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FOREWORD

These proceedings contain the papers presented at the Twelfth
Annual Precise Time and Time Interval (PTTI) Applications and Planning
Meeting held December 2-4, 1980, at NASA Goddard Space Flight Center.
They also include the discussions following the presentations.

The purpose of the PTTI Applications and Planning Meeting, as
defined for 1980, was to give Managers, Systems Engineers, Program
Planners, and Industry:

° An opportunity to discuss current and future needs,
problems, and programs;

° An overview of state-of-the-art in PTTI applications;

° A review of significant accomplishments in applications;

° A view of important future trends;
0 Future applications.

There were 220 registered attendees from government, private
industry, universities, and 19 registrants came from foreign countries.

This year, a special emphasis was placed upon the subject of
reliability, which has become critically important in the applications
of PTTI equipment. With this in mind, speakers were invited to describe
their experiences in achieving high levels of reliability in other
programs involving h1gh technologies. In addition, the technical
program was organized in order to emphasize the importance of views of
industry, on one hand, and the views of government officials, on the
other hand, in the process of effective planning.

'On behalf of the Executive Committee, I particularly want to
recognize the excellent efforts of the Session Chairmen and of the
Technical Program Committee under the leadership of Mr. C. A. . Bartholomew.
As in the past, the quality of the technical program was excellent, and
the interest in PTTI continues at a high level. 1 also want to thank
the Session Chairmen for their efficient conduct of the Meeting. Finally,
it is a pleasure to recognize’ the contributions of S. Clark Wardrip and
the hospitality of NASA Goddard Space F]1ght Center.

_/’C”' /2,,5&

ARTHUR 0. McCOUBREY )
General Chairman L
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CALL TO SESSION

‘Dr. Arthur 0. McCoubrey
National Bureau of Standards

DR. MCCOUBREY: Good Morning. As your General Chairman, it is my plea-
sure to call to order this 12th Annual Precise Time and Time Interval
Applications meeting. 1 am very pleased to note that the interest in
this meeting remains high and that the attendance is already excellent.

Let me remind you of the purpose of the PTTI meeting. It is a meeting

to provide managers, system engineers, program directors, and industry

with an opportunity to discuss, for planning purposes, current and future

__needs, problems and programs, to provide for an overview of the state-of- 2
the-art in PTTI app11cat1ons, "to review significant accomp11§hments in T
applications, and to review important future trends in app11cat1ons I

am pleased to say,that we have an excellent technical program. The tech-

nical interest in this Precise Time and Time Interval Applications meet-

ing remains very high reflecting the rap1d advances that continue to

emerge,

I want to thank the Technical Program Committee, ably headed by

Mr. Charles Bartholomew. They have selected 47 papers from those sub-
mitted. Forty-one of these papers will be included in the formal pro-
gram and a number of additional papers which cannot be included in the
formal presentations because of time limitations will be published in
the proceedings. Forty-one papers in the formal program exceeds the
number presented last year, and I am sure you will appreciate that we
have a crowded schedule.

The emphasis which we have selected today for the opening session of the
meeting places the subject of reliability up front. PTTI is a field in
which applications of very advanced technology are necessary and I am
sure you will agree that the questions of reliability is not only impor-
tant now, but as we apply this technology in more and more demanding
situations the importance continues to increase. Therefore, the first
session this morning brings a number of speakers from fields in which
reliability has been an essential objective for many years; we will have
the benefit of their important experience in advanced technology field
other than PTTI. :

Later today, during this afternoon, the first part of Session II will
deal with the perceptions of Government,p]anners; this part of the meet-
ing will be moderated by 1ndustry Later in the afternoon, the second
part of the planning session takes up the industry views; this part will
be moderated by Government representatives.




Tomorrow we have a session on time transfer. We also have a session on
frequency standards and clocks. On Thursday a session on advanced tech-
nology is scheduled.

Let me remind you that, as usual, on Wednesday evening we have our in-
formal banquet. This year we are very privileged to have Professor
Joseph Webber as a speaker. Professor Webber divides his time between*
the University of California at Irvine and the University of Maryland
here in College Park. His subject tomorrow evening is Listening for
Extra Terrestial Intelligence. Professor Webber is a most interesting
speaker and we will have a very interesting evening. I urge you to
attend and, in this connection, I also urge you to make your plans early
and purchase your tickets. .

Next then it is a pleasure for me to call upon officials of our spon-
soring agencies to open the meeting. First let me call upon a represena-
time of our host institution, NASA Goddard Space Flight Center. NASA
Goddard is also a sponsor of PTTI and it is a pleasure for me to intro-
duce Dr. John McElroy, Deputy Director of NASA Goddard Space Flight
Center. .




WELCOME ADDRESS

Dr. McElroy
Deputy Director:
NASA-Goddard Space Flight Center

Good morning, ladies and gentlemen., I must say it is a very great pleasure
on my part to be able to welcome you to this 12th PTTI conference.

This is the sixth time Goddard has hosted the PTTI and we always welcome the
opportunity to do so. It is a personal pleasure because some years ago,
about 10 or 15 or so, I was in the organization which housed the hydrogen
maser program here at Goddard and I know the spirited discussions which came
out of the previous PITI's and related meetings. Harry Peters and Vic Rein-
hart and many of the others used .to come back from those meetings with many -
interesting stories. And if this meeting is as spirited as some of those

I recall the subject of wall effects on hydrogen masers being a popular one
for many years. 1 remember the vigorous arguments that went on as to
whether a hydrogen maser would ever be good for anything. But we seem to
have passed that stage these days.

There are a number of NASA papers that will be presented over the next three
days that will discuss much of what we do here at Goddard in the Precision
Frequency and Time fields, but I would like to mention just a couple of
those activities and highlight them because we are, indeed, quite proud of
them,

Our new hydrogen masers are now becoming available for direct support of the
study of crustal movements where accuracies of less than one ccentimeter per
year are required over distances of hundreds to thousands of kilometers.
Over the next 4 years we expect to construct three to four of the NASA
research or NR masers per year. These added to our existing NASA prototype,
or NP masers, will give us about 15 hydrogen masers for support of various
NASA programs,

These new NR masers, which have frequency stabilities of a few parts in ten
to the fifteenth are under microprocessor control and will be monitored and
controlled from Goddard.

The experimental work is continuing in this area with the development of
variable volume masers, I am sure a subject which is of great interest to
many of you, and a new field operable maser design which should be reproduc-
ible at a much lower cost than present designs, and picking up omn Dr.
McCoubrey's comments, hopefully with a lot higher reliability as well.

Our interferometry work continues with the use of the Mark III wide band,
very long baseline interferometry systems. These systems are currently
located at Westford, Massachusetts, Greenbank, West Virginia, Owens Valley,
California, Fort Davis, Texas, and Onsala, Sweden.



A portable system has already been out to Germany and to England and is now
presently at Goldstone, California.

The velocity measurement goals of the crustal dynamics project are accura-
cies of 4/10 of a centimeter per year for a 5-year measurement span and 7/10
of a centimeter per year for a 3-year measurement span.

To date we have been able to achieve an RMS value of three centimeters
between Haystack and Owens Valley, a distance of 4000 kilometers over a

4-year period.

During the 1980's we are going to replace most of our worldwide ground
tracking network with two large geostationary communication satellites, the
Tracking and Data Relay Satellite System.

The TDRSS, as it is called, will greatly increase spacecraft communications
capability, but will also be used to time synchronize the TDRSS ground ter-—
minal at White Sands, New Mexico to terminals here at Goddard and, thus, to
the U.S. Naval Observatory to within some 100 nanoseconds. '

‘In cooperation with the Naval Research Laboratory we are developing GPS tim-
ing receivers that will be used in our laser ranging network for sub-micro-

second timing in support of the crustal dynamics project.

All of these activities, I think, show that Goddard is, indeed, very in-
terested in the subject of this conference.

We have some very distinguished guests here today from other PTTI sponsoring
agencies. Among them we have Rear Admiral Eustace, who is Vice Commander of
the Naval Electronic Systems Command, Captain Vohden, who is the Superinten-
dent of the Naval Observatory, and Captain Henifin, Commanding Officer,
Naval Research Laboratory.

I would also like to welcome and acknowledge the attendance of our foreign
guests. Many of us in our own travels are hosted and treated extremely well
when we visit laboratories around the world and we are certainly delighted
to have the opportunity to reciprocate at least in a small fashion.

Of the 44 papers in the program, 10 are from authors from other countries.
Certainly your presence at this meeting makes for a much more meaningful
discussion and you are indeed welcome. '

I thank you all for coming and for the opportunity to greet you this morning
and I sincerely hope that you have a very good 3 days.



OPENING COMMENTS

Rear Admiral R. J. Eustace
Vice Commander
Naval Electronic Systems Command

REAR ADMIRAL EUSTACE: Thank you, Dr. McCoubrey. Good Mbrning ladies
and gentlemen. I want to join in welcoming all of you here today and
particularly our foreign guests, as was noted.

It is a pleasure to be here as a representative of the Naval Electronic
Systems Command because we are one of the cosponsors of this 12th Annual
Precise Time and Time Interval Applications and Planning Meeting.

NAVELEX is the Navy s PTTI program manager. As such we are, of course,
a vitally interested member of this community. We understand the prob-
lems confronting you and by sharing our probiems with you we hope to
achieve something from our collective efforts.

We at NAVELEX supply the Navy's fleet with electronic communications,
navigation, and command and control systems. These systems have very
demanding time and time interval requirements. The systems are con-
stantly being modernized and replaced with newer systems which have
even more strigent and demanding timing requirements.

It is only through your efforts to develop new, more accurate, refer-
ence standards and time dissemination and distribution systems and
techniques that we in NAVELEX are able to support the demands of our
fleet.

In scanning your agenda I noted that reliability is the subject of the
first session. This is putting first things first. We, in the Navy,
are concerned with systems that work; we have too many that don't. We
need reliable support systems, including PTTI reference standards and
distribution systems.

Like you, I will be interested in hearing what Mr. Willoughby and the
other speakers have to say concerning the reliability requirements and
capabilities. ‘

I also note that Government PTTI planning and industry's response to )
that .planning is high on the agenda. Again, I concur, that is the kind

of dialogue which is extremely important if we in the Navy are to ful-

fill our increasingly demanding mission.

I encourage each of you to take full advantage of the opportunities
you will have during the next three days to keep abreast of the rapidly
advancing technology.




Before finishing, 1 would 1ike to make two announcements which I think
you will find of interest. First, in response to NAVELEX's recommen-
dation, the Chief of Naval Operations has validated the Navy's require-
ment to maintain time on the Global Positioning System satellites to
within 100 nanoseconds relative to Coordinated Universal Time. That
requirement has been forwarded to the GPS Program Office.

Also, just last month, the Chief of -Naval Operations approved the con-
tinued maintenance of time on the current TRANSIT satellites to 20
microseconds at a one Sigma relative to UTC.

It is our belief that the maintenance of time in these satellites to
within these tolerances will provide the Navy, the other services, and
the civilian community with an essential, valuable reference source.

I am certain you will find this planning meeting to be mutually profit-
able and productive. I am equally certain that the NASA people will
again prove to be commendable hosts. It has been my pleasure to welcome
you and to thank you for participating.




~-taining to-Verdin, Communications, Navigation and the Master Clock

OPENING COMMENTS
Captain Raymond A. Vohden

Superintendent, U. S. Naval Observatory

CAPT VOHDEN: Mr. Chairman, Ladies and Gentlemen: This morning I have

the pleasure of speaking for Admiral Williams who, regrettably, had a
previous commitment as the guest speaker for the Annual Meeting of the
American Institute of Aeronautics and Astronautics. Admiral Williams
wears two hats, he is the Director, Naval Oceanography Division
(OP-952) and the Oceanographer of the Navy, both in the Office of the
Chief of Naval Operations. He is responsible for people and money
resources for the Naval Observatory and he is my boss. As OP-952, he
has the task of coordinating the entire Navy PTTI effort. In this
capacity, he monitors precise time and time interval functions per-

Upgrade.

We at the Observatory are optimistic about the future of PTTI in the
Navy in that Admiral Williams brings to his position a unique exper-
tise and enthusiasm. At 12 years of age, Admiral Williams was already
an accomplished navigator. A graduate from the Naval Academy in 1951,
he has served as a navigator on a destroyer; he had three tours on
ballistic missile submarines, once as the executive officer and twice
as commanding officer. More recently, he served in the Office of the
Secretary of Defense as Military Assistant to the Deputy Director,
Strategic and| Space Systems. At the Observatory we are convinced that,

under his leadership, PTTI is on the ascendancy.

Although I have learned a great deal about "time" in the last year as
the Superintendent of the Naval Observatory, .I find that the more I
know the more there is to learn.

The requirements for precise time continue to be more demanding, con-
sequently the Naval Observatory continues to look for means to improve
time transfers and to make the U. S. Master Clock more precise and
more accessible. The upgrading of the Master Clock continues and we
hope to guarantee one (1) nanosecond real-time precision. A prototype
Global Positioning System (GPS) receiver has been checked out by the
Naval Observatory and time transfers of 30 nanoseconds anywhere in the
world are now possible. The monitor results are available on the
Naval Observatory's digital information service within less than 24
hours. Of almost equal importance is the speed with which the time
service information can reach the user. This year we inaugurated a
new digital information service with direct access to parts of our
data base and with real-time measurement capability.




While preparing my welcoming remarks, I thought it might be useful to
review the proceedings from the past 11 meetings. It was interesting
to discover that the original purpose of the first conference was not
to duplicate the typical engineering meeting where the emphasis is on
papers about new work and accomplishments but, rather, its purpose was
to be a planning meeting to reveal if we were meeting all of the PTTI
requirements and to determine what could be done better. The emphasis
was on capabilities and user needs. Questions and discussions were
indispensable to the success of those meetings. Therefore, again, I
suggest to . you the importance of questions and discussions as the best
means to assure the optimum amount of communication among all partici-
pants. This should also lead to suggestions to PTTI users for new
applications, procedures and techniques and will allow the PITI re-
searchers to assess fruitful directions for future research efforts.

The. Naval Observatory, located on Massachusetts Avenue in Northwest
Washington, is well worth a visit for those of you who may not have
been there already. Besides being a place of considerable scientific
interest, it is a rather pleasant place to visit. 1In its present loca-
tion, the Observatory dates back to 1893. It was originally known as
the Depot for Charts and Instruments and was founded on December 6,
1830. And for this reason, we will have the opportunity to celebrate
our 150th Anniversary on December 6 of this year. A tour of the Naval
Observatory is scheduled for the evening of December 2. I'm sure you
will find the tour a very interesting and worthwhile experience.

You appear to have a very impressive program outlined for the next two
days. I'm sure you are going to have a very productive meeting.
Thank you. '




OPENING COMMENTS

Captain E. E. Henifin
Commanding Officer
Naval Research Laboratory

CAPTAIN HENIFIN: Good Morning ladies and gentlemen. It is a distinct
pleasure for me, on behalf of the Naval Research Laboratory, to make
some brief comments at the 12th Annual Precise Time and Time Interval
Applications and Planning meeting.

First a sincere thank you to Tom Young and NASA Goddard for providing

the fine facilities of the Goddard Space Flight Center for the meeting.
Many of you may have been expecting the meeting to be at NRL this year
and I apologize if you are disappointed. However, a spurious pulse in
the-alternating- GSFC/NRL- hosting-circuit_has caused .a_phase shift.  _.

Secondly, I would 1ike to extend to Captain Vohden, Dr. Westerhout, and
to all of the employees, past and present of the Naval Observatory, a
heartly happy 150th birthday and may the present lead to a br1ght pros-
perous and timely future.

Thirdly, I would 1ike to offer a welcome to the office of the CNO and to
the National Bureau of Standards, the sixth and seventh sponsors of this
meeting joing with USNO, NASA/GSFC, NAVELEX, DCA and NRL in insuring
PTTI continuance.

Back in April 1969 when USNO alone sponsored the first PTTI, it's
purpose was to provide a forum for discussion and coordination among
Government planners. It was soon expanded to take advantage of valuable
inputs from industry and foreign participants.

That original purpose remains today and it may not be the formal ses-
sions that are of underlying importance rather it may be the informal
face to face, eyeball to eyeball discussions between sessions, at cof-
fee breaks, and at the social functions that pay the real dividends.
And when the meeting is over no one will really know the value of this
meeting. But exchange of ideas between planners, users, and doers is
priceless. We at NRL are firm believers that meetings, small or large,
are a necessity for the exchange of IDEAS.

The formal sessions and papers are the means to facilitate thinking, to
generate questions, to formulate new ideas. Hence the attendees, you
in the audience, need to be listners, good listeners so that each of
you can put the speakers on the spot with the hard and difficult ques-
tions that may develop new ideas. I charge you not to be passive at-
tendees but to be active participants.




I believe the Program Commitee has put together an excellent series
of sessions, each with a superb group of papers -and you should be on

with the program.

Thank you for coming and I hope you have a rewarding three days here
at Goddard. .

10
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SESSION 1
RELIABILITY

Dr. Gernot M.R. Winkler, Chairman
Naval Observatory



MANAGEMENT OF RELIABILITY AND MAINTAINABILITY;
A DISCIPLINED APPROACH TO FLEET READINESS

Willis J. Willoughby, Jr.
Deputy, Chief of Navy Material for
Reliability and Maintainability
And Quality Assurance, Navy Material Command
Washington, D.C.

It certainly is my pleasure to be here at Goddard again. It has
been a number of years since I have been here. I was at NASA for a
number of years in the past, but I recall a remark of my very own that
came to me as I was listening to the introduction.

When _Apollo was over, I said to the Administrator of NASA that I

“want $10 and a new suit. 1 don't know whether you understand that ex=—
press1on or not, but when you get out of jail the first thing they give
you is $10 and a new suit.

Apollo was over. I said, I am through with reliability, we have
done a job, I don't want anything more to do with it. I came from a
systems engineering group and I said, I want to get back into that
business and get out of this game called reliability.

Well, the $10 and a new suit didn't last long because I was thrown
into the Navy to see if we could manage to turn around a trend in the
Navy which was very detrimental; the lack of operating life in Naval
equipment.

Now, I use the term operating life. That is what I grew up with
and the Navy calls it reliability. Whatever you want to call it, it is
all the same thing.

Today you are here to learn, listen and talk a lot on the subject
of precision time. I think also you should put the word precision in
your mind very carefully because that is really what reliability and
what the quality assurance world is all about. It is really the preci-
sion of how you do something.

What we learned in Apollo was that nothing in the terms of operating
1ife happens by accident and that you can have reliable systems without
redundancy. As a matter of fact we had many systems that were very
jmportant and that were not redundant, although we did have quite a bit
of redundancy.
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When you don't have redundancy, such as the military has a great
lack of, then you must depend -on how you design your systems and you
must depend on how you manufacture your systems. So today what I would
1ike to hold in front of you is the term "precision," because that is
what it is all about. We are going to talk a 1little bit about the ex-
perience, what has happened in the Navy in the past years, where we
have been and where we think the program is really paying off.

I think there is quite a bit of excitement in terms of our own con-
tractors and ourselves as to what we see being introduced to the fleet,
which has a primary job to do. .

If you notice, in the Figure 1 we didn't put in reliability and qua-
1ity assurance and that is for a very good reason. For a number of years,
I think most people have become mesmerized with the word "reliability" and
"quality" and there is a little story about the runner who went out to see
how the war went and the runner came back and said, "the war doesn't go
too well, Emperor." And the Emperor says, "shoot the runner."

That is really what I found happening, when I came to the Navy. We
had reliability people standing up, answering questions that should have
been properly addressed to the designer and we had people standing up in
quality assurance circles trying to answer questions which really belonged
to the manufacturing community. So we have decided to focus where it is
important and put our hands around the throat of the guy who is really
doing it to us; the designer and the manufacturer.

The reliability and quality organizations have a purpose and a point;
and we are not in any way circumventing their role, but what we are trying
to do is make sure that we focus on where the culprit is and that is the
designer and the manufacturer. You will see very little discussion about
reliability and quality itself, but you will see it more centered around
the design arena and around the manufacturing arena, which is where it all
takes place.

I think the thing that is important is the word "mandate", in
Figure 2. On Apollo we had a mandate and that was to land three men on
the moon and bring them back safely within the decade.

That mandate means a lot. The Navy decided back in the mid-'70's
that the fleet was not doing well and that parts and people were not the
answer to bad equipment. And they really put a mandate out and this is
how.I got involved.

They said, we want to change the way the Navy operates in terms of

the equipment operating life and these are the three commands that are
involved: the Air Command, the Elex Command and the Sea Command.
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In Figure 3 is shown how the mandate carried itself out. On the
slide you can see the office I now hold (06). It is a responsible
role along with the logistics community and the acquisition community.
The three operations report directly to the Chief of Naval Material.
So that means we have recognized the mandate and the organizational
structure which is, of course, very important.

A little bit in terms of motivation. I saw Figure 4 in the Patent
Office on documents that I was reading not too long ago. It is a plow
in combination with a gun. I am sure that the designer of this machine,
back in the time period when that plow was made, was doing it for pro-
tection, but I couldn't help but think what a great motivation that would
be if you were the mule who was pulling the plow.

-——0f-course what-we want-to talk-about_is the_management of _a_disci-

plined approach. The whole secret to this busines of precision is a
matter of discipline (see Figure 5), how you go about it and how your
understanding takes place during the course of that discipline.

Now normally speaking this is what you would find yourself dealing
with in terms of reliability and what I saw the Navy dealing with back
in the mid-'70's is their version of reliability. It has been charted
for simple understanding, but it is what I refer to as the game of random
nines. .

Figure 6 is a chart that portrays how the acquisition cost (A)
increases as the reliability is increased. The support cost (S) de-
creases as the reliability is increased. _

This chart was supposed to tell you that for some Delta increase in
reliability here, that there is a point on the acquisition cost curve
where it would be too expensive to continue to develop the equipment in
terms of placing it into a higher reliability category.

And, of course, this chart is absolutely true if you are intending
to manage your reliability by a test program. If you are intending .to
test your reliability into your program then, of course, this is the kind
of a curve you would see in terms of the acquisition costs, because you
would be spending so much money for time, equipment, test chambers and it
would be very late in the program, it would be a very costly kind of an
operation.

And I have seen these type of curves run before on equipment and
they are referred to as cost drivers. And in any program where you run
into reliability as a cost driver, what you will find most times is that
you are dealing with a program where the test philosophy is reigning
supreme, rather than the design philosophy.
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So this is the game that I got involved with when I first came to
NASA back in the mid-'60's. And there was a group called PSAC that was
looking over Apollo and they wanted us to do a predictive kind of anal-
ysis and to do a reliability program in what I call the game of random
nines. In other words, they were trying to get us involved in the mathe-
matical aspects of reliability rather than design and manufacturing.

Very fortunately for NASA they didn't listen to PSAC and went on and
did what was right.

In Figure 7 is shown what we replaced the game of random nines with.
‘There is nothing that we can't do in terms of acquisition fundamentals
that defines the program reliability that aren't under these categories.

Actually when we were with the Apollo program there were quite a
few more analytical activities than this that we could perform in order
to understand reliability of our equipment while it was in the design
process. But for the military application we picked these categories and
said they are the ones we want to use, they are the ones that we are
going to focus on and if we understand these, we are sure that we can
design and build reliable devices.

There is one secret to reliability that you have to understand and
it comes out very clearly in this chart and that is, reliability is a
function of stress. 1If you understand the stress on your hardware, you
understand its reliability. If you are overstressed, you are not very
reliable. f your equipment is overstressed it is not reliable. These
are simple analytical tools, but very powerful analytical tools that if
used properly can give you as much confidence as a very complex test
program.

They have the advantage of being done up front while the design is
still on the paper, they have the advantage of not using a lot of capital
resource and inventory and yet giving you the confidence that you need
to understand whether your equipment is going to hack it or not in terms
of the stress that is being put on it.

For instance, the mission profile definition is very important. You
have to understand where it is going to be used, how it is going to be
used and what environment it is going to be used in. Of course, that is
one where we have fallen down on our swords many times because we have
Jjust inadequately defined the environment, sometimes out of ignorance and
sometimes because we were just careless.

If it is something we don't know and it is perfectly understandable,
-we will learn what the mission really turns out. to be later.
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But all of these tools are designed to produce analysis and in the
Navy most of our contractors have generated the necessary algorithms in
the Cad and Cam work in terms of gett1ng the ana]ys1s into the automation
system such that the eng1neer doesn't have to do it in the long, time-
consuming way.

This is a very important ana]ysis that Apollo spent a 1ot of time
on and as far as an analysis goes in terms of understanding stress, that
is probably the most important one; the most powerful one there is, up
and down the board.

The only problem was that it wasn't known outside of Apollo circles.
Today it is getting the emphasis I think that it needs in industry. I
think the jury is still out though as to how important it is to military
systems that have not a high reliability requirement.. It may come as a
shock to you but in most cases military equipment doesn't demand high
reliability._ It demands_what_we_call_a _median_kind of a reliability

somewhere in the 80 to 90 percent category, not like the Apollo reli-
ability where failures were just ordained not to be, which demanded
very precise design and very precise understanding of the design.

The question of sneak circuit analysis came in as whether or not it
would be a type of analysis that would be valuable to the military. It
turns out that it is, I think, but the jury is still out voting and the
jury is really the industry. "As they use it, become more familiar with
it, we are finding out how cost effective it is and whether or not it
is really paying its own way in terms of an analysis activity.

Next I am going to talk about design experience.

What we have here is a series of figures that show you some of the
involvement of the design and what it really means in the early stages.

When I first came to the Navy we asked some very simple questions
about what was the policy of say junction temperatures in the design of
electronic equipment. We -couldn't find any policy written.

We also went out in the fleet and did some measurements to see what
typical junction temperature were in equipment and we found they were
operating somewhere -in the 150 to 140 degree C category

We also know from our exper1ence with Bell Labs that th1s is the
temperature that they like to design in for the majority of their equip-
ment and they have had a lot of experience with those kind of tempera-
tures and we know what reliability we can get out of them.

If you put those numbers together what you see in Figure 8 is.a
difference of 900 times the reljability of the equipment depending on
Just simply what junction temperature you pick. We, in the Navy picked



the 100 degree standard because we couldn't afford the luxury of the
weight, the extra copper that goes into designs of these very cool sys-
tems at the bottom of the chart, but we also couldn't afford the failures
that we were seeing at these high temperatures. As a matter of fact,

we set 100 degrees as a standard and it has turned out now that we are
probably designing more in the 100 to 90 degree C region.

Our contractor has come back and told usothat th8y really think they
canoprobably design fairly comfortably at 110" to 120”. But we set the
110°C -standard back in 1975 and we are probably going to move it very
shortly into a lower temperature category since we seem to do it with a
relative amount of ease. .

But as you can see, even within the bandwidth of 120 to 110, we are
still talking 12 times the reliability. So you can see the sensitivity
of the precision of reliability requirements to just one little element,
which is called junction temperature.

Also embodied in another chart, which I didn't bring today, is the
electronic stress on the devices. You have two kinds of things you
should look at in semi-conductors which are very important, one is junc-
tion temperature and the other is electronic stresses. 1 have just
highlighted this one because it is very significant and easy to see.

Figure 9 is a chart that I think really portrays for people who have
difficulty understanding what the relationship is between dollars, tem-
perature and MTBF. We have collected this on a fleet of aircraft, 200 to
‘be exact, and what we are looking at was the impact of operating temper-
ature on MIBF and on the operating cost of the airplane. I think this is
"a very, very, important chart, at least it is for the Navy because it is
the first time we have been able to quantify MTBF with temperature and
with the dollars.

And what the chart portrays is what we did. We took a 200 fleet of
a1rp1anes and we lowered the cabinet temperatures from 110 down to 90,
which is a 20 degree drop in the cabinet temperature.

And when we did that we almost doubled the MTBF. It went from about
2.7 to 4, but we found also that when we did this 20 degree drop in temper-
ature of the box, we found that the annual operating costs decreased $42
million for every year for those 200 airplanes. And now we find that if
we can drop it another five degrees in those cabinets, we can have an
annual savings of $8.5 million a year on those 200 airplanes.

So you see, reliability has a very direct connection with the economy
of how we operate, how we bill, how we buy. And in this day of inflated
dollars, where we are buying less and less with the same amount of money,
we have to understand more and more of these relationships and we have
several other families of charts that show the economic impact of just a
few degrees of temperature on the subtlety of re11ab111ty
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We have always know these numbers, 1ike you could lower the tempera-
ture and the MTBF's would change by these amounts. Those are relatively
known factors, but what we had not known is the impact of operating costs
on airplanes when we just lowered it those 20 degrees.

So it shows you that for every degree you lower the temperature, you
are not only dealing with MTBF, but you are dealing with operating costs.

Figure 10 is a very significant chart in terms of just the design
and understanding of temperature and the design of a piece of eqipment.
This is a signal processor. We call it an ASP and the interesting thing
about this chart is when we first looked at this program a number of
years ago, the reliability it was achieving, was right around the 200
hour level, against a specified level of somewhere between 500 and 700
hours. We did a design analysis of that part1cu1ar piece of equ1pment
and we found most of the devices were running too hot. We didn't have
a whole lot of money on this program, so what we told the designer of
this equipment, which was IBM, that what we wanted them to do was to
relocate the components on the boards and not do any new design. So
essentially we went in and changed the printed circuit board only. All
of the components went back on that were on there before. The electrical
circuits were exactly the same. Only this time we did a sort of a re-
gression analysis, thermal regression analysis, we put the components
where they would best receive their cooling. In other words, the very
hot ones were near the edge of the boards and those who needed less
cooling progressively went towards the center of the boards.

We made a thermal adjustment of the parts on the board. When we put
it back into service, 750 hours. MTBF is the equipment reliability that
we got. Now you see, to me that is very powerful. This is very in-
~spiring for a designer to understand that the only difference between
the old failure rate and the new was the fact that he relocated com-
ponents.

We didn't change the design. We didn't do anything except just re-
locate the components on the board. Then what we noticed, when we got it
out in the field was that we were still not achieving the reliability that
I thought we ought to be achieving. So we took some more looks at that
piece of equipment and we found that the field failures were about 50-50
parts and workmanship. In other words, the design stresses were within
the 1imits that we wanted to be in, but parts and workmanship were a prob-
lem.

So in the next version, the initial production, we pulled that design
back into the factory and changed the manufacturing process. When we
fielded this piece of equipment, Figure 10 shows that the reliability
went up to 1000 hours MTBF.
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We looked in the field and saw that we were seeing some kind of cate-
gories that were lower than these numbers, but still a problem in the area
of workmanship. We have instituted a screening program which improved the
reliability prediction. We haven't fielded these units yet.

We are now putting our equipment through a vibration thermal cycle be-
fore we put it into the field and when that is completed we expect to see
the reliability go up again.

I think the message of this chart is that this is a manageable
process. There is nothing mystical about reliability. It has nothing
to do with mathematics. I hate to tell you that, but E to the minus,
Lambda to the t is a dead duck in the Navy.

Figure 11 is a "Show and tel1" about where all of this leads if you
you properly follow it.

When we were getting ready to put an INS, Inertial Naviagation Sys-
tem, into the F-18 program we found we needed five to nine times the
reliability of any current system in order for the airplane to meet its
design requirements.

At that time when we went into the design phase of the F-18 INS
system, Litton was the primary builder of these systems and everyone of
these, with the exception of the A-7 had been built by the Litton Com-
pany and, as you can notice, the best that they had-in terms of MTBF on
any INS they had ever built from the 1960's through the 1974 time frame,
‘was somewhere around 90 hours MTBF. And, yet, we had to have somewhere
around 500 to 700 hours MTBF on an INS system if our F-18 was going to
fly the way we wanted it to fly.

So we initiated those design parameters that we talked about earlier,
what we call design fundamentals, and put in the manufacturing disciplines
that we wanted on the program and today that program is flying in 22 test
airplanes and is demonstrating somewhere between 500 and 700 hours MTBF.

The thing that is interesting about this chart is that the same manu-
facturer who from 1960 to the 1972 time frame couldn't make an INS system
with any more than 90 hours MTBF in it for all of those airplanes. And
‘yet we changed the design standards, changed his manufacturing standards
‘and today we regularly get this kind of thing out of that manufacturing
operation.

So once again, I am trying to show you that it is a discpline process,
it has design capability in it, it doesn't have to be mathematically driven.
We simply look at our design, understand the stresses and see to it that it
is built to print, which of course is a big problem.
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If you look at our general industry's response to all of the initia-
tives that I have just talked about, in Figure 12 is shown the top 10
people who spend most of the Navy's money in terms of delivering systems
to the Navy. And these are the kinds of evaluations that we have put on
the industry. :

As you can see, there is still some red (R) with some companies as
they gradually understand the transition design and the biggest one, of
course, is motivation which we are working on this year, which I think
is very important.

You know, Patton once said years ago, "You can't push a wet noodle."
And that is a very true statement. So what we have done is gone to the
corporate people and said, we are now demanding that you ask that your
equipment be reliable, that you make that first in your company.

There is no point~in building equipment; no matter—how-well;no
matter how precisioned, such as your time equipment. You know, if you
build very precisioned time equipment, but it doesn't do the job, it
quit on you when you want it the most, then there is really not much
point in having that design. You know, let's not be infatuated with
"~ just the performance aspects of equipment.

The Japanese have shown us what happens when you become infaturated -
with a total equation, not only the design of the equipment, but the
manufacturing and the understanding of the stress of the equipment. You
know, the Japanese are just about to put us out of business electronically
and that is because they have understood the equation. I think it is high
time we, as Americans, understand what that equation looks like also.

So we have been working diligently in that area and it won't be long
before I think that the chart is going from all red in 1975 to have it all
green (G) in 1985. And I think with our top 10 contractors we will have
that happen. '

As I said earlier, understanding design stress is really the main
‘part of the equation for the design aspect. But now you still have to
build it to print. No matter how well the design has been carried out,
no matter how well you understood the stress on the equipment and no
matter how well you did your design, if the guy out there on the floor
doesn't put it together the way the design is supposed to go together,
then you have shot it all.

So what we are involved in Figure 13 is a heavy emphasis on the
manufacturing of equipment, or what we like to refer to as build to
print. : .

We are going to talk about today in two areas: parts and workman-
ship (see Figure 14). The only parts that I am going to bring up with



you today, which are occupying probably 90 percent of our problem areas,
is semi-conductors. And the other thing we will talk about is workman-
ship. But I will first talk about the parts problem, what we see in the
parts area and what I think you should be very attentive to in your
precision time work in terms of semi-conductors.

Back in the late '70's we did a study, shown in Figure 15, which
became very significant to us. I became aware that parts and semi-
conductors were giving us an unusual amount of trouble in the fleet and
we were buying mil-standard parts, high reliability parts, JANTX and
JANTX-B parts, which are supposed to be the top of the line, the cream
of the crop.

But we began to see equipment with these mil-standard parts in them
that weren't performing the way that we thought they should. So we went
out and bought a dozen part types in quantities of about 100 or 1000,

I have forgotten how many were in these lots now, but we bought 12 dif-
ferent types of semi-conductor devices with what was referred to as a
statistical quantity and then we put them in tests at one of our labs.
And what you are seeing here is the summary of one part type of which
the other eleven looked exactly alike.

But- what I want to go into is to show you what really happens in
this world that began to open our eyes. .

If you go to Radio Shack to buy a given part it will cost you 59¢
for that part. If you buy the same part commercial screened, such as
the FAA, or other people buy, that same part will cost you $1.99. If
you buy the part with high-rel standards, such as NASA buys, that will
.cost you $3.10. If you buy the same part under what is referred to as
a mil-spec the part will cost you $12.50.

Now what we found out in this study, if you notice there is only
one thing changing in this chart that you can see and that is the amount
of paper you buy.

If you buy your part at Radio Shack there is no more than your
receipt. You get a little more data at each higher priced part and
‘when you get the mil-spec part you have bought a trainload full of
information and it is supposed to guarantee you that you have now bought
the part quality that you want.

Well, what we found in this study is that that wasn't_true! What we
really saw is that there was quite a difference in terms of the reliabil-
ity between the first two categories. And we saw there was a lot of
difference in the quality between the next two. But the significant
part that came out in all 12 part types was that we could see no dis-
cernable difference between the mil-spec and commercial screened parts.
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Now, why is that? We began to study it and we thought we knew the
answer, and since Fairchild has blown the 1id off everything we now know
the answer. But at that time we were speculating.

