1l near the inlet pressure, enters the space
near the first stage thermal Toad cooling it to the
gas temperature. It then continues from the first
stage to the center of the displacer (bottom end)
once again containing a regenerator. The gas is
heat exchanged more and then enters the bottom
space of the cylinder, i.e. the second stage space
where it heat exchanges with the second stage
thermal 1load. Once all gas space is filled, the
inlet valve closes and the outlet valve opens
causing a rapid pressure drop and hence also a
rapid decrease in temperature. Heat continues to
flow from the thermal loads through the cylinder
walls to the gas streaming upwards through the
regenerators. It picks up more heat from the
regenerators which therefore cool. Next the
displacer is pushed down forcing the remaining gas
through the regenerators. The outlet, low pressure
gas, returns to the compressor slightly cooled.
The cycle is now repeated at a rate of ~200rpm
yielding low temperatures in a very short time,~30
to 60 minutes.

The cryostat, itself, starts with the vacuum can
which seals to the bottom end of the cold head. A
highly polished can is screwed to the refrigerator
at the first stage. This can serves as the initial

heat intercept especially for radiation. At the
second stage, the isothermal can is bolted. Inside
this can, we have the adiabatic can which is

attached to the isothermal can at the bottom and at
the second stage interface. Inside the adiabatic
can, we support the triple point cell via a weak
mechanical 1ink. The sensor to be calibrated is
inserted into the bottom end of the cell.

Four (4) lead wires from the cell are then soldered
to four (4) copper strips glued to the cell. This
ensures good thermal contact of the sensor and its
wires with the cell. From the top end of the
copper strips, the wires feed to the outside world.
Temperature sensing diodes are attached to the
first and second stage interfaces to allow rough
temperature monitoring. A heater wrapped around



the top end of the cell allows fine temperature
control (Fig. 3).

The cool-down is preceeded by an injtial pump down
(Fig. 1) to about I or 1@ Torr. The
compressor and refrigerator are then turned on and
cool down commences. Crxgpumping will decrease the
vacuum to the 10 or 18 ° Torr level. During the
cool-down, the entire subassembly consisting of the
cold head and cryostat is turned by about 30
degrees. Since the triple point cell 1is only
supported by a weak mechanical 1ink with poor
thermal conductivity, it will follow the direction
of the gravitational field and thereby touch the
adiabatic can with the bottom edge. This contact
point is sufficient to cool the cell down via
thermal conduction. Furthermore, since this is the
only effective contact with the adiabatic can, it
ensures temperature uniformity during the
measurement.

IT. INTERNATIONAL TEMPERATURE SCALE

The International Practical Temperatue Scale from
1968 (IPTS-68), amended in 1975, covers the range
of 13.81 K, the triple point of hydrogen, to above
1064.43 K, the freezing point of gold. For the
cryogenic calibration systems, we are interested in
IPTS-68 devides this temperature domain into four
(4) regions:

Region 1: 13.81 K to 20.28 K (Boiling point of
hydrogen.)

Region 2: 20.28 K to 54.361 K (Triple point of
oxygen.)

Region 3: 54.361 K to 91.188 K (Boiling point
of oxygen.)

Region 4: 91.188 K to 273.15 K (Ice point of

water.)

The 1lowest point (13.81 K) was chosen as the
limiting value for  the platinum resistance
thermometers (PRT).

For our station, we will first cover Region 3,
followed by Region 4, and finally a modified Region
2. We will not consider PRT calibrations for
Region 1.

1.) Region 3

The region is bounded by 54.361 and 91.188
K. The update of 1975 for the IPTS-68
allowed the substitution of the argon
triple point t 83.798 K instead of the
oxygen boiling point at 91.188 K. We are
therefore, defining Region 3 between the
argon and oxygen triple points.

The formulism established by IPTS-68 1is as
follows: Temperature T is defined as (we
will use T for degrees Kelvin and t for
degrees Celsius)

T = 273.15 + fai[lnw*(T)Ji (1)

Zel”
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where the a. 's have been determined by
fitting databf many PRT's over many years.
The W*(T) is defined with

N(T) = W* (T) +AW(T) (2)
and also
Resistance value at
R(T) _ _ temperature T

R(TDT ® TResistance value at 3)
ice point of water

W(T) =

andAW(T) is called the deviation function
and is given as a polynomial for each
region. For Region 3 the deviation
function is given as

— 2
AW(T)=A3+Byrt CoT (4)
which indicates three (3) unknowns; A3, B,,
&,. Hence, we require three (3) equations
to solve for the coefficients. We will
make use of three (3) fixed points, namely

T3 = 83.798 K

T3 = 63.146 K (Triple point of
nitrogen.)