You see, commercial screened parts is where 99 percent of the parts
are sold commercially. We in government only buy three to four percent
of the industry's output and what is happening is, when they run short
of mil-spec parts they are just dipping in the box and getting us these
commercial screened, unburned-in parts. And that is the reason we could
not see the difference. They just look alike. ,

You know, we wrote a great mil-spec, but we just aren't able to
police it or enforce it.

So that began to open our eyes. I got a couple more pieces of data

here—that—I-am-going—to_show_you.Here_are_six_of the_leading_semi-
conductor manufacturers in Figure 16; we took their names off to protect
the guilty, but I never have quite figured out why I wanted to protect
them, but nevertheless every name that you know is on this list.

In one major program it became a real eye opener for us, it was a
mining program where we were having trouble with some of the semi-
conductor devices.

We decided that we would go in and do our own pre-cap visual. The
manufacturer had been doing it for us now for three years and we were .
having trouble with this particular device. So we said, we are going to
see if anything is different. We are going to send our own people into
the factory and we are going to sit down with the guy who does the pre-
cap visual and we are going to do it right along with him.

When our man arrived at each one of these six plants the reject
rate that showed up is shown in Figure 16. Now mind you, they had been
delivering them to us all along. And, as a matter of fact, these two
fellows, number three and four, came to the Navy and said that they had a
72 percent rejection when we were sitting there with them and that they
previously had only a 6 to 5 percent rejection.

Those two fellows said to us, if you really want a m11 -spec part
we can't supply it to you and they disqualified themselves and they had
been sending them-to us for three years.

Now these other fellows who had still unusually high numbers, at
least agreed to clean up their lines, and they began to deliver us
quality semi-conductor devices.

Well what we found out is there is gross cheating going on in the
semi-conductor world; gross cheating. _



A typical example is shown in Figure 17. We screened, we took a _
family of them and you can see the number of parts. I won't go into it
here for time reasons. But when we did the exact same test, we took mil-
spec parts that had already been delivered to us and we put them through
the mil-spec test again. We just sent them to an independent tester, and
we said what we want you to do is submit these to a mil-spec standard
test requirement just as though you were the manufacturer and do exactly
the same thing he is supposed to do when he ships them to us. And that
is what the column represents in Figure 17.

And when that guy was finished with testing, I think it was 20,000
parts, we found 14 percent rejection of transistors, 14 percent rejection
of IC's and about 11 percent rejection of diodes.

What we are seeing consistently, in the Navy in the mil-standard
world of military parts, in the semi-conductor world, is somewhere be-
tween 10 and say 17 percent rejection of mil-standard parts. Now those
are parts that, you know, we are paying the $12.00 for. They are not
the Radio Shack part. They are the part that is supposed to be tested,
burned-in and are supposed to be high quality devices. That has changed
our whole way of doing business once we learned this.

“Now here is an example of what happens. We call it the manufac-
turing burden. :

Figure 18 is a chart I showed the industry just to show them how
stupid this whole thing really is. But here is a case where a guy deliv-
ered 425 pieces of which 243 were found bad. When they were taken apart, -
they found they didn't even have the same die in them. Figure 18 is a
picture of two different dies in the devices. What had happened is; he
had just put the wrong dies into the devices. Now mind you, not only
does he have the wrong quality on the die, but he also has the wrong
die_in the semi-conductor. Now that doesn't bother me nearly as much as
the statement down on the bottom. An alert was put out, everybody was
told, the manufacturer, which is National Semi-Conductor, responded to
the alert in this way. And this is what was written on the alert; It
says: "This situation of mixed parts does not constitute a reliability
problem". It has got the wrong die in each one, but that is not a
reliability problem!! They say: "All of the incorrect devices would
have been detected at the users incoming, receiving testing board level
checkout". In other words, "Buyers beware."

You will find that somewhere along the line at your cost and at your
expense, but we don't consider that a problem. And that is the kind of
thing we are dealing with in semi-conductors.

Now, of course, there was one that has really hit the street lately.

I am not going to spend a 1ot of time on it, but as you know Schoenberg
took over Fairchild in a stock option bit and when Schoenberg came into
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that plant and began to do an audit of what they had bought, and my own
version of this is they get what they deserve because I don't 1like people
that do these stock option takeovers, but at any rate they now found out
that they have a disaster on their hands.

You know, Schoenberg came to the Navy and came to DESEE and says,
hey we don't quite understand what is happening in the Fairchild plant.
We put out approximately 2 million semi-conductor devices a day -- on
the military line -- and yet we don't find but 500 sockets in which
we can burn them in and we don't understand how they are doing that.

0f course everybody rushed into the plant to see what it was all
about and what you really found out is that they weren't burn1ng in at
all.

For the last five years Fairchild has been sh1pp1ng mil-standard,

. ——— __high_reliability devices_unburned-in. And,those are in all of your

ewuipment right now. You see, what 1 am saying to you is you are really
-- "Buyer beware."

Now the Navy has established its own programs with screening. Most
all of our major vendors have bought what is referred to as "century
equipment". It is a temperature screening device that we rescreen all
semi-conductors. We just don't use any semi-conductor that isn't re-
screened. It is just a disaster. I am sure in your precision world
you should take very great note of this because I think it is very
important that you recognize that just because you bought a mil-spec
part doesn't mean you have got anything at all. You have got to
determine what you have got yourselves.

Shown in Figure 19 is a program for which we had specified an MIBF
allocation. I picked it because it was a fairly high number in terms
of Navy equipment and the thing that is interesting about thigAcurve is
if you look at the JAN world, you see the mil-burned-in part is required,
the thing Fa1rch11d didn't do for us and let me just stop right here a
minute.

If you think the scandal going on with Fairchild is only with
Fairchild, it is just because you haven't visited the other plants yet.
Don't you believe for a minute Fairchild is the only one delivering
unburned-in parts. You just have to understand how semi-conductors
are made, you have to understand what the volume is and having been
around these plants for awhile you have to understand the term called
"ship for revenue".

At the end of every month a payroll has to go out in a semi-conductor
plant. And when they get near the end of the month, if they haven't
sold enough devices to meet their payroll, anything that is on the
shelf gets sold. That is called "shipping for revenue" and- that goes
on across the whole industry.
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Now what this chart shows you is that there really is a break point
at which the cost begins to go up, but the MTBF. doesn't meet the same
cost rise. And really is there sufficient reason to use the mil-burned-
in part for military equipment, or should we really look at the 883
screen parts, which is where the cost cross over point is.

We are looking for cost effective reasons, does the JANTX part
really pay for itself, or should we buy a couple of levels down, do our
own screening and see if that isn't the most cost effective way to put
the semi-conductor into military equipment.

If you think the problem is bad, Figure 20 just says you haven't
seen anything yet. Because when you go to the outer circle, which is
the '80's, what you are going to find out is that in the past, the -
outlook for the semi-conductor industry was market emphasis and then
sales were sort of the thing they were interested in but in the '80's
you are going to find that profitability is the only thing industrial
sources are interested in.

As foreign companies come in and take over the semi-conductor houses
(I will make you a prediction that within 10 years there will be no semi-
conductor house in the United States that isn't owned by a foreign
interest) and buy up this industry what they are going to be interested
in is only word, “"profitability." And you are going to have a devil of
a time knowing what you have got and believing what you got unless you
have some way of screening your own parts.

Figure 21 shows there is a lot going on in the semi-conductor world
that I think is good. What I have said is a bad picture, but actually
any place we have seen the Japanese take over the‘semi-conductor industry
and work with the semi-conductor world, what we find immediately is the
part type quality goes up.

-There are all kinds of laws saying don't buy overseas, don't buy
offshore, all of this kind of stuff, but it is primarily nonsense because
in actual fact the Japanase build a better device. And the reason they
do is because they spend more money in the design process.

You know, our manufacturers have known for years that the quality
of the device would go up if they just spend more money on the masking
process, just for example. They spend over twice the amount of money
we do for masking their devices and, of course, they get a better
device when they mask it.

So if you look into the process what you find is that the Japanese
are really moving and you can look at the curve and see that. The
reason is they have understood what it is that they are looking for that
makes real profitability; a dependable device.
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Figure 22 is a little parts story. The other part of it is work-
manship. We have recognized that workmanship also is a problem, loose
wires, improper manufacturing procedures, et cetera. So we instituted
about a year ago, a year time frame, we instituted this screening pro-
gram which is really just a matter of known literature that we put into
a document. We used it on the Apollo program. It has been used in space
programs and probably is nothing new to you all.

_ But the point is, we said, hey on all of our equipment from now on
we want to see random vibration, 6G, no less than 10 minutes, no more
than maybe 20 minutes, but somewhere in that time frame. And we said we
also want to see thermal cycling and we want to see that thermal cycling
is a function of complexity and there is a family of curves in this book
that shows it. We have given this book to all of our industry and parti-
cularly the corporate people because what we want them to understand is

— . __ that, it decreases _corporate costs.

If you can understand what it is in your manufacturing cycle that
is giving you trouble, then you can correct it and you can build the
product better and better at a cheaper and cheaper cost.

So this document was sent out to the industry. It has very good

" response. We are now thinking about turning this into a NAVMAT publi-
cation, or maybe even a mil-standard, or I don't know what to do with
it exactly. But at any rate, it has served its purpose in industry now.
It has called attention to the fact that if you really want to improve
your profitability of your company, as well as delivering more reliable
equipment, you must do some type of manufacturing screening and that is
the screen we picked that came mostly out of NASA Titerature and if you
2ave seen it I am sure you are familiar with it. That is working well
or us.

Between the emphasis on semi-conductors, rescreening, between doing
this kind of manufacturing screening, we are seeing equipments now go
out into the fleet that are sometimes two, three, and as much as five
times greater MTBF then we have ever seen before and this is because we
put the focus on design and manufacturing and I think that is the point
I really want to make with you.

Don't play mathematical games. Don't get involved with E to the
minus Lambda t. Those are interesting things and I am sure they have
some design predictive nature, but look at the part that is really
important in this whole equation and that is understanding the stress
in your design and being able to build it to print.

If you can guarantee yourselves those two areas are under control,
you will be building precision time equipment that just will be very
dependable. And, after all, that is really what we are looking for is
dependable equipment.
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Figure 23 just says we haven't made quite the progress with the
transition in manufacturing as we have with the transition in design,
but this is because we got on it a little bit later, we got on it in the
late '70 time frame recognizing these kinds of problems. There is still
very little green (G) on the chart and I guess the main message in that
building to print is very, very, difficult and we are working very hard
to get industry standards set such that we all can have a baseline for
manufacturing that we understand.

What we see is a great deal of volatility in the manufacturing pro-
cess. Some companies do it one way, some companies do it another way -
and nobody really knows why they do it either way.

So what we are doing now is setting a family of standards for manu-
facturing that we are going to send out very shortly and we are going to
say, now this is what we expect you to do as a minimum; if you want to
do any more than that, fine. But we feel by doing that we can set a
baseline in this manufacturing where we come closer to building to print
within the economics of the design. So that is really what we are look-
ing towards.

Let me just say to you in closing that, this has been a very fasci-
nating area for me in the military. Coming from the NASA Apollo program,
I really didn't think there was an achievement that I could make that
could really top putting men on the moon and bringing them home.

But having been with the Navy now a number of years and working in
transition with them to try to bring more reliable equipment into the.
fleet, try to decrease the fleet burden in terms of OMN costs, what we
found is what I think is a very exciting program.

I think the Navy in the next few years will be routinely delivering
reliable equipment to their fleet. It will be equipment that just like
the INS system for the F-18, it will have five to nine times more reli-
ability in it then we have ever seen in the past and we will be doing it
gor less dollars. That is very important. We will be doing it for less

ollars.

As the inflation goes up, we just have to do more and more with less
and less dollars. And by resorting more and more to the analytical under-
standing of reliability, rather than to the testing understanding of re-
liability, we find the economics that we are really looking for in this
whole business.

I think the Navy is making great strides in this. As a matter of
fact, I think the Air Force is moving along with it. We have spent a
great deal of time with Al Slay on this matter and I think you are going
to see the FSC Command begin to be very much engaged in this business.
It is really quite exciting.
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The thing that you will have to keep in mind is that it is very
fragile. Until we can get it down to where it has some solid base under
. it, it is fragile. We have had programs that were doing well, we left
them alone for about a year, came back and they weren't doing too well.
We found that various disciplines had been dropped. The emphasis hadn't
been carried through. So what we found is that right now, at least, we
Just can't drop any program. We have to keep them all under our visi-
bility in order to keep them moving because they are a little fragile.

But I think as time goes by we will see it harden more and more and
we will find less of this fragile bus1ness So that is the main message
I have and thank you very much.
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QUESTIONS AND ANSWERS °

DR. WINKLER:

Thank you very much for a most interesting and challenging presenta-
tion. Llet me add to your quote of Patton. I don't think you can put
screws in the General ever.

And that is what it amounts to in some of these things. Well,
if gear is to be there, then of course it is up to us to insist on
quality.

There is one thing I wanted to ask you, however, and that is

your-comment--about-military-systems-reliability in. genera] —dis.not .
required to be so very great. .

I would suggest that there are cases such as for instance in
our case in precise timing in which we provide a commodity, pre-
cision timing, on which many operations depend. That in this case
I think you have to insist on much higher . reliability. The reli-
abilities that we are talking about in timing equipment is on the
order of 20 to 50,000 hours MIBF. In this case we have an entirely
different proposition. It has become uneconomical, for instance,
to have maintenance people trained in some equipment because they
will never see equipment fail. Or if it fails you will never have
one experienced man around.

But it was certainly an extremely challenging and interesting
speech. 1 wish we could all read it after it has become available
in printed form, at lTeast once a month on a Monday morning.

Do we have any questions?

DR. MCCOUBREY:

I wonder if values of parameters, such as junction temperature, are
included in procurement specifications now?

MR. WILLOUGHBY:
You mean in ours or in yours?
DR. MCCOUBREY:

In the Navy procurement.
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MR. WILLOUGHBY:

That list of what we call fundamentals up there goes into most of
the Navy procurements now and we set 110 degrees as the max temper-
ature that we will accept. .

Now, I won't lie to you and say that we have accepted any tem-
peratures with more than 110. We do, on an engineering basis, make
some exceptions to that. But it is with judgement and consideration

that we allow that temperature to go more than 110 degrees, which is
the important point.

We know the risks we are taking and then we will let it go
higher. But we are f1nd1ng that we have to make less and less of
those judgements.

Early in the program we had a lot of people asking for excep-
tions on the 110 degree. Now we find almost nobody asking for it.
As a matter of fact, as I said, we are running more 1ike 90 to 100.

It has been put into standard specs, which T think is -important.
MR. RUEGER, The Johns Hopkins University, Applied Physics Leboratory

I understand that when re11ab111ty gets to a high enough number
the Navy has a ph1losophy about not buying spare parts. Then when
a failure occurs there is a long recovery cycle to get the instru-
ment back in service.

MR. WILLOUGHBY:

Yes. You have hit on part of a problem. It has to do with mathe-
matics once again. The Navy, in terms of sparing its equipment,
uses algorithms as to certain numbers of times that the equipment
has to be worked on during a years time, or during six months time.
And there is a very flukey little a]gor1thm that they use that does
quantify exactly what you said.

And as the MTBF goes up, what they will do, if you follow this
algorithm, you will find your§e1f with less and less spare parts.

See, what this has caused to happen, I will get into in just a
minute. But what this has caused to happen, we have doubled, tripled
and quadrupled the reliability of some equipments only to find that
it is the most unavailable in the fleet in terms of availability.

The reason is from the way the sparing system is put together.

We ran into an anomaly in the sparing system. That is what it
amounts to. It is a logistics world. But the logistics community
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is now re-looking the way they provision equipment because what
they were doing was shooting themselves in the head with this par-
ticular algorithm.

And it is just simply said, significance of failure has nothing
to do with it. It is only quantity. For instance, we had one piece
of equipment we tripled the reliability on and the availability of
" the equipment went down to a mean time to repair of 13 months because
they didn't even order a spare transformer for it. They had to order
one at the first failure of a transformer and have it wound.

But that is a problem that is very unique to the military and
let's hope nobody else does dumb things like that.
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RELIABILITY ACHIEVEMENT IN HIGH TECHNOLOGY SPACE SYSTEMS

Dean L. Lindstrom, Hughes-Aircraft Company, Space
and Communications Group, E1 Segundo, Calif.

ABSTRACT

Long Life space systems developed from the early
1960's to the present day have demonstrated the
achievement of long 1ife and high reliability in
a high technology space environment. With elec-
tronic parts improvements, decreasing failure
rates are leading to greater emphasis on the
elimination of des1gn errors. The achievement
of reliability is dependent on three primary

factors:—technical—capability;—good—judgement;
and discipline.

INTRODUCTION

My discussion will center primarily on the achievement of reliability
on long life, high reliability spacecraft. These utilize a combina-
tion of proven technology and new technology. The lives of these
spacecraft, for the most part, have been longer than anticipated.
When we started the Intelsat IV program, for example, noone had any
experience to indicate that a battery would 1ast for -the seven years
required. .

Several of these spacecraft have introduced new technology without
compromising 1ife or reliability. One recent development is the
Compact Hydrogen Maser frequency standard for Navigational Satellites,
delivered this year to NRL. It is still not space proven, but
initial clock compar1son data indicated performance unsurpassed
for a device of its size.

Y

DISCUSSION

Figure one (1) shows the Hughes family of satellites. This family
started with the launch of Syncom (lower right corner) in 1963.

This was the world's first synchronous communication satellite. It
operated successfully until operation f1na11y was discontinued in
1969. The newest member of this family in the upper left hand corner
is the Leasat. This satellite, to be launched in the 1980s 1is our
first spacecraft design optimized for a shuttle launch. Some other
spacecraft are worthy of note. The ATS, launched in 1965 for Goddard
Space Flight Center, is still providing useful data. The TACSAT,
“launched for the air force in 1969, was the first gyrostat or dual



DISCUSSION - Continued

spin-stabilized spacecraft. On the left hand side in Intelsat IV,
which was the first large International Communication Satellite.

It is capable of handling 9,000 simultaneous two-way telephone
conversations. The 0S0, orbiting solar observatory, with the design
life of 3 years,was turned off after 4 years of successful operation.

Two spacecraft shown in this figure are shown more closely in Figure
2. Pioneer Venus Orbiter and Multiprobe spacecraft represented some
very difficult technological challenges. 33 different scientific
instruments for.taking atmospheric measurements in Venus were
integrated into these two spacecraft. For the probes that went to
the surface of Venus, this meant withstanding the high temperature
and acid of the Venus atmosphere plus the extremely high pressure
encountered at the Venus surface.

The next two figures (Figures 3 and 4) show the operational per-
formance of this family of satellites. Together they have accumu-
lated over 200 spacecraft years of successful operation. More than
15 billion electronic parts hours have been accumulated with less
than 30 failures attributable to electronic parts. None of these
part failures has had a significant impact on spacecraft operation.

These spacecraft have demonstrated several significant things
relative to reliability. First, they have demonstrated that long
1ife in the vicinity of 7 to 10 years is achievable with complex
space systems. ATS has demonstrated that, under the right
conditions, a life of 15 years or more is possible. Second, they
have demonstrated that the reliability of electronic parts can be
extremely high and a negligible factor in overall system reliability.
They have demonstrated another fact that is not apparent from these
charts. When you take any element or item for granted, it will be
the element that comes up and bites you. The only significant
problems we have had on orbiting satellites is with travelling

wave tubes. Due to oversights in the modification of existing
designs, we had early life failures of travelling wave tubes on
several spacecraft. Because of redundancy within the satellites,
the effect of the shorter tube life was minimized. The problems
have been corrected and we expect to get longer life on our tubes
in the future. The second illustration is a non Hughes satellite,
but it was one that caused a major investigation. The SEASAT had
an early failure of slip ring power transfer assembly. In this
case an existing proven design was used for a different application.
The difference in the application was not recognized initially and
eventually led to the failure of the satellite.
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DISCUSSION - Continued

What are the keys to achieving high reliability in a high technology
environment?

Understand the Design

Design with conservatism

.Control Parts, Materials and Processes

Test and Analyze
Understand the Design

Generally, there is a hesitancy on the part of the design engineer to
_document his design_and document what_he understands about the design.
I have two concerns about this. One is, since the full understanding
of the design is in his head, what happens if someone else attempts
to supply that design? And second does he really understand the
design or does he just think he does? The process of setting down

on paper how the design works and interacts with other hardware
systems generally leads to better understanding by the designer
himself. I can refer to a recent example, where a very compétent
design engineer was requested to perform a hazard analysis. After
the explanation by the safety engineer, the design engineer spent a
day and a half fully documenting how his design works. He later
acknowledged that now not only were other people able to understand
how this designworked but he now understands it better himself.

Failure modes and effects analysis is an important tool in both
documenting the design and identifying what can happen to cause the
system to fail. Unfortunately failure modes analyses are often con-
ducted after the design process is complete. This results in
mechanically accomplishing the task to satisfy some contractual
requirement. With the great reduction in part failures, design error
or oversight becomes one of the principal causes of failures occurring
during ground test and system operations. Therefore, it is important
to identify and eliminate all failure modes as early as possible in
the design process. Failure modes and effects analysis can be divided
into the four areas listed below.

Functional - The functional FMEA should be initiated early. It shows
the interaction of all functions of the item and the role of the
individual hardware elements in the overall item operation.

Design - The design FMEA considers all hardware elements, their inputs
and outputs, down to the level necessary to determine the item's
failure mode and the potential of failure.
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DISCUSSION - Continued
Understand the Design - Continued

Interfaces - Commonly overlooked in an FMEA is the assessment of all
the interfaces and interconnections. I know of one case where the
conventional failure modes and effect analysis was performed on
some complex hardware. By standard considerations, it was a good
FMEA. However, after some problems during system operations a
reliability engineer was assigned to reassess the failure modes

in that hardware. He found over 100 single point failures in that
system design. In order to accomplish this analysis he had to.
reconstruct the interconnects and the interfaces of all the elements

in that system.

Product Design - This is a new concept now being introduced. in some
programs. It is one which I feel will be one of the most constructive.
Great attention is often paid to circuit design and system désign, but
product design, which can greatly affect the manufacturability and,
ultimately, the reliability of hardware is often overlooked. How

many of you have had a product design review?

Another element in understanding the design is testing - test to
determine design limitations, safety factors, and failure modes

that may have been overlooked in the failure modes and effect
~analysis. Deve]opment tests and qua11f1cat1on tests generally are
aimed at proving the design capability of the hardware. While this
is valuable, I maintain that testing that uncovers no failures is
wasted testing, Sometime during the development process, tests
should be conducted on the hardware to accelerate the failures.
Failures can be accelerated through the application of environmental
or performance stresses. You cannot fully understand your design
until you know how it operates under extremes of temperature, thermal
cycling, vibration, or performance If a system is designed to
operate for severa] years, it is not possible to fully evaluate that
system within normal time constraints without accelerated testing.
This testing must also consider the interfaces. Until all the
interfaces have been tested with the adjoining equipment, a full
understanding of that unit is not possible.

One other area that I think is very important in understanding the
design and helping to stay out of trouble is to modularize the
functions and the hardware. By this I mean divide the functions

and hardware into workable independent or semi-independent elements.
Design decisions are difficult under the most straightforward of
circumstances. If the hardware functions are so interrelated that
each decision affects all elements then you can count on overlooking
some element that later causes problems.
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DISCUSSION - Continued
Design with Conservatism

One of the keys to the success of our space systems has been .the
conservative design. - From early systems, parts derating has

been an important factor in achieving high reliability. The
thermal environment is extremely important. We generally try to
derate our parts to about 20% stress at 250 centigrade. If the
temperature goes up the stress goes down. At the most, parts
should not be operated over 50% of their rated values to achieve
high reliability. "

What have you learned from your past experience? Utilize the past

experience and past problems to develop design guidelines. We have
‘developed design guidélines aimed at preventing problems that pre-

viously have occurred or similar problems that might occur. Design
check lists provide a good tool for implementation of design guide-
lines and for design review.

Design with Safety Factors. This is a significant factor in achieve-
ment of overall reliability. And finally, there is redundancy. I
consider redundancy as a crutch to protect from what you do not know.
It also protects from errors that may be introduced during the
manufacturing process.

Parts, Materials and Processes Control

We establish a Parts, Materials and Processes Control Board (PMPCB)
at the beginning of each program. The objective is not to prevent
the introduction to the new parts and materials; rather it is to
manage the introduction of new parts and materials, and to assure
that proven parts and materials are used wherever possible.

Control of electronic parts through the manufacturing process, test,
application, and installation in hardware is extremely important.

As I said before, we have very few parts problems in Space. The
driving force for the controls we place on electronic parts has been
the failures on the ground. While high reliability parts may cost
more initially, the savings in parts replacement, equipment repair,
and test time usually more than compensate for the higher cost for
the parts. Control on the materials is just as important. They
should be properly specified, controlled, and analyzed so that all
the materials characteristics are understood.

Probably the best term to describe the control of manufacturing process

is "tender loving care". Introduction of new process specifications
also is approved by the PMPCB. The associated quality controls
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DISCUSSION - Continued
Parts, Materials and Processes Control - Cdntinued

are tighter for high reliability products. Documentation is extremely
important, so that when a problem does occur, you can trace its source
and correct the cause.

Test and Analysis

I previously discussed the importance of the proper development and
qualification testing. A technique that has been found to be very
effective in producing a high reliability product, and at the same
time reducing manufacturing cost, is environmental stress screening.
This usually consists of thermal cycling, vibration, vacuum testing,
shock, or some combination thereof, applied at various hardware
Tevels. It may be applied as low as the card or module, or as high as
the system. It is most frequently applied at the black box level.

The objective of this testing is to stress the hardware sufficiently
to uncover workmanship or parts defects. At the same time, it is also
a good tool for finding design weaknesses. In one case, we applied
thermal cycling to a spacecraft after it had completed all the
acceptance tests and was ready for launch. In the process, a number
of failures were uncovered, at least six of which would have caused
significant spacecraft degradation during operation.

Generally tests should be conducted under conditions more severe than
operational conditions. Concern is often expressed.that this may
cause wearout or early failures of your systems. Performed with
discretion, I know of no failures in Space on Hughes systems that
have been caused by over-testing. I do know of failures that have
occurred because of oversight. One important aspect of testing is

to test all modes of operations. This is not always possible during
system testing, therefore some of that testing must take place at
Tower levels.

I think one of the keys to achievement of High Re11ab111ty Spacecraft
has been the fact that every failure is treated as a critical failure.
A11 failures should be reported, should be fully analyzed, and cor-
rective action should be identified and instituted wherever possible.
It sometimes takes time and costs money, but it will surely result

in a more reliable system. Do not overlook the analysis of all test
data. Numerous cases have occurred where failures occur in operation
and subsequent analysis of test data showed that the symptoms of the
failure had occurred but had been overlooked.
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CONCLUSIONS

There are no simple answers for achieving high reliability in a high
technology environment. Specific techniques that are applicable to
one contractor, one system or one hardware element are not necessarily
the same techniques that are applicable to another.

Failure-free hardware can be produced. The elements required to
achieve failure-free hardware are:

Technical expertise to design, analyze, and fully
understand the design.

Use of high reliability parts and materials
control of, and tender loving care in, the :
—~—~~manufactur1ng processes. - - - — D e

Testing to understand the system and weed '
out defects.

Proper application of the above requires sound judgement in decision
making and the discipline necessary to follow proven practices.
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APPROACH TO RELIABILITY
WHEN APPLYING NEW TECHNOLOGIES

John C. Bear, General Dynamics Corporation
(Pomona Division), Pomona, California

ABSTRACT

General principles derived from experience
in achieving high reliability in tactical
weapon systems are selectively summarized
for application to new technologies in
unusual environments

INTRODUCTION

The General Chairman of this meeting, in suggesting some
topics for this paper, observed that much of the technology
which is important in precise time and time interval appli-
cations is new and immature in the sense that it has not
been fully qualified for the most demanding field applica-
tions. Tactical weapon systems, while different in many
respects from PTTI applications, probably face similar risks
in achieving reliability in development. A supersonic
guided missile, for example, must cope with continuing
modernization of its state-of-the art sensors, oscillators,
and other special-purpose devices, and it must operate

" reliably in severe environments including high and low

temperature, shock, and vibration. Perhaps some of the
lessons learned in the development of tactical weapons can
therefore be of value in PTTI applications.

PRINCIPLE NO. 1: START EARLY

During development the reliability of a design grows as the
sources of failure are unearthed and eliminated. 1In this
context reliability is more or less synonymous with matur-
ity, whereas state-of-the-art technology is by definition
infantile. It follows that any successful approach to the
problem will require an early start and an acceleration of
the normal processes for avoiding or removing the root
causes of failure (Figure 1).
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But many factors inhibit an early start. Cautious program
managers are reluctant to transfer funds allocated to the
downstream "curative" engineering into the category of
upstream "preventive" engineering. After all, testing is
certain to produce failures, whereas an analysis has only a
probability of payoff. Then too, managers who have grown up
under the heavy influence of Murphy's Law do not necessarily
believe that the really big failures are preventable.
Furthermore, state-of-the-art designs deal with arcane con-
cepts that do not easily yield to analysis nor readily
reveal their weaknesses. Also, the reliability experts do
not come from an ancient and universally admired discipline,
and their ministrations are not always trusted.

For these reasons, it is necessary to adopt a high-level,
deliberate, well-focused management determination to attack
unreliability at the beginning, to muster up a lot of
interest and excitement in specific approaches, and to
reward creative planning and successful effort. A good way
to converge quickly on a plan of action is to prepare a list
of the devices or design elements that are immature, and
identify for each item on the list a series of tasks that
will reduce the risk. What follows is a discussion of some
of the more useful tasks.

PRINCIPLE NO.2: KEEP IT SIMPLE

Complexity and sophistication, obviously, are the primary
obstacles to the achievement of reliability in the initial
design. On the other hand, a simple design (Figure 2) is
straightforward, well-balanced in its accomplishment of the
essential requirements, and free of frills--one might say
it is elegant in concept. But how can simplicity be
achieved while striving for some new and difficult level of
performance?

An effective (but often neglected) procedure for achieving
a balanced design is the design trade study (Figure 3).

Its value lies in forcing alternative design solutions to
the surface, in clarifying the relative importance of
requirements (indeed providing the basis for deleting
requirements that are "costly" in one way or another), and
in suggesting back-up designs in case the primary selection
fails to prove out. The trade study technique adapts well
to the simulataneous analysis of multiple parameters (relia-
bility, weight, power consumption, cost, etc.) and is an
excellent mechanism for bringing design features and weak-
nesses out of the hallowed shadows of the expert mind.
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Another method for promoting simplicity, especially on
larger systems, is component standardization. The benefit,
of course, is reduced variability and thus fewer sources of
failure. But where a design applies redundancy as a way of
compensating for low reliability, one must beware of
standardization in the parallel components, for under severe
stress they will tend to suffer the same failure modes, thus
negating the assumed independence in the probabilistic model
that justifies the redundancy.

Another technique for achieving design simplicity is the
FMEA (Failure Modes and Effects Analysis). There are many
different ways to do an FMEA, and the scope of the analysis
can be adapted to designs of different sizes. In essence,
the object of the FMEA is to examine the dark side of the
design. The bright side, of course, is how it works or is
supposed to work, whereas the dark side is how it can fail
and what will be the consequences of failure. A good way to
perform the FMEA is with a team composed of the design
engineer, the systems engineer, and the reliability engineer.
Pooling their. different viewpoints can often lead to a
simplified design if they do the analysis early in the
development process when changes are still relatively easy
to incoxporate.

PRINCIPLE NO. 3: MAKE IT STRONG

Assume now that an attempt has been made to simplify the
design;, with a concentration of effort on the state-of-the-
art technologies that will dominate the failure rate of the
operating system. The final step is to take the resulting,
optimized design concept and make it strong enough to with-
stand its usage environment.

The general concept of conservative design (Figure 4) takes
the view point that environmental stress is the ultimate
cause of failure, so that failure prevention is a matter of
assuring adequate separation between expected strength and
expected stress.

To begin with, it is necessary to define the environments
with full respect for their lethality, with regard for not
only their average values, but also for their natural
variability and worst-case values. The design specification
must reflect these worst-case expectations.
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Then the strength objective is established, either in the
same specification or in formalized design guidelines.
Ideally the strength requirement will take the form of a
safety margin, which sets strength as a function of both its
average and its variance. Or, when the variance is not known
or is not a problem, the objective will take the form of a
safety factor (for mechanical designs) or a derating factor
(for electronic designs).

Finally, the strength-minus-stress differenc¢e is controlled
by analysis. That is, a stress analysis is performed on the
design before it is released so as to assure that the speci-
fications and guidelines have been followed. Even though
safety factors are as old as engineering itself, they suffer
de-emphasis whenever there is pressure to squeeze extra
performance out of a state-of-the-art device. The stress
analysis is essential, therefore, to enforce the guidelines,
to surface the risks, and to assure time for pursuing alter-
natives.

WHEN ALL THIS FAILS

If the foregoing approaches to preventive analysis do not
materialize for one reason or another, what then? The
standard fall-back position is to rely on testing, followed
by diagnosis and fixing of test failures so that they can't
recur. A very good technique for flushing out problems
early in the test program is the overstress screen .
(Figure 5)). 1In applying this test, the high-risk devices
are exposed to one or more important environments to assure
that they individually exhibit an adequate strength-stress
safety margin. The stress level should exceed the worst-
case expected stress in actual usage. The type of environ-
ment(s) should be tailored to the suspected weaknesses of
the device. The test should be performed as early as
possible, ideally by the designer or supplier. Proposals
for this kind of testing can evoke outspoken (and usually
unwarranted) fear of damage and wearout, which can be dis-
pelled by exploratory step-stress testing of dedicated or
spare hardware.

SUMMARY

The key to achieving reliability in new technologies is to
really want it--that is, to align the development team

toward the essentiality of reliability right at the begin-
ning. Given that significant attention will be devoted to

72



reliability early in the design phase, there are a number of
analytic tools such as trade studies and failure modes
analysis that will help keep the design simple, and others
such as derating and stress analysis that will help make it
strong. Further down stream, when hardware is available,

an environmental overstress screen in selected environments
will help expose remaining problems. In applying these
techniques success will be directly proportional to the care
with which they are tailored to fit the specific design
program.
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QUESTIONS AND ANSWERS

DR. STOVER:

I would Tike to question you about the simplest design because it
seems to me that one of the most complex devices we do is the micro
processing. I am convinced that using it gives us more reliable
equipment then if you use the less complex method of achieving the
same result that it achieves. Yet that must be by far the most
complex device that we ever use in electronics.

The 1ittle tiny chip has so many parts on it, it can't be
looked at as the simplest approach. But gives us the smallest,
simplest project, the least soldering, the fewest connectors, they
are reliable products. They are appearing in our automobiles now.
I am sure the reason they are there is because they can't achieve
the same result as reliably by other methods.

MR. BEAR:

I think that is a simple development.
DR. STOVER: |

You do?
MR. BEAR:

Yes, I do. I think that solid state, the programs of solid state
technology is moving toward simpler devices even though you count
the gates, it seems more complex. Yet the reliability is going up.
And the reason it is going up is that the more things are being

done mechanically without human intervention and that is primarily
the reason. We are doing more things in a systematic way and every-
time we go to a new grade of micro processors, you are not only
achieving a much higher performance, but we are also improving re-
1iability. So I consider that to be simple.

DR. STOVER:

Well, I guess that your definition of simple needs to get around
through the industry because I am sure that the desgin engineer
who comes up with a circuit diagram that includes the circuits
that are on that micro chip and then comes up with all the firms
that don't use this micro chip, it is a much smaller circuit dia-
gram, much less on it and he gives that to his manager and which
one is the manager going to tell him is the least complex.



MR. BEAR:

I guess my definition would be that simplicity is eliminating sources
of variability.

DR. STOVER:

How can you get the definition across to the rest of the world?
MR. BEAR:

I don't know. That is a good challenge.
DR. STOVER:

Thank you.
~ DR. WINKLER:
Thank you. 1 think we have some time to think about that and maybe
return to that question of simplicity. I think it is a very inter-
esting one since it appears to me that reliability engineering or
prevention of failure has very much to do with our ability to ratio-
nalize things, 'to think ahead your idea of putting the best brains
together into a review group and design group as early as possible.