T4 = 54.361 K.

are recognized as primary
fixed " “points. T. s only considered a
secondary point. Nevertheless, we will
make use of it in our system.

Only T3 and T

Using these three (3) fixed temperatures,
we can turn equ. 1 inside out to obtain the
corresponding W* as

W*(T,) = 0.2160570
w*(Té) = §.12754708
W*(T,) = 0.09197255.

By measuring the resistances at T3, Té, T4,
we have the ratios R(T;)/R(T,), R(Tg)/
R(TO), R(T4)/R(TO) where R(TO) can be

calculated from (derivation is involved and
not shown here)

R(TP)
R(T = - (5)

)
07 TPy




with TP = triple point of water = 273.16 K.
Once again W* (TP) can be determined from
equ. 1 as equal to 1.0000398651 so that
R(TP) is required only. Equ. 4 can now be
written as

R(T4) »

——( ) - Wx(T 3) = A3 + B3T3 + C3T3

R(T3) e 1
- W (T3) = A3 + B3T + C3T3 (4

R(TO)

R(T4)

— * -
Wx(T,) = A3 +BsT, t C3T4
R(Ty)

so that solutions for A 3, C3 can be
found.

To find a particular temperature in Region
3 given R(T), one then uses

i -4t

in equ. 1 by first setting Avw=o0. The
initial T so found is then used in equ. 4
to yield a new AMW. By further iterations
one can then obtain T to the required
accuracy.

A word of caution is in order at this
point. Solutions for Region 3 are found
according to IPTS-68 with T,, T, and the
continuation of the derivatiives of the
deviation functions at point T where
Regions 3 and 4 meet. Region 4 13 turn is
fed a constant for the PRT's determined
over many years from Region 5. The
solution proposed with our system makes use
of a third triple point <cell thereby
eliminating any need for a PRT constant
from Region 5. However, as mentioned
earlier, we had to make use of the nitrogen
cell which (for whatever reason) has never
been accepted by the International

Temperature Commission. This automatically
means that our results are not traceable to
the high accuracy levels available
internationally. On the other hand we will

be quite content with accuracies on the 1
to 5 mK Tevel.

Region 4

The deviation function for Region 4 is
defined as

AWt F Ay +Cyt

Note in

3 (t-100). (6)

particular that for ease of
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computation, we will work 1in degrees C,
1.e. t. We also note that only two (2)
constants have to be determined (A wd C

so that two (2) equations are requ1reé
Since there are no accepted triple points
between T, and 273.15 K, we use the point
at T3, namely

t3 =T

and write

3 - 273.15

_ 3
AU(ty) = Agts + Cpty (t4- 100). 7

In addition, we make use of the fact that
the derivatives of the deviation functions
of Regions 3 and 4 have to be continuous at
t3. From equ. 6, we have

—d = A4 + 4t3 C4 - 300t3C4. (8)
ts
From equ. 4, we have
df W(T5)]
———— = By + 20,T,. (9)
dT3

Equating both derivatives yields

B, t 2C, T

B 3 2
3 3 T3 = A4(4t3 - 300t3)C4. (19)
Recall that B3, C3, T3, and t3 are known
from Region 3.
solved for A4 and C4 in terms of [Xw(t3)

where

Equations 7 and 1@ can be

Aw(t3) = W(t3) =

and

N*(t3) (from equ. 2)

We also recall that

W(ts) * Rt

with R(t,) already measured for Region 3
and R(t % given (measured) via equ. 5.
(Note "“that = T,-273.15). (The reader
should be aw wge ttfga:t tbkege solutions are
different from those defined by IPTS-68.)

Region 2

The deviation function 1in Region 2 is
defined as

- 2 3
AWy = Ay + BT +C,TC+ D, T

) (11)



requiring four (4) equations for a
solution. The IPTS-68 utilizes the triple
point of oxygen (T ), the boiling point of
neon {27.102K), ?he boiling point of
hydrogen (20.28K)}, and the continuation of
the derivatives of the deviation functions
at T4.

For our station, we will use T,, the triple
point of neon (24.561K}, the %r1p1e point
of deuterium (18.678K), and the
continuation of the deviation functions at
T,. Once again, we have to caution the
reader that only the triple point of oxygen
(T,) has been accepted as a primary fixed
point. The triple point of neon is under
question by as much as 2 mK and the triple
point of deuterium is really not well
accepted yet. Nevertheless, we will make
use of these points since we will be able
to double check the deuterium point with
standards calibrated at national labora-
tories.

We now have

w*(T4 = 54.361) = @8.09197255
N*(T5 = 24.561) = 0.00870388
w*(T6 = 18.678) = 0.00340139.
We write equ. 11 three (3) times in the
form
R(T,)
4 _ 2 3
- - w*(T4) = A, + 82T4+ CoTy* D,Ty
R(TO)
R(Tg) WH(T;) = A, + BT, + C,T2 + DT
- 5/ 7 "2 2'5 2'5 2'5
R(TO)
2! WH(T )= A, + BT, + C,T2 + DT
- 6’ "2 2'6 2'6 2'6
R(TO)

Equating the derivatives of the deviation
functions at T4 yields

2
B3 + 2C3T4 = 82 +2C2T4 + 3DZT4 (12)
where B, and C, are already known from
Region 3. The constants A2, BZ’ CZ’ 02 can
be determined in terms of
R(T,)
AU(T,) =—2 - W*(T,)
4 4
R(TO)
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R(Tg)
AW(T) = 7 Wx(Ty)
R(T,)

R(Tg)

Au(Tg) =—=& - ux(T)
R(Ty)

with R(TO) known from equ. 5.

IITI. CONCLUSIONS

We have shown with the above derivation that
intrinsic point calibrations for the temperature
range from 18. to 273.16 Kelvin can be performed
according to IPTS-68. It still remains to cover
the lower temperature range. In our case, we are
attempting to reach somewhat less than 2 degrees K.
As mentioned earlier, no triple point cells exists
below the hydrogen triple point and because of

practical reasons of manufacture, we will not
attempt it. Instead, we will switch over to
another, the provisional scale of 1976, called

Echelle Provisoire de Temperature 1976 entre 0,5K
et 30K or EPT-76. This scale covers the range from
@.5 to 30K and has been defined by agreeing with
the IPTS-68 at 27.1K, the boiling point of neon.

Since our closed cycle refrigerator cannot reach
temperatures below 10K, we will for EPT-76
calibrations use another calibration system
utilizing liquid helium. With this system, we will
be able to once again measure the triple points Of
neon and deuterium. Since these points were
already determined with the triple point cell
system, we will use the sensors at these points to

reference the system. Furthermore, we will utilize
superconducting transition points of lead
(7.1999K), and of indium (3.4145K). The Tlower
temperature is reached by pumping on the 1iquid
helium. This procedure will allow intrinsic point
measurements below 10.K to be tied to the scale
above 10.K (i.e. 18. and 25.K).

A word of caution should be aired here. The

IPTS-68 and EPT-76 agree only at the boiling point
of neon, 27.102K. At the triple point of hydrogen,
IPTS-68 is quoted as 13.81K whereas EPT-76 1lists
13.8044K, so that the EPT-76 is lower by 0.0056K;
i.e. over 5mK. We have to keep this discrepancy in
mind during our experiments and realize that
traceability of temperatures in this region cannot
be better than the 6mK by definition.

Data for our two (2) systems will be available
within the next few months. It is hoped that the
calculations can be realized as outlined above and

that the system can then be used on a routine

basis.

REFERENCES

(1) Supplementary Information for the IPTS-68 and
the EPT-76, 1983.




vt

He Out

Cold Head

Coﬁpressor
(Air Cooled)

(Refrigerator)

He In

o e b s s

|

Controller l

Cryostat

Fig. 1

Schematic of Refrigeration Svstem

Vacuum
Can

Vacuum
Pump




High P > | |
in ] out
:\1. N \.\\ZE R\T
Displacer =] )
(Piston) N S
S —-r-Regenerator
N
NIty
! L[] Ist Stage
N -:,"‘
N[
~—{1-Regenerator
N
3 \;
TN
ILoad - == i‘ 2nd Stage

Fig. 2

Schematic of Refrigeration Cycle

142




Fjg. 3

= Diode Temnerature Sensor

Heater

Diode Temnerastine Sensor

- Nisconnect

. Heater
\\Dms (
- (N - oS

- Radiation Stield

j/////////r- Isvthermal Can
T -

Copper Strips

/ Adiabatic Can

Vacium Shreoud

Electrical Feed-thry Ring

Details of Crvostat

R . 1 .
NV YPPRLIAN T WU W , ‘
) N / / /
A\ Vs 7 ___ _ o
_ - L) i QFDA _t=m) /555
i B
¥ T e = = S Y
B i / i‘
N /
AN - " < NI NN N ~ s N >
\TZ YN - i :
§% " YN
Thermal
Cnp.mt,mu:p - &.(:),5/ — o