I think that would be the best way to attack that failure to be able
to foresee.
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RELIABILITY AND THE DESIGN PROCESS
: AT
HONEYWELL AVIONICS DIVISION

Alex Bezat, Reliability Department,
Honeywell Avionics Division

ABSTRACT

This paper describes the Honeywell Avionics Division.
philosophy for "Designed-In" reliability, a summary of
selected tasks from the Willoughby "New Look", and a
.comparison of reliability programs (based on electronics)
for space, manned military aircraft, and commercial
aircraft. The approach we have taken in this paper will
cover the following items, as they relate to Honeywell

INTRODUCTION

o Reliability Philosophy and Organization
- Reliability Interface with Design -
- Reliability Interface with Production
o MTBF Predictions, Concept Phase through Final
Proposal
- The Laser Gyro - A New Technology
- Electronics - An Evolutionary Technology
o Design, Development, Test and Evaluation Phase
- Semi-Conductor Junction Temperatures
- Sneak Circuit Analysis :
o Production Phase
- Production Support
- Manufacturing Run-In (MRI)
o Commonality Among Space, Military, and Com-
mercial Avionics ’
- Space Electronics
- Military Avionics
- Commercial Avionics

This paper has been prepared in response to a request from Dr. A.O. McCoubrey,
general chairman for the 1980 PTTI Meeting. As we understand the background
of PTTI measurement, some of the concepts and technology are new, even
Reliability and Maintainability (R&M) considerations to date may,
therefore, be inadequate for the projects of tomorrow. Our purpose in this paper
is to present a picture of how our company--the Avionics Division (AvD) of
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Honeywell, Inc.--approaches the subject of designing, building, and testing
electronics equipment with controlled R&M characteristics.

The breadth of the subject is staggering in terms of a 20 minute presentation. In
an attempt to avoid an overly broad-brush approach to the subject, we are
making some assumptions. First (and foremost): because the Willoughby "New
Look" has gained wide acceptance, we will not review all of the various tasks,
tests, and analyses that it prescribes. We believe that R&M people can, in their
own operations, perform or lead most or all of the salient tasks inherent in the
"New Look". Therefore, this paper will dwell on efforts at AvD that are
different--and in one case, unique to our operation.

We recognize that the approach we have chosen might amplify the appearance of
-disagreement with other people in R&M work--including, perhaps, some of you in
the audience. Please, then, keep two things in mind: (1) we undoubtedly have a
high degree of commonality in most of the items not discussed in detail here; and
(2) the material we are covering represents a view--a series of "Engineering
judgments--on methods that we consider to have been effective for us.

RELIABILITY PHILOSOPHY AND ORGANIZATION

Honeywell AvD subscribes to a basic reliability philosophy that is common to
most organizations where product reliability is of major importance: "Reliability
is a 'designed-in' performance characteristic. Testing and inspection verify that
the design meets objectives, and that the product, as built, retains the
characteristics of the design." While very few people would disagree with any
aspect of the philosophy as stated, the methods by which the concept is
implemented by various organizations--the actual tasks and organizational
responsibilites’ of the working reliability engineer--are diverse and, at times,
seem- to contradict the philosophy as expressed. At AvD, our organizational
structure and our assigned charter of responsibilites are tailored to fit the
accepted basic philosophy. Therefore, reliability engineers are an integral part.
of the Engineering Department in a service organization.

Reliability Interface With Design

Although our Engineering department is quite large--(more than 500 engineers,
400 of whom are design engineers)--we have found that a central support/
services group gives flexibility to the covering of changing work loads in the
various‘sections of the department. One section of this group is the Reliability
and Design Support (R&DS) function, consisting of about 50 engineers. R&DS has
responsibility for disciplines that include: reliability, maintainability, system
safety, mechanical/vibrational stress analysis, thermal analysis, electromagnetic
interference considerations, and electrical/electronic part standardization and
specifications. -There is a need for interaction within these dlsc1plmes and our
organization fosters such interaction.
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In the design phase of major projects, our experience has seen the assignment of
one or two R&M engineers for every 10 design engineers. On recent projects,
the ratio has been closer to two-to-10. ‘

Reliability Interface with Production

There are gray areas between Engineering Department control of product
performance, and those items of control that belong to the Production and/or
Quality Departments. However, we believe (with Mr. Willoughby) that the
prudent resolution of such gray areas is almost always in favor of making them
the responsibility of the Engineering Department. Specifically, if there is any
doubt about the control of the end result of a process by direct measurement of
the end-product, then that process should become an engineering specification,
under control of the Engineering Change Order (ECO) procedure.

Despite thlS effort, there are areas of overlap in which items that are not under
ECO control can--and do--have an effect on reliability. Therefore, one of the
tasks assigned to our reliability engineering function is to interface with
engineers from the production and quality departments in order to resolve
problems during product build, and for malfunctioning goods that are returned
from the field. We title this task FRACA--Failure Reporting, Analysis and
Corrective Action. 'We'll discuss this task again later, as well as some of the
major differences between a quantity build (100s or 1000s of the same item)
program and a space-oriented product. :

Highlights of a Current Program

The remaining portions of this paper, which describe various phases of a
particular program, are examples from a current commercial project that brings
Hoheywell AvD into a new major field of business--inertial reference/navigation
for manned aircraft. It may seem strange to choose a commercial product for a
discussion of "Hi-Reliability" hardware, but we believe it is applicable to the
objectives of this meeting. '

MTBF PREDICTIONS, CONCEPT PHASE THROUGH FINAL PROPOSAL

There are numerous R&M tasks that are significant and necessary contributors to
this phase of a successful program. We have decided to discuss prediction
methods because they are very important to a commercial program (warranties
and guaranteed MTBFs), and because our prediction methodology (for solid-state
electronics) is unique within the industry. Furthermore, we believe the concepts
are also critical for space applications, and a reasonable baseline for tradeoff
decisions (relative failure rates) and for projected l1fe/redundancy considerations
is needed.

The Laser Gyro - A New Technology

The Ring Laser Gyro (RLG) portion of the subsystem under consideration repre-
sents a new technology--one for which we have limited (relevant) reliability
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data. As the primary motion sensor required to perform inertial navigation, the
gyro's failure rate can make-or-break the ability of the system to meet its MTBF
and Life Cycle Cost (LCC) goals. Because no comparable instrument exists, we
projected the failure rate by the following general approach:

o Identify failure modes as thoroughly as practical.

o Review failure modes by (sub)function and comparable (sub)function.

o Use failure rates for known hardware and comparable function where
possible,

o Analyze and review causes of failure in prototype gyros for compati-
bility with the theoretical analyses.

o Factor-in experience during the build process.

o Total subfunction failure rates, and review and compare those rates
with known failure rates for mechanical gyros.

Although the RLG subsystem has many advantages over the gimbaled, rotating
gyro mechanization, the most significant item is improved reliability at equal or
lower cost. There are two considerations when comparing the new technology
with the old-"random" failure rate, and mean life. However, there are no known
wear-out or age oriented failure modes in the RLG during the anticipated life of
the equipment. Therefore, a sum of the estimated random failure rates of the
RLG is compared to the cumulative wear-out and random failure data for the
mechanical gyros.

Even though the entire process tends to be better on paper than it does in
practice, we have enough confidence in the procedure to use it as the basis for
extended warranties and guarantees.

The RLG involved more than 15 years of research and development. The steps
for reliability analysis described above, meanwhile, represent an iterative
process that started almost with the original idea of a laser sensor mechanism
(i.e., @ motion sensor with no moving parts). The final, numerical assessment by
a reliability engineer only formalizes and quantifies the accepted basic probabili-
ties associated with the new technology.

Electronics - An Evolutionary Technology

Although MTBF projections for new technology items carry the greatest risk,
electronics predictions are also critical in the reaching of good decisions at the
front-end of a program. AvD has developed a unique prediction methodology for
solid-state electronics hardware that is based on extensive data gathered over a
period of years. Our largest, most-accurate data base is the record of failures of
a digital air data computer (DADC) used in Douglas DC-10 airplanes. Consider-
able data is also available from AvD flight control electronics equipment on the
C5-A and F-14 airplanes, as well as radar altimeters used in most of the Navy's
airplanes. That data is limited in scope and accuracy, however. Specifically, the
available data suggests two sources of reliability improvement in production-
type solid-state electronics:
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o The universally-accepted improvement of a design, and its associated
production processes through maturation

o An aging maturity related only to operational age (average operating
hours per unit).

Figure 1 shows a log-log plot of the measured failure rate of the Digital Air Data
Computer (DADC) electronics vs. the average age of all equipment in the field.
Each data point represents at least 35 failures. The calendar period is super-
imposed on the axis depicting average operating hours. Further information on
this subject is available from the author,*

Based on the data cited earlier, we have developed a simple equation (Figuré 2)
for predicting electronic failure rates. The equation is based on the assumption
that there are two components of the basic failure mechanism, such that:

Ai=KH* + Ar, where

o Aiis the failure rate at any given instant

o Ar is a residual or constant A , approached as an asymptote

o The KH® term is the varlable A, very large at infancy and approaching
zero as an asymptote. K is a constant, H the operating hours, and o is
the slope of the curve.

We recognize that failure rates will vary with temperature and could be affected
by other environmental and package-design factors. For AvD purposes, the
validity of our prediction is limited to equipment that operates within tight
design constraints for temperature and packaging. The actual environment at
the piece-part level is then controlled within these constraints. For AvD
apphcatm\ns, we believe that the accuracy of failure data does not justify any
greater precision than we get with our simple equation.

We are convinced that the data summarized in Figure 1 is a valid indication of
the behavior of electronic parts. The explanation we have developed postulates
that solid-state electronics have the following characteristics: '

o There are no significant wear-out modes for the operational life of the,
equipment involved.

o Some electronic parts have latent defects or flaws that represent a
weak link in the chain that could lead to failure.

o All of the latent defects may still not lead to a failure during the life of
the product (10,000 to 75,000 operating hours).

* "The Effect of Endless Burn-In on Reliability Growth Projections," Alex
Bezat and Lyle Montaque, Proceedings 1979 Annual Reliability and Maintain-
ability Symposium.
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o Repair actions for failed parts result in the removal of the weakest part
within the population at any given instant. The replacement part is, in
all probability, a part that will not fail during the remaining life of the
equipment.

Other investigators have arrived at conclusions similar to ours regarding both the
cause and shape of the failure rate curve (there is a paper on this subject
scheduled for the forthcoming R&M symposium in Philadelphia). However, the
explanation must be treated as theory; the failure rate curve represents data at
a high level of statistical confidence. Based on the above characteristics, the
reliability prediction methods described have been used in the RLG program
under discussion in this paper, as well as for all other programs where
management risk/cost analyses are needed.

It should be noted, however, that MIL-HDBK-217 is still the only method that
government procurement agencies can use on an "apples-for-apples" basis, so our
AvD operation uses the MIL-HDBK for all such projects, as required.

Design, Development, Test and Evaluation (DDT&E)

The Willoughby "New Look" applies fundamental engineering design principles
and disciplines to the design process, with the objective of attaining "designed-
in" reliability at the earliest, most cost-effective phase of the program. We
have adopted NAV MAT Instruction - 3000.1A as a baseline for preparing a
Reliability Statement of Work (SOW) for situations that are incomplete, or
inadequate by contract. The checklist at the end of this paper summarizes the
"New Look" tasks associated with designed-in reliability, as we applied them on
the RLG program.

Semi-Conductor Junction Temperatures (Tj)

At AvD, we believe that design margin is the touchstone. to cost-effective
reliability. = Adequate temperature margin is, in our judgment, the most
important of all stress factors that impact reliability. We have found two
difficulties in specifying and controlling design requirements so as to keep Tj
within desired bounds. The worst of these is the paucity of data on 0.~ (the
‘thermal impedance from semi-conductor case to junction). Furthggnore,
conflicting, often absurd values for 9. are sometimes found in both the Military
Specifications and the vendor data sheets for integrated circuits. We have
generated an interim solution for the item by defining 9. . by measuring the
forward voltage drop of the substrate isolation diode. Altholgh we feel that -our
methods are far more accurate for design decisions than our previous attempts
to use published data, there remains much to be desired in terms of variables
other than those covered. Also, our data is incomplete, but compatible with that
from other people who have taken measurements similar to ours.

The other difficulty has to do with improved dissipation of heat from medium- to

high-power LSIC (Large Scale Integrated Circuits) mounted on printed-wiring
boards (PWB). Thermal planes have been used extensively, but we have_found no
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straight-forward, reasonably-economical methods of improving the heat flow
from the semiconductor case to the thermal planes. This problem is not yet
fully-resolved, but we have measured significant--and highly reproducible--
reductions in case temperature by the use of a silicone compound displacing the
usual air gap between the case and the copper of the PWB.

Sneak Circuit Analysis (SCA)

The only item of "New Look" analysis that we by-passed on this program was
SCA. We are not sure that SCA is cost effective at a level below the system or
major subsystem level, and the subject was explored in detail with our customer.
Our experience with SCA is that it duplicates somewhat the parts application
analyses, failure mode and effects analysis, and related built-in-test (BIT)
analyses for design problems within the black box. However, we believe that an
SCA at the system or major subsystem level can avoid interface/interconnection
problems, and simultaneously uncover design errors with optimum cost effective-
ness. : '

Honeywell AvD experience with SCA is not comprehensive, being limited to work
performed on a subcontract basis on three manned aircraft avionics items, and

one manned spacecraft project. We would be highly interested in the
experiences and judgments of other people with experience in this field.

PRODUCTION PHASE

Production Support

Operations at AvD are such that the engineering and production functions are in
the same building as engineering. The FRACA system represents an important
interface among the three departments most involved in the production phase
(i.e., production, product assurance (quality), and engineering). The documenta-
tion, retention, and retrieval of anomaly (defect, failure, non-conformance, etc.)
data is the responsibility of the Quality Department. The automated retrieval
system is so mechanized that failure trend data is rapidly available by sorting
against a variety of items (i.e., defect code, part types, part number, assembly/
subassembly numbers, etc.). The FRACA system is applied either on a 100
percent basis for all anomalies, or on a selective basis by using the automated
trend analysis output, working closely with production and quality engineers.

For this program, closed-loop FRACA will be used for 100 percent of all
anomalies that occur during final acceptance testing, for 100 percent of
manufacturing run-in on the first 50 units, and selectively for all other
anomalies. The number of anomalies that are to be investigated in the detailed
procedure called FRACA will be reduced with the maturity of the design and
production processes. (The FRACA procedure is, of course, used extensively
throughout the DDT&E phase for all failures that occur during Qual test, Rel-
Development tests, etc.)
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Manufacturing Run-In (MRI)

MRI (or burn-in) has been used at AvD for almost all of our avionics during the
past 10 years. It is a natural outgrowth of our failure rate concept regarding the
improved product reliability associated with operating age. Three factors are
considered important in the MRI screening process: (1) 100 or more operating
hours at elevated temperature, (2) power cycling in excess of mission require-
ments, and (3) 10.or more temperature cycles. Our internal standard is an MRI
elapsed time of one week, four temperature cycles per day (temperature
extremes beyond mission requirements, but no overstressing allowed), with
power-on during the elevated-temperature portion of the cycle.

Power is cycled four times per hour during the elevated-temperature operation.
A random vibration screen precedes the operational portion of the screen, and
the last three temperature cycles must be failure free. The RLG program we
have reviewed will use the AvD internal standard described here.

COMMONALITY AMONG SPACE, MILITARY, AND COMMERCIAL AVIONICS

Honeywell AvD has extensive experience in design and production of equipment
used in military aircraft of all kinds, manned and unmanned space programs, and
commercial jumbo jets of today and tomorrow. In terms of cost effectiveness, in
our judgment, the essential principles of the "New Look" are just as applicable to
military and commercial avionics as they are to manned space. This is
particularly true for the DDT&E phase. We have found some minor differences
in the production phase.

Space Electronics

The design, process, and build maturity must be nearly instantaneous for space
electronics; "field" results must be at the desired reliability levels with the first
unit. It is self-evident that corrective action in the field is usually impractical
or impossible. Therefore, "S" level parts and extremely costly tests and screens
can be cost effective for space applications. Furthermore, each failure at any
level of build and assembly justifies a complete, thorough analysis for cause, as
well as high-visibility decisions on corrective action (i.e., FRACA) throughout
the total production build. The MRI prior to final acceptance testing should, we
believe, be comprehensive to an extent that would be prohibitive for non-space
applications. - The AvD concept of reliability growth of electronics through
operational age suggests that run-in of at least 1000 hours might be a practical
requirement for space electronics. Based on our experience with APOLLO, it is
reasonable to believe that little or no equipment left the ground with less than
1000 operating hours, and 3000 operating hours prior to flight was not unusual.
We believe that extended testing contributes to reliability by growth-through-
aging, as long as maintenance actions are not destructive.

88



Military Avionics

Typical military avionics can be repaired after installation. Therefore, there is a
viable tradeoff between increased maintenance cost for manned aircraft avionics
and the ultimate reliability built into space equipment. This factor has been
misused in the past as a license for shoddiness. The AvD compromise approach
has been to use FRACA extensively in the early production systems. For
example, an extended MRI can be used with 100 percent failure analysis (i.e.,
FRACA) for the first 20 to 50 units. This type of effort is treated as an
extension of "Rel-Development" testing.

- Subsequent production systems can then be evaluated for trend failures or any
unusual anomaly events, and the FRACA procedure is superimposed on the
quality anomaly reporting system as the problem-solving vehicle. Generally, the
design-and process-oriented problems can be resolved quickly and effectively
with this approach. As the product matures, the proportion of failures that are
analyzed declines from the 100 percent range, to as low as five percent with
fully matured systems. Typically, the trend analysis becomes the "spotter" for
lot-oriented part problems that sift through the inspection screens at the piece-
part level, and can only be detected under the simulated operational conditions
of MRI.

Electronic parts for military applications are usually specified to the MIL-STD
levels (MIL-M-38510, level B for integrated circuits) where available. Non-
standard parts are purchased to an AvD "Spec Control" drawing that imposes the
more critical controls equivalent to the MIL-SPECS for generically similar parts.
Although we have found that Government source inspection does not guarantee
that parts are really tested, such MIL-STD parts appear to be generally cost
effective. There Is, however, one glaring exception: we believe that the added
costs of MIL-M-38510 controls on standard integrated circuits cost more than
they are worth. We find that reasonable specification control drawings, using
mostly vendor-level requirements of MIL-STD-883B (with 100 percent hi-low
temperature testing at receiving inspection) are more cost effective. The
subject of parts specification and control would require a full paper of its own,
so these comments will have to suffice.

Commercial Avionics

Honeywell AvD has found that R&M inputs are cost effective at essentially the
same levels for commercial aviation programs as for the military. A typical
three-year warranty in a commercial jet will involve 10,000 to 15,000 operating
hours, which is usually equivalent to more than the full life of avionics for
military fighter aircraft. A military transport (C5-A) may go as many as 1000
hours per year--or perhaps a 20,000- to 25,000- hour total life vs. 50,000 to
75,000 hours for commercial. Because we see no wear-out failure modes in
solid-state electronics, the only difference beween commercial and military
avionics is the elapsed time to attain full maturity, which is much more rapid for
the commercial.
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Parts specifications and controls for commercial avionics at Honeywell AvD are
the same as for the military, with one exception. Integrated circuits are usually
purchased to Spec Control drawings and MIL-STD-883B, and MIL-M-38510B parts
are used only when commonality and quantity-buy for the military makes them
cheaper.

SUMMARY

There are a few significant points that we would like to emphasize. Most
important, perhaps, is the idea that the "New Look" is just as applicable to
commercial and "ordinary" military projects as it is to space hardware. The
check list appended to this paper is not a shopping list--it represents the
significant items associated with an effective R&M program.

'Again remember that the items we have covered in detail herein were not chosen
as having the highest priority--only that there are, perhaps, greater variations in
how to handle them.

We mentioned that "design margin" generates a reliable product, but the impor-
tance of controlling the build process may not have been stressed adequately. It
is obvious that the world's best design can be murdered by shoddy practices in
the factory--or repair facility--if precautionary measures are not used.

Finally, we believe that all of the controversial items covered have a sound basis
in fact. We are, however, anxious to correct our ways when better informatign
is available; this better information often comes from people like you, with
experiences in new technology. We would like to hear from you.
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CHECK LIST FOR "RELIABILITY BY DESIGN"
\

Mission/environmental profile definition
Design alternative studies _
Numerical allocations and reliability growth analysis
Conservative derating criteria
- 110°C maximum junction temperature, worst case
- 60°C to 85°C maximum junction temperature, normal operation
Part stress analysis
Thermal analysis
Thermal testing/measurement

Structural analysis

.Worst case tolerance analysis

Failure modes and effects analysis

Parts and materials selection and control by technical baseline docu-
mentation

Screening to "hi-rel" levels: JANTX: MIL-STD-883B, etc.

Detailed part characteristics controlled to fit application

Parts teardown analyses to 883B visuals

100% hi/lo/room temperature tests of key electrical characteristics

i

Design reviews

Reliability development test (test analyze and fix test - TAAF)
Design limit qualification test

Ma'n_ufacturing run-in screening with random vibration
Failure free reliability verification/acceptance testing
Failure reporting, analysis, and corrective action

- Design and development tests

- Qualification tests

- Reliability development tests

- Production manufacturing run-in (MRI)

- Failure free reliability verification/acceptance tests

- Returned goods



o Technical baseline documentation control of production processes that
impact reliability and maintainability as well as the classical "form, fit,
and function"

o Adequate staffing and involvement of reliability, maintainability, and
manufacturirig in the design process.

o Receiving inspectioh screening of electrical and electronic parts.
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QUESTIONS AND ANSWERS

DR. CARROLL ALLEY, University of Maryland

This is the first paper the term "sneak circuit analysis" was used,
but I am intrigued by what that really means and it hasn't been
explained.

MR. BEZAT:

Let me read it to you. I passed up discussing sneak circuit analysis.
I didn't have time. I should mention that on this particular pro-
gram, the ring laser gyro program for the Boeing 767-75-7 airplane,
we went into considerable review of the possible application of sneak
circuit analysis. '

We went into it with our customer. and our own analysis. We have
had sneak circuit analysis done by Boeing-Houston because it is a
mechanized approach and I believe General Dynamics is also doing it
now.

Let me read to you what is in the work statement very quickly.
"The sneak circuit analysis for hardware looks for sneak paths; that
is to say energy flow on-unexpected routes. It looks for sneak timing,
energy flow on expected times. For sneak labels; that is to say that
information and undesirable stimuli. That information is available
to the pilot or what have you." ' )

A sneak circuit for the software is virtually identical except
for energy flow. You want to talk about logic flow. They also do
similar things to what we would do for design margin considerations,
but those are sort of an additional output.

Now, our preliminary conclusion about sneak circuit analysis in
terms of its usefulness -- and I certainly don't want to talk as
though we were experts on this entire subject -- our preliminary con-
clusion is that it is probably cost-effective at a major system or
total system level bécause much of what would be discovered by this
kind of an approach has to do with interface of equipment that is
designed in different areas.

If you have a big enough subsystem, that same problem can occur.
Generally we have found in our past experience, those areas where we
. have had sneak circuit work done -- things that were found internal
to the box -- our people had found with the normal analysis. I don't
know if other people agree with that approach.
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DR. STOVER:

In several earlier papers, the point was made that the parts vendor
couldn't really be trusted to produce reliable parts. And in your
paper, you make the point about junction temperature data not being
quite adequate. Does this imply that there is a place here for the
independent testing organization to get involved? Some kind of
organization that doesn't exist to date.

MR. BEZAT:

You need to provide an objective basis of comparison.
DR. STOVER:

Right. Where there is not the bias of being the vendor.
MR. BEZAT:

Those organizations do exist. I mentioned the Defense Electronics
Center, the RADC. ‘However, I am not sure that they are able to
cover all the subjects, but particularly I believe, they could not
impact the adverse that Mr. Willoughby is talking about in respect
to parts and parts quality, parts reliability. We have indeed
found exactly the same thing Mr. Willoughby talked about. I don't
have the numbers that are anywhere near as accurate as what Mr.
Willoughby indicated; we can't quantify it quite that well.

But indeed the parts are bad. . I should say, though, that the
data that we got from the supplier was, in general, about -- seven
out of ten suppliers we contacted was much better in regard to the
junction temperature coefficients than what we found from the other
sources -- than any other sources including the military.

DR STOVER:

This rea]]y applies more to previous papers than to yours, but from

this standpoint of each doing their own inspection and verifying

and maybe doing the same thing -- every organization doing the same
- thing. If some independent testing organization would do this type

of failure testing and publish the results for different vendors,

would not the free market -- the competitive market forces force

us into more reliability?

MR. BEZAT:
I don't know that I can answer that quest1on I have some opinions

about it from a straight economic standpoint which would say no.
Simply because the total quantity of parts that are used, where we
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need thisvfelatively high reliability and where it is cost-effective
to have it, is such a small proportion of the total number of parts
that are used.

Therefore, it would appear that the mass production method which
I think will probably move upward in quality and reliability on a
competitive basis as you were pointing out, but not on a quantum jump
basis. The cost of screening is ever so much lower than the cost of
actually building to that high reliability at the present time. That
is an opinion and I could not'support it with data.

DR. STOVER:
Thank you.
CHAIRMAN WINKLER:

Thank you very much. Before we close, I would like to make just one
comment concerning this section. I think, at least for me, it has
been a most interesting session. Each of these papers leaves a
number of suggestions behind, what to do in our specific cases. 1
hope you share that impression.

One thing came back very strongly to me, -and that is that there
is no such thing as a material failure, that all of these failures
are failures of the man in one way or another; failures of our in-
tellect to recognize the properties, to recognize the hidden prob-
lems in design, and failures, of course, in the manufacturing pro-
cess. So, what we have is a much, much lower random failure level
than we would have assumed until now.

The last paper has reinforced this opinion that you really are
talking about weeding out the faulty components and then you have
not yet reached the purely random failure rate, the Poisson distri-
bution. For many devices you will never reach that level because
in the case of cesium beam clock you end up running into the end
of life phenomena, likewise the rubidium lamp problems which come
up after a number of years. So, maybe it is a wrong position to
take to believe that there is such a thing as a material failure.
These are failures in our intelligence recognizing what is going
on. :

That, of course, brings me to a second point. That is, maybe
a useful change in attitude, in one's own intellectual attitude,
would be to remember that our ideas of characterizing a module or
an atom by fixed properties may break down at the level of very
complicated systems. Its actual properties change because it is
exposed to a different environment which you had not foreseen.
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1 consider that a very general attitude and it has made me
more cautious and maybe less ambitious. But again, I enjoyed that
last session very much and 1 am sorry to see it come to an end.

It is something which has been very important in precision time-
keeping. Thank all of the contributors to this session.
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A SPACE SYSTEM FOR HIGH-ACCURACY GLOBAL
TIME AND FREQUENCY COMPARISON OF CLOCKS

R. Decher (NASA), D. W. Allan (NBS), C. O. Alley (U. of
Maryland), R. F. C. Vessot (SAQ), G. M. R. Winkler (USNO)

ABSTRACT

NASA is planning a , Space Shuttle experiment to
demonstrate high-accuracy global time and frequency
transfer. A hydrogen maser clock on hoard the Space
Shuttle will be compared with clocks on the ground using
two-way microwave and short-pulse laser signals. The
accuracy, goal for the exper1menﬁ41s 1 nsec or better for
the time transfer and for the frequency
comparison. A direct frequency compar1son of primary
standards at the 10~ -14 accuracy level 1is a unique
feature of the proposed system. Both time and frequency
transfer will be accomplished by microwave transmission,
while the laser signals provide calibration of the system
as well as sub-nanosecond time transfer. - Following the
demonstration with the Space Shuttle, an operational
system could- be implemented in a free-flying satellite to
provide permanent global time and frequency transfer.

Introduction

Plans for a spaceborne system to meet the needs for global,
high-accuracy time and frequency transfer are being studied by
NASA's Office of Space and Terrestrial Applications, Geodynamics
Branch. The system uses a hydrogen maser clock on board a space
vehicle which will be compared with clocks on the ground by
one-way and two-way transmission of CW and time-code modulated
microwave signals. In addition, short-pulse laser signals will
be transmitted simultaneously with the microwave signals for
calibration of the system and for time transfer. The unique
feature of the proposed system is its capability to make d1rei£
frequency comparison of primary  standards at  the
accuracy level. No other technique or .experiment in ex1stence or
planned has this capability with coverage over most of the
inhabited globe. In addition, the proposed system is expected to
provide time transfer with an accuracy of 1 nsec or better.

~ The techniques to be employed have ‘been used successfu]]y in
earlier experiments. The microwave portion of the system. is sim-
ilar to a system used with the Gravitational Redshift Probe (GP--
A) flown in 1976 [1]. The short-pulse laser technique was
successfully used in airborne clock experiments in 1975 which
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~ measured general relativistic effects on time [2]. Because of
this experience with previous experiments, basic new technology
development is not required for the Shuttle experiment.

The first step of the proposed program will be a
.demonstration experiment using the Space Shuttle. Following a
successful demonstration, the system could be implemented with a
free-flying satellite or on a space platform to provide
permanent, global high-accuracy time and frequency transfer. The
following discussion deals primarily with the  concept of the
Shuttle demonstration experiment which. is the subject of a
definition study in progress at Marshall Space Flight Center.
The first flight is planned for 1985, pending approval of the
project. Ideas similar to the concept discussed in this paper
have been proposed earlier [3].

Overall Objectives

The purpose of the Shuttle experiment is to demonstrate and
evaluate the techniques for a later operational global system. A
variety of users would benefit from an operational system
providing time transfer with accuracies of 1 nsef or better and
frequency comparison with an accuracy of 107 4. Potential
user groups include primary standard laboratories, high-accuracy
timing operations such as the computation of TAI and coordination
of major BIH contributors, NASA's Deep Space Network (DSN), and
various other users of precision time, e.g., radio astronomy and
geodynamics research. ‘

The stability and accuracy of precision clocks and primary
frequency standards have improved far beyond present capabilities
to transfer time and frequency information between widely sepa-
rated standards. Further improvements in the stability and
accuracy of primary standards can be expected in coming years
which will result in increased requirements for high-accuracy
time and frequency transfer. The most accurate  time transfer
method now in use is the transportable clock. - This method has -
many logistic problems and is very expensive if high accuracies
are required. The Tlatter problem is illustrated by Figure 1,
which shows estimated yearly cost for synchronization of one
remote station as a function of accuracy. The operational cost
becomes prohibitive if high accuracy is required. The proposed
space system using an orbiting hydrogen maser clock can be viewed
as an extension of the transportable clock method, providing
accurate time and frequency transfer at frequent intervals with
worldwide coverage and at a much lower cost for the individual
user. : :
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The current operational mode to compare primary standards in
the U.S. (NBS), Canada (NRC), and West Germany (PTB) utilizes
Loran C, which suffers- from 1limited global coverage and
fluctuations of the ground wave propagation delay, making the
system practically incompatible with requirements of high-
precision standard 1laboratories and time services. Other
laboratories are interested in the accuracy capabilities of
primary frequency standards, either directly or indirectly, but
adequate means for international frequency comparison do not
exist at the state-of-the-art accuracy. Other techniques of
accurate time transfer have been tested experimentally or are
‘planned for implementation in the future. A performance
comparison of available and planned methods, including the
proposed Shuttle experiment (Shuttle Time and Frequency Transfer
Experiment, STIFT) 1is shown in Table 1. The following
definitions apply to the table. Inaccuracy is expressed relative
to a perfect portable clock. Stability is the measure of time
variations over. the course of the measurement (i.e., related to
the phase stability of the measurement system with sampling
intervals and length of data determined by the method).
Cost-effectiveness is the product of inaccuracy and user cost
dollars (in mega dollars), the smaller the number the better.
The 24-hour frequency accuracy is derived from time stability
over 24 hours which determines the accuracy of absolute remote
frequency comparison. Though many of the numbers represent
anticipated performance, it is believed they are within a factor
of two of what will be accomplished. (Where applicable the
figures in the table are rms values.) As can be seen, the STIFT
experiment looks extremely attractive when compared with other
techniques.

Concept of the Shuttle Experiment

The idea of the Shuttle demonstration experiment is
illustrated in Figure 2. The experiment package which is mounted
on a pallet in the Shuttle bay contains the hydrogen maser clock,
a microwave transponder with antenna, a corner reflector array, a
photodetector, an event timer, and some associated electronics.
Three microwave links are transmitted between a space vehicle and
a ground terminal which permits cancellation of the first-order
Doppler effect and correction for ionospheric delay. Frequency
comparison is accomplished by using the CW carrier frequencies.
A time code modulation is applied for the time transfer function.
An important feature of the proposed experiment is that the
microwave system provides time and. frequency transfer independent
of weather conditions and that a laser system is used for
calibration, providing information about time delays in the
propagation path and instrumentation. In addition, the laser
portion of the experiment is available for time transfer with
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sub-nanosecond accuracy. Short laser pulses are transmitted from
the ground station to the Shuttle and returned by the corner
reflector. The arrival time of the laser pulse at the Shuttle is
measured by the photodetector and event timer and is recorded in
the time frame defined by the on-board hydrogen maser clock.
The simultaneous transmission of laser and microwave signals
should yield valuable and interesting high-accuracy data about
wave propagation and related effects.

Planned Shuttle orbits have a rather low altitude (~200 n
mi) which limits the time available for clock comparison during a
pass over a ground station to several minutes. Otherwise, the
Shuttle is rather ideal for a demonstration experiment because it
provides very generous volume, weight, and power limits for the
experiment package as well as return of the flight hardware with
the opt1on of reflight at minimum cost. High-inclination orbits
up to 57° are planned for several Shuttle missions which give
sufficient global coverage for the demonstration experiment,
including all of the primary standard laboratories and many other
important stations. While the Shuttle orbits are adequate to
demonstrate the performance of the system, a higher orbit would
be adopted for an operational time and frequency transfer
satellite. '

Microwave System

The key to the direct frequency comparison technique is
elimination of the first-order Doppler shift. This method was
successfully used with the Gravitational Probe A (GP-A) in 1976,
a Jjoint project of Smithsonian Astrophysical Observatory and
Marshall Space Flight Center [1]. . During this mission the
frequencies of two hydrogen masers, one on the ground and one in
the space probe, were compared to measure the gravitational
redshift effect. For 100 sec averag1ng thervals, the frequency
comparison was accurate to X , which was at the
stability 1limit of the space probeA maser. This mission
demonstrated the capability to eliminate first-order Doppler
shifts and 1onospher1c propagation fluctuations to achﬂfve direct
frequency comparison with an accuracy of 1 x 107 Since
1976, further improvements of f e hydrogen maser stablllty have
been achieved which make 10~ a safe accuracy goal for the
Shuttle experiment [4].

A stability comparison of various techniques and standards
including the 1976 system and the new hydrogen maser (1979) is
given in Figure 3. To achieve the desired accuracy requires
corrections for relativistic effects, including the second-order
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Doppler shift and the gravitational redshift effect. These
corrections will be calculated from orbital data of the space
vehicle. Figure 3 also illustrates the relationship of time
transfer accuracy and frequency stability for measurements spaced
by t seconds. The two dotted lines represent a microwave pulse
system (0.6 nsec precision) and a laser pulse system (0.1 nsec
pregision). If time comparisons are made at 24-hour intervals
(10° sec), a time transfer accuracy of ,0.6 nsec or better is
needed to compare frequencies at the 10 -14 level.

A functional diagram of the microwave system is shown in
Figure 4. Three S-band microwave frequencies are transmitted,
- providing one-way and two-way Doppler information in the ground
station. The. first-order Doppler effect is cancelled by
subtracting one-half of the two-way shift from the clock
down-1link signal. This process also eliminates propagation
effects in the ionosphere for temporal variations longer than the
propagation time. The three frequencies have to be selected
carefully to compensate for ionospheric dispersion. (Frequencies
shown in the diagram are those used with GP-A.) A single antenna
is used on the. spacecraft and in the ground station to handle the
" three frequencies. The frequency comparison information
generated in the ground terminal is contained in the beat signal
of the two clock frequencies wh1ch is obtained after removal of
the Doppler shift.

The frequency comparison method utilizes the phase
information of the CW phase ‘coherent carrier signals. To
accomplish time transfer a PRN phase modulation is applied. The
round-trip propagation delay (2R/c) is. determined by a
correlation technique applied to the two-way signals (Figure 5).
The time shift between space clock and ground clock is determined
from the displacement of the two corresponding time codes. The
space clock time code is modulated on the clock down-link
carrier. The correction for the one-way propagation delay is
obtained from the two-way signal correlation process. One
important objective of the proposed program is the development of
a low-cost microwave ground terminal which can be afforded by a
large number of users of a later operational system. The Shuttle
experiment will use S-band frequencies. (The optimum frequency
for an operational system is the subject of further studies.)
Participation in the STIFT experiment requires a microwave ground
terminal. It is anticipated that several ground terminals will
be in operation for the demonstration flight(s). Most of these
terminals should be 1located at the site of primary standard
laboratories and time service operations.

e R — N X



Laser System

) The short-pulse technique is presently the most accurate
method of time transfer. This technique has been used by the
University of Maryland with support from the U. S. Navy in com-
paring airborne clocks with clocks on the ground to measure gen-
eral relativity effects with sub-nanosecond accuracy [2]. The
uncertainty in the clock comparison was only a few tenths of
nanoseconds. A disadvantage of the laser technique for an opera-
tional system is its dependence on weather. In the proposed time
and frequency transfer system the short-pulse 1laser method is
used primarily for calibration and performance comparison. How-
ever, the laser portion of the experiment can be used independ-
ently for time transfer experiments. Any laser ground station
equipped with a stable clock and means to record epochs (event
timer) can perform time transfer experiments. The Shuttle exper-
iment will utilize existing laser ground stations.

A block diagram of the laser system, including on-board and
ground station systems, is shown in Figure 6. A corner reflector
array is used to return the laser signal to the ground station.
Simultaneously the 1laser pulse is received by a fast photo-
detector in the Space Shuttle. The event timer measures the
arrival time to of the laser pulse in the time scale estab-
lished by the on-board hydrogen maser clock. This information
is sent by telemetry to the ground station for comparison of the
space and ground clock epochs. The epochs of transmission and
return of the laser pulse, t; and t3, respectively, are
recorded at the ground station. %lock synchronization is accom-
plished by comparing tp (measured at the space vehicle) with
the midpoint between t; and t3, including a small correction
for earth rotation. Figure 7 shows the result of the 1976 short
pulse laser experiments. The uncertaintiés of individual clock
comparisons are only a few tenths of nsec. Neither the relative
velocity between space vehicle and ground station nor the dis-
tance separating them enters into the comparison.

Conclusion

The proposed concept using a hydrogen maser in a space ve--
hicle is expected to meet the future need for global high-
accuracy time and frequency transfer. It has a number of -advan-
tages compared to other techniques, including high accuracy,
direct frequency comparison, weather independence, global cover-
age (for operational system), and comparatively low cost for the
user. Only a single station is needed to accomplish time and
frequency transfer, namely the:§tation which wants to synchronize
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its clock or compare its frequency standard. The microwave

ground terminal can be located in close proximity to the stan-

dard.

region.

1.

2.

3.

4.

In addition, the laser portion of the experiment makes
timeé transfer available with accuracies in the sub-nanosecond
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TABLE 1. INTERNATIONAL TIME TRANSFER COMPARISON (<< 1 us)

< 24-Hour
Cost-Effec- Frequency When
Method Inaccuracy Stability tiveness (M$'ns) Accuracy’ Coverage Available
) _13
GPS (Common-view) 10 ns 1 ns 0.25 X 10 Global 1981
. il
Shuttle (STIFT) 1 ns 0.001 ns¥* 0.25 X 10 To + 57° Latitude 1985
_13
TDRSS 10 ns 1 ns - 1.0 <10 All but India Long- 1982
tudes
21
LASSO 1 ns 0.1 ns 1.0 ~ 107" All but near the poles 1981
_13
GPS 40 ns¥*¥ 10 ns 2.0 ~ 3x10 Global 1980
.13
2-Way (Communica- 50 ns X1 ns 5. Q¥ ~ 10 All but near the poles 1980
tion Satellite) ‘
<12
Portable Clock 100 ns N/A 6.0 S 10 Global (Best accuracy 1980
‘ within reasonable driv-
ing vicinity of Air
Ports)
o 10_12 . Excludes Most of Asia 1980

Loran-C 500 ns X 40 ns 3.0
; and Southern Hemisphere

*This figure represents the time stability of the microwave Doppler cancellation system (1).
**This inaccuracy may incrase if the GPS C/A code is deteriorated for strategic reasons.
**%Cost includes estimate of annual rental.



YEARLY COST IN THOUSANDS OF DOLLARS (1980)
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Figure 1. Cost of portable clock method.
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Figure 2. Shuttle time and frequency transfer experiment.
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QUESTIONS AND ANSWERS

CAPTAIN VOHDEN:

I would 1ike to know what the time line would be for this system be-
coming operational. You say the first flight would be 1985. How
long after that would you envision the system being available for
general usage?

DR. DECHER:

That is very difficult to answer at the present time. I think we
will have several shuttle flights and then a normal lead time of
such a program probably is at least two to three years.

MR. BANERJEE:

Does this experiment you have mentioned that you are expecting to
do at the Maryland University provide the first calibration of the
instrument that will be the elimination of the delay of that order?

DR. DECHER: '

You question the accuracy of the system? Is this what you are saying?l
MR. BANERJEE:

Yes.
DR. DECHER:

Well, both techniques, the laser and the microwave systems, have been
demonstrated in those early experiments, and so I think we are also
safe to propose this type of accuracy.

DR. ALLEY:

I would just add the comment that the 1imiting uncertainty of the
early proposed low-altitude flight may be in the ability to measure
the velocity of the spacecraft sufficiently well to inciude the -
relativistic corrections adequately.

DR. DECHER:
Yes, that is true if you want to achieve the accuracy of 10'14, you
have to include relativistic affects, the second-order Doppler Ef-
fect and the gravitational affect which you have to get out of the
trajectory of the space vehicle. This will be no problem for-a
satellite system, but for the shuttle will need some doing.
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DEPARTMENT OF DEFENSE PRECISE TIME AND TIME
INTERVAL PROGRAM IMPROVEMENT PLAN

James R. Bowser, Automation Industries, Inc., Vitro Lébbratories
Division, Silver Spring, Maryland

ABSTRACT

Department of Defense Directive 5160.51 assigns
the United States Naval Observatory the responsi-
_bility for énsuring uniformity in precise time and
time interval operations including measurements,
the establishment of overall DOD requirements for
time and time interval, and the accomplishment of
objectives requiring prec1se time and time inter—

val with minimum cost. :

In support of the execution of these responsibili-
ties, the United States Naval Observatory has em-
barked upon an effort to document the Department -
of Defense Precise Time and Time Interval's re-
quirements and develop a master plan for overall
PTTI program improvements. - .

. . This paper presents an overview of the objective,
' the approach to the problem, the schedule, and a
status report, including significant findings
-relative to organizational relationships, current
directives, principal PTTI users, and futuyre re-
quirements as currently identified by the users...

INTRODUCTiON

The United States Naval Observatory is. assigned the responsibility for
precise time and time interval dissemination throughout the Department
of Defense (DPOD) components. “Specifically, it is Department: of
DPefense Directive 5160.51 titled, "Precise Time and Time Interval
(PTTI) Standards and €alibration Facilities for Use by Department of
Defense Components', that assigns the Naval Observatory the respon-
sibility for insuring: (1) uniformity in precise time and time inter--

val operations including measurements, (2) the establishment of over-. -

all DOD requirements for time and time interval, and (3) the accom-
plishment of objectives requiring precise time and time interval with.
minimum cost. The first of these responsibilities entails the tech-
nical aspects of timekeeping and time dissemination. Despite the
rapidly changing systems which seek to exploit the leading edge of
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technology, the Naval Observatory staff continues to keep pace in
meeting this responsibility. In addition to expanded and improved
means of dissemination of time and easier access to time services for
the user, the basic equipments and methods of determining precise time
are being upgraded. The requirement to upgrade time dissemination
systems becomes self-evident through a simple comparison. DOD direc-
tive 5160.51 dated August 31, 1971, defines precise time as,---- "a
time requirement to within ten milliseconds." Compare this with cur-
rent user. needs of time to within nanoseconds. Not only are opera-
tional requirements for time becoming more stringent with respect to
accuracy, the number and variety of uses 1s expanding rapidly. There
is a tendency for a new user, faced with a need for precise time, to
approach the solution to the problem on a unilateral basis. The pit-
falls to such an approach can be counter productive to achieving a
fully coordinated PTTI program. Based upon the information available
to the manager, a system is designed and an array of equipments is
assembled that will meet the requirements. The combination of clocks,
frequency dividers, time conversion modems, etc., may be totally
unique to that program. This tends to result in a wide variety of non-
standard systems which exacerbates the maintenance support problem and
training problem. If the manager is one of foresight, he may even
anticipate future requirements and design a system whose capabilities
far exceed his current specifications for stability, accuracy, or
other criteria. Conceivably, the full capability of the system for
which the manager paid dearly, may never be fully exploited or re-
quired. The synergistic consequences of these factors is an overall
PTTI program that 1s ‘less than cost effectlve.

In recognitition of the dynamic nature of the PTTI program and the
influence of the aforementioned factors, the Naval Observatory has
initiated an effort to ameliorate the impact of the current processes.

OBJECTIVE

The objective is to achieve improved management of the Department of
Defense Precise Time and Time Interval Program in order to provide A
full coordination of PTTI programs and ensure economies of resources.

Although the Observatory has the lead in the endeavor within the pro-
visions of DOD Directive 5160. 51, the support of separate DOD compon-
ents is engendered through ‘the specific functional responsibilities
assigned to those components in the same ‘directive. Under paragraph
VI.C.,various functional responsibilities are delineated for DOD com-
ponents and contractors. Of the five subparagraphs spe111ng out the

- functions, the first four deal principally with the technical aspects
of timekeeping, that is; reference to the USNO master clock use of
portable clocks, etc. Paragraph VI.C.5 and paragraph VI.C. 6 cover the
management and planning aspects of PTTI. The separate DOD components
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are directed to:
"5. Notify.the U. S. Naval Observatory of:

a. Existing and planned PTTI requirements, including infor-
mation as to accuracy and stability of needs, measurement
techniques planned or in operation and continuity of
service required of the applicable distribution trans-
mission.

b. PTTI (frequency) arrangements between DOD user compon-
ents and contractors and other Federal Government
agencies,

c¢. Scheduled scientific and technical meetings on PTTI
(frequency).

6. Consult the Observatory prior to entering into contracts for
equipment, research, studies, or services involving PTTI
(frequency) in order that maximum use of existing facilities
may be assured."

The degree of detail encompassed in the notification of the observa-
tory is subject to a wide variety of interpretation. Consequently,
the perception of PTTI requirements is equally subjected to a wide
range of interpretation. Needless to say, a full comprehensive knowl-
edge of the DOD requirements is essential to determining the necessary
management actions to improve the overall program. The observatory's
initiative can be viewed as a two-pronged approach; each inexorably
entwined with the other. In support of the objective, the observatory
will conduct a DOD PTTI requirements analysis and concurrently develop
a DOD PTTI Improvement Plan.

APPROACH

A three-phased approach is being used for the requirements analysis
portion of the task. The three phases are an identification phase,
a collection phase and an analysis phase.

Identification Phase

As implied by the title, the purpose of this phase is to identify the
users of precise time and time interval. The elements of information
being sought to fit the definition of "identification" are somewhat
more detailed than simply a name or organization. This effort will
endeavor to identify the user by organization, location, points of
contact by name and phone number and establish the organizational
relationship of the unit with respect to higher and lower echelons of
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the appropriate organizational structure. These data will serve to
clarify the lines of operational control, administrative processes and
logistical support. It will also provide a directory of personnel
participating directly in the PTTI program and enhance the flow of
information among the participants.

Collection Phase

Having identified the users of PTTI, the next step is to document
essential information with respect to their participation in the pro-
gram. A determination will be made as to the functional use of PTTI
(e.g., navigation,communication, calibration, timing/synchronization,
etc.), the essential equipment currently on hand and in use; the
means whereby these equipments are timed/synchronized (traceable to
USNO); and the criteria which define the users requirement in terms
such as accuracy, stability, environmental specifications, or other
key characteristics. Of equal interest in documenting the equipment
is the maintenance policy of each organization. Information will be
gained regarding the level of maintenance performed at the site (oper-
ational, intermediate or depot), and whether or not it is performed by
organizational personnel or under contract support arrangements.

The full scope of information to be collected is not a fixed set at
this time. Even early in the collection process, it was found that
additional data elements proved most useful in revealing an overall
picture of the PTTI program. As an example, the directives issued at
various echelons were researched to determine the charter under which
various organizations were operating. In some cases, the directives
issued within the chain of command, may be useful in revealing the
funding lines, Funding information will be essential if recommenda-
tions are to be developed regarding cost effective alternatives.
Equally as important as documenting the current state-of-the-art is
planning for future requirements. Current users will be surveyed to
determine their perception of future needs or any problems they may
anticipate in meeting their perceived operational requirements in the
future. Developmental programs will be reviewed to determine if there
may be PTTI requirements which have not yet been explicitly defined.
This data on future requirements will provide a baseline for specific
areas to be investigated in order to keep pace with refined require-
ments and broader PTTI applicationms.

The data collection process will consist of researching documents,

interviewing personnel, either by telephone or in person, the circu-
lation of a survey questionnaire, and on-site visits as required.

Analysis Phase

Based upon the information provided by the previous efforts, the
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analysis phase will seek to delineate systems methods, systems accu-
racies, performance requirements, numbers of clocks, maintenance
support roles, and inter/intrasystem utilization. Pertinent data
elements will be reduced to graphs, charts and/or matrices to present
concise, comprehensive summaries from which cogent alternative actions
may be derived in support of the improvement plan.

Although it may appear that these three phases are conducted sequen-
tially,in a series fashion, such is not the case. The process is an
iterative one in which data derived in one phase may lead back to
further investigations in the previous phase which may in turn lead to
additional areas of investigation, data collection and analysis.

PTTI Improvement Plan

The customary approach to the development of a plan is being followed
for the improvement plan. This entails the development of an outline,
the development of a book plan, and finally, the development and
publication of the PTTI Improvement Plan. The Book Plan development
was scheduled in the early phases of the task in order to provide
direction to the data collection and analysis phases. As stated
earlier, the improvement plan development will be a concurrent effort
which will interact on a real time basis with all three phases of the
requirements analysis portion. Proposed management initiative and
related recommendations will be firmly supported by clearly defined
requirements. :

An Executive Summary will be provided as a lead into the Improvement
Plan in order to provide a concise overview of the program and recom-
mendations. The succeeding four chapters will describe the character-
istics of the PTTI program as it now exists. This will take the form
of an introduction/background section; a description of the services
available through the U.S. Naval Observatory; a section on users and
their related requirements and a section on how those requirements
are currently being met and planned improvements matched to potential
needs. The next chapter will highlight the critical issues. 1In
essence, this portion will address the shortfalls and problem areas,
including cost factors, to the extent that they can be isolated and
documented.

The remaining two chapters will provide alternative management actions
which, if executed, should result in significant improvements in the
PTITI program. Recommendations will be made as to the preferred
alternative. The preferred alternative will be expanded in more
specific detail with respect to responsibilities, schedule of actionms,
and any modifications to governing directives required to implement
that alternative.
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Details of the supporting rationale contained in the plan will be
provided in appendices to the plan. Three levels of detail will be
provided: the Executive Summary will provide an overview for decision
making; the body of the plan will contain the rationale for the alter-
natives and recommendations. The backup data will be contained in the
appendices.

SCHEDULE

Work on the project was initiated on 18 January 1980. The target date
for the completed Requirements Analysis Report and the PTTI Improve-
ment Plan is 27 December 1981. .The only major interim milestone is
the development of the Book Plan in June 1980. Due to the concurrent
and iterative nature of the identification phase, collecticn phase,
analysis phase and plan development, clearly delineated start-stop
dates for these activities were not deemed appropriate. However,
selected interim goals to be achieved have been identified in the
interest of sound program management and are displayed in Figure 1.

STATUS

The identification phase commenced immediately upon initiation of the
task. A two-pronged approach was used; a top-down approach and
bottom-up approach. The top-down approach began at the policy level
in Washington and sought to identify the individuals involved, their
job title, code, location, phone numbers and the field agencies or
subordinate commands under their purview. The bottom-up approach
used the U.S. Naval Observatory distribution list printout for their
time services bulletin. The list includes 986 domestic users and

258 foreign users. The listing was separated into categories. by
Service (USAF, Army, Navy, etc.) or agency. In some cases, the func-
tional area of PTTI in which the user has primary interest may be
discerned from the type of time service publications received. Such
is not always the case, for there are multiple uses, as well as mul-
tiple users of the documents. Here the top-down approach seeks to
clarify the functional area of interest by tracking the organizational
relationship through the chain of command and the supporting directive
system, DOD Directive 5160.51 required each DOD component to issue
implementing directives. These, in turn, assigned responsibilities
and functional areas to various commands and field activities. The
directives have been researched and collected for 0SD, JCS, DCA,
USAF, USA and USN. To date, a preliminary directory of points of
contact in the PTTI arena has been compiled, consisting of approxi-
mately sixty persons. In its current format, it lists the personnel
by Service or agency, with code, address, phone numbers- and any
charter or directive associated with their function. Approximately
thirty-five of the persons listed have been contacted in search of
data. Preliminary initiatives have been made with the Federal
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Aviation Administration, Defense Mapping Agency, and certain inde-
pendent commercial users.

In order to accelerate the data collection process, a-survey question-

naire was designed. Using the information gained in the early portion

of the identification phase, a distribution list of key recipients

was developed. A cover letter signed by the Superintendent of the
Observatory, explaining the purpose of the effort and forwarding the
questionnaire, was distributed on 7 May 1980. Responses were re- :
quested by 4 June 1980. Twenty-five completed questionnaires have

been returned. A comparative analysis is now in process compatring

data received from interviews and the survey questionnaires with the

data required to complete the requirements analysis and fill out the

element of the Book Plan. Voids in essential elements of information

will be identified., Efforts to fill these voids will begin with local
interviews and phone calls and finally, on-site interviews at field
activities will be conducted to complete the process. In every case
requiring a field visit, a point of contact will be advised in advance

either by phone or by letter as to the type of information being

sought., ' y
An outline of the Improvement Plan was developed and approved on

23 April 1980. The outline was subsequently expanded into a Book Plan
which was approved on 30 June 1980. The Book Plan, which defines the
elements of data scheduled for incorporation into the Improvement Plan
is now serving as the benchmark in guiding the collection and analysis
phases. '

A clearer picture of the organizational relationships has begun to
evolve, Preliminary diagrams have been drafted in tiered echelons
from the policy level down to field activity and users.

Although some minor difficulties have been encountered in translating
stated requirements into common terms of reference for easier com-
parison, and ensuring that all users are identified, the program is
currently on schedule with no insurmountable obstacles in view.
Although not deemed insurmountable, two areas of investigation which w
prove more intractable than one would care to have them are those
driven by security restrictions and availability of funding details.
Every effort is being made to maintain the reports as unclassified in
order to enhance their circulation and utility. If need be, a classi-
fied appendix may be published to provide supporting data .essential

to the decision making process.

PRELIMINARY FINDINGS

In the interest of brevity selected highlights of the preliminary
findings are presented below in the areas of organizational
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relationships, current directives, PTTI users, and future require-
ments.

Organizational Relationships

There are two distinct lines of staff cognizance in PTTI, the logis-
tics side and the operational side. In most cases, the responsibili-
ties for PTTI shift to the logistics staff at the policy level. The
bulk of the documentation is written in terms of metrology and cali-
bration responsibilities for technical laboratories or similar support
units in the field. 1In general, these lines of responsibility through
the logistic side are easily traceable. The logisticians are tasked
with specific responsibilities to maintain set standards, and provide
support to operational users. The operational side of the problem
does not lend itself to easy traceability. It has been difficult to
pinpoint the central controlling agency for operational requirements
within the various organizational structures. It appears at first
blush that a.variety of research agencies, usually resident at the
same location with a metrology/calibration facility will develop oper-
ational requirements and resolve their needs in coordination with the
resident experts. As currently documented the technical or logistics
side of the chain is very responsive to the users' needs and the
interchange of services and information is free-flowing and continuous.
However, as additional support services are required from a higher
support echelon (such as the Naval Observatory), the requirement flows
up through the technical chain on the logistics side of the staff.
Again, the system works by virtue of the nature of the participants.
However, this system places the Observatory in a reactive mode--
responding to needs from the field on an "as required" basis. Ideally,
the operational requirements should be centrally coordinated for each
agency. The central coordinator would express these requirements to
the U.S. Naval Observatory personnel who, in execution of their
charter as DOD PTTI Manager, would assist in defining the system to
meet the requirements. Then through the logistics side of the staff,
the USNO would insure that the necessary dissemination system and
proper support equipments were available to execute the PTTI support.
This process would place the USNO in the requirements determination
loop and insure a more cost effective, coordinated program. -

PTTI requirements which transcend the bounds of single Service of
single agency applications are generally addressed by committees. In
some cases,the committees are formed to address specific issues and
representation is established to insure that all interested parties
participate. There are two standing committees which provide a forum
for addressing joint requirements. The MUSIC MAN COMMITTEE and the
JOINT TECHNICAL COORDINATING GROUP for METROLOGY and CALIBRATION
(JTCG-METCAL). Based upon the representation on these committees,

it appears that the MUSIC MAN COMMITTEE is best suited for addressing
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the operational aspects of the problem and the JTCG-METCAL is techni-
cally oriented. ~

There are exceptions to the general description of the interaction of
operational agencies and logistic agencies as previously described.
Two notable exceptions are the GPS/NAVSTAR program and the SATCOM/DCA
program. These two programs have been the beneficiaries of long
arduous planning and inter-agency activity. However, in spite of such
coordination at the top level, the results of the survey question-
naire reveal that some participants .in the PITI program are somewhat
tentative as to the precise impact the program may have on their
"modus operandi".

Current Directives

Two items of interest were revealed in tracing through the directives
which govern PTTI programs in the Department of Defense. First, the
assignment of responsibilities in implementing directives generally
substantiates the heavy influence of the technical/logistic partici-
pants in structuring the character of the program. 1In instances

- where operational staffs are tasked with responsibilities, they are

" usually stated in terms of verifying the compatibility of design and
specifications rather than explicit responsibilities for stating and
processing requirements. The second item is tracing directives to a
common reference. Some implementing directives cannot be traced back
to DOD Directive 5150.61, although other DOD Directives may be
referenced.

PTTI Users

Preliminary findings with respect to PTTI users reveals that the
laboratories, research organizations, and test ranges are best able to
document their function, equipments, current operating procedures, and
identify future requirements. There appears to be a significant
community of beneficiaries of PTTI who tend to accept the services
provided without full awareness of the impact on their program of how,
by whom, and at what cost the services are made available, The in-
vestigation and full documentation of this community's PTTI programs
portends to be the most difficult aspect of the task. Consequently,
it will be the objective of detailed scrutiny in the iterative identi-
fication and data collection processes. Some of the PTTI users who
responded to the survey questionnaires left some unanswered questions.
A few indicated that they had no "next higher" echelon of command and
no subordinate commands. Some provided no further time or calibration
service beyond their own use, an acceptable though unlikely situation,
except for a research facility. In some instances it was indicated in
the survey that the time maintained on-site . was not traceable to the
USNO, yet the method whereby the time was maintained provides for such
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traceability. Current requirements were generally implicit in the
description of the users function and the capabilities of the equip-
ments in use. Further investigation is warranted to insure the most
economical and efficient use of resources.

Future Requirements

Future requirements have been expressed in a variety of character-
istics desired. These include: cost, stability, accuracy, vibrational
loading, G-loading, temperature sensitivity, power requirements, size,
and accessibility. A number of these characteristics were described
in quantified terms and others in general terms. For example, the
lease cost item desired was to be less than $100 per unit. Stability
requirements have been submitted at the refined end of 4x10‘12/sec
and 1x10~11/4 hours. Accuracy statements range from "extreme" to a
quantified value of 100 nanoseconds. Every effort will be made to
quantify requirements to provide a common means of comparison and
evaluation. :

In the process of seeking answers to questions initially proposed for
data collection, there appears to be a higher ratio of new questions
than answers to old questions. 'In a program as dynamic and complex
as the Precise Time and Time Interval program, one should reasonably
anticipate such results in the early portion of the investigatioms.
Hopefully, the crossover point will occur soon, wherein the number
of answers neatly matches the questions at hand and no vital area
which may influence the selection of viable alternatives remains un-
explored. Needless to say, it is a challenging task, but one that
should prove to be rewarding and beneficial to the PTTI community as
a whole,
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A U.S. NAVY PRECISE TIME AND TIME

INTERVAL (PTTI) PROGRAM UPDATE

RALPH T. ALLEN

NAVAL ELECTRONIC SYSTEMS COMMAND

ABSTRACT

, A review of the Navy's PTTI Program

'was presented at the Tenth Annual PTTI Appli-
cations and Planning Meeting. That review
presented a brief history of the Navy's PTTI
Program, its management organization, and
current and projected requirements, capabi-
lities and Program efforts.

This paper:

a. Updates those previously identi-
fied Navy requirements, capabilities and Pro-
gram efforts.

b. Outlines hew Prograﬁ efforts.

. c.  Presents overall Program growth
since September 1975.

d. Pro;ects the Navy's areas of
concern regarding future PTTI development.

A review of the U.S. Navy's Precise Time and Time Interval (PTTI)
Program was presented in November 1978 at the Temth Annual PTTI Appli-
cations and Planning Meeting (1). Since that presentation, the Pro-
gram's management organization, its basic mission of providing all Navy
platforms and their communications, navigatien and weapon systems with
PITI information traceable to the U.S. Naval Observatory (NAVOBSY),
and its PTTI System Concept, see Figure 1, have all remained essentially
‘unchanged."

This has provided a stable base from which the Program has conti-
nued to grow and to respond to the increasing PTTI needs of the Fleet.
This growth and response to Fleet needs has resulted in an increasing
awvareness of and support for the Program by Navy program sponsors, plan-
ners, programmers, engineers, support personnel and users.
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More specifically, the review at the Tenth Annual PTTI Applica-
tions and Planning Meeting reported that the Naval Electronic Systems
Command (NAVELEX) had submitted an analysis of the Navy's PTTI require-
‘ments to the Chief of Naval Operations (CNO) in November 1978. The re-
view further reported that current, medium and long range Navy platform
timing requirements were in the 100 microsecond, the one to ten micro-
second, and the 10 nanosecond ranges respectively. With a few excep-
tions, those values are still valid.

Based on the requirements analysis findings, NAVELEX updated the
Navy's PTTI Program Master Plan. CNO subsequently approved the Master
Plan in January 1980.

Some of the major Navy PTTI efforts addressed in that Master Plan
and reported on at the Tenth Annual PTTI Applications and Planning Meet-
ing include the:

PTTI Maintenance and Calibration Program.

SSN-637 Class Submarine PTTI Platform Distribution System
(PDS) Development.

SSN-688 and POSEIDON Class Submarine PTTI PDS Development.
NAVOBSY Master Clqck System (MCS) Upgrade.

AN/URQ-23 Frequency-Time Standard. |

Global Positioning System (GPS) Time Transfer Unit (TTU).
PTTI Technology Program.

0-1695 Cesium Beam Frequency Standard.

Rubidium Standard Development.

"Standardized" PTTI PDS.

The foliowing is a brief update on each of these efforts covering
the past two years, .

" In 1978, the Naval Electronic Systems Engineering Center (NESEC),
Portsmouth was assigned the responsibility of providing maintenance
and repair services for all Navy owned atomic standards and providing
portable clock trips to numerous Navy installations and Army Defense
Satellite Communications System (DSCS) earth terminals under the PTTI
Maintenance and Calibration Program. NESEC, Portsmouth has now been
formally tasked, as the Technical Manager for PTTI, with providing
Field Maintenance Agent (FMA) and Depot Repair Faqility services for
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Navy owned PTTI equipment including the AN/URQ-23 Fréquency-Time Stand-
ard and the SG-1157/U Digital Processing Clock. Future projections
indicate that NESEC, Portsmouth'‘s responsibilities as the Technical
Manager for PTTI will continue to increase and expand.

The automatic, no-break SSN-637 Class Submarine PTTI PDS equip-
ment, see Figure 2, was delivered in 1979 and completed Operational
Evaluation (OPEVAL) testing in June 1980. It is currently being consi-
dered for Approval for Service Use (ASU).

A direct result of the SSN-637 Class PTTI PDS development effort
has been a reduction in scope of the SSN-688 Class PTTI PDS to a manual
switch, see Figure 3. "Also, current planning is for the POSEIDON class
submarines to -use the PDS developed under the SSN-688 Class effort.
While development was initiated on this PDS at the Naval Ocean Systems
Center (NOSC) and the Naval Avionics Center (NAC), reversals and set-
backs have necessitated reprogramming actions. A restart effort is now
belng scheduled

In July 1980 CNO formally approved the Navy Decision Coordinating-
Paper (NDCP) for the NAVOBSY MCS Upgrade, see Figure 4. Presently,
various component equipments required to upgrade the Data Acquisition
System (DAS) of the MCS have been procured and installed. Also, the
first of two Environmentally Controlled Monitor Stations (ECMS) have °
been procured and installed. The first procurement of hydrogen-masers
is now scheduled for Fiscal Year (FY) 1982.

The AN/URQ-23 Frequency-Tlme Standard which will replace the
AN/URQ-10A as the Navy's quartz crystal reference standard was granted
ASU in August 1979. The first AN/URQ-23 production contract was
awarded the following March and the first production units are now
being delivered to the Fleet. The next procurement of AN/URQ-23's is
scheduled as a competitive, multiyear procurement in FY-82.

The GPS TTU (2) feasibility model was delivered to the NAVOBSY in
December 1979 where it is currently completing a one year testing
program. Initial findings indicate that its performance is better
than the specified 100 nanosecond time transfer capability. A pro- = -
duction decision is scheduled for April 1981.

The PTTI Technology Program to investigate (a) time transfer via
GPS using laser technology, (b) environmental effects on atomic clocks
and (c) high performance standards and advanced timing has gone unfunded
for the second year. NAVELEX will continue to pursue this effort by
showing the potent1a1 impact of these advanced research programs on
systems and equipments which are currently" scheduled for installation
in the Fleet.

Cognizance of the 0-1695A/U Cesium Beam Frequency Standard was
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scheduled for transfer to the Navy's PTTI Program in FY-79. While
responsibility for the maintenance and calibration of the 0-1695A/U has
now been assumed by the Program, full technical cognizance of the unit
has, at the request of the VERDIN Program Manager, not been transferred
because of reliability problems associated with the equipment. A tran-
sition plan has been developed and will be implemented upon final reso-
lution of those reliability problems.

The development of a rubidium standard for the Navy which was
discussed in 1978 is now being held in abeyance. A Preliminary Design
and Life Cycle Cost Analysis for the "Standardized" PTTI PDS, see
Figure 5, was initiated in late FY-/9. 7The Preliminary Design and Life
Cycle Cost Analysis is to develop alternative designs for a modular
PTTI PDS comprised of Standardized" equipments which could be recon-
figured to meet the needs of a particular platform, i.e. surface ship,
submarine, aircraft or shore installation, and compare the technical,
operational and economic advantages and disadvantages of those alterna-
tives. It was decided that it would be premature to initiate the devel-
opment of a rubidium standard for the Navy prior to the completion of
that Preliminary Design and Life Cycle Cost Analysis.

- Similarly, final approval for full scale development of the
"Standardized" PTTI PDS is being held in abeyance pending the comple-
tion of the Preliminary Design and Life Cycle Cost Analysis. The
"Standardized' PTTI PDS is the heart of the Navy's PTTI Program. For
that reason, NAVELEX is currently attempting to recoup after the fail-
ure of the contractor to complete the Preliminary Design and Life Cycle
Cost Analysis within cost and schedule constraints and to finish the
effort via other alternatives. NESEC, Portsmouth again under the PTTI
Technical Manager assignment has taken the lead to insure timely comp-
letion of the effort.

New Program efforts have also been kept to a minimum over the
past two years for two reasons. First, the PTTI Program Manager made
a concious decision in 1975 to minimize new Fleet, operational equip-
ment developments until the Navy's requirements had been defined and
then reasserted that decision in 1978 pending the completion of the
Preliminary Design and Life Cycle Cost Analysis, Secondly, there has
been a lack of sufficient personnel in the Program office to manage and
administer the various Program efforts. - Recently, this latter reason
has caused NAVELEX to notify its sponsor that it could not accept addi-
tional PTTI responsibilities.

Taking this into account, the Program has still taken on new.
efforts to support immediate Fleet needs. For example, in 1979,
NAVELEX procured several IRANSIT Timing Receivers to support NAVOBSY
requirements. More recently, NAVELEX procured a clock distribution
system to meet an urgent requirement at Naval Communications Station,
Japan. : )
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These were relatively small tasks, but, as stated previously, the
PTTI Program has continued to grow and to support the Fleet, Figure 6
is an updated Program Milestone chart which depicts some of the preced-
ing efforts and reflects that Program growth, Figure 7 provides a
funding profile, including RDT&E, OPN and O&MN funds, of the Program
from FY-75 to FY-80 which again reflects that Program growth.

Most of this is, however, history. What projections can be made
regarding the future?

Broad projections indicate that there will be a continuing increase
in the Fleet's need for PTTI and that there will be an accompanying
increase in the Navy's support for PTTI.

Also, while the ''Standardized" PTTI PDS Preliminary Design and Life
Cycle Cost Analysis has not been completed, some specific Navy pro-
jections regarding future PTTI developments appear feasible.

First, it appears that currently available reference standards
combined with both operational and planned PTTI dissemination systems,
‘e.g., LORAN-C, TRANSIT and GPS, will be capable of meeting the vast
majority of the Navy's projected operational requirements.

Second, there is a need for a properly designed, manual switch
combined with an "update and comparison" equipment capable of (a) com-
paring onboard reference standards with a reference signal from a
dissemination system external to the platform as well as with each
other, (b) providing an alarm when any one standard drifts beyond a
preset limit, and (c) allowing for underway time transfers as required.

Third, there is also a need to reduce the number of reference
signals being distributed on board Navy platforms. Currently there are
three basic frequencies, 5MHz, 1MHz and 100KHz; two timing pulses, 1PPS
and 1PPM; and an untold number of time code signals being distributed.
It appears that long range planning should reduce distribution to a
single reference frequency and single time code. If necessary, this
might be relaxed to include a single timing pulse signal, No decisions
have been reached regarding which signals should actually be "standard-
ized" on, but this action alone would reduce the number of cables which
must be run, reduce the complexity of the PTTI reference signal genera-
tion and distribution equipment and notify designers of future Navy
communications, navigation and weapons systems of exactly what reference
signals will be available on board Navy platforms and to design their
systems and equipments accordingly.

One area of greatest need is that of distribution equipment; i.e.,
a new frequency distribution amplifier and a "time" distribution
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amplifier. The AM-2123/U Frequency Distribution Amplifier is a good,
reliable amplifier, but it is an old equipment. Modern technology
should be able to provide a distribution amplifier with improved reli-
ability characteristics and capable of providing more output channels
in the same space as the AM-2123/U. Additionally, the Navy.currently
does not have an amplifier capable of distributing multiple timing
signals, i.e., both time codes and timing pulses, and the need for a
"time" distribution amplifier is increasing. Both units should be
capable of supplying the multiplicity of reference signals required
today, but also be capable ultimately of supplying the "standardized"
signals discussed previously. :

A final projected need is for reliable PTTI equipment. The
"Standardized" PTTI PDS will be driving virtually all of the platform
communications, navigation and weapons systems. Loss of a reference
standard or failure of a switch could result in system outage or down-

-time at a critical moment and thereby result in damage to the platform
or even a loss of life. Additionally, the Navy and the Nation's tax-
payers cannot afford unreliable equipment; e.g., a reference standard
which requires a tube replacement in excess of $10,000 approximately
every eighteen months. Reliable equipment is a must if the concept of
a "Standardized" PTTI PDS is going to or even should be accepted by the
Fleet.

In summary, the Navy's PTTI Program has formed a solid base with
the Requirements Analysis and the CNO approved Program Master Plan. It
has experienced some setbacks because of personnel shortages, missed
delivery schedules, etc. However, the Program is moving forward and
providing the Fleet with needed equipment and. support.

Hopefully, the next two years will see even greater growth and
support both to the Fleet and from Navy sponsors, planners, programmers,
engineers, etc. Hopefully, the "Standardized" PTTI PDS Preliminary
Design and Life Cycle Cost Analysis will be complete and full scale
development of PDS's for candidate platforms will have been initiated.