143



SESSION TIII-C
STATISTICAL MEASUREMENT PROCESS UNCERTAINTY ANALYSIS

Patsy Oea
TRW Operations & Support Group

144




DEVELOPMENT OF UNCERTAINTIES FOR 1l4mm IMPEDANCE STANDARDS

MichaelA.

V. Cruz

Director Electromagnetic-Standards Division, West
Navy Primary Standards Laboratory, West
Naval Air Rework Facility, North Island

San Diego,

ABSTRACT

The development of the uncertainty statements for
a wide range of SWR values became necessary when
this Tlaboratory received impedance standards whose
values exceeded a SWR of 1.5@0. Normal calibration
support at that time was 1.8 to 1.5 SWR. Standard
impedances whose SWR values ranged from 2.0 to 4.8
had to be analyzed for errors since the past analy-
sis had only been used to evaluate SWR values to
1.5. A complete error analysis review was put in-
to action. The methods used to measure SWR were
high directivity bridges {200-400MHz) and standard
airlines (1.0-8.5GHz). A systematic and short-
term error analysis was performed using propaga-
tion of error techniques and a long-term error
model was derived from past historical customer
data, as well as, from a newly created data base
from in-house standards data. This paper addresses
these systematic, short-term and long-term errors
in the measurement of 14mm impedance standards.

INTRODUCTION

The availability of the desk-top computer has
allowed evaluation of large amounts of historical
data. This data previously had been maintained by
manual systems (history folders) and in some in-
stances evaluation of that data occurred only once
as to demonstrate a "general" response or charac-
teristic of a standard. Today, evaluation of
coaxial impedance standards has taken on a new
Took. Instead of fixed uncertainty Timits based
upon a one time evaluation of errors the uncer-
tainty Timits are being computed for each and
every unit based upon its own characteristics.
Both short and long-term errors are being evaluat-
ed at the time of measurement. It is with this
new computer power that the errors for the 14mm
coaxial impedance standards are now being evaluat-
ed.

MEASUREMENT SYSTEMS

Current techniques and measurement systems used
are high directivity bridges used from 10MHz to
1.0GHz whose measured values are in terms of re-
turn loss (dB) and standard airlines used from 1.0
to 8.5GHz whose measured values are in terms of
SWR (dB). Even though a 6-Port ANA is in-house
only after its evaluation will the above mentioned
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systems be replaced. The bridges are used in a
fixed frequency system with a precision attenuation
receiver, synthesized source and are padded by two
Tow SWR 10dB attenuators {SWR<1.05).

The airlines are used in a fixed frequency 1lKHz
modulated system with a tuned slotted line measure-
ment port and a 1KHz detection system. The bridges
are calibrated using precision airlines and the
airlines are calibrated dimensionally. (see
figures 1 and 2)

SHORT-TERM ERROR ANALYSIS

Note, the following discussion of errors for coax-
ial impedance is in terms of SWR. Return loss
values (dB) and SWR (dB) meter readings and terms
of reflection coefficient are all converted to SWR
values.

Bridge measurement errors: The systematic and
random errorsarecomouted in the following manner.
(1) The bridge systematic error ¢ (AT) is com-
puted from the relationship AT = .001 + @.1 I'uZ.
The term .001 refers to directivity (6@0dB) and the
term @.1 Tp? refers to the output connector mis-
match with the test unit (Tu) connected to it.
Table 1 displays results for various values of SWR
for 200 and 400MHz.

(2) Instrumentation systematic errors are contrib-
uted by the precision measurement attenuation' re-
ceiver which has a error of 0.02dB/10dB. To be
conservative, all measurements below 20dB return
loss are given 0.04dB error all other values are
determined by the aforementioned relationship.
Table 2 depicts errors associated with various
values of return loss (dB) based upon mismatch SWR
values. Propagation of error techniques’were used
to transform the error in terms of return Toss

(dB) to values of SWR. The following describes the
terms used in table 2.

R (dB) = return Toss (dB) based upon mismatch
SWR value.

AR, _ (dB) = error in terms return loss (dB) for
a particular measured value.