The Navy PTTI Program office is working to make these hopes
become realities.
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PRECISE TIME TECHNOLOGY FOR SELECTED
AIR FORCE SYSTEMS: PRESENT STATUS AND
FUTURE REQUIREMENTS

N. F. Yannoni _
Rome Air Development Center
Deputy for Electronic Technology
Hanscom AFB, MA

ABSTRACT

;

Precise time and time interval (PTTI) tech-
nology is becoming increasingly significant
to Air Force operations as digital techniques
find expanded utility in military missions.
Timing has a key role in the functions of
communication and identification as well as
in navigation. A survey of the PTTI needs of
several Air Force systems will be presented.
Current  technology supporting these needs will
be reviewed and new requirements will be .
emphasized for systems as they transfer from.
initial development to final operational
deployment. The PTTI program activity in

the Signal Processing and Timing Devices
Section of the RADC Solid State Sciences Div-~
ision is reviewed, and a survey is presented
of areas of mutual interest to Government

and industry in planning and execution of
PTTI research and development programs.

INTRODUCTION

This paper reviews the status of selected systems re-
quiring Precise Time and Time Interval (PTTI) technology:
systems in which the Air Force has either sole sponsorship
or participates jointly with the Army and Navy. They in-
clude PTTI applications in space, in aircraft and on
ground-based platforms. Future needs in these programs
are addressed in terms of generic performance improvements,
the need for which has been produced by operational con-
straints such as the time interval for which a specific
communication code key is to be used, the allowable period
between resynchronization, or the logistics of the plat-
form carrying the system of interest. The opportunity is
taken to describe. the evolution of the time and fregquency
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activity at the Solid State Sciences Division of the Rome
Air Development Center (RADC) and to review the scope of
the current PTTI activity from the technology-base/system-
support viewpoint. Finally we address areas of common in-
terest, and occasional concern, to the PTTI community
which detail some of the factors which control our ability
to provide, in a timely way, the PTTI technology required
for Air Force programs.

CURRENT PROGRAMS

Several acquisition divisions of the Air Force Systems
Command: - the Electronic Systems Division (ESD), Aeronau-
tical Systems Division (ASD), and the Space Division (SD)
are involved with acquisition programs requiring precision
timing devices.

The space segment of the Global Positioning System (GPS)
program office at SD has completed the launching of the
first six satellites of the total constellation. These
satellites carry redundant rubidium and/or cesium fre-
quency standards. The clock status of the GPS space seg-
ment is to be described elsewhere(l) in these proceedings
and therefore a detailed discussion is unnecessary in this
paper. The user segment equipment is based on quartz
oscillator technology which employs a common module for
placement in aircraft avionics packages, in rack-mounted
equipment in submarine and surface vessels, and in com-
pact electronic units for backpack and mobile ground equip-
ment. In comparison with the relatively benign environ-
ment of the space segment, the oscillators for the user
segment will be subject to the vibration, humidity,
temperature and g-force extremes of the high-performance
aircraft or rough-terrain vehicle platform. Dual con-
tractors are now involved in full scale development pro-
grams which should deliver about 100 units. Production of
the user equlgment will require many thousands of
oscillators.(

The Joint Tactical Information Dlstrlbutlon System (JTIDS)
is a secure, jam-resistant, high-capacity, flexible
digital communications systems under joint development

of the military services. It provides for position loca-
tion, communication and identification{ functions via a
time-division multiple access architecture. Timing re-
quirements for this system can be satisfied with quartz
technology.(3s4) The JTIDS acquisition process is divided
into three classes of terminals. The Class 1 terminal is
for use in ground command and control centers and in long-
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range surveillance aircraft. This terminal is now in pro-
duction. Acquisition of the Class 2 terminal,. which is
scheduled for fighter aircraft deployment, is in the
source selection process for full-scale engineering de-
velopment. The Class 3 terminal, not yet initiated for
acquisition, is intended for surface-based mobile users.

The United States Identification System (USIS, formerly
the NATO Identification System, NIS), a tri-service effort,
is in the first stages of the acquisition process. The
USIS program involves both improvement of the Mark 12 IFF
system now in use and the development of an entirely new
IFF system designed to be secure, jam-resistant and inter-
operable within the NATO community.(3) The system will re-
quire clocks for ground control centers and AWACS aircraft,
for tactical aircraft and helicopters, and for mobile
ground-based users such as tanks, trucks and surface-to-
air missile crews. For the timing system, the objective

is to procure the highest quality clock commensurate with
system economics. The goal is to minimize the code val-
idity interval, thus reducing the interference options
available to a jammer. The frequency stability to be
specified forms part of a NATO agreement scheduled for
completion by the end of the year. As is the case for the
GPS user segment, the number of oscillators required will
run to many thousands. Therefore it is highly probable
that quartz technology will play the major role in surface
based and, perhaps, airborne platforms. Several studies
of the clock problem for USIS have been completed and de-
.velopment work on several aspects of oscillator technology
are planned for this fiscal year.

The 616A program is the Air Force support to the Minimum
Emergency Essential Communications Network (MEECN) and is
a survivable very low frequency communication system for
use by the Strategic Air Command. The principal clock ap-
plication is for synchronized communications between the
command structure, launch control centers, and SAC air-
craft., Current status of the clock is a cesium-based unit
which was developed with Air Force funding. The latest de-
sign is a portable (1 hour battery capacity), radiation-
hardened device which is used to carry and insert system
time into the communications hardware of network part-
icipants.

The SEEK TALK program is a secure anti-jam voice communica-
tion capability for Tactical Air Force use. The system is
presently in full-scale engineering development under a
dual contract award. The SEEK TALK scenario includes
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timing performance which requires frequency stability at
the high technology end of quartz capability. Both
rubidium and advanced quartz technology are considered to
be candidates for the SEEK TALK oscillator. The near-term
solution to the SEEK TALK requirement is vested in the
HAVE QUICK program. The latter system is an ECCM modifica-
tion to certain ground-based and airborne radios which
gives them a frequency~hopping capability.(8) A random-
ized channel selection sequence which is changed rapidly
inhibits an enemy inteceptor or jammer from joining the
communication system because of the very short residence
time of the system in any one channel. The HAVE QUICK
program is based on Coordinated Universal Time in order -to
be able to take advantage of the TRANSIT satellite system
as a means of obtaining time. Reference frequency for
ground-based units is supplied by rubidium oscillators and
almost all of the clocks in the HAVE QUICK system are re-
quired to hold correct time to within 3 milliseconds for
mission duration. An analysis(6) of possible errors in
initial setting accuracy coupled with ageing of the unit
indicates that frequency recalibration would not be re-
quired over a period of five years in order to hold to the
3 millisecond specification.

FUTURE NEEDS

We address this topic less from the viewpoint of in-
dividual program office requirements but rather from de-
velopments which would benefit across-the-board users of
PTTI technology. The importance of reviewing these topics
becomes. clear when we consider the 1980's as a decade when:
industry will be called upon to provide reliable oscilla-
tor hardware by the tens of thousands of units. When
acquisition is discussed in these terms, our ability to
deploy quality systems will depend to a large extent on
economies of scale associated with continuing, large- ‘
quantity purchases, and the development of innovative man-
ufacturing processes which will produce the desired equip-
ment at prices which the acquisition divisions can afford.
It is important, therefore, that substantial, serious
process engineering development work be completed by the
early 1980's. We believe that any plant or equipment mod-
ification plans must be finished and evaluated in pilot
plant operation early enough to respond to the acquisition
milestones of the programs with PTTI needs. The plant
capacity topic will be addressed further in the last
section of this paper.
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For many systems using quartz oscillator technology, a
fundamental operational choice usually emerges: whether
or not to turn the unit off. If constant power is main-
tained, we avoid the problems associated with frequency
retrace and warmup time. We pay for these benefits A
through providing battery backup in the case of line power
failure and enough battery capacity for the stand-alone
unit to maintain operation for mission lifetime. For most
of the programs involving man-portable clocks, it is un-
likely that continuous power will be available except for
missions of rather short duration. Therefore it is im-
portant to note that improvement in the warmup time would
benefit several programs which will enter the procurement
phase in the 1980's. Given fast warmup, say less than 60
seconds to some narrow band around nominal frequency, the
capability for tuning would complete the process of clock
initialization. Without the tuning capability, the re-
trace of the unit must be good enough, early enough, so’
that the oscillator can stay within the required specifica-
tion for the necessary mission period. The last few years
have witnessed exciting new strides in quartz material and
resonator research which are still to be fully exploited.
Improved packaging and thermal controls, plus the SC-cut
technology, have shown improved performance levels in
terms of power consumption and warmup. Continued research
and engineering effort will be needed to transfer new tech-
nologies into the small, rugged unit which will meet the
military spec1flcatlons of several programs.

The rubidium oscillator provides the stablllties associ-
ated with an intrinsic atomic phenomenon. Although the
optical pumping system and other aspects of the physics
package limit rubidium to secondary standard status, it is
essentially free from the perturbations which are common
with a mechanically vibrating device. We would like to
see -an expanded role for rubidium as a candidate in large-
quantity acquisitions. This-will be possible only if the
price for rubidium oscillators, even in quantity procure-
ment, is substantially reduced from current costs for
military quality units. This is possibly achievable by
radical design departures from state-of-the-art technology
which could reduce fabrication costs. More likely to
succeed are new developments in electronic configuration
and physics package design which can lead to savings in
the manufacturing process. Size reductions in the physics
package will lead to smaller power requirements for main-
taining operating températures: - an important factor
since steady-state power requirementd under temperate con-
ditions for rubidium oscillators are five to ten times
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greater than those of precision quartz oscillators. Im-
provements in manufacturing technology must be seriously
considered as a viable avenue to substantial reductions in
unit costs in large~quantity procurements.

There are now commercially available at least four, rugged,
portable cesium clocks which could meet at least some of
the requirements of systems needing timekeeping accuracy
associated with primary standards. Given the complexity
of the beam-tube design and the necessary electronics to
prov1de a standard frequency, these devices are outstand- .
ing engineering achievements today. As with rubidium, a
major driving force for broader use of cesium standards is
the price factor. As demand for cesium. stability becomes
documented, it is in the examination and improvement of

the manufacturing process where we seek the cost reductions
that will permit expanded use of cesium clocks with the
benefits of system performance inherent to cesium tech-
nology. :

PROGRAMS

As part of this paper, we include a brief summary of pro-
gram efforts conducted by the Signal Processing and T1m1ng
Devices group at RADC. The laboratory s involvement in
‘this field began in the mid-1960's with fundamental solid
state phy31cs research programs in radiation-induced _
changes in the structure and properties of quartz. By the
mid-1970's, RADC had been assigned as an Air Force Systems
Command laboratory dedicated to support of the mission of
the . Electronlc Systems Division (ESD). As c31 became the
prlnc1pal focus of the ESD program offices, it was natural
that. .RADC take advantage of, past work in quartz material
research to assume an active role in quartz oscillator R&D.
As the needs of system program offices diversified, the .
RADC activity extended into R&D on many aspects, of quartz
os¢illators and atomic frequency standards. In 1977, RADC
was designated as the lead laboratory for Air Force R&D in
PTTI technology.

RADC now operates research, exploratory development, and
advanced development programs both in-house and via con-
tracts with industry, university and non-profit organiza-
tions. The in-house activity includes sophisticated re- .
search autoclave systems for quartz material improvement .
through advanced, closely-controlled growth processes.
Complete facilities for characterization of quartz mate-
rial and resonator evaluation are coupled with contract
programs for material and resonator development. Advanced
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quartz oscillator technology is supported at all levels
from research to the development of hardware responding to
spec1f1c system needs. -

RADC-has active programs in hydrogen, rubidium and cesium
technology. Atomic clocks for use by the -616A and SEEK
TALK programs are presently under development, as well as
"a program for fabrication of a prototype small hydrogen
maser for master-station timekeeping applications. A
joint in-house/NBS/University effort is evaluating several
new approaches to the use: of optical pumping techniques in
cesium, rubidium and other potential atomic standards.

RADC operates a Frequency-Time Test Facility (FTTF)
equipped to evaluate oscillator performance at standard
atmosphere conditions, and at extremes of Mil-Spec para-
meters of temperature, humidity and aircraft altitudes.
Measurements can also be made under Mil-Spec.conditions of
vibration and in a comprehensive radiation test facility
which forms part.of the RADC Solid State Sciences Division.
The FTTF is being used to evaluate and qualify oscillators
for several program offices and is. considered an R&D. test
facility for Air Force-wide needs in t1me ‘and frequency
hardware. :

The Electromagnetic Sciences Division of RADC includes a

diversified program for research and development on SAW. .

correlators/convolvers for signal processing applications
and research efforts on high frequency oscillators.

2

AREAS- OF COMMON INTEREST

In this section we address several issues which affect. the
ability of the Air Force to.carry out the acquisition of
system hardware in a timely and efficient manner. Several
of these issues play a significant role in the. capablllty
of industry to respond rapidly to Air Force needs.-

Program continuity is of primary 1mportance in establlsh-
ing a smooth flow of technology from the early R&D stages,
through the development model. sequence, to final pro-
duction. Abrupt- changes in fund flows, particularly-at .
high levels in the appropriation chain, cause disruption
in the work flow and interfere seriously with our ability
to meet the milestones scheduled at program inception. We
acknowledge that we do not ‘have the overall view of the
priorities which is' available to higher organizational
levels, but unexpected shifts in program support lead to
deferred activity and diminished regard for program
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importance. In some cases, we can blame ourselves for our
inability to provide decision-makers with adequate informa-
tion to allow intelligent conclusions based on complete
data. Such events often lead to program deferrals and per-
turbations in the industrial process from which recovery is
difficult and slow. It is incumbent on planners within the
Government structure to ensure that adequate, significant
program documentation is available both for intelligent
review and to facilitate the decision-making process.

The Air Force Systems Command does not usually advocate
forward-financing activity. That is, funds which are bud-
geted for FY80 cannot be expended in FY81l. Although this
is strong motivation to operate a fiscally responsive pro-
gram, an unavoidable consequence is the pressure to utilize
authorized funds in a rush at fiscal year end. The situa-
tion is caused frequently by the unavailability of funds
for expenditure until well into the fiscal year. Even
when budgeted funds are on time, the procurement process
for an R&D contract can take from three to six months

with the same result. The situation is frustrating to the
government agency, causes serious fluctuations in flow of
funds to contractual efforts, and leads to public mis-
representations in the press of what is actually taking
place.

Air Force managers are keenly aware of the forces of
supply and demand in the marketplace and the cost/per-
formance benefits resulting from competition among
suppliers. That is one of the reasons for multiple source
development programs. HQ AFSC has exerted heavy pressure
- to promote competitive contracting and the fostering of
multiple~-sources for needed equipment. The rationale is
not only to assure that more than one vendor is capable of
supplying the hardware, but this policy also promotes
efficiency and tight program control in the industrial
community. The end result is generally a superior acquisi-
tion program for the funds expended. '

The higher technology of modern c31 systems usually means
higher costs per unit deployed. The impending prolifera-
tion of timing systems has been noted at the level of the
Secretary of the Air Force as well as in the R&D lab-
oratories and the acquisition divisions. RADC is in-
volved in an attempt to consolidate program office require-
ments so that one or two standardized oscillators of each
technology type can be used with only slight modification
for a number of different programs. This activity has been
stimulated by the USIS program office and participating
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with RADC in this effort are the Aerospace Guidance and
Metrology Center (AGMC), ERADCOM, several Navy organiza-
tions and various military program offices. We consider
that an aircraft with three different systems requiring
PTTI service will have higher reliability at lower costs
if all the oscillators are interchangeable rather than if
three independent, incompatible units are used. For those
programs where many thousands of oscillators will be re-
quired, large savings can be realized by adherence to a
commonality principle, and by applying extensive engineer-
ing activity to developing some entirely new and cost-
efficient manufacturing processes as suggested earlier.

Finally, the US policy of government-industry-university
relationships has worked somewhat adversely in the United
States for certain technology areas. We consider that

" PTTI activity is one such area. European and far Eastern
governments finance the entire birth and development of
high-technology entities which finally mature enough to
become stand-alone corporations in the private sector.
Similarly, foreign governments have taken an active role in.
the sponsorship of their national academic programs and in-
stitutions devoted to precise time R&D. Such academic
support provides a small but steady flow of highly-

trained professionals who can enter government or industry
laboratories and produce meaningful results without an ex-
tensive and time-consuming period of on-the-job training.
We believe that the trend of frequency/time technology will
require a formalized government effort to meet projected
manpower needs efficiently. RADC, as part of its PTTI
activity, is exploring the desirability and feasibility of
establishing small but significant formal training programs
for time and frequency R&D within the academic environment.

In closing, it is a pleasure to acknowledge helpful dis-
cussions with Lt. Col. D. Busse of ESD on the JTIDS pro-
gram, with Ivan La-Garde and Gene 0'Sullivan of the MITRE
Corporation on the HAVE QUICK and SEEK TALK programs
respectively, and with Major M. Gaydeski of ASD on the
USIS program.
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NASA PTTI PROGRAMS: PRESENT AND FUTURE

Schuyler C. Wardrip
William M. Hocking
NASA-GODDARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND

INTRODUCTION

With reference to Figure 1, this paper discusses the current and future
PTTI programs at the Goddard Space Flight Center (GSFC) and the evolution of
frequency and time requirements over past years within thé various NASA sat-
ellite tracking networks. A brief history of the network developmeht is

also given.

History of the NASA Tracking Network

 Today's network, called the Spaceflight Tracking and Data Network
(STDN), is a global complex of tracking stations used to communicate with
both the manned and scientific spacecraft. STDN is a combination of
networks that have evolved (Figure 2) over the years as requirements have

changed.

The first network was called Minitrack, a radio interferometry system
which becaqg operational in 1957 (Figure 3). Minitrack originally consisted’
of eleven stations forming a radio fence in the north-south direction. Sta-
tions in the network were added and deleted as the space program fluctua-
ted. Some sites are part of the present network. The first internatidnally
agreed to satellite transmitting frequency was 108 MHz which was. changed to
136 MHz in 1960. This new frequency was assigned by the Intermational
Telecommunications Union for the purpose of space research, a recognition of
the rapid growth of the aerospace technology. The basic function to be
performed by the Minitrack system was to collect tracking data for satellite
orbit determination. A second function and one which grew more important
with timg was to receive and record the spacecraft telemetry data, which was

then sent back to the Vanguard Data Reduction Center in Washington, D.C.
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Sputnik I was launched on October 4, 1957 transmitting on a "surprise"
frequency of 40 MHz. Quick modifications were made to Minitrack and, in
less than 24 hours, tracking data from Sputnik I were being sent to

Washington, D.C. for analysis,

During the 1958-1962 period several Minitrack sites were closed and
several others were established. The Minitrack Network grew in capacity and
complexity and in 1967, Minitrack evolved into the Station Tracking and Data
Acquisition Network (STADAN)(Figure 4). Stationslin Alaska, Newfoundland
and England were added to improve geographical coverage and to add a new

support capability for tracking satellites in polar orbit.

Early in 1959, the major ground-rules for the man in space Mercury Pro-
ject were established. An orbital inclination of 32.5 degrees became firm.
The Atlantic Missile Range would be utilized for launch andvrecoﬁery. The
tracking network would be worldwide (Figure 5) and operate in as near

real-time as communications technology would permit.

The building of the Mercury Network was an enormous task requiring gov-
ernment, military and industry working together. The Network became opera-
tional on June 1, 1961, ready for the first man in space launch which occur-

red on February 20, 1962.

There was little change in the Mercury Network for the Gemini Network

(Figure 6) which became operational in 1964.

The Apollo Network or Manned Spaceflight Network (MSFN) became opera-
tional in 196% and was developed separately from the Mercury-Gemini Network
(Figure 7). The early Mercury-Gemini sites used separate systems for track-—
ing, command, and communications. The Apollo Network combined these three
functions by using the Unified S-Band (USB) system which employed 26-meter
and 9-meter antenna systems. The more significant parts of the USB system
were the range and range rate equipment gupplied by the Jet Propulsion Lab-

oratory and the antenna systems which were nearly identical to those used in
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the STADAN. Like STADAN, the MSFN tended toward site comsolidation with

fewer, better instfumented, primary sites handling the complete mission sup-
port. Analog techniques gave way to digital techniques, and mission control
was centralized with the field stations acting as data collection and relay

points.

Finally, today's Network (Figure 8), the Spaceflight Tracking and Data
Network (STDN) is a combined Network made up of the former Manned Space
Flight Network (MSFN) and the former Station Tracking and Data Acquisition
Network (STADAN). Administratively, this coming together was done in 1971;

operationally, the merging took place over a period of several years.

During the 1970's, most of the STDN tracking facilities were fixed land
sites. However, tracking ships have been used to givé special support such
as oribt-insertion and re—entry for the manned missions. Apollo Range
Instrumentation Aircraft (ARIA), operated for NASA by the Air Force, were
_part of the Apollo support and later a part of the STDN supporting SKYLAB,

Apollo-Soyuz, and a variety of scientific missions.

In staying abreast of the tracking technology, STDN uses a standardized
data handling system to aid the NASA Communications System (NASCOM) function
of efficiently transferring data from the tracking sites to Goddard Space.
Flight Center. Increased command and telemetry functions have necessitated
the use of small on-site computer systems. Also, the STDN has had to move
to higher frequencies to accommodate the greater volume of data produced by

today's sophisticated spacecraft.

The Network of the 1980°'s wili be the Tracking Data Relay Satellite Sys-
tem (TDRSS), the result of a conceptual study which started in 1966. In
support of TDRSS a contract has been awarded to provide 50 MBS data service
from the TDRSS White Sands, New Mexico ground terminal to GSFC and to John-
son Space Center, Houston, Texas. The service will use a domestic satellite
system and existing earth stations to provide either 50 MBS, 4.2 MHz analog

data, or television services on a switchable basis.
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Chronology of Time and Frequency Requirements

Throughout all the Network growth, changes, and mergers precise time re-
quirements have increased from tens of milliseconds to sub-microseconds.
Frequency stabilities have improved from parts in ten to the eighth (1 x

10—8) to parts in ten to fifteen (1 x 10—15).

Figure 9 shows a chronology of precision frequency and time requirements
from the late 1950's to the present and on into the year 2000, and:the tech-
niques used to achieve the needs, and some of the projects that were and

will be supported over this time span.

- During the Vanguard and early Mercury flights NASA relied on HF time
transmissions from WWV and WWVH for millisecond timing. Figure 10 shows the
first timing system that was installed in the Minitrack Network, Ventage
1958. This system was built at the Naval Research Laboratory and used a
quartz crystal oscillator to develop various pulse rates and sine waves. HF

receivers were used for time synchronization to within several milliseconds.

During the early to mid 1960's NASA depended on VLF phase tracking. tech-
niqueé to monitor the performance of station crystal clocks. This, along
with HF time transmissions improved time keeping capability by about an or-
der of magnitude to within 500 microseconds; with frequency stabilities of
one part in ten to the ninth (1 x 10—9).

Figure 11 is a picture of the second generation timing system that was
installed in the Network in 1961, The systems used basically the same in-
strumentation as the first system. Note the Hermes Model 101 quartz crystal

oscillator.

From 1966 through 1968 NASA conducted world wide time synchronization
experiments using the Loran—C Navigation System and Loran-C timing receivers

developed for NASA. A Loran—C capability was implemented in the Network
during 1968 and 1969.
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Between 1965.and 1967 the two rack timing systems in both Networks
(STADAN and MSFN) were replaced with sophisticated "fail safe," redundant
timing systems which used the latest state-of-the-art electronics in the
frequency and time generation and distribution systems. These same systems
are still in use today with the STDN. 1In the mid to late 1960's the crystal
clocks were replaéed with rubidium gas cell frequency standards, improving

frequency stabilities to parts in ten to the tenth (1 x 10—10)

Present Network Timing Systems

As a consequence of the two Network merger, the MSFN and the STADAN in
1971, the present Network (STDN) has several different timing systems and
sub-systems. The two prime systems are the Collins TE-411 timing systems
which are at the former MSFN sites and the Astrodata 6600 timing systems
which are in the former STADAN sités. Both of these systems have been modi-
fied and updated numerous times over the past ten years to keep pace with

frequency and time requirements.

Thé TE-411 system shown in Figure 12 provides a wide spectrum of sine
waves, pulse rates and NASA/IRIG serial and parallel time codes. The fre-
quency signals for the time systems are provided by the Precision Frequency
Source (PFS) rack shown on the left in Figure 12 and utilizes three frequen-
. cy standards with a high performance cesium as the on-line standard and rub-
idium and crystal standards as secondary. Some systems have two cesium
standards with a crystal backup. Automatic switchover to a backup standard
is accomplished if loss of amplitude or out-of-lock failure occurs in the
primary standard. In addition, the frequency and phase of the backup stan-

dards are controlled by the master standard.

A dual 5 MHz output from the frequency combiner drives the PFS distribu-
tion amplifiers which provide outputs to the timing system at 5 MHz, 1 MHz
and 100 KH,. All outputs are metered and monitored and are indi?idually
amplitude adjusted. The PFS unit has a minimum of 10 hours of battery back-
up in the event of a power failure. A recent addition to the timing system

provides triple redundancy and majority logic to the clock generatiom unit.
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Time synchronization is accomplished via HF, Loran-C, and portable
clocks. The STDN worldwide Network is presently maintained to within 25
microseconds of the Naval Observator& Master Clock. However, stations are

typically within 5 microseconds and selected sites are within 1 microsecond.

The former STADAN sites have triple redundant Astrodata 6600 timing sys-
tem shown in Figure 13. The systems presently use one cesium beam frequency
standard with either an additional cesium or crystal as secondary. The
1 MHz from each standard is monitored for both amplitude failure and phase
difference. If the master standard fails the backup is automatically
switched on-line. The master oscillator drives each of three timing units
A, B, and C, the outputs of which are intercompared in majority logic, error
detection circuits. Error lights indicate thch standard has failed énd
which of the three clocks (A, B, and C) are in error and where. The systems
use WWV,.Loran—C and portable clocks to maintain microsecond time. Tele-
vigion is also used for time sync where available such as at GSFC, Hawaii
and Guam.

During 1965-1967 NASA began to use crystal rubidium portable clocks to
periodicéliy calibrate the remote station clocks to within sévgral hundred
microseconds. Figure 14 shows an early Sulzer, Portable Crystal Clock. In
1968 the crystal and rubidium portable clocks were replaced with Hewlett
Packard (HP) cesium beam portable clocks shown in Figure 15, thus permitting
rémote clock calibration to within microsecon&s depending on the duration of
the clock trip. NASA now uses lightweight portable clocks one of which is

shown in Figure 16.

Future Considerations

Future requirements for frequency and phase stability, pulse jitter and
site-to-site time synchronization cannot be met with the present‘STDN timing
systems. Recognizing this, design concepts were finalized in 1978 for a
fourth generation timing system to be installed in the Network during the
early 1980's in support of the GSFC Tracking and Data Relay Satellite System
(TDRSS) and the NASA/JPL Consolidated Network.
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Shéwn in Figure 17 is the new TRAK Model 8407 timing.systém which was
designed and built to NASA specifiéations. This system is-installed and
operating ét the TDRSS NASA'groﬁnd terminal located at White Sands, New Mex-
ico. The system is designed to be dtiven from a frequency coﬁbiner/selector

with controlled 5 MHz outputs.

The purpose of the Frequency Combiner/Selector (FCS) is to provide the
White Sands NASA Ground Terminal timing system with a reliable and precise
gsource of 5 MHz. The FCS achieves reliabiiity by using more than one preci-
sion frequency source of 5 MHz. It uses 5 MHz from two cesium standards and
one from a remote source. In the normal mode, one cesium standard is se-
lected to drive all the FCS outputs. If the FCS detects a failure in that
 cesium, the FCS switches all its outputs to a back up input. If the FCS

detects failures in both cesium standards, the FCS will switch all its out-
puts to the remote 5 MHz input (input 3). The main characteristics of the
White Sands timing system are as follows: |
1. Fully redundant
2. Highly reliable
3. NASA-quality comstruction
4. Sub-microsecond precisioﬁ
5. Built-in fault isolation
6. Minimum down-time
7. Multiple code aﬁd rate outputs
The basic timing sttem (Figure 18) contains three séparate and identi-

cal time code generators which produce parallel and serial time codes with

resolution and coherences of 50 to 200 nanoseconds., The outputs from the
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three generators are combined in majority voters, assuring that system out-
puts are maintdined if ome or two generators fail. A distribution system
provides multipie buffered outputs 6f the generated time codes and pulse
rates. A failure sensing sﬁbsysfem isolates failures to the card level.
Individual power supplies are provided for each time code generator and the
power supply outputs are ORed for majority voting and fault sensiﬁg circuit

power.

The three time code generators accumulate time via the external 5 MHz
input and distribute serial and parallel time codes and rates to the major-
ity voters and fault sensing logic. The voted outputs from the majority

voters are buffered in three types of signal distribution assemblies.

The fault sense logic isolates failures to the card level. Failure in-
dicators are located on a control status ﬁanél. This panel also contains
switches for selecting‘geherator'A, B, C or voted outputs for distribution

and for output monitoring on the panel,.

Millisecond time is maintained via HF receivers and sub-microsecond time
is maintined via Loran-C receivers and the Tracking Data Relay Satellite
(TDRSS) Time Transfer Unit (TTU). Portable clocks are also used for period-
ic calibration to sub-microseconds. The Global Positioning System (GPS)

will also be used when it becomes operational.

Figure 19 is a block diagram of the system that will be installed in the
NASA/JPL Consolidated Network sites at Madrid, Goldstone, and Canberra in
the early to mid 1980's. The basic timing system on the right will be sup-

plied by Goddard and the frequency generation source will be supplied by JPL.

Satellite Time Transfer Techniques

In the late 1960's and early 1970's NASA personnel experimented with the
use of satellites for time transfer. This included the use of GEOS and ATS

spacecraft. During 1973-1975 NASA conducted two~way time transfer experi-
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ments using the synchronous ATS-1 satellite. This technique proved accurate
to better than a microsecond between widely separated clocks. In 1974 NASA
in cooperation with the Naval Research Laboratory developed timing receivers
for use with the Navigation Technology Satellites (NTS). Experiements
achieved less than 300 nanoseconds worldwide. In 1976 GSFC initiated stud-
ies to look at the use of the Global Positioning System (GPS) and the Track-
ing Data Relay Satellite System (TDRSS) for sub-microsecond timing. As a
consequence of these two studies GSFC is looking to.the use of both TDRSS
and GPS for timing (Figure 20).

Time Synchronization.Via TDRSS

Data commuqication via the Tracking and Data Relay Satellites is to be-
come available to users in the 1980's. The ranging and data services pro-
vided by the Tracking and Data Relay.Satellite System are to be an integral
part of NASA's post-1980 Spaceflight Tracking and Data- Network.

~ The TDRSS system will consist .of two geostationary relay satellites 130
degrees apart in longitude (Figure 21) and a ground terminal at White Sands,
New Mexico. The system will also include two spare satellites, one in orbit
and one ready to be launched. A real-time bent-pipe concept is used in the

operation of TDRSS.

Time transfer communication between the TDRSS ground station at White
Sands and GSFC will be in a Multiple Access service standard mode of opera-
tion. This mode usesla combination of pseudorandom (PRN) codes and data
modulation for rahging and telemetry. The capability of simultaneous rang-
ing and data communication.is directly applicable to time transfer. Ranging
is accomplished by synchronized forward and return link PRN.codes in a
"round trip” or "two way" ranging mode (TDRSS mode 1). Forward and return
telemetry data are modulated onto the respective codes allowing simultaneous
two-way data transfer. The PRN code "epoch" signals or all ones "state in-
dicators" serve as event markers for time transfer. Signal margins are such
that these markers will be quite stable and code acquisition time relatively

short.
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To transfer time via TDRSS, the time interval between a specific event
marker and the master station clock's 1 pps is measured. A similar time
interval is measured-by the user as his transponder receives the PRN code
and, hence, event markers. The time interval measurements and other infor-
mation (time -of day in hours, minutes and seconds) are exchanged between
master and user by forward and return telemetry. The master site makes a
second time interval measurement on the return telemetry to allow estimation
of the forward path delay time. A number of relatively simple calculations,
using the time interval measurement data, are required for each clock error
estimate. A clock error estimate would be obtained once per second. The
data processing or "smoothing" would be based on a linear model of the move-
ment of TDRSS and utilize a data span of several minutes. Microprocessor
hardware/software is well suited to the synchronization and computational
reQQirements. An important and desirable feature about TDRSS is that for
time transfer, the master and user designations are interchangeable. The
error in the clock difference measurement is expected to be less than 40
- nanoseconds and to be available once each second. The total elapsed time

required to complete a time transfer should be less than 5 minutes.

Also shown in Figure 21 is the NASA/JPL Consolidated Network of the mid
1980's and will consist of sites at Madrid, Goldstone and Canberra. All
other Network sites within the present STDN are expected to be phased out

over a period of years.

Time Transfer via GPS

In order to make use of the highly accurate laser ranging data, it is
necegsary to time tag the data from the laser stations very accurately., 1In
applications where the data from two or more stations will be merged to de-
termine baselines for geodetic work, polar motiop determinations, etc., it
is necessary that the clocks at the several stations be synchronized to
within +1 microsecond with respect to a master clock such-as that of the

Naval Observatory (USNO).
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GPS time transfer receivers are being developed jointly by GSFC and
NRL. GSFC will use the GPS timing receivers in the Laser Ranging Netyork
which consists of eight mobile vans and permanent installation at GSFC. The

Laser Network is separate from the STDN although there may be colocations.

A typical mobile laser van installation is shown in Figure 22.. Figure
23 shows an installation at Kwajalein along with the range safety radar sys-
tem, and.Figure 24 §hows a laser system at American Samoa. Over the next
several years the laser timing systems will be updated and GPS receivers

installed.

Use of Shuttle for Timing

There are plans in the formative stage for a Shuttle-based laser ranging
system which would transmit pulses to several hundred péssive ground based
targets located at points of interest. The Shuttle laser system would re-
ceive the returned reflected pulses from the various ground targets and use
this information to define the Shuttle orbit in real-time, and by using
trilateration, to measure the relative position of selected ground targets

(Figure 25). l

This technique is ideal for transferring time. A ground timing terminal
may look like what is shown in Figure 26 and consists of a retroreflector, a
constant fraction discriminator, an event clock and a microprocessor data

recorder and analyzer.

SIRIO/LASSO Time Transfer Experiment

) Other future activities include joint participation by GSFC with the
USNO and NRL in the ESA SIRIO/LASSO time transfer experiment during 1981 and
1982. With reference to Figure 27, the missions of SIRIO-2 are twofold;
meteorological data dissemination and synchronization of intercontinental

atomic clocks.
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The aim of the LASSO experiment is to provide a repeatable,
near-real-time method for long-distance (intercontinental) clock synchroni-
zation with nanosecond accuracy at a reasonable cost., The pioneering as-
pects of this first experiment will provide the opportunity to compare the
international network of atomic clocks with the internationally adopted
atomic time scale (TAI) and with each other. It will also have an impact on
such practical applications as the tracking of deep space missions, the
calibration of other time transfer techniques such as Very Long Baseline
Interferometry (VLBI), Tracking Data Relay Satellite System (TDRSS), and the
Global Positioning System (GPS), and future generations of space navigation

and telecommunication systems.

SIRIO-2 will be launched during October of 1981 from Koarou, French
Guiana in South America into synchronous orbit at 25 degrees west longitude
which is just off the West Coast of Central Africa near Liberia. The satel-
lite, which has a 2-year lifetime design, will remain in this position for
about 9 months to permit time measurements between the United States (God-
dard Space Flight Center referenced to the Naval Observatory) and major
observatories and time keeping facilities in Europe--principally with the
Bureau International de l'Heure (BIH) in Paris, France. SIRIO-2 will then
be moved over Central Africa at 20 degrees east longitude and will remain
there for meteorological data dissemination until the completion of its

2-year mission. See Figure 28.

S/C Characteristics

The LASSO experiment is based on the use of laser ground stations firing
monochromatic light pulses at predicted times directed toward the geosyn-

chronous SIRIO spacecraft.
SIRI1IO-2 is a Spin-stabilized geostationary satellite spun around an axis

vertical to its orbital plane. The spacecraft consists of a drum-shaped

central body covered with solar cells. On top is mounted a mechanically
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despun S-Band (1689.6 MHz) antenna for support of the meteorological and
timing missions and housekeeping data. Omnidirectional antennas (VHF 136.14

MHz) serve for command, ranging and backup telemetry (Figure 29).
~ The LASSO payload is composed of retroreflectors, photodetectors for
sensing ruby and neodyme laser pulses and a stable clock for time tagging

arrival times of laser pulses.

LASSO Experiment Goals

The goals of the LASSO experiment are as follows:

1. To verify that lasers can be used to perform a two-way time
transfer from a geostationary satellite to within nanoseconds or

sub—nanoseconds.

2, To determine the limitations and problems of such a laser time

transfer technique.
3. To verify the accuracy of other techniques such as the Global Posi-
tioning System (GPS) time transfer technique using receivers being

developed for use in the Mobile Laser Network. v

Description of the GSFC Laser Ranging ‘Systems for LASSO

The GSFC laser sétellite ranging system to be used for the LASSO time
transfer experiment is an adapfion of the laser ranging system presently
used for tests and evaluation of advanced laser ranging technologies and
components. There are three major systems incorporated in the system (Fig-
ure 30): the general purpose tracking telescope, the laser transmitter, and

the range timing and data recording system.
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The tracking telescope is a 1.2 meter aperature, F/30 Azimuth-Elevation
COudé‘system, controlled by a general purpose computer system. The system
has a servo pointing accuracy better than 0.4 arcseconds and an open loop
pointing accuracy relative to the input prediction data of better than 1.5
arcseconds. The Coudé input/outputs of the telescope is directed via a
turning mirror and negative matching lens to the laser ranging system lo-

cated in a clean room 15 meters from the base of the telescope.

The laser transmitter is a cw mode—locked.Nd:YAG system incorporating a
regenerative amplifier and three single pass amplifiers. The transmitter
operates at up to 5 pulses per second with a pulse energy of 0.25 joules in
less than 200 picoseconds at a wavelength of 0.53 microns. The output beam
divergence is less than two times the diffraction limit. The output of the
laser is coupled to the telescope through a transmit/receive switch and ex-
panding optics. The incoming signal from the telescope is directed to the
detector with a solenoid activated flip mirror and passes through condition-
ing optics and a narrow bandpass prediction filter. A constant fraction
discriminator with a threshold of one photoelectron converts the photomulti-

plier detector signal to the appropriate timing signal for measurement.

The range timing system consists of a computer, multi-event range timing
unit, real-time clock, and an epic timing unit. The computer controls in
real-time (via inputs from the real-time clock) the operation of the laser,
range gate generator, epic timer, multi-event range times, visual display

unit, and data recording from each element of the ranging system.

History of Hydrogen Maser Program

Since 1961 GSFC has had a program to develop and test field operable
hydrogen maser frequency and time standards. After the successful results
with an experimental maser (NX-1) in 1967, the NASA Prototype or NP series
of masers were developed between 1969 and 1971 providing frequency stabili-

ties of parts in (1 x 10_14)(Figure 31).
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The four NP hydrogen masers continue to be the backbone of our frequency
standard support. These masers have compiled imprgssive records in the
field. They have accumulated a total of over 35 }éars of field operation
and have traveled nearly 200,000 miles to 40 separate installations in sﬁp-
port of various VLBI programs in the geodetic and astronomical work, star
mapping, relativity experiments, and time transfer experiments with various

worldwide observatories and laboratories.

Presently the program is directed toward the development of a new series
of field operable hydrogen masers, the NASA Research, or NR series, in con-
junction with thé Applied Physics Laborétory. These masers, based on two
new experimental masers developed at GSFC, will provide parts in ten to the

fifteenth (1 x 10-15) frequency stability for future NASA requirements.

Over the next 4 years GSFC expects to construct 3 to 4 NR masers per

year for a total of about 14.

By 1985, GSFC expects to have a total of 19 to 20 masers for support of

NASA programs such as the Cfustal Dynamics Program.

The program is also developing primary frequency standards with parté in
ten to the fourteenth (1 x 10—14) accuracy to calibrate and improve the
field operable masers. Two novel masers, the Concertina Maser and the Ex-

‘ternal Bulb Zero Wall Shift Maser are being developed.

Based on discoveries made with the Concertina Maser and those at
Williams College under a NASA grant, a new experimental field operable
hydrogen maser with a line Q approaching ten to the tenth (1 x 1010) is
being developed. This is a factor of 3 greater than the line Q of the NR
and NX masers. These masers promise to achieve parts in ten to the six-

teenth (1 x 10-16) frequency stability.
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To compliment the work on improved frequency standards, an improved fre-
quency distribution and measurement system has been developed. A modular
approach was used based on the CAMAC interface standard. This allows one to
combine the various modules being developed into systems tailored for vari-
ous uses. This modular syétem is used for the frequency distribution system
(frequency combiner/selector) in the next generation of Network Timing Sys-
tems and for the measurement and distribution system for the new Freqﬁency

Standards and Test Facility.

In the near future; this Frequency Standards and Test Facility will pro-
vide the frequency standards program with a controlled undisturbed environ-
ment. This will enable long term measurements to be made on the NX and NR
hydrogen masers which were previously impossible. Measurements will also be
made on the temperature, pressure, and magnetic field sensitivities of the
NX and NR masers as well as the frequency stabilities of these masers under

various conditions.

The Concertina Maser, and eventually the External Bulb Maser will be
used to study the effects of the wall shift on field operable maser stabil-
ity. After the two new experimental masers are constructed and operating,
these tests will be repeated on them to determine their performance and to

-16

document their hoped for parts in ten to the sixteenth (1 x 10 ) fre-

quency stability.

Summary

In summary, Figure 32 shows the timing techniques that have been used
over the years and will be used to meet NASA Project needs. Under satellite
techniques, GSFC will use TDRSS and GPS for sub-microsecond timing. GSFC
will continue to use Loran-C and television for localized timing and will

transport portable clocks for several years to come.
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CURRENT AND FUTURE
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RESEARCH & TECHNOLOGY
" PROJECT SUPPORT ACTIVITIES

Figure 1. GSFC PTTI Porgrams Current and Future
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REQUIREMENTS

DATE TIME FREQUENCY FREQUENCY TECHNIQUES PROJECTS
SYNC STABILITY STANDARD*
1958/61 10ms to 1ms 1 x10-8 XTAL NBS, HF TIME TRANS- VANGUARD AND MERCURY
MISSIONS (WWV & WWVH)
1961/63 1ms to 500us 1 x10° XTAL HF, VLF PHASE TRACKING MERCURY, EXPLORER, 0S0
1963/66 500us to 100us 1 x10-10 XTAL, Rb HF, VLF, LORAN-C GEMINI, OGO, ATS, 0AO
PORTABLE CLOCK (PC) 0S0, EXPLORER, NIMBUS
1966/72 100us to 50us 1 x10-1 XTAL, Rb, VLF, LORAN-C, PC APOLLO, NIMBUS, DAOD,
Cs PC PIONEER, ATS, 0S0
197274 50us to 25us 1x10-12 Rb & Cs VLF, LORAN-C, PC OAO, IMP, SKYLAB,
TELEVISION (TV) RAE-B, ATS-F, SMS
SATELLITE (ATS)
197471 25us to 1us PARTS x 10-13 Rb & Cs LORAN-C, PC, TV, GEOS, ATS, ERTS, 0S0,
SATELLITE (NTS) LAGEOS, SEASAT, VLBI,
LASER RANGING
1977/80 1us to 50ns PART x 10 14 Cs & HM LORAN-C, PC, TV, NTS GEOS, HEAO, SEASAT,
SMM, SHUTTLE, LAGEOS,
VLBI, LASERS
1980/85 50ns to < 10ns PARTSx10-'5  Cs, HM, Hg TDRSS, GPS, LASER, TV, TDRSS, SHUTTLE, VLBI,
PC CRUSTAL DYNAMICS,
LASER RANGING,
SCIENTIFIC SATELLITES,
DEEP SPACE MISSIONS
1985/2000 1ps PARTS x10-16 ATOMIC
STANDARDS
*NOTATION
CRYSTAL = XTAL CESIUM = Cs MERCURY = Hg
RUBIDIUM = Rb HYDROGEN MASER = HM

Figure 9.

Precision Frequency and Time Requirements 1958-2000
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Figure 15.

Hewlett Packard Cesium Beam Portable Clock
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SPACEFLIGHT TRACKING AND DATA NETWORK (STDN)
PLANNED FOR THE 1980'S
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Figure 21. Spaceflight Tracking and Data Network (STDN)
Planned for the 1980's




88T

Figure 22. Mobile Laser Van
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Figure 24.
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SHUTTLE LASER TIME TRANSFER

Figure 25. Shuttle Laser Time Transfer
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Figure 26.

Laser Time Transfer Ground System
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U.S./NASA PARTICIPATION IN THE SIRIO-2/LASSO
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Figure 27. Missions of SIRIO-2
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SATELLITE TECHNIQUES

DATE
1965
1970
1977
1981
1980's
1980's
1980's
1990's

NAME ACCURACY
*GEQS 40 us
*ATS 100 ns
NTS 500 ns
*LASSO 1-5ns
TDRSS 10-20 ns
GPS 10-20 ns
SHUTTLE 10-20 ns
LASERS ps

CONVECTIONAL TECHNIQUES

DATE METHOD ACCURACY
1950 HE 10 ms
1960's VLF 100 s
1965 *DUAL VLF 10 s
1966 *OMEGA 5 s
1968 LORAN-C 1 us—25 s
1970's TELEVISION 10 ns
1965 PORTABLE CLOCKS Sub s

*EXPERIMENTAL — OTHER TECHNIQUES BECAME OPERATIONAL

Figure 32.

Time Transfer Techniques



CONTRACTING FOR RESEARCH AND DEVELOPMENT

DAVID H. WEBER

NAVAL ELECTRONIC SYSTEMS COMMAND

ABSTRACT

A brief and simple outline of contracting
procedures and requirements for the acquisition
of the Navy's needs will be presented. Examples
of the roles of Engineers/Scientists in the
Contracting process will be given.

The purpose of the Department of Defemse's acquisition mission
is to develop and supply the weapons, services and supplies required
to meet the nation's defense needs. Although working under the same
laws and basic regulation, the methods of achieving this goal of
defense vary among the services, even among different commands within
each service, and are constantly changing. Because of the variations
between agencies, to explain the process in detail would almost be
impossible for ome person. Therefore, I propose to present a general
overview of the acquisition process, particularly as it pertains to
the contracting functionm, citing the methods used by my Command as
specific examples.

The basic law governing defense contracting is Title 10, Chapter
137, of the U.S. Code known as the Procurement Act. The Act provides
for two methods of contracting - formal advertising and negotiation.
Formal advertising must be used except when it is impracticable and
the acquisition falls within certain categories, established in the
Act. The categories, or exceptions, provide the authority to nego-
tiate. The Act also provides procedures for formal advertising and
sets forth specific restrictions and qualifications as to the types
of contracts that may be used. Formal advertising means acquisition
by competitive bids and awards. Negotiation means acquisition made
without the use of formal advertising. In negotiation, the Govern-
ment asks prospective contractors to submit offers and to support
them with statements of estimated cost or other evidence of reason-
able price and data covering technical and management plans and
capabilities to perform the required effort. Negotiation provides
the flexibility to discuss the costs, technical and management
effort proposed. This flexibility is not permitted under a formally
advertised acquisition.
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The Defense Acquisition Regulation, the DAR, is jointly issued
by the Military Departments to provide uniform policies for carrying
out the provisions of the Act and to establish policies for contrac-
ting areas not covered by it. In addition, the Deéfense Acquisition
Regulation provides direction and guidance for complying with perti-
nent Statutes and Executive Orders. It covers policies, practices,
and procedures for formal advertising and negotiation. It also
covers other contracting topics such as pricing, type of contracts,
contract clauses and contract cost principles.

Departmental regulations supplement the Defense Acquisition
Regulation. _The Army issues the Army Defense Acquisition Regula-
tion Supplement (A DAR Sup.); the Navy, the Navy Defense Acquisi-
tion Regulation Supplement (N DAR Sup); the Air Force, the Air
Force Defense Acquisition Regulation Supplement (AF DAR Sup).
These regulations parallel the Defense Acquisition Regulation in
outline and format providing subordinate policy and procedural
guidance.

Some Department of Defense contracting policies and procedures
are not suitable for inclusion in the Defense Acquisition Regulation.
Others must be distributed faster than the periodic revisions of .the
Defense Acquisition Regulation permit. These situations are handled
by issuing special instructions, directives, or circulars. The
Military Departments also issue their own publications with respect
to their acquisitions. Thus in the Navy, we have Secretary of the
Navy (SECNAV); Navy Operations (OPNAV); Naval Material (NAVMAT);
and Systems Commands (SYSCOM), in my case Naval Electronic Systems
Command (NAVELEX) publications. These publications must not contra-
dict the applicable higher level regulations.

The acquisition process may be broken down into three phases:
(i) the pre-solicitation phase; (ii) the solicitation - award phase
and, (iii) the post award contract administration phase.

The pre-solicitation phase begins with acquisition planning
between the initiators of the acquisition request, contracting and
other personnel

(
The acquisition plan should cover such areas as:

(i) the contracting lead-time;

(ii) the method of contracting - formal
advertising or negotiation; ¢
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(iii) the terms and conditions - specifications,
work descriptions, quantities, delivery dates
and terms, contract type, reports required,
data requirements, small business considera-
tions, etc.;

(iv) the handling of proposals - supporting information
required, evaluation criteria and closing date.

The pre-solicitation stage ends with the preparation of the
solicitation package, the invitation for bids in the case of formal
advertising or the request for proposal in the case of negotiation.
The solicitation package includes all documents and information
needed to prepare a bid or proposal or refers the prospective
offeror to where he can obtain the needed documents or information.
The package also sets forth the terms and conditions of the proposed
contract and the rules for submission of bids or proposals. Requests
for proposals also include the evaluation criteria, those specific
areas of the proposal that will be evaluated and their relative im-
portance.

The solicitation-award phase of the acquisition begins with
the issuance of the solicitation package and the publication of a
summary of the solicitation in the Commerce Business Daily.

Firms interested in the acquisition submit bids or proposals
in response to the solicitation. In advertised acquisitions the
award is made to the lowest responsive, responsible bidder. A
. responsible bidder is one who has (i) adequate financial resources
or the ability to obtain such resources for the performance of the
proposed contract, (ii) be able to comply with the delivery or per-
formance schedule, (iii) have a satisfactory record of performance,
(iv) have a satisfactory record of integrity, and (v) be otherwise
qualified to receive an award under applicable law and regulation.

In many ways, the negotiation process parallels formal adver-
tising. Competition is obtained to the maximum extent practicable.
Proposals are required by specified closing dates and an award may
be made without discussion to a responsible offeror. In negotiation,
award is made to the firm whose offer is most advantageous to the
Government - price and/or other factors considered. The best price
and/or pricing arrangement is often the basis for determining which
of several responsible firms will receive the award. But negotiation
is flexible enough so that factors other than price may be considered
- to the extent of their importance. When technical competence is of
prime importance for example, as in research, it and the technical
proposal are the main criteria for award.
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During the post-award administration phase of the acquisition
process, the Government's relationship with the successful offeror
is a contractual one. Therefore, the contract is the prime refer-
ence for all matters concerning performance.

Administrative responsibilities vary with the type and complexity
of the acquisition. On even the simplest contract, the item to be
delivered must be accepted or rejected. On a contract of any com-
plexity, the Government acquisition team has many administrative
duties. One of them is progress surveillance to make sure that the
work is being carried out successfully as well as monitoring the
performance for compliance with the terms and conditions of the
contract.

The Government often takes an active part in contract perform-
ance. It may provide Government-furnished material or equipment,
approve designs; participate in periodic program reviews, test,
evaluate, inspect and accept supplies or services and provide
technical information. These are some of the actions required of
the Government which may condition contract performance. Delays or
omissions on the part of the Government may excuse the contractor
from his own related performance obligations.

The Department of Defense acquisition team is made up of specia-
lists in many fields. It includes contracting officers, engineers,
auditors, lawyers, price and cost analysts, administrative contracting
officers and their technical staff and negotiators. The contracting
officer has the authority and basic reponsibility on all contractual
matters. Many persons who do not have contracting officer authority
may be delegated to act as his representative. Particularly on
complex contracts, the key person delegated to act as the Contracting
Officer's representative is usually the engineer. Let us briefly
examine the role of the engineer in the acquisition process by follow-
ing him in his capacity as acquisition manager, through a simplified
version of an acquisition from planning through award of a contract
in NAVELEX.

Timing is a vital part of acquisition planning. Responsibility
for the timing rests with the Acquisition Engineer. Prompt coordina-
tion with interested groups within the contracting activity will
surface potential problems. Upon conceiving and justifying a required
need, the acquisition manager calls for an Acquisition Planning Con-
ference (APC) to which he/she invites those parties who will consti-
tute the Acquisition Team. At this conference, the team members plan
the acquisition. The following topics are discussed:
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1. The requirement and the estimated cost/price
2. Earliest required delivery date
3. Specification
a. type
b. status
4. Statement of Work
5. Approval for Service Use
6. Planned Method of Acquisition
a. advertised
b. negotiated
i. competitive
ii. sole source
¢. type of contract
i. fixed price
ii. cost reimbursement
d. multi-year
e. options
7. Security Requirements (DD Form 254)
8. Requirement for an Acquisition Plan
9. Small and Disadvantaged Business Consideration
10. Small Business Set-Aside Consideration
11. Acquisition Schedule

For our purpose today, let us presume that the planning confer-
ence has determined that the proposed acquisition will be for research

o
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and development and will cost in excess ot $100,000.00 and that the
method of acquisition will be by negotiated, competitive, cost reim-
bursement contract.

At the conclusion of the Acquisition Planning Conference, the
Acquisition Engineer prepares the specifications/statement of work,
the integrated logistics support requirements and the data require-
ments and circulates them to the appropriate activities, in accor-
dance with regulations, for review and approval. Concurrently,
he/she meets with the acquisition team to prepare the formal Acquisi-
tion Plan required by DAR 1-2100. This plan sets forth the background
of and justification for the requirement and the basic acquisition
strategy. The Acquistion Plan and later, The Determination and Find-
ings (D&F) and Justification for Authority to Negotiate (JAN) is
forwarded to the Assistant Secretary of the Navy (Manpower, Reserve
Affairs and Logistics) via Chief of Naval Material and Assistant
Secretary of the Navy (Research and Systems). When the D&F is
signed by the Assistant Secretary of the Navy (Manpower, Reserve
~ Affairs and Logistics), the Contracting Officer has the needed
authority to negotiate for a contract. As the activity associated
with preparing the acquisition winds down, the Acquisition Engineer
starts to prepare a Source Selection Plan. This plan is crucially
important to the sucess of the acquisition effort and must be care-
fully prepared and strictly followed. This plan establishes specific
milestones for accomplishing the acquisition and specific dates for
each milestone; the Source Selection Authority (SSA); the Contract
Award Review Panel (CARP) and the Technical Evaluation Board (TEB).
The plan also establishes the instructions to offerors. These
instructions appear verbatim in the solicitation and tell offerors
which areas of a proposal most interest the Government and therefore
the areas in which they should expend most of their effort. This
normally results in cost savings to offerors and better proposals
to the Government. The evaluation criteria is established in the
plan and reproduced verbatim in the solicitation. The criteria
lists in descending order of relative importance the specific
elements to be evaluated and used in ranking proposals. Numerical
weights are assigned to the criteria in accordance with the importance
of each criterion. Criteria weights are not published by NAVELEX but
are put in a sealed envelope and kept by the Contracting Officer in
a secure place. ’

Sometime after issuing the Request for Proposal (RFP), usually
thirty (30) days, a pre-proposal conference is held in which prospec-
tive offeror's ask questions, the answers to which will help them
submit better proposals. Often the questions asked cannot be answer-
ed during the conference as they require research by the Acquisition
Engineer. All queftions and answers are reduced to writing and issued
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to all recipients of the solicitation as an amendment.

On the closing date of the solicitation, the Contracting Officer
removes all cost and pricing data and furnishes the balance of the
proposal to the Technical Evaluation Board for technical evaluation
of the proposal. The cost and pricing data is removed so as not: to
bias the technical evaluation by cost considerations. When the
Technical Evaluation Board completes its evaluation and ranking of
the offers, it prepares its report in accordance with the instruc-
tions in the source selection plan and submits it to the Contract
Award Review Panel, usually chaired by the Acquisition Engineer.

The Contract Award Review Panel combines the technical ranking with
the cost ranking submitted by the Contracting Officer and develops a
combined preliminary ranking. To this ranking, the Contract Award
Review Panel applies the criteria weights furnished by the Contracting
Officer and develops a final ranking. The Contract Award Review Panel
prepares -a report of its finding and submits it with a recommendation
of a competitive range and those offers which fall within that range.
The determination as to which offerors fall within the competitive
range- is made by the Contracting Officer. If there is doubt whether
a proposal falls within the competitive range, that doubt is resolved
by including it. Discussions, written or oral, are held with all
offerors that are within the competitive range. They are advised

of the deficiencies in their proposals and are given a reasonable
opportunity to correct or resolve the deficiencies and to submit
revisions to their proposals that may result from the discussioms.

At the conclusion of the discussions, the Technical Evaluation Board
and the Contract Award Review Panel evaluate the revised proposals
and - rerank them. ‘As ‘a result, the number of proposals falling within
the competitive range may be reduced. At this point, the Contracting
Officer establishes a common cut-off date for discussions and so
notifies the offerors still within the competitive range and offers
them reasonable opportunity to submit "best-and-final" offers. Upon
receipt, the "best-and-final" offers are reviewed by the Contract
Award Review Panel which then recommends to the Contracting Officer

a single offeror for award of the contract. The final determination
for award is the responsibility of the Contracting Officer. Upon
selection of a succsessful offeror, a contract is drafted. The
drafted contract is reviewed by the Acquisition Engineer and legal
counsel for technical and legal sufficiency and the Comptroller is
requested to certify the availability of funds in the amount needed
to finance the contract. The unsuccessful offerors are notified and
the proposed contract is mailed to the successful offeror for review
and signature. After signing two copies of the proposed contract,
the successful offeror returns them to the Contracting Officer for
execution.
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After the contract is executed and issued, the Acquisition
Engineer with assistance from the Contract Administration Office
works with the Contracting Officer in administering the contract.
He assumes the responsibility for technical performance under the
contract, recommending changes to the specifications, statement of
work, delivery schedules, etc.

The brief description of the acquisition process presented does
not depict the time it takes to enter into a contract for a require-
ment. The process may take years. I know of one case where the
requirement was conceived two years before contracting action was
initiated. The process, once an acquisition request is received by
the Contracting Officer, may take from one to seven months (see figure
1). However, on large, complex acquisitions, it may take a year to
enter into a contract. Federal acquisition is no longer simply getting
the right material to the right place at the right time for the right
price. The federal acquisition contract is one of the most effective
tools for implementing federal policy. Unlike statutory requirements
which penalize for non-compliance, a contractual requirement rewards
for compliance. Not only is the cost of compliance reimbursed, but
profit is also paid. The Government is using federal acquisition
contracts more and more to implement policy, i.e. increased EEO
requirements, the small business program, the labor surplus program
and requirements for compliance with the Presidential wage guidelines
to name a few of the better known policies.

What does all this mean to the Acquisition Engineer? It means
that each year new policies come into effect and it takes longer to
get his requirements under contract. He must therefore assemble his
Acquisition Team, particularly the Contracting Officer and begin his
acquisition planning early in his program so as to better serve
his clients.
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PROCURE?MENT LEAD TIME CHART
(From Time Received By The Contracting Officer To Award)

CONTRACT TYPE
TWO STEP NEGOT. NEGOT, FEGOT. 100K |NEGOT. OVER
UNDER 10K | 10K ~ 100K T01M 1M
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V AWARD ALL ACTIONS COMPLETH - 2 2 2
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FIGURE 1
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FREQUENCY AND TIME GENERATION AND CONTROL

Martin B. Bloch
(Frequency Electronics, Inc.), New Hyde Park, New York

ABSTRACT

FEI designs, develops and manufactures high precision
quartz crystal oscillators, cesium beam atomic reson-
ators, and cesium beam atomic standards for time and
frequency generation equipment for ground, aifborne,
and space use, In order to utilize our resources more
efficiently, the problem that we face 1is lack of long
term visibility of DOD and NASA needs, and the enormous
variety of hardware that we have to custom design for
each individual program.

It is also becoming quite apparent that with the lack
of significant R & D funds available from Governument,
advances in technology are slow, and in FEI's opinion,
will not be able to meet near—future requirements such
as GPS user equipment, Seektalk, and other programs.
Because of the high risk factors involved, and the com-
mercial applications of this product being too far off
in the future, private capital for research and devel-
opment 1is difficult if not impossible to obtain, More
specific analysis and FEI's recommendation to overcome
these difficulties will be objectively presented
herein.

INTRODUCTION

FEI is a vertically integrated corporation, supplying frequency and time
control components, sub-systems and systems for the military and
aerospace users from the raw quartz to a finished timing system, and
from the fabrication technology of the cesium resonators to the finished
" cesium atomic clock, It has been the Company's experience and history
over the past eighteen years of its existence that the majority of its
engineering talent has been applied to making modifications for each
particular system of existing technologies rather than to further the
state of the art and concentrate its talents on future needs and cost
reduction, The Company has produced over twenty different types of
distribution amplifiers; fourteen types of quartz standards; eighteen
different oven controlled oscillators for the aerospace industry; and
thirty—-five different temperature compensated crystal oscillators, for
the missile and space industry.
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INSTRUMENTS AND SYSTEMS

The 1large variety of instruments and systems as exemplified by the
equipment shown in Figures 1 thru 34, indicate the enormous amount of
man hours that have been expended to hand-tailor similar functions for
each particular user on pretty much of a crash basis. A careful
analysis 1indicates that better planning and coordination between
various DOD and NASA users, and the discipline to design and plan
functional equipments that can be used over and over again in systems
will reduce lead time costs enormously and at the same time make
available the necessary engineering talent for wusé in the further
development and the design of high reliability equipment at lower cost.

SIMILAR FUNCTIONAL MODULES

Similar functional modules that require significant redesign and
repackaging in order to meet the particular specification requirements
of specific systems are very expensive and time consuming to produce,
There has been minimal standardization of products, which FEI feels is
needed in spite of the past pitfalls of such standardization attempts
which were buried in red tape and over-complications, Frequency and
time generation and distribution equipment and systems need direction,
standardization and long range planning in order to more- effectively
accomplish reliability, lower cost, and make available the desperately
needed manpower to do the designs that w111 ‘be required five to ten
years hence,

OVEN CONTROLLED PRECISION OSCILLATORS

Oven controlled precision oscillators primarily for missile and
satellite applications have been designed in hundreds of physical
configurations as shown in Figures 5 thru 19, The basic functions of
the oscillators, is to achieve low power (1 watt at room temperature),
provide high stability / (1-5x10"11/day) and survive launch
vibrations. The enormous quantity of types of oscillators could be
reduced by possibly two to three times by standardization and
coordination between various users. FEI has found that out of a one
hundred man engineering team, approximately seventy are expended on
custom redesign for a specific system application. The exact frequency
is not a limitation on a manufacturer such as' FEI because we build our
own resonators. However, the need for accommodating the various types
of input and output control signals and physical configurations and the
large variation in surface finishes all impose significant cost and risk
factors in meeting a timely delivery schedule. As was the case for
instruments and systems, FEI would welcome closer coordination between
all aerospace users so that we can better service the industry and not
expend all of our englneering talents for the large varlety of designs
that we are presently fulfilling.
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OTHER CRYSTAL COMPONENTS

Temperature compensated crystal oscillators, crystal filters, and
crystal discriminators for the missile and aerospace industry is another
example of the enormous variation in shapes, form factors, and input
voltages that must be designed into the equipment in order to meet the
particular application of each user. In spite of having over one
hundred different designs available for users to pick from, we find
ourselves continuously custom designing to fit each application,
Coordination between various users and the investment in developing a
half dozen modules would most likely meet 90% of the needs of the users
in the missile and aerospace field.

While FEI, and I am sure many others in the frequency and time control
field, are working sixteen hour days to fulfill various different
system applications, the planning for the future, and the research
required for the advancement of the art is greatly lacking. We are so
busy meeting our day to day needs in terms of engineering and production in
quartz resonators that there is no time left for research and
development for the future, Quartz resonators, I might add, have
made very little progress from the precision resonators first developed
at Bell Laboratories in the early 1950's. Even the various atomic
standards have progressed very slowly from the mid-1960's.

CONCLUSION

It is FEI's recommendation that the following steps be taken
immediately in order to service DOD, NASA, and eventually commercial
users, in the next decade.

1., Establish a well planned and coordinated program to improve the
basic raw material.,

2, Finance research and development with continuity of multi-year
programs for the development of high performance, high reliability,
quartz resonators,

3. Invest in the necessary research and development for economically
manufacturing the precision quartz resonator.

4, Develop economical, high reliablity, thermal controlled
electronics and associated electronic circuitry to make use of the
improved resonators, in order to meet the stringent future requirements
of fast warmup, low g sensitivity, high stability, and high spectral
purity sources of quartz oscillators and quartz standards,

5. Sponsor research in development a basic physics package to
improve life and reliability, reduce manufacturing costs, and establish
the capability for manufacturing the quantities of atomic standards that
will be required in the next decade.

6. Coordinate and clearly outline the long range needs of ground,
airborne, and space applications for frequency and time controlled com~
ponents and systems in order to minimize the time and money expended by
eliminating a multitude of different designs to accomplish the same
function.
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It is quite apparent, in FEI's view, that with the uncertainty in the
production potential for DOD and NASA needs, private industry does not
have the resources and the risk capital to do the basic research and
development necessary to meet future needs. Therefore, it is imperative
that the future specification requirements and the quantities needed be
determined, and that the government sponsor basic and applied multi-year
research programs if the industry is to meet the needs of the user in
the next decade.
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Figure 1. Common Time and Frequency Standard (CTFS)
Model FE-5054A

TDRSS Ground Station
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Figure 2, Frequency and Time Measuring System
Model FE-5070A
Seektalk
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Figure 3. RF Switching Group
Model FE-7728A
HF Surveillance System
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Figure 4. Common Time and Frequency Standard (CTFS)
Model FE-5054A
TDRSS Ground Station
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Figure 5. Temperature Controlled Crystal Oscillator (TCXO)
Model FE-8121B
Trident




Figure 6. Double Local Oscillator
Model FE-2075
Application Technology Satellite




Figure 7. Temperature Controlled Crystal“Oscillator (TCXO)
Model FE-8031A
Communications Satellite (777)




Figure 8. Temperature Controlled Crystal Oscillator (TCX0)
Top View, Model FE-8119A
Pioneer-Venus



Figure 9. Temperature Controlled Crystal Oscillator (T
Bottom View, Model FE-8119
Pioneer-Venus




Figure 10, Temperature Controlled Crystal Oscillator (TCXO)
Model FE-8134A
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Figure 11.

Temperature Controlled Crystal Oscillator (0CX0)
Model FE-8137B
Patriot Missile
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12,

Temperature Controlled Crystal Oscillator (TCXO)
Model FE-8034B
Pioneer 10 and Pioneer 11



Figure 14. Low Power Precision Oscillator
Model Fe-10A-MOD-L
Timation I and Timation II




i

Figure 13. Oven Controlled Crystal Oscillator (0CXO)
Model FE-2037B-5.2
0SO Program




Figure 15. Oven Controlled Crystal Oscillator (0CX0)
Model FE-2158A
HS 350
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Figure 16.

Ultra-Stable Oscillator (OUS)
Model FE-2108A
TIROS N



T€

Figure 17. Stable Oscillator (OCX0) Model FE-2161A GALILEO Probe
Program vs. Oven Controlled Crystal Oscillator (OCXO)
Model FE-2098A FLTSATCOM



Fast Warmup Crystal Oscillator, SC Cut

Figure 18.

Model FE-2163A
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Figure 19.

Lightweight Cesium Beam Tube Resonator
Model FE-6203A
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Figure 20. Automatic Test Equipment (ATE)
Switch Matrix, Top View
Model FE-7707A
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Figure 21. Selector Unit, Timing Standard, SA-2239/WLQ-4(V),
Precise Time and Time Interval Switch (PTTIS), Bottom View
Model FE-5055A
Cutty Sark




Figure 22. Frequency Standard
Model FE-1000Q
AN/URQ-10A
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Figure 23,

Three High Stability Frequency Standards
Model FE-1000Q
AN/URQ-10A
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Figure 24. Frequency Generator Uni
Model FE-5066A
NATO III




Figure 25,

Disciplined Time Frequency Standard
Model FE-1050A
AN/URQ-23
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Figure 26.

RF Amplifier (12 Channel)
Model FE-70Q
AM-2123A(V)/U
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Figure 27.

RF Amplifier (30 Channel)
Model FE-75Q



Figure 28, Distribution Amplifier (30 Channel)
Model FE-75Q-1




T I L NI R T P — e

- - .

OOKC POWER AMP
FE BN CSis

1 7

IMC POWER AMP! iFIER BMC POWER AMPLIFIER

FE BN Chea2 9@ FE PN Cost 987

& ®

& SMC POWER AMPLIFIER

& »

100KC POWER AWML
FE AN CH43 087

»

1OKC POWER AMPLIFIER
FE AN CHh4aa w7

L

WOKC POWER AMPLIFIER
FE AN COa 87

®

100K C
rs

POWER AMPLIFIER
PN CBi43 087

L7

100KC POWER AMPLIFIER
FE AN O3 987

L

100KC POWER AMPLFER
FE BN CSl4a 9a7

WOKC POWER AMPLIFIER
FE BN CN43 - 987

-

0OKC POWER AMPLFIER
FE /N COi43 . 087

MG POWER AMPUFIER BMC POWER AMPLIFIER
FE PN O3 87 : FE PN OOt - 987

= &

IMC POWER AMPLIFIER SMC POWER AMPLIFIER
FE BN Coe2 . pur FE BN CSIA1 98T

- »®

IMC POWER AMPLIFIER BMC POWER AMPLIFIER
FE BN Com2 . 987 FE AN OO - 987
& -
MO POWER »MPLFIER SMC POWER AMPLIFIER
FE PN 0542 - 087 ) FE B/N CBidi - 987 \
v A '
) &

IMC POWER AMPLIFIER y BMC POWER AMPLIFIER
FE BN CHa2 - 87 FE ®N Cow - 987

&

MC POWER AMPLF ER
FE AN CS42 - oar

-

MC POWER AMPUFIER
FE AN Cona w7

Figure 29, RF Amplifier (30 Channel)

Model FE-75Q
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Figure 30.

RF Amplifier (30 Channel)
Model FE~75A
TINKER



Figure 31. Selector Unit, Time Standard, SA-2239/WLQ-4(V),
Precise Time and Time Interval Switch (PTTIS), Front View
Model FE-5055A
Cutty Sark
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Figure 32, Frequency Divider
Model FE-7036A
Cv-3543/G
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QUESTIONS AND ANSWERS

CHAIRMAN STOVER:
Are there any questions?
MR. JOSEPH MURPHY, Westinghouse

Could you give us some explanation as to why the quality of the
synthetic quartz has declined over the years?

MR. BLOCH:

What has happened has been an inbreeding process. You see, most of
the early synthetic quartz has been grown on natural seeds that were
gathered from very large pieces of quality quartz which were avail-
able in abundance. As time progressed, the seeds for the new gen-
eration of quartz material has been grown on synthetic seeds, and
there has been an inbreeding process.

The inbreeding process has really destroyed the manufactur-
ability of the crystals. We throw out one out of four bars of pre-
mium material, and then we throw out 40 percent of the resonators
due to imperfections in the materials due to softness or radiation.

But it is due to inbreeding processes. I think John Vig might
be able to comment on this. He has been studying it for the Army
and Nick Yannoni of the Air Force.

MR. VIG:

I think you are right. The manufacturers don't have an incentive
to grow this quartz because 99.999 percent of all applications are
met by the currently available quartz.

For every ultra precision resonator sold, there are probably
a million low quality resonators sold. For very low cost units,
there are probably 10,000,000 parts sold, so they don't have the
incentive to grow quartz.

MR. BLOCH:
Total needs of DOD of this precision quartz, I think, is 4,000
pounds a year and that is a very small bucket compared to about a

million pounds of quartz that are now manufactured worldwide each
year.
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MURPHY :

One more question. How many resonators would you say you have made
over the past 18 years?