ASWR = error in terms of SWR due to error in
ARy (dB).




The propagation of error techn1que is used for the
transformation. A SWR ¥ 2 [(.115)(10~Ru¥8)  y*
ARL(dB)] is the re]at1onsh1p used to transform re-
turn “loss {dB) to SHWR.

(3) Random error in making return loss measurements
of the reflectometer bridges includes operator,
connector, source and instrument error. Again,
propagation of error techniques are employed to
transform return loss variations to SWR values.

examp] R (dB) = 21.0 dB

o(R {4B) = A.8% dB 300
then g(SWR) = 2 [(.115)(10  “£0).05]
= (.0010
RL(dB) = average of "N" return loss measure-
ments.

c(R (dB)) = variation (variance) of "N" return

Toss measurements.

o(SWR) = variation of SWR transformed from re-
turn loss measurements.

o(SWR) £ 2 [(.115)(10 R%8l ) o(R (dB)] this
is the transfer function that relates
the variance in return loss (dB) to
variance in SHKR.

Standard Airline Measurement Errors: The system-
atic and random errors are computed in the follow-
ing manner.

(1) Systemat1c errors due to mismatch of the test
port , unit under test (T t) and the airline
Ta1 arg discussed. The test port mismatch was

measured by Tlooking from the measurement plane on
the output port of the slotted line back toward the
generator. The airline mismatch was computed from
manufactures specifications using the following
formula SWR = 1.8013 + (.0013) F(GHz). The follow-
ing relationship gives the total mismatch error

due to the airline, test port and unit under test.
ASWR = SWRyyt * [(1+rtp Tyut)? + (14747 Tyut)2-2].
Using measured values for T'y, and computed values
for Tz1 and nominal values ¥8r Tyut table 3 is
constructed.

(2) Airline length errors evolve due to imperfect
Tine lengths. Error analysis performed on the
airlines maximize the effects of length errors by
observing the change in voltage at a minimum on the
standing wave.. As the SWR increases the sharper
the minimum gets and the slope angle increases such
that small changes in Tlength give rise to Tlarge
errors in SWR. Standard airlines have been measur-
ed to be within + 0.02cm of their specified Tength.
These airlines are of the beadless type.
(Note: It was found that by keeping the frequency
to 0.01% produces negligible effects in SWR.) The
following formula describes the voltage level of
the standing wave at specific distances (d) along
the wave at various values of SWR."

E = Ea[1+Tyy¢-2Tyyt cos(w"| )]!2
where:

E = voltage of standing wave at a distance from

minimum.
E1 = incident voltage
Tyut = reflection coeff cient of unit under
test
d = distance from minimum in centimeters
g = wavelength in slotted Tine

TAR

Note the following relationships:
Emax = E1(1+Fuut+2Fuut)”, when d=)/4 from
minimum
Emin = E)(1+Fuut 2Fuut)” when d=p (at mini-
mum

EerrorE El/[j”uw 2Tyyut COS(“"‘)]’i when
SWR = Epax/Emin> but SKR = Epax/
Eerror (nggp min) so ?ﬁﬁﬁf A SW& is
equal to the error due to airline length in terms
of SWR. Table 4 demonstrates the errors associated
with different values of SWR at different frequen-
cies with an airline Tength error of 0.02cm.
(3) Systematic instrument errors associated with
the SWR (dB) measurements include errors generated
by the ratiometer, SWR meter and the crystal de-
tector on the slotted Tine. The ratiometer and
the SWR meter are calibrated as one unit with a
uncertainty of = @.82 dB for the range of use.
The crystal error is * §.01 dB for non-Tinear re-
sponse. To convert the errors in the instrumenta-
tion to errors in terms of SWR once again applies
the propagation of errors technique. The follow-
ing relation performs this transformation.

AR = (.115)(10 S*55% )\ syup (aB))
A SWR=-error in terms of SWR due to instru-
ment errors

therefore:

SWR (dB) = SWR values in terms of SWR {dB)
ASWR (dB) = + 0.03 dB error dueto instrumen-
tation

Table 5 demonstrates the error in terms of SWR due
to instrumentation error at a given value of SWR.
(4) Random errors associated with the standard

airl ine method include the following: (1) connect-
or repeatability, (2) operator performance, (3)
instrument instability with time and (4) source

fluctuations. These random components again are
transformed from SWR (dB) readings to values of
SWR. The following relationship describes the
transform.

o(SHR) = (.115)(102E8) | cur(dB))

o(SWR) = variance in terms of SWR

og(SWR (dB)) = variance in terms of SWR (dB)
readings

SWR (dB) = average of SWR (dB) readings

Table 6 demonstrates the relationship between the
variance of SWR (dB) to the variance of SWR with
different values of SWR.