BLOCH:
We have been manufacturing resonators since 1968 so that it is 12
years. I would estimate about 30,000.
MURPHY :
Is that synthetic quartz?
BLOCH:
We are primarily servicing the aerospace industry so most of our
units have been premium Q swept-synthetic quartz because we are
looking for radiation hardness whenever we launch into space. I
would say 80 percent of the resonators that we have made are made of
premium Q. For your programs under 616 A, you absolutely insist
that it be premium Q-swept material for Westinghouse.
WINKLER:

Mr. Bloch has been tactful enough to be silent about the real reason
why the synthetic quartz degraded over the years. It is that the
government has become less competent. But seriously, I think that
we owe you thanks for pointing out a real serious problem. In fact,
this is precisely the kind of problem which caused us to make a
major effort a couple of years ago to get a requirements analysis
funded.

That is precisely the direction which I think we must take in
order to streamline our efforts. Government today is fragmented
because of a jungle of conflicting organizations, processes, laws,
regulations, what have you.

I think Dr. Yannoni has pointed to some of the difficulty that
the best thought-out plans inevitably after two years become modi-
fied.

Also many of the people who write specifications and require-
ments, have never done designing or developing themselves. So, they
do not appreciate the fact that even the slightest change can cause
untold disasters. Now, you cannot blame people for adding speci- .
fications because they simply do not have enough qualified people
-at hand today. I think we are coming to some real limitations:
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how do you organize, what can we do about planning and procurement
and development, a better standardization of building blocks; that,
I think, is really a big problem.

Why don't you as a bidder, when he is faced with unreasonable
trivial requirements 1ike "I want to have five more lights and
seven more screws and a connector at the bottom." Why don't you
say, "Look, this is my standard equipment. You can have that for
$2,499.95. Your special requirements will make the price $6,000
per unit. Take it or leave it."

“MR. BLOCH:
We do it all the time, Dr. Winkler.
DR. WINKLER:

Well, I tell you, the unfortunate part of it is that the small user
doesn't give a damn. He will have his own design, independent of
cost. Yesterday I had the occasion to see a new aerospace applica-
tion for a classified satellite. An extended TCXO was available
which will meet all the requirements but has a height of .8 inches;
but the spacecraft designer decided that all the slices are going
to be .55 inches high, so we are going to spend another 100K re-
designing a TCXO.

MR. BLOCH:

There is another point that this industry has faced over and over
again. There was a meeting a couple of years ago where it was said,
"We, the government, have the needs. Why doesn't private industry
go ahead and develop reliable clocks for use that will be available?"
I have explored this approach in great length. The future quanti-
ties needs are so small or so wild that it is very difficult to get
private capital to commit to really meet the future needs.

When you are strictly a military supplier -- and we have tried
hundreds of times with the distribution amplifiers -- saying, "Here
is a standard product. Use it." No, we want the blue panel. We
want an extra two lights. So, I think we need to talk with each
other more to coordinate future needs.
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GOVERNMENT AND INDUSTRY INTERACTIONS
IN THE DEVELOPMENT OF CLOCK TECHNOLOGY
Helmut Hellwig
Frequency and Time Systems, Inc.

ABSTRACT

It appears likely that everyone in the time and
frequency community can agree on goals to be
realized through the expenditure of resources.
These goals are the same as found in most
fields of technology: 1lower cost, better per-
formance, increased reliability, small size and
lower power. This paper focuses on related
aspects in the process of clock and frequency
standard development which sees government and
industry in a highly interactive role. These
interactions include judgments on clock per-
formance, what kind of clock, expenditure of
resources, transfer of ideas or hardware con-
cepts from government to industry, and control
of production. The author believes that suc-
cessful clock development and production
requires a government/industry relationship
which is characterized by long-term continuity,
multi~ disciplinary team work, focused funding
and a separation of reliability and production
oriented tasks from performance improvement/
research-type efforts.

THE CLOCK HIERARCHY

Figure 1 shows the existing clock hierarchy, a commonly accepted
ranking of clock types.! This ranking is not only based on the
physical characteristics but also on the technology used; i.e., the
crystal resonator, the rubidium gas cell, the cesium beam tube and
the hydrogen storage bulb maser. We must remember that any of these
concepts or atoms can be used in different combinations as we will
discuss later.

This ranking of today's principal precision clocks and frequency
standards is meaningful as shown in Figure 1. Listed is the typical
best stability or flicker of frequency floor, Op, as well as the
typical Q values. Figure 1 shows that increasing Q's ranging from
2 million with a crystal resonator to 1 billion with the hydrogen
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storage bulb, correlate! to frequency stability improvements from
1 x 10712 o 3 x 10715, However, we also note that size
and cost correspondingly increase. Thus, we conclude that the
ranking of today's frequency standards may not necessarily be based
on a fundamental difference governing the crystal resonator vs. the
rubidium atom vs. the cesium atom vs. the hydrogen atom but rather
on particular technical realizations. They lead, on one end of the
scale, to small acceptably performing devices at affordable costs
and, on the other end of the spectrum, to very high performing de-
vice at substantial sacrifices in size and cost.

Historical developments have indicated? what would happen if we
dropped this ranking and attempt to use these existing principles to
realize either higher performance as in the case of rubidium or
cesium, or lower size and cost as in the case of hydrogen storage.
The basic results of these efforts are shown in Figure 2. The Q
and, with it, the best frequency stability op can be increased for
rubidium and cesium; however, at increased cost and size. The size
and cost of a hydrogen device can be decreased; however, at a sacri-
fice in performance. Furthermore, Figure 3 shows that nearly all of
the different atoms have been subjected to the three fundamentally
differing basic technologies;2’3’ Beam, storage vessel, and gas cell.
In addition, nearly all of the devices have operated as passive
resonators serving to stabilize a crystal oscillator or as active
oscillators of the maser type. Of special historical interest is
the fact that the attempt to interrogate the cesium atom in a
storage vessel led to the creation of the hydrogen maser;~ a decade
later, the idea of pursuing the- possibility of a cesium maser led to
the passive hydrogen maser principle.™

We may conclude from Figure 1 through 3 that there is no fundamental
relationship between superior performance nor cost nor size and the
particular atom or physical principle which is used, but rather that
the combination of expenditure of funds in a historical chain of
events is largely responsible for today's device-hierachy.

Furthermore, it is not a foregone conclusion that very high per-
formance in small size must be credted by reducing the size of high
performance devices; it may be as well to focus on performance en-
hancement of devices already small. Therefore, openness of mind is
very much in order when judging new ideas and proposals to improve
parameters ranging from stability performance to environmental in-
sensitivity to size and cost. It just may be that a truly new idea
may change an old principle of a 'down-rated" atom into the best
solution possible.
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IDEAS AND SELECTION CRITERIA

New ideas can fall in the.areas of basic research, -applied research
or engineering. - A new idea may be basic, or it may be a solution to
an existing or perceived problem, or it could be the revival of a
once discontinued or discarded idea. Independent of this classifi-
cation, there are four basic questions which may be asked and should
be answered before resources are expended. By 'resources" we mean
either an approved program within a government - laboratory or the
funding of a program in industry or elsewhere.

The following should not lead the reader to believe that some re-
search .of an undirected nature should not be approved. Such
funding, in the author's belief, is essential, but such resources
must be expended in a field of technology or in a field of basic
science with proposed results reasonably undefined. Resources spent
in this direction have proven over the last few decades (and in fact
throughout human history) to be one of the most worthwhile invest-
?ents. ’

We now restrict ourselves to proposed ideas for proposed measurable
results. They may be subjected to the four questions 1listed in
Figure 4. These questions are aimed at a sequence of logical
attack to determine whether the idea 1s worthwhile to pursue. One
word of caution 1s 1in order; the author believes that these
questions cannot always be unambigously answered; however, if the
answer is clearly a "no" for A or B, and a 'yes" for C or D, no
resources should be spent. An example from the mid 60's is the
thallium beam. It was pursued as a cure to perceived bad aspects
of cesium. As we know today, the thallium beam research was termi-
nated a long time ago and cesium beams are still around. Figure 4
gives the scenario to questions A through D which could have been
answered before any -expenditure of resources in this. particular case
in the early 60's. : A

An idea which is a revival of an old idea is not necessarily bad:
the old idea may have been discarded - because of limitations of
technology at its time, or the revival of the old idea may be worth-
while because other new ideas have created a different scenario.
However, there seems to be a set of ideas which appear regularly.
These are listed in Figure 5. This is not a complete list but might
serve to illustrate further the questions of Figure 4. These ideas
remain "new" because the questions listed in Figure 4 have seldom or
never been applied to these ideas. The pretense of 'new" is no
reason in itself to expend resources. The author's favorite is
"small size'". Question C here is very appropriate; does it intro-
duce a new problem? Using the same physical technology,
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reducing the size uniformly -lowers the Q. As we have seen from
Figures 1 and 2, the Q is linked to the best frequency stability of
atomic or crystal clocks. If the very small rubidium cell or the
short cesium tube or the small hydrogen bulb lead to reduced Q, it
is an illusion to believe that the stability performance of ‘the
original full size device can be retained.

Figure 6 shows the history of passive hydrogen development. This is
an interesting example involving the author in a very intimate way.
In 1969, at the National Bureau of Standards, D. Halford asked the
author about the pro's and con's of adapting the maser principle to
the cesium beam. The resulting analysis took several months of
fruitful discussion and led to the idea of the passive hydrogen
resonator device: the limitations of the hydrogen maser in long-
term were cavity pulling; this effect was highly reduced in a pas-
sively operating device, especially if particle interrogation was
used.’ The author then experimented with the hydrogen storage beam
but ran, as did the pure bea_m9 work of H. Peters at NASA, into
problems which were related to the difficulties of efficiently de-
tecting hydrogen atoms. Thus, the future of the hydrogen storage’
beam is critically dependent on the availability of efficient hydro-
gen detectors. There still are no efficient hydrogen detectors.
However, as soon as this changes, a discarded old idea may become a
worthwhile new idea (Ref. Figures 4 and 5).

The author's solution to the detection problem was the concept of
the passive hydrogen maser 8 which does not fully realize the advan-
tage one obtains in cavity pulling (or lack of it) by detecting
particles but retains the advantage of a passive device over an
active device in this regard. Pioneering work in the electronic
design and further refinement of the concept by F. Walls at NBS then
lead to experimental realizations of the low cavity-Q, small, pas-
sive hydrogen maser and the full size, passive hydrogen maser.
These concepts now have lead to several government-funded pursuits
of realizations of the passive hydrogen concept 11 ghich include the
novel-cavity-mode-small-maser, the dielectric-cavity-small-maser,
and the positive-feedback-small-active-maser (a combination of the
small, passive maser idea with an old idea realized previously in
hydrogen).12 Thus, the time and frequency community is now dealing
with a family of six, somewhat different solutions using the passive
hydrogen principle and the expenditure of many millions of dollars
with some of the questions previously addressed not asked or
answered in full.
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THE PROBLEM OF TRANSFER TO INDUSTRY

Transfer to industry for the purpose of commercial or government-
need-oriented production appears to be the ultimate goal of most
government funded efforts. 1In fact, most researchers and engineers
will agree that a successful transfer to industry would be the ulti-
mate goal of their agencies as well as an important ingredient in
their personal and professional motivation. This question can be
addressed from various angles. The first is depicted in Figure 7
which illustrates the role of the clock expert. The clock expert is
typically an individual with privileged knowledge or background or
experience in relation to what is important in clocks. Thus, the
clock expert can be characterized. as having special knowledge in
connection with the physics package (crystal resonator, rubidium
optical package, cesium beam tube or hydrogen maser) and with the
problems of testing, measuring and characterizing the complete
system. Frequently the clock expert also plays an important role in
the interface between the physics package and the electronics system
of the clock or frequency standard.

In Figure 8 we list organizational modes and probable results. Like
all other technology, the making of clocks and frequency standards
involves engineering, quality assurance, manufacturing and testing.
If ‘an organization has these four functions, such as they are
present in most industries, we have the potential of manufacturing;
however, due to the complexity of crystal and atomic clocks, the
absence of a clock expert may lead to the manufacture. of clocks
which are beset by fundamental problems. If a clock expert is
inserted into the clock making process directly contributing to the
creation of hardware, the clock expert will mostly be found in
either or both of the following: engineering and testing (based on
the specialties of the clock expert as shown in Figure 7). 1In this
role, the clock expert can assure that working clocks are produced
but the links to quality assurance and manufacturing are not proper-—
ly established; thus, there is the potential of working clocks, .but
only one at a time, plus potential shortcomings in reliability and
serviceability. In government laboratories which are not oriented
towards manufacturing, quality assurance and manufacturing as opera-
tional entities typically do not exist; thus, this example also
characterizes government laboratories: They can reach out and pro-
duce prototype devices but cannot actually produce clocks. The
desirable and ideal situation is approached by the third part of
Figure 8 where the clock expert is placed within management or in a
technical/consulting role focussing not only on the four parts of
the manufacturing process but on the interfaces between these four
processes. Such an organization offers the potential of making not
only good working clocks, but producing these clocks in quantity
with reliability.
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We are now ready to answer the question: When is the best timing
for transfer from government to industry? An attempt to give an
answer is Figure 9. The figure depicts the sequence from the
original idea to production in seven steps: The idea, the experi-
mental verification of the idea, demonstrating feasibility in a
laboratory or bread-board setting, the demonstration model which
does not have size, weight or power constraints but shows all
aspects of performance, the engineering development model (EDM), the
pre-production model (PPM) and the production. Since industry con-
tributes original ideas as well, we list this as an alternate idea-
start. The idea is carried through experimental verification and
the demonstration of feasibility. At this point the critical timing
for transfer from goverment to industry arises. The reason for this
lies in the results discussed in Figures 7 and 8. At this point,
the full circle of a manufacturing operation comes into focus:
Engineering, Quality Assurance, Testing and Manufacturing become a
planned process, displaying a high degree of coherence which is
phased in time. If government work progresses beyond this stage;
i.e., through the demongtration model, or even to the EDM or PPM
phase, this work becomes increasingly alien to the coherence of the
industrial manufacturing process. In other words, resources spent,
in a government laboratory, beyond the stage of demonstrating feasi-
bility are probably wasted because industry will not be able to take
advantage of it because aspects of quality assurance, producibility,
cost, etc. are not properly accounted for.

The issue in relation to Figure 9 is not that of funding per se; we
assume that funding is available and can be channelled at the right
time in the right direction. The problem, rather, is that a mis-
understanding may persist: As viewed from the government side, it
appears that the government has spent significant resources and has
come up with an almost producible clock or frequency standard; in
contrast, industry must request substantial additional resources to
go "back to the drawing board" for reasons of quality assurance,
reliability, producibility, etc. To the government this looks like
unnecessary duplication, to industry it looks like an unacceptable
constraint. Therefore, we have the phenomena of reluctance to fund
such work on the government side, reluctance to accept such work
from the industry side in addition to issues of professionalism and
recognition of contributions. Recognition of the critical timing
for transfer is the more important, if one realizes that the
majority of funds are expended after the demonstration of feasi-
bility with the consequence of increased irreversibility of the
process once carried too far.
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CONSTRAINTS OF INDUSTRY

History has taught us that clock and frequency standard development,
because of the complexity and state-of-the-art nature of the de-
vices, may span many years or even a decade from idea to production.
Industry has several concerns in the process of accepting, counter-
proposing, or even rejecting government-funded work. A most serious
and often overlooked aspect is the engineering content versus the
manufacturing content of government-funded work. Figure 10 is an
attempt to depict this predicament. Plotted is the effort level
(funding level) as a function of time. The pre—EDM phase includes
all stages from idea to demonstrating feasibility including the
demonstration model. The effort level is comparatively low and
calls almost exclusively on the research and engineering talent of
the organization. The effort level is substantially increased (up
to a factor of ten) but retains its largely engineering content with
the engineering development model. It is important to highlight
this jump in effort 1level because this often-overlooked fact
a-priori rules out that all (even worthwhile) pre-EDM efforts can
reach production maturity. There simply are not enough resources
available for product realization of all good ideas. For example,
the National Bureau of Standards frequency standards effort operates
at about the million dollar level. If all of the ideas and concepts
developed there would meet all of our criteria and lead to full
scale industrial efforts, the required funding level 1is about ten
times higher. That means we would have to have resources at approx-—
imately the 10 million dollar per year level just to execute all of
the NBS ideas in industry and NBS is only one of several such
laboratories. '

After the EDM stage, the first significant change of effort-mix
occurs: Manufacturing begins, causing a drop in the engineering
content of the total effort level while the total effort level
continues. The PPM stage is followed by the production stage which
may be at the same level, at a higher or lower level depending on
the value of the product and the rate of production. Important is
the fact that the total effort level remains substantial while the
engineering content is reduced to a very small level serving only as
production support and trouble shooting. This fact puts industry in
a predicament; as shown in Figure 10, a substantial team of engi-
neers and scientists is needed to execute the EDM and the following
PPM phase but only few basic resources are required before and after
this phase.
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How shall industry gear-up its engineering staff from the pre-EDM
phase to the EDM and PPM phase and what should this staff do after
production has started? The hard-nosed answer to this is to hire
and then reduce staff again. It is the author's belief that clock
efforts which are based on a quick hiring process with the potential
of substantial re-orientation or loss-of-job after  a relatively
short time will not lead to success in the complex challenges of
clock making. Thus it is incumbent upon the government to insure
continuity in those efforts which exist solely because of a govern-
ment mandate. Continuity can be provided by successive upgrading of
the product through consecutive EDM and PPM phasés time-phased with
production of the previous product. Another alternative is funding
of related or complementary efforts after the engineering and pre-

production of the main product have = been consumed.
CONCLUSIONS

In the decision making process on a new product, many thoughts and
conditions have to be considered. TFigure 11 depicts what may be
called the decision tree for product development. This decision

tree starts with an idea; this idea may come from government or from
industry in the form of a proposal or a request for a proposal.
"Industry will first analyze this for basic validity as a solution to
an existing problem or validity as a new product or capability. The
first steps are the considerations on performance improvement and
degradation (comp. Figure 4). If the answer to the first question
is no, there will be no further consideration. If the answer to the
second question is yes there still may be a valid idea if the per-
formance degradation is acceptable. The next step is an analysis of
the engineering costs; are they acceptable? With engineering costs
it is not only the amount of monetary resources at stake, but also
the question of human resources as discussed above; also, one must
ask whether the needed engineers could produce other things of high-
er value than the one in question (concept of foregone benefits).
If the answer is 'no', government funding must be available to
offset the costs of engineering. These costs, of course, relate to
the market size in the sense of return on investment. If the market
size 1s unacceptable, the government may be the sole customer and
must bear the product funding as well. Manufacturing industry will
be, in general, reluctant to pursue an engineering development
effort with no prospect for production. If government funding 1is
available and/or the engineering costs are acceptable, and/or the
market size is acceptable, the required capital equipment investment
is analyzed. If the work is govenment-funded, invariably the need
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for government funds for capital investment arises. Substantial
capital investment needs must be offset by government furnished
equipment or the funding of equlpment purchases which then become
property of the government.

Finally, the question whether the targeted product competes with the
present product line of the company must be addressed. There will
be general reluctance to develop and create a product if such a pro-
duct competes within the existing market and does not serve to
enlarge the market expansion. Other considerations, however, may
enter here; thus the ‘decision on this question is not clear-cut.
However, a go-ahead is almost universally given if the new product
opens new markets adding to sales and enhancing capabilities.

It appears proper to conclude with some thoughts about reliability.
It is self-evident, that reliability is probably the most important
issue in clock technology because of the very nature of the clocks
principal function: time-keeping. Reliability must have proper
attention in the engineering phase (reliability engineering), it
must be addressed with high priority in the manufacturing process
(quality control and quality assurance), but, most importantly, it
must benefit from field-feedback. This latter element requires
long-term continuity of the clock development, production and
application scenario, which 1is characterized by stability of the
organizations involved, by business commitments between government
and industry, and by maximizing quantities of products while mini-
mizing engineering changes outside of performance or reliability
mandated actions.
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QUESTIONS AND ANSWERS

DR. WINKLER:

I think your excellent speech has focused on many interesting
aspects; two of which are particularly important. The first one,
the danger of a government laboratory trying to produce a product
in mass production. I have several examples of that mistake, I am
deeply concerned about it and I don't know what to do to convince
the various incumbents that it is a major mistake.

It is not only contrary to our national policy to keep govern-
ment out of production as much as possible (beyond the feasibility
models and technology studies) but it is also a major mistake for
the laboratory to absorb your creative engineering potential solving
production problems. Your most precious human resource could be put
much better to use on new studies, advanced concepts, and specifi-
cations, which I think are the most difficult things in the world.

Now, the second point, is that you have a bewildering array of
combinations of beam lasers and active and passive and greater Q
and less Q -- kind of reminds me of a very similar discussion which
we had about six years ago. I hope you don't remember it.

DR. HELLWIG:

Because I will give the same example. Here in America since our
major industrial achievement is the automobile, there is no better
example than the automobile. There are certain engineering combi-
nations which can be played upon. You can -have the engine in front
with rear-drive, engine in front with front-drive, engine in rear
with rear-drive, but one that has never been tried is the engine in
rear with front-drive.

In automatically controlled oscillators, all combinations
have been tried, however.
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~ INNOVATION AND RELIABILITY' OF ATOMIC STANDARDS FOR
PTTI APPLICATIONS

Robert Kern
KERNCO, Inc.
Danvers, Mass.

ABSTRACT

Over the past 20 years, the U.S. Government has been the
largest single customer for hyperfine frequency standards
and clocks. In this same period the government directly ~
and indirectly has provided financial support of extensive
research, development and manufacturing methodology efforts
in industria] and government laboratories. :

The GPS/NAVSTAR Program requ1rements for a spaceborne clock
has provided new impetus and development monies to generate
. multiple sources.of.reliable frequency standards and clocks
~with 1ife expectancies of 5 to 7 years. -These multiple
sources will produce SIgn1f1cant economies and performance
improvements to PTTI. users’ in the U.S.

The GPS/NAVSTAR designs shou]d result in units with improved
stability and environmental tolerance that will provide U.S.
systems planners with strategic advantages in the PTTI field. .

I would 1ike to address the subject of innovation and reliability in
hyperfine frequency standards and clock systems. Hyperfine standards
are defined as those precision frequency sources and clocks which use

a hyperfine atomic transition for frequency control and which have
realized significant commercial production and acceptance. I refer to
the cesium, hydrogen, and rubidium atoms and exclude references to
other systems such as thallium and ammonia since these atomic standards
have not been commercially exploited in this country.
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In thd. late 50's and early 60's several companies pioneered in the
development and production of atomic standards. In the mid 60's
statistically significant quantities of cesium and rubidium standards
were produced, sold, and put into service by PTTI user agencies. The
reliable performance established by the Hewlett Packard hyperfine
standards in the 1960's stimulated government interest in additional
system applications and further development of the hyperfine family
of standards.

In the early 70's the Department of Defense issued military speci-
fications (MIL F 28734 & Elex F 105) which defined four types of
cesium standards. Our industry saw the issuance of these MIL
specifications as a clear signal by the government that there was
a2 growing opportunity in cesium and hyperfine clocks for system
applications.

Until the 1970's government support of hyperfine standards was
focused on research and technology development. In the 70's the
emphasis shifted and intensified toward the development of specific
hardware with direct application to major systems concerned with
navigation, communications, Very Long Baseline Interferometry (VLBI)
and space experiments. The GPS/NAVSTAR need for development of a
spaceborne clock provided great impetus for innovative activities in
all three hyperfine clocks. New companies and new concepts advanced
rapidly in this period producing new miniature rubidium standards,
small long 1ived cesium standards, and prototype passive H masers.
The stong levels of government funding matured these new designs
and spawned a broad series of commercially available products.

In the late 70's and now into the early 80's, our industry con-
tinues to benefit and mature from both continuing government support
and an active commercial marketplace for quality hyperfine standards.
Contractual funding from the Department of Defense is directed
toward higher system performance and multiple sources of cesium,
rubidium, and hydrogen clocks.

To summarize this development activity the following table describes
the companies who have been recipients of government funding and a
parenthetical estimate of this funding (to date) in millions of
dollars.
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CESIUM

Atomichron, Inc.*
Freq. Control Corp.*
FEI

FTS

Hewlett Packard
Kernco, Inc.

NBS ,

National Radio*
Pickard & Burns*

Varian Associates*

(2n - 25)

RUBIDIUM

HYDROGEN MASER

Autonetics - (Rockwell) Applied Physics Lab./JHU

Collins - (Rockwell)
Efratom

EG&G

General Radio*
General Technology*
Hewlett Packard
Tracor*

Varian Associates*

(15 - 20)

*No longer active in this business

Hewlett Packard*
Hughes Research Lab.
Jet Propulsion Lab.
NASA Goddard

NBS

Sigma Tau Corporation -
Smithsonian Astro .

U. S. Naval Res. Lab.
Varian Associates*

Universities: Harvard
Laval
Williams
(25 - 30)

The figures support public statements made that there is more support

and more work available than the hyperfine companies can ingest.
companies in this field have doubled over the past two years.

Many
Perhaps

this preoccupation with growth in this period of prosperity has caused
a diversion of industry attention from the issues of performance and

reliability.

The U.S. Government, as a customer, has had a vested interest to de-
velop both improved clocks and competitive sources for them. The
hyperfine technologies have enjoyed strong levels of direct and in-
direct customer support these past ten years and must now address

the question of customer payback.

Current programs to qualify

several suppliers for GPS/NAVSTAR clocks should favorably impact
both the economics and the stability of the source(s) of supply.
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The payoff to the government customer is rooted in the fact that for
the first time in our business qualified competition exists in all the
hyperfine standards. It is no longer adequate for the manufacturer to
certify his design, build, and verify by test that the equipment
initially meets all applicable acceptance specifications. In the
future it should be necessary for the manufacturers both to guarantee
and to demonstrate that the customer will actually realize the called
for lifetime expectations. Demonstration of the 1ifetime cost para-
meter must be an intearal condition for a manufacturer to receive
future business.

Let me suggest a valid signal that development is truly complete when
a manufacturer releases a quantity of commercial products directly
spawned from the government sponsored development effort and assumes

a significant commercial warranty obligations for these commercial
units. It is then that the government customer, after paying for the
development, has a right to expect a stable price structure, con-
tinuing product improvement and a purchase price that is less than ten
times the price of the commercial unit.

The specific point I wish to make today concerns innovation and re-
1iability in hyperfine physics packages. The intensive developments
now underway would not be necessary if our industry had achieved the
equipment which the government customer(s), some 90% of the market,
funded to bring into being.

The technology base for hyperfine physics packages had been estab-
lished and remained locked away under a "proprietary information"
label by a few companies. Government scientists and engineers did
not have the opportunity to participate in and evaluate the under-
lying design and processing philosophy of the physics packages. Nor
have the manufacturers revealed the details of factory and field
failure history of the design. Only by customer-supplier discussion
and analysis of such data can specific problems be quantified and

user insights applied to yield simple environment compatible solutions
to engineering or processing weaknesses.

This lack of physics package 'know-how' and the lack in the visibility
of data make it difficult for a user to evaluate whether a given
supplier can consistently meet his Tifetime and performance require-
ments. Usually the customer can provide verification that the
electronic components are procured, screened and assembled to a speci-
fied practice. When it comes to the physics package used in the
equipment, the PTTI user must accept company assurance that the
'proprietary unit' was built according to strict process specifi-

278



cations and in facilities unique to the system requirements. Then,
screening and in-house unit testing will do the rest of the reliability
and performance job.

Until recently the development sponsoring agency could not purchase
cesium or rubidium physics packages without buying the whole standard
or clock. In my opinion what remains to be done is for the Department
of Defense customer to conduct specific in-house testing and make
design appraisals of the hyperfine physics package. By establishing
end user data concerning the reliability and lifetime performance of

a given design, in a government laboratory, the customer could compare
results with data provided by the manufacturer.

The tests to be performed by the government laboratory can include

several tests usually conducted by the manufacturers and can be ex-
panded to include tests which reveal the design 1limits of the device.

~ PHYSICS PACKAGE TESTS
FOR DESIGN CHARACTERIZATION

0 Accelerated Life Testing

o High/Low Ambient Temperature Runs

o Irradiation

o Over Voltage Testing

o Temperature Gradient Induction

0o R.F. Power Shift Stimulation

o Spectral Sensitivity
The appearance of multiple manufacturers in the GPS/NAVSTAR hyperfine
marketplace will provide economic and performance benefits to the
whole of the PTTI community. It now remains for the U.S. Government
to establish an in-service capability for the assessment, evaluation
and lifetime testing of the physics units utilized by these manu-
facturers. With data and the institution of manufacturing controls

and safeguards the government's support can finally produce an
economic and performance return on investment.
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QUESTIONS AND ANSWERS

DR. HELLWIG:

Maybe just a comment on the availability of physics packages for
testing. If I remember right, Varian was willing and able to sell
tubes in the '60's. I think Hewlett-Packard did so in the early
days -- 1970's -- and FTS has sold tubes over the past years to the
U.S. government. That is not a question of lack of availability.

It is a lack of focus on this problem which I totally agree
with you, Bob. I think this is one of the major problems.

CHAIRMAN STOVER:

Well, there seems to be a common thread through the papers we have
heard so far of need for more cooperation between industry and
government. We will see if that continues with our other two papers.
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R & D: TO FUND OR NOT TO FUND

Terry N. Osterdock
Hewlett-Packard Company
Santa Clara, California

ABSTRACT

The U.S. Government spends vast sums of money each

year to fund the research and development of electronics
for a variety of applications. Commercial enterprises
also spend large sums on R & D of electronics and other
areas of interest to the U.S. Government and its agencies.
The government can take advantage of industrial R & D and
thereby maximize the utilization of their own R & D funds.

INTRODUCTION

In accomplishing any task, we are faced with limited resources such as:
manpower, materials, time, and funds. Faced with a given task we must
both conserve and make maximum use of ALL our resources. One drop of
0il spilled will never be recovered. One second wasted is lost for-
ever. The watchword everywhere should be the maximum utilization of
available resources. If we are to conserve, we must not waste one drop
of oil, one second of time, or one dollar of funds. As taxpayers we
want the government to take less of our income for taxes. More
importantly, however, we want the government to spend each dollar they
do take as wisely and effectively as possible. This spending efficien-
cy should be applied to the area of Research and Development (R & D) as
well as all other areas of government spending.

RESEARCH AND DEVELOPMENT

Before discussing the funding of R & D let us define and characterize
R & D so that we have a common base from which to build.
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Definition of Research and Development

Research and Development can be defined in a number of ways. However,
for our purposes I will define it as the process of finding a

solution to a problem. The most difficult part of R & D is defining
the problem. The professors in my freshman engineering courses (many
years ago) stressed that once you had defined the problem, you had it
half-solved.

Types of Research and Development

There are three types of R & D which are pertinent to our discussion:
1. Basic Research, 2. Development and 3. Modification or redesign.

Basic research is the investigation of specific phenomena to further
our understanding of the sciences, the world we live on, and the
worlds around us.

Development on the other hand, is the application of known or SEMEKNOWN
Technology to solve a specific need or problem. I say SEMI-KNOWN tech-
nology because we can generally produce one of anything in the labora-
tory but producing one hundred or one thousand is @ much more difficult
task to accomplish.

Redesign or modification allows us to use a currently available off-the-
shelf product to solve a new need or problem. The older product
doesn't fit the solution exactly, but with a 1ittle modification it will
do just great.

SOURCES OF PRODUCTS AND TECHNOLOGY

If we were to determine how many dollars were spent each year on R & D
by bqth the government and private industry we probably would be
astonished. Each year thousands of new products are introduced into
the marketplace and scores of new technological breakthroughs are
realized.

Have you ever wondered how mankind manages to come up with all of these
fantastic products and ideas? Both products and technologies come from
three sources.

Problems
Problems are the manifestation of needs. The customer has a specific
need or problem which must be solved. Someone thinks he can fill that

need and hence, the R & D process is initiated. As a result, a product
is created which solves the problem or fills the need.
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An example of problem solving is when our customers told us they would
Tike to be able to have Cesium beam frequency standard performance at
several locations within their plant or system. However, they could
not afford to purchase a multitude of Cesium standards. As a result
the 5087A Distribution Amplifier was developed, thereby filling the
need and solving the customer's problem.

Solutions

Here we find the R & D Engineer, Physicist, Chemist or researcher that
has discovered or developed a fantastic product or process. The
question we all would ask is "Does anyone need it?" The solution,
therefore, is looking for a problem to be.solved. In the early days
of Cesium standards it was mainly a laboratory curiosity. Later it
became apparent that the Cesium standard was the solution to a number
of communications and navigation problems.

Accidents

In Research and Development, the researcher is looking at technologies,
processes; heeds, and a myriad of other things. Someday, with a little
bit of luck, he may discover something that will be useful to someone,
somewhere. More than Tikely if he finds it, it won't be what he
thought it would be, nor will it be the solution to the problem he had
originally set out to solve. Instead it will be the byproduct of his
efforts. Totally by accident he will find something useful to mankind.

Some years ago we had an engineer working on the design of a frequency
counter. He became totally frustrated with trying to determine the
state of a logic gate. Because of this frustration he designed a
device to determine whether the Logic gate had a "1" or a "0" on its
output or input. From this first logic probe came a whole series of
logic test equipment. Totally by accident was this product concept
discovered.

R & D PROCESS

The R & D process starts with either a need or an idea. In the case
of starting the process with the needs, (figure 1) the company attempts,
first, to determine what the customers need. Once we have determined
that something is needed, we look at the limited resources available

in terms of people, materials, funds, and even in terms of ideas to
develop. '

If the company thinks it can solve a problem and fulfill theneed, then
it proceeds to develop the solution.
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The product is designed and tested and if everything works, it is put
into production. The customers now have a solution to their problem.

If instead we start with an idea (figure 2), i.e. a possible solution
searching for a problem, then the process is similar. The R & D Team
comes up with an idea. The company then looks to the marketplace .to
see if there is a need for a product using that idea. If so then the
design and development begins and the product developed.

To determine what the customers need, a company will simply ask their
customers (including the government) what they think they will be
needing sometime in the future, say 5 to .10 years (figure 3). The
customers typically respond with a not so simple answer, e.g., "I don't
know, what will be available in 5 to 10 years?" This circular
“questioning continues back and forth. Sometimes we arrive atan answer,
sometimes the process continues without resolution.

ROLE OF INDUSTRY

Industry has specific responsibilities in the R & D process:

Query Customers for Needs

They must ask customers what they need. Industry needs to know what
people will be doing in 5 to 10 years. Companies have to be wizards
of fortune telling and be able to forecast the future. They need to
watch trends in government, military, and private sector activities.

Analyze Technology

Industry must also analyze technology. Somehow we need to determine
a prognosis for the state-of-the-art. We might examine technologies
and ask which hold promise for solutions to problems which may exist
in 5 to 10 years. We need to look at what technologies are currently
available and which need to be developed before they can be utilized
in specific solutions to problems.

Develop Solutions
Finally, industry must take existing technologies and design products
which can be solutions to problems in the near future. And if

possible, they need to develop promising technologies to the point of
being useful.
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ROLE OF GOVERNMENT

If industry does all that, what is left for the government to do?

Determine User Needs

First, the government should determine user needs. Requirements for
communications, navigation, space exploration, air. traffic ccontrol
need to be examined. The government should look at Military needs for
the next 5 to 10 years as well as examine needs of -other agencies such
as the FAA. The government might even go so far as to look at fore-
casting the commercial needs for similar products. This would provide
a real service for industry.

Disseminate Information

These needs must then be communicated to industry. In sharing what the
government agencies know about their future requirements, industry
will be better able to design products which the government can use.

Look at Available Products

The government's system designers need to look at currently available,
proven, off-the-shelf hardware to satisfy as many needs as possible.
To ignore off-the-shelf hardware might be related to the NIH or Not
Invented Here Syndrome. Nothing is more wasteful then reinventing the
same product when an off-the-shelf piece of hardware will do.

Buy Solutions

A solution may simply be the purchase of off-the-shelf hardware. Or
it may be slightly modified hardware integrated into specially
designed systems. Or the solution might be to fund the basic research
in an area which looks promising, but the need is too tenuous to
convince an industrial company to invest its own R & D funds.

ADVANTAGES OF OFF-THE-SHELF HARDWARE

Why buy off-the-shelf hardware, you might ask. First of all, because
its reliability is known; it is not simply computed, but based on real
experience. Its early problems probably have been worked out.