In summary of the short term error analysis
(covering both systematic and random errors)

table 7 displays a typical data worksheet for a
mismatch standard with a SWR value of 4.0. 200
and 400 MHz are evaluated by bridge error analysis
while 1.0 to 8.5 GHz are evaluated by standard
airl ine error analysis.

Table 8 is a comparison of the compilation of
errors between the old method to the new method
in terms of SWR for 1.00 to 4.9 SWR standards.
The new method is a nominal value.

LONG TERM ERROR ANALYSIS

The preceding sections have discussed the short-
term systematic and random errors. Those errors



relate to the short-term component of the total
error analysis. Now, Tet's turn to the long-term
error component. The first attempt to characterize
the Tlong-term error was to make a general model to
represent "types" of mismatch standards. Histori-
cal data was gathered over 11 years and a long-
term variance was computed for each frequency
measured. From this data a regression analysis
was performed and a best fit to the data derived.
This general model helped indicate the amount of
variability based upon frequency. This evaluation
gave a fixed value associated with a generic mis-
match standard. In other words, the Tong-term
error component was based upon a family of "Tike
items" evaluation and was not based upon the item
being measured. This approach was implemented
because an automated data base for each item had
not been created. This evaluation has been aban-
doned. The second approach involves the use of
desk-top computers which now allows the creation of
data bases. Individual historical evaluation of
the long-term component is now feasible. Means
and standard deviations are now readily available.
(see table 9).

QUALITY CONTROL

Once the creation of the computer data bases had
taken place quality control procedures were im-
plemented. This program has the ability to display
eight control charts, one for each frequency meas-
ured. At the completion of each measurement ses-
sion the current data point is compared with past
historical data. At this point the current data
point is plotted on displayed control charts (see
figure 3a and 3b). This would be the time for
acceptance or rejection of the newly measured data
point. If accepted, the new data point is stored
on the data file; if not accepted, action is taken
to correct the out-of-tolerance condition. Possi-
ble reasons for the out-of-tolerance condition
could be operator error, instrumentation error,
measurement technique, the standard changed or
computer error! This evaluation allows us to re-
view the new data and take corrective action before
new data points are stored on data files. Once
all data points are accepted only then are the
data points stored on file.

TOTAL ERROR

A final error analysis will be performed in a re-
port generation program that combines short-term
systematic and random error and the Tong-term
historical data variations. Now, each-standard
will be evaluated on its own merit at each fre-
quency measured. Currently, an effort to combine
the data gathering program, the historical data
and quality control program and the report genera-
tor program is in progress. Completion of this
effort is expected soon.

SUMMARY ~ AND CONCLUSION

The use of the propagation of error techniques has
allowed the transformation of systematic and ran-
dom errors of measured and computed values to
units of SWR. Computers have allowed individual
error evaluation for each frequency measured and
creation of computer data bases has allowed auto-
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mation of long-term error analysis and historical
data file formation.

The ultimate goal of this Tlaboratory is to trans-
fer all historical data on folders to disk storage
files. This will be a three to five year project.
The quality control features are in a prototype
state, new additions to the basic statistical
calculations are being discussed. New testing of
the means and variances will help evaluate histor-
ical data with current data.

Extensions of calibration cycles with realistic
uncertainties 1limits will be addressed after com-
pletion of computer data bases.
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TABLE 1. ASWR: ERROR DUE TO BRIDGE

SWR Tu AT ASWR
1.005 .00249 .0010 .0020
1.100 .04762 .0010 .0020
1.200 .09091 .0018 .0036
1.500 .2000 .0050 .0100
2.00 .3333 .0121 .0234
4.0 .6000 .0370 .0768

TABLE 2. ASWR: ERROR DUE TO INSTRUMENTATION

SWR Ri (dB) ARL(dB) ASWR
1.005 52.1 B.12 .00007
1.100 26.4 0.06 .00066
1.200 20.8 B.04 .00084
1.500 14.0 0.04 .0018
2.00 9.7 0. 04 .003

4.0 4.4 0.04 .005

TABLE 3. ASWR: ERROR DUE TO MISMATCH

FREQ .00249 .04762 .09091 .200 .333 .60

(GHz) (1.005) (1.100) (1