Second, it is more serviceable. The bugs have been worked out, people
have learned how to repair it, and it is more thoroughly documented.
Service information, operating instructions, and test procedures are
generally available.
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Lastly, you will generally buy the item for less money than a specific
design for only one application. The R & D costs are shared by all the
buyers, in essence, not just one. Ergo, you don't have to pay ALL of
the R & D costs. -

FUNDING OF R & D

Both government and industry commit vast sums of money each year to
develop solutions to problems. But because our resources are limited,
it is important to utilize the resources we do use to get the maximum
benefit. The government can greatly improve the impact of the tax-
payer's dollars by trying to identify its own needs and by letting
industry know what it needs, even to the extent of letting industry
know if there is any commercial benefit. If the government can assist
in the forecasting effort by letting industry know what lies ahead for
future requirements, industry might be able to respond. In this way
the government could impact the commercial design efforts to the extent
of being able to buy off-the-shelf hardware and not having to fund the
effort. ' ‘

Of course the government has a problem when it tries to provide
industry with information. They would 1like some information in return.
They would like to know what the companies are developing and if they
will commit to development of a specific solution. However, the
government will encounter resistance on the part of industry to commit
to a specific project. Companies, in all areas not just PTTI, are not
likely to disclose what they are developing or when it will be avail-
able in the marketplace. Generally, a company doesn't want its compe-
tition to know what it is doing; this allows the company that invents
a new product to be first in the marketplace with that product. A
company needs to be able to protect its investment on each product and
thereby maximize its return on that investment as its shareholders
expect. .

GOVERNMENT FUNDING

So what should the government fund? Primarily, they should fund the
purchase of off-the-shelf hardware. After what I have said earlier
you would be disappointed if I didn't list this one first. Secondly,
they should fund minor modifications to off-the-shelf hardware.
Thirdly, they should fund elementary R & D only if the product is not
currently available. " And, of course, they should fund basic research
in unknown but promising areas. The results of these efforts should
be made available to all potential industrial users to maximize spread
of technology funded by taxpayer dollars. This will result in more
technical solutions being available at an earlier time than if all
associated funding was left to the government.
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BENEFITS

Definite benefits can be obtained by government participation in the

R & D process. Because the government will have provided information
and shared in the forecasting process, industrial firms will be able to
better consider incorporating the needs of the services and agencies

in their future product developments. . This will.result in the
government being able to purchase off-the-shelf equipments to satisfy
more of its needs. R & D funds will be used more efficiently in the
few most critical areas, and fewer taxpayer dollars will be wasted.
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Fig. 1 - R & D Process (Needs)
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QUESTIONS AND ANSWERS

CHAIRMAN STOVER:

Your request that the government tell you what they need may be, in
many cases, unreasonable. The government is no different from other
people, and many times they don't even know they need it until they
have used it. I think that is even more true in the government than
it is in the public in general. If you haven't used it, you don't
really know you need it yet.

I think the government has a great deal of that problem: not
knowing what they need because they don't know what it will do for
them. How do you propose to solve that problem?

MR. OSTERDOCK:

I think that is part of that circular questioning that I describe;
basically trying to figure out what happens, and by all of us con-
tinuing to communicate that way, maybe we will get some answers. I
don't have a specific solution for that part of it.

Forecasting is the most difficult part of the process. I don't

think that anybody can really say what technology is going to be
1ike in 10 years any more than we could have back in the '60's.

CHAIRMAN STOVER:
If you go to a Field Commander and ask him what new technology he

needs next year, what is he going to tell you? He has to have a
shopping 1ist of some kind, right?
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-CONTRACTOR POINT OF VIEW
FOR
SYSTEM DEVELOPMENT & TEST PROGRAM

F. K. Koide
Defense Electronics Operations
Rockwell .International
Anaheim, California

D. E. Ringer C. E. Earl
North American Space Operations Defense Electronics Operations
Rockwell International Rockwell International
Seal Beach, California Anaheim, California
ABSTRACT

This paper will present industry's practice
of testing space qualified hardware. An over-
view of the GPS Test Program will be discussed
from the component level to the sub-system
compatibility tests with the space vehicle

and finally to the launch site tests at Van-
denberg AFB, Ca11forn1a, all related to the
Rubidium clock.

INTRODUCTION

Rockwell International has been involved in the development and pro-
duction of space qualified Rubidium Frequency Standards for the GPS
Program since the initial inception of the program in 1974. To date,
we have produced a total of 29 Rubidium clocks consisting or proto-
types, engineering models, and production units.

The first series of six satellites are in orbit and have been declared
operational, with each carrying three redundant Rubidium clocks.
Initial test results demonstrated navigation accuracies of a few
meters in three dimensions. Rockwell is currently in the process of
developing Rubidium clocks on the Phase II/III Program for the GPS
Satellites 9 through 12,

The Rubidium clock test cycle covers two major phases, the pre-pro-
duction and the acceptance level testing. The pre-production covers
the board, system assembly, and assembly tests. The acceptance level
testing includes the environmental and certification tests. A1l
Rubidium clock tests are performed in different test facilities of
Rockwell's Defense Electronics Operations in Anaheim, California.

/
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The space vehicle undergoes integrated acceptance testing through test
conditions simulating and exceeding the environments which it will en-
counter from launch through on-orbit operation. The acceptance test
of the space vehicle is performed at Rockwell's Space Operations and
Satellite Systems Division at Seal Beach/Downey, California, and the
North American Aircraft Division located in Los Angeles, California.

SPACE QUALIFIED TEST PROGRAM

Rubidium Clock Automated Test Station

Rockwell's Rubidium clock has been developed from a commercial
Efratom Rubidium Frequency Standard. Extensive modification and
repackaging have been performed to meet spacecraft requirements
and to improve reliability and stability. Acceptance testing of
production clocks are required to assure compliance with the
design goals and conformity to the procurement specification.

Computer automation of the Rubidium clock testing is utilized
because of the large amount of data to be gathered over an
extended time period and the need to extensively process this
data. ~ '

A central or a time share computer concept was selected to
allow for greater versatility of utilization and to allow im-
plementation of additional test stations. The computer system
utilizes a sophisticated version of BASIC as the programming
language available to users and can be extended to service up
to 16 terminals. The time share computer is a pdp-11/35 micro-
computer which includes 256K, 16 bit word fixed head disc, 1.2
mega bit word movable head disc, dual dectape storage and 28K
words of core memory. It is essentially a minimum system re-
quirement to support the data storage and processing require-
ments.

In the existing configuration, four terminals or test stations
are supported by the pdp-11/35 minicomputer. Three of the four
test stations are equipped with micro-computer systems that
provide redundant data collection and storage capabilities if
the time shared computer should fail. At the end of the test,
these data would then be transferred to the pdp-11/35 for
analysis. System redundance prevents the loss of test time
without interruption. A functional block diagram of the
Rubidium clock test station and a photo of three of the four
test stations are shown in Figures 1 and 2 respectively.

A valuable feature of the RSTS time share concept utilized is

the ability to access data being stored on disc from one program
using one I/0 port by executing an independent program from a
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second port. This feature allows data analysis without interrup-
ting data collection program while using a number of different
programs.

Failsafe features are incorporated into all test stations to
protect against loss of data in the micro-computer due to trans-
ient in the power line voltage, clock supply over-voltage and
current, over and under base-plate temperatures, and water flow
rate restriction in the vacuum pumps.

- Rubidium Clock Test :

The testing of Rockwell's Rubidium clock is controlled by two
specifications, one an assembly and alignment procedure and the
second an Acceptance Test Procedure (ATP). These test procedures
have been witnessed and certified by Quality Engineering. There
are approximately 76 inspection points where a Quality Assurance
Inspector must approve and stamp off the work before additional
testing can proceed. A1l these steps are planned and recorded

in a FAIR book system. FAIR is an acronym for Fabrication-
Assembly-Inspection-Record.

This system also keeps track of all parts installed into the
Rubidium clock. If a failure occurs during assembly, the retest
must start over per the retest matrix listed in the assembly
procedure. If a failure occurs during the ATP, the failure

must be documented by Reliability Engineering, who also notifies
the prime contractor, and generates a failure analysis report.

At the completion of a successful ATP the test data is assembled
into a data package by Quality Engineering and a formal data
review is conducted with the prime contractor, Air Force (SAMSO)
and the technical consultants for the Air Force.

After the data review, the Rubidium clock is packaged and shipped
to the prime contractor. The data is impounded in the Data
Submittal department where it is available for review at a later
date. This data includes all acceptance test record cards,
"FAIR" books, computer printouts and strip charts.

Figure 3 shows the Product Acceptance test flow for the Rubidium
clock from the Module Assembly level to the point of shipment,
the space vehicle factory test. A typical calendar time for
product acceptance test is approximately three months.

Space Vehicle Factory and Launch Site Tests

As prime contractor for the GPS Space Vehicle, installation of
sub-systems and integration tests are initiated at Rockwell's
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Seal Beach Operation Factory Test Clean Room Facility. Figure 4
shows the test flow and the type of tests performed at these
levels on the space vehicle. The Rubidium clock is primarily
tested for interface compatibility with the different sub-systems.
The performance of the individual sub-system is tested at each
phase of buildup to assure reliable operation during the five year
mission -life. The test criteria are structured to verify that
each sub-system performance is within specified 1imits, and the
performance is monitored for stability and continuity from test
phase-to-test phase. Departures from expected performance, even
well within specification limits, are evaluated in detail and
corrective actions are implemented.

Two mobile vans equipped with test systems to perform factory
tests follows the space vehicle to Rockwell's acoustics and
thermal vacuum chamber environmental test facilities located
in the Los Angeles area.

At Rockwell's Los Angeles Operation Acoustic Chamber, the space
vehicle is subjected to a broad spectrum of acoustic frequencies
to simulate the 1ift-off, boost, and separation environment.

The thermal vacuum chamber at Rockwell's Downey, California,
operation siumlates the heat, cold, and vacuum of space to
verify assembly, workmanship of space vehicle components.

Figure 5 shows the qualification space vehicle in a thermal
vacuum chamber. Each individual sub-system component is mounted
on the Space Vehicle thermal control plates and driven to tem-
peratures exceeding on-orbit temperatures by 21°C for qualifica-
tion testing and 11°C for acceptance testing. The thermal design
of the entire spacecraft is thus validated by thermal-vacuum
testing in a Targe vacuum chamber with a typical test time of
about 3 months. Each Rubidium clock is turned on in a programmed
sequence to test stability at the temperature extremes with the
four different sub-systems during the thermal vacuum tests.

These four sub-~systems include navigation; electrical power
(Ni-Cd batteries); attitude and velocity control; and the
telemetry, tracking, and command (Figure 6).

After the completion of the Thermal Vacuum Test, the space
vehicle is shipped to Rockwell's Seal Beach Clean Room Facility
for a series of final tests. These tests include the mission
profile, space vehicle's static and dynamic balance and func-
tional tests. One of the key tests is the spin balance which

is designed to make precision determinations of the Space Vehicle
Mass Properties.

At Vandenberg AFB, the space vehicle is prepared for taunch by
performing satellite and master control L&S band RF link com-
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atibility tests and a simulated flight and mission dress re-
hearsal (Figure 7). Normally, one of three redundant Rubidium
clocks is turned-on as a master clock for the L-Band RF 1ink
compatibility tests. The S-Band links with the Satellite Control
Facility located in Sunnyvale, California, and is used as a down-
link to receive the telemetry and other information from the
satellite.

SUMMARY

It has been shown that the role of automation is essential in the
development of a Space Qualified Test Program. Use of automation has
been a key factor in the success of the test program to date. Because
of the accelerated schedules and heavy demand on test systems, it is
highly unlikely that the present state of development could have been
achieved without automation techniques. Expertise in the field of
precision frequency and time measurements as well as the capability
to interface special test equipment with computer technology are
essential in meeting test requirements for the space-qualified clocks.
Automatic test systems have essentially provided unattended operation
24 hours a day, thus reducing cost and increasing productivity.

The test program plays a major role in producing Rockwell International
products for Government contracts. By employing a regimented type
test program, it has been shown that tests uncover latent faults

which otherwise may have gone undetected. The program has also
demonstrated interface compatibility among sub-systems. The use of
well documented test procedures has provided uniform testing from
location-to-location; test personnel-to-test personnel; and inspector-
to-inspector.

In conclusion, when involved in. a major program such as GPS, a con-

siderable amount of effort is expended in tests and as such is
a key element in the success of the program.
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Figure 5, Thermal Vacuum Testing of Space Vehicle
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QUESTIONS AND ANSWERS

DR. VESSOT:

If you could explain a little more about what I consider to be the
most important test -- and that is the on-going operation of the
clock and the monitoring of its operation for very, very long
periods of time. Even though these are extreme stages of testing,
in my opinion, you do not observe the clock operating for as long
as you possibly can while it is in your possession before it goes
into space.

A Tot of those long-term tests I feel are very minor.
MR. KOIDE:

The long-term tests uses trade-off schedules -- production schedule
trade-offs. So, we felt that the long-term type testing will be
the Allan variance test which will get out to 100,000 seconds. We
get our data points up to about seven data points to give us some
assurance of confidence that it has maintained this particular
level of task.

DR. VESSOT:

This is not the kind of test I had in mind -- which is the test

wherein you prove that this device is going to work for a period
of several months while you still have it on the ground. At no

time while it is in your possession, I feel, should you fail to

take data from the clock in the operating condition.

This is the clean shake, shock, vibration, thermal vac, and
all the rest of it -- keep it running and monitor it.

MR. KOIDE:

Yes, we do have the acceptance level testing for the rubidium fre-
quency standard. Once the rubidium frequency standard gets over
to the factory test level and integrated into the space vehicle,
you are primarily concerned with the interface compatibility be-
tween systems.

So, you do monitor all the time -- you do the test while you
are testing or monitoring the telemetry lines. You do a lot of
other types of tests, but is mainly for the interface compatibility
of other systems.
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DR.

MR.

DR.

MR.

VESSOT:
But does that interfere with the frequency or the stability testing?

KOIDE:
No, that is not the prime function when we get into the vehicle
testing.

VESSOT:.
I suggest that is a mistake; that you can't avoid that issue of
keeping an eye on the piece while you still have it as long as you
possibly can.

KOIDE:

Well, we try'to do that. We are trying to set up a long-term test,
a life test for the RFS and that is another issue.
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PROGRESS OF THE LASSO,EXPERIMENT

ﬁr. B.E.H. SERENE

"European Space Agency, Toulouse, France

ABSTRACT

The LASSO (Laser' Synchronlsatlon from
Stationary Orbit) experiment has been
designed to demonstrate the feasibili-
ty of achieving time synchronisation
between remote atomic clocks with an
accuracy of one nanosecond or better

by using laser techniques for the first -
time. The experiment uses ground—

based laser stations and the SIRIO-2
geostationary satellite, to be launched
by ESA towards the end of 1981. “

The first part of the paper is dedlca-4
ted to the qgualification of the LASSO
on-board equipment, with a brief des-
cription of the electr1ca1 and optlcal
test equipment ‘used.

The second part gives the progress of

the operational organisation since the
last PTTI meeting, including the pro-

visional list of participants.

1. INTRODUCTION

Since the last PTTI meeting an important number of activi-
ties have taken place in the framework of the SIRIO-2
programme and more specifically for the LASSO experiment :

- the units of the mechanical model have been integrated
and successfully tested with the complete satellite,

- a design review has been held to examine. breadboard
results with a view of authorising the manufacture
of the qualification units,
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- the units of the qualification model have been deliverea
to the Centre National d'Etudes Spatiales (CNES) for
Aintegration and performance evaluation at subsystem
level,

- after acceptance of the principal 1nvestigators by ESA,
two LASSO Experimenters and Users Team (LEUT) meetings
‘were held in Geneva and Paris respectively,

. - the LASSO Coordination Centre (LCC) was subcontracted-_'
- to the Italian firm TELESPAZIO which is already in
- charge of the SIRIO-2 Operations Control Centre (SIOCC).

2. QUALIFICATION OF THE LASSO PAYLOAD

2.1. LASSO On-Board Equipment

The specifications and the design concept were largely
presented at the last PTTI meeting (1). It is recalled
that the LASSO payload consists of : T

- the retro-reflectors,
= the photo-detectors’ for sensing ruby and neodyme laser
pulses, :

the ultra-stable oscillator, ‘
- the counter to time-tag the arrival of the pulses.

These time-tags are to be encoded in time division
multiplex with satellite housekeeping before transmission
to the ground.

An overall block diagram is shown in Figure 1. -

2.2. LASSO Test Equipment

| The test equipment has been designed and built for easy
transportation and operation with a-maximum of automatlc
test sequences. It is used at :

- subsystem level for qualification and acceptance
tests,
- system level for integration and pre-launch tests,

- and consists .of two inter-connected parts : the electrical
test equipment (ETE) and the optical test equipment - (OTE).
(1) SERENE B. and ALBERTINOLI P.,

"The LASSO Experiment on the SIRIO-2 Spacecraft", ESA_Journal,
Vol. 4, pages 59 to 72, 1980
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2.2.1. Electr1ca1 test_equipment

In order to allow a complete check of the LASSO payload
the ETE must perform the following functions :

(a) satellite interface simulation concerning power
supply, telecommand transmission, telemetry acqui-
sition and synchronisation with satellite rotation.

(b) 1laser pulse simulation by means of an electrical
pulse generator which is used directly behind the
photo-detectors or indirectly to trigger the
OTE. In both cases, stimuli pulses are time-tagged
by the ETE; these measures are used as references
to verify those carried out by the LASSO equipment.

(c) LASSO housekeeping monitoring; this function concerns
temperatures, voltages, currents and status
recognition.

(d) interface with the satellite check-out equlpment
after integration of the LASSO payload in the
satellite.

Overall control of the ETE is performed by a desk-top
computer running automatic and semi-automatic test
sequences and providing finally statistical treatment of
the measurements performed.

An overall block diagram is shown in Figure 2.

2.2.2. Optical_test egulpment

The OTE, under ETE software control, sends laser pulses
towards LASSO detectors and simulates the light generated
by the earth albedo inside a time window corresponding to
earth visibility.

The departure of the laser pulses are detected in the OTE
by fast photo-diodes which provide an electrical feed-
back signal time-tagged by the ETE.

The block diagram of the OTE is given in Figure 3, and the

main characteristics of the different parts are listed
below :
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(a)

(b)

(c)

(d)

dye laser for néodymevsimulation

Al = 532.0 nm

1 < PWHA* < 3 nsec.
0.1 < E < 30 mW/cm2
maximum repetition rate : 20 Hz

dye laser for ruby simulation

Az = 694.3 nm

1 < PWHA*< 3 nsec. 2
0.05 < E < 20 mW/cm
maximum repetition rate : 13 Hz

earth albedo simulator where a quartz-iodine lamp
provides the illumination :

22'uW/cm2 for Al + 6 nm

16 uW/cm2 for Az + 6 nm

optical interface which collects, by means of optical
fibers, the light generated by the three simulators
above; after being mixed and merged into a parallel
beam, the light is chopped by a mechanical shutter
driven by the earth appearence signal.

electrical interface between the OTE and the ETE.

Pulse width half amplitude
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2.3. LASSO Units Test

2.3.1. Retro-reflectors

The qualification programme was run by AEROSPATIALE on a
test sample made of 94 dummy glass corner cubes and

4 flight-worthy quartz corner cubes. The diffraction
figures of the 4 quartz corner cubes were measured before
and after each test :

- vibration (sinusoidal and random)
= thermal cycle under vacuum (+50°C, -60°C)

The measured efficiency for normal incidence is in fact
20 for 694.3 nm and 17.5 for 532 nm;

2.3.2. Optics

The qualification programme on the two sets of optics
was conducted by MATRA and EMD.
For the neodyme optics the results are :

- normal incidence Ac = 534.,3 nm with a bandwidth (half
amplitude) of 11.8 'nm;

- 10 degrées incidence introduce a shift of the central
wavelength of -2,3 nm; the bandwidth remains the same;

- the optical gain versus incidence angle was measured
and the results are given in Figure 4 and 5;

For the ruby optics the results are :

- normal incidence Ac = 696.9 nm with a bandwidth (half
amplitude) of 12.1"'nm;

-~ 10 degrees incidence introduce a shift of the central
wavelength of ~-2.5 nm, the bandwidth remaining the same;

- the optical gain versus incidence angle was measured
and the results are given in Figures 6 and 7.

2.3.3. Ultra-Stable Oscillator (U.S.0.)

This unit, manufactured by F.E.I. (USA), was delivered
fully qualified.
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2

Converter

- electrical performance,
vibration (sinusoidal and random)c
electrical performance,
thermal cycles' under vacuum (+60°C, -20°C3
final electrical performance.

2

.-3. 51.

_ggtection and datggion

The qualificatxon programme was conducted by LABEN and’
the following test sequence was applied _

The qﬂalification programme was conducted by EMD on both
~units, using only the ETE.

-

- was applied :

electrical performance,
vibration-(sinusoidal and random),

electrical performance (repeated),
thermal cycles (+50°C, -10°C),
electrical performance (repeated).

The following test sequence

The electrical performance was controlled for six
different configurations which are listed below :

Configu-| Pulse |Time Sep- | Time Sep-| Pulse Time Sep~
ration width {aration |[aration [amplitude | aration
(half between between between
arplitude)| 2 pulses |2 pairs 2 se-
.of a same quences
} (nsec) {msec) (msec) (mVv) (msec)
1 0.284
2 200
2 72.7
1164 70
3 0.284
20 | ‘ 8 000
4 72.7
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A 5th configuration is used for false detection evaluatidn,
with and without the presence of the earth albedo, during a
period of five minutes.

Yet another configuration, No. 6, is used for the chronometer
dead-time evaluation, i.e. time tagging pulses far apart
of 200 usec. ' '

The results obtained for the different configurations are
summarised in the Table 1. : ’

Confi- ‘ oyt Standard 'False
guration sensitivity | albedo deviation|detection
(psec)

normal | no 148 -
" " 377 -
" " 137 -
" 456 -
maximal _Yes _ 159 -
" " 280 -
" " 141 -
" | 206 -
" : wo. - ‘ 0
" no - 0
normal yes 185 -
" " 286 -
" " 145 -
" " 240 -

U & W N = 0w N = D Ww N

(o))

Operating properly

TABLE 1
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2.4. LASSO Subsystem Test

For this purpose a satellite mock-up was manufactured,
enabling the units to be mounted in their exact position.

After delivery to CNES, the detection, the datation and
the ultra-stable oscillator were integrated on the mock-
up and inter-connected with the qualification model
harness. This partial subsystém was submitted to thermal
cycle under vacuum (+50°C, -10°C) during which. the elec-
- trical performance was -extensively controlled using the
OTE. and ETE.

The main results are :

- for 1900 pairs of pulses generated by the neodyme and
the ruby laser simulators, in all the configurations,
the standard deviation is 341 psec with a bias of
68 psec due to the fact that two different t1me refe—
rences are used.

- the number of false detections is always less than one
per hour.

After delivery to CNES, the converter was integrated in
the partial subsystem. The test programme for the quali-
fication of the complete subsystem is at present ongoing
with the following activities :

- electrical performance, .

- electromagnetic compatibility, including electrostatic
test, .

- thermal cycles,

- final electrical performance.

A

3. OPERATIONAL ORGANISATION

The overall SIRIO- 2/LASSO organlsatlon is shown in
Flgure 8.

The industrial consortium is'led by the Compagnia
Nazionale Satelliti per Telecommunicazioni (CNS) with
two co-contractors, CNES and SELENIA, in charge of the
LASSO and MDD payloads recpectively, while for the ope-
rational activities the company TELESPAZIO has been
entrusted, under ESA contract, to run the SIOCC and the LCC.
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Sirie 2/1ASSO everall organisation |

FIGURE 8

The LASSO Working Group (LWG), which is composed of seven
European scientists, has been created to advise ESA on the
validity of the proposed participation, the capabilities
of existing and envisaged laser stations, and potential
LASSO applications (time and frequency, geodesy, :
geophysics).

The LASSO Experimenters and Users Team (LEUT) is composed
of the principal investigators of the admitted experiments.
The purpose of the group is to clear the technical and
operational interfaces between the ESA-provided services
and the users intentions. It also enables the users
themselves to be involved at the very beginning of the
experiment coordination process.

The SIRIO-2/LASSO operational organlsation is given in
Figure 9.
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3.1.

The Announcement of Opportunity was issued by ESA in
September 1979 and distributed worldwide.

received and analysed with the support of the LWG during
Provisional admittances were

SCIEN!I’FlC COMNUNITTY

The Scientific Community.

SYSTEM

Sitlo 2/ LASSO operational organisation

the first quarter 1980.

notified to the principal investigators, and two LEUT

FIGURE 9

meetings were held in June and September 1980.

Replies were

The provisional list of participants in the LASSO
mission is given in Table 2.
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[4AX

¢ dT149VYL

Entrusted Principal Laser
Country Laboratory Investigator Station Status
Austria U.T. Graz Prof. W. Riedler Lustbiihel |[Purchase in progress
Brazil CNPg P. Mourilhe Silva Information not available
France GRGS Dr. F. Barlier Grasse Operational
BIH
LPTF
E.Germany |Academie der Dr. G. Hemmleb Potsdam Operational
Wissenschaften
W.Germany |PTB Dr. G. Becker Wettzell |[Operational
IFAG
India NPL Dr. B.S. Mathur Kavalur Under refurbishment
STARS Dr. P.S. Dixit
Italy Cagliari Obs. {Prof. E. Proverbio Cagliari " "
OAT Prof. M.G. Fracastoro Turino Purchase in progress
IEN
Univ. Pavia Prof. B. Bertotti n.a. off-line
Netherlands |Van Swinden Dr. R. Kaarls Kootwi jk Operational .
U.T. Delft
Spain Instituto y J. Benavente San Fernando} Under refurbishment
Obs. de Marina
U.S.A. USNO Dr. G.M.R. Winkler NASA GSFC }Operational
NASA GSFC
NBS
Univ.Maryland
Dept. of Navy |[Dr. R.J. Anderle n.a. off-line
ESA ESOC W. Flury & J.M. Dow [n.a. off-line




The LASSO Principal Investigators are ﬁndertaking prepa-
ratory work for LASSO participation in the following
typical areas :

- adaptation of laser station equipment (e.g. acquisition
of datation timers, modification of laser beam width,
intensity, pulse length);

"= preparation of computer software for time synchronisa-
tion calculation and geophysical or orbitographical
analysis;

- affiliation to the General Electric Mark III System
for data exchange;

- attendance at the LASSO Experimenters and Users Team
(LEUT) meetings organised by ESA.

3.2. The L.C.C.

Telespazio has been requested to prepare for the set-up,
operation and maintenance of the LCC for the purpose of :

(i) experiment preparation (hours, minutes before daily
laser transmission session), including :

orbit determination,

S/C spin phase prediction,

laser firing times,

telescope pointing angles,

- dissemination and acknowledgment;

(ii) experiment monitoring (during daily session) :

- LASSO telemetry real-time analysis,

- operational feedback to/from laser stations,

- updating of operational modes (e.g. phasing of
.transmissions) ;

(iii) compilation and annotation of data (after daily
sessions) :

- LASSO telemetry preprocessing to correlate timing
with stations,

- laser station timing data,

- orbital ranging data,
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- S/C spin phase information,
- session narrative summary;

(iv) dissemination and archiving of results.

3.3. Communication System

Data exchange between LCC, laser stations, time institutes
and research laboratories will, as far as practicable, take
place using the worldwide General Electric Mark III System.

Specialised or validative data processing will be performed
by various user institutes primarily to satisfy their own
needs, but the results will be made available to the user
community as a whole by way of the G.E. Mark III file
interrogation feature.

The LCC data output will consist of laser transmission
and reception times at the participating laser stations,
along with the datation extracted from the satellite
~telemetry. The data will be distributed to principal
investigators via the G.E. Mark III System.

3.4. Cooperation with the "Bureau International
de 1l'Heure" (BIH)

The BIH has offered its cooperation with ESA in the LASSO
mission in three areas :

- time comparison over long periods, by statistical
treatment, for atomic clocks attached to laser stations; -

- special processing allowing the part1c1pat10n of
one-way laser stations;

- data exchange via the G.E. Mark III System.

3.5. ESA Responsibility

The LASSO principal tasks to be carried out by ESA under
the SIRIO-2 Exploitation Phase during 24 months after
geosynchronous orbit acquisition are :

(a) schedule and prepare the overall LASSO mission in
terms of monthly, weekly and daily activities, in
liaison with participating principal investigators
and laser station operators; ’
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(b) build, operate and maintain a LASSO Coordination
Centre (LCC);

(c) collaborate with LASSO Principal Investigators in the
calculation of time asynchronisms among participating
atomic clocks with the aim of demonstrating the
feasibility of achieving a precision of one nanosecond
or better;

(d) transport and maintain a transportable calibration
device in order to monitor secular drift phenomena
in the laser transmission and reception equipment
at participating laser stations;

(e) evéluate'and feport on the performances of the LASSO

mission in comparison with other space and ground
methods for time transfer.

4., CONCLUSION

The testing of the LASSO qualification model and the
manufacturing of the flight model hardware is progressing
in a satisfactory manner.

The LASSO mission implementation is facilitated by the

overwhelming support of users, consisting mainly of laser

station operators, time and frequency institutes, and
researchers in the field of geodesy and geophysics.

The LASSO exploitation is benefitting from the fact that
the users have developed, over the years, an informal
but well-established scientific and operational relation-
ship as a result of earlier land and space programmes.

Accordingly, users in Europe, America and Asia are under-
taking procurement or adaptation of ground hardware, along
with software development, in order to render the LASSO
mission and their own participation as fruitful and
rewarding as possible.

- o0o -
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QUESTIONS AND ANSWERS

PROFESSOR CARROLL ALLEY, University of Maryland

Could you give us more details on the results of the testing, par-
ticularly as to the minimum detectable signal in the presence of
maximum Albedo and in the presence of minimum Albedo?

DR. SERENE:

Well, I am surprised you have any questions, Professor, but no I
don't have this information here. Have you any problem concerning
the detection level? Because as far as I understand you plan to
use a quite powerful laser and you have more problem to avoid de-
stroying the equipment on-board than to know the threshold.

PROFESSOR ALLEY:

We need to know both. Let me go a bit further. You reported that
the false alarm turns out to be at a rate of less than one per hour,
whereas the specifications call for one per minute. This suggests
to me that perhaps the threshold levels for detection is set higher
than it might be necessary and that one might have a better sensi-
tivity if one adjusted that.

DR. SERENE:

Well, the threshold detection is just to avoid filling the memory
with any stray lights, but actually that is not involved in the
threshold for the detection of the laser pulse because we have two
modes. The normal mode and the sensitive mode on-board, and I
don't see the point, because the spec for one false detection per
minute is more to limit electronic noise than 1ight noise.

PROFESSOR ALLEY:

Well, I would think that they would get mixed up at the final level.
Perhaps we should continue this discussion elsewhere.

DR. SERENE:

Yes, no problem. But, we can have electronic noise and passive
light. That is where the false detection comes from, because if
you have something recorded in the memory perhaps not coming from
the detection, but coming by electromagnetic coupling that is a
false detection. It has nothing to do with the threshold.
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PROFESSOR ALLEY:

Well, I think this is not the forum to continue this detail but let
us continue it later.
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TWO-WAY SEQUENTIAL TIME SYNCHRONIZATION:
PRELIMINARY RESULTS FROM THE SIRIO-1 EXPERIMENT{ *

E. Detoma, S. Leschiutta
Istituto Elettrotecnico Nazionale "Galileo Ferraris"
~ Torino - Italy

L 4

ABSTRACT

A two-way time synchronization experiment was per-
formed in the spring of 1979 and 1980 via the Ital-
ian SIRIO-1 experlmental telecommunications satel-
lite.

- The experiment was designed and implemented by the
Istituto Elettrotecnico Nazionale, Torino (Italy),

" to precisely monitor the satellite motion and to
evaluate the possibility of performing a high-preci-
sion, two-way time synchronization using a single

- communication channel, time-shared between the par-
ticipating sites.

The results of the experiment show that the preci-
sion of the time synchronization is between 1 and
5 ns, while the evaluation and correction of the
satellite motion effect has been performed with an
accuracy of a few nanoseconds or better overzatlme
interval from 1 up to 20 seconds

INTRODUCTION

The principal features of the SIRIO-1 time synchronization

experiment can be briefly summarized as follows: '

~ the experiment was designed to precisely monitor the satel-
lite motion -and the effects of this motion on the time syn-
chronization accuracy;

Work supported by the Italian National Research Council.

329



- the time synchronization is performed using the two-way
time synchronization technique and a single communication
channel, time-shared between the two sites;

- the experiment tests a new technique that has been proposed
to correct for the satellite motion effect while performing
the time synchronization;

- by using a single communication channel, no effects affect-
ing the accuracy of the time€ synchronization at the 1 ns
level are due to the space segment (from one ground anten-
na to the other), thanks to the high frequencies used for
the RF carriers;

- the time signals used allow the independent determination
of the uncertainties of the time-of-arrival measurements
at the two stations, to separate the contribution of each
station to the total precision.

This last feature can be important to understand the contri-
bution of local phenomena (ground equipment, atmospheric con-
ditions affecting the signal attenuation, especially rain,
etc.) to the synchronization precision.

ORGANIZATION OF THE EXPERIMENT

A detailed description is given in ref. 1. Only a few remarks
are given here, mainly for reference purposes,

Two ground stations, Fucino and Lario (fig. 1), participate
to the experiment. Both sites are in Italy, in the north-
ern (Lario) and in the central part (Fucino) of the country;
one IEN Cesium clock was installed at each site.

Pucino (fig. 2) transmits its time signal at O seconds of the
synchronization frame (Fucino time), acting as station 'A',
while Lario transmits its own signal at 0.5 s (Lario time),
acting as station 'B’'.

Two times-of-reception are then measured at each site; with
reference to fig. 3, these are T4 and T, at Fucino and T,
and T- at Lario (we have no need to meaSure TO and T2 since
these are known).
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To simplify the notation and for a better understanding, we
may note that T4 - Tg is the time of propagation of the time
signal from Fucino to Fucino, Ty - Tg is (neglecting for now
€) the time of propagation from Fucino to Lario, etc., so we
can write: |

T(FF) = T,-Tq =Ty
(1) T(FL) « Ty - Tp'& T4

T(LF) ¥ T3-T,"= T3-0.5

- T(LL) = Tg -Tp = T5-0.5

(*) local time reference

T(FF), T(FL), T(LF) and T(LL) are the actual results of the
time measurements at the two sites [except for the subtrac-
tion of 0.1 s, resulting from the hardware implementation,
see ref. 1] and will be used in any following computation.

Two data types are considered: pseudo-range data, such as
T(FF) and T(LL), that are the time intervals measured against
the same time reference, and synchronization data, such as
T(LF) and T(FL); the starting and ending times of the latter
intervals are measured with reference to different clocks.

Data format

Actually, each one of the values listed in (1) results from
the measurement process as the mean over ten independent
measurements: a rough data file is shown in fig. 5. Each
time of arrival is then evaluated as the arithmetic mean of
the measured data. The data is rejected if the associated
standard deviation is larger than 100 ns; however, less than
0.5% of the data was rejected because their standard devia-
tion was exceedingly large. On the average, the standard de-
viation for each of the time-of-arrival evaluations, based
on ten data values, is in the range 10 to 50 ns.

The basic synchronization frame lasts 1 s and is repeated
every 10 s; during the 1979 series of measurements, small
groups of data (10 to 15 measurement frames) were recorded
seaguentially, to characterize the performance of this tech-
nigue over time intervals of 100 to 150 seconds: this was
actually performed also to verify the assumption of a linear
motion of the satellite and the validity of the correction
used (see ea. (7) to (15), ref. 1) over this time interval.
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During 1980 a second series of measurements were per-
formed over longer time intervals (up to 16 minutes); the
comparison between the results obtained via the satellite,
the TV method and portable clock trips are shown in fig. 6,
where € 4 is the difference between the two atomic clocks
located at the ground sites. An expanded view over four con-
~secutive days of satellite measurements is given in fig. 7.

The overall accuracy of the clocks comparison was estimated
to be between 50 and 100 ns, with reference to some portable
clock comparisons. '

Synchronization estimate (Tt = 1 s)

The clocks difference €4 at the time t, defined as:

(2) e, =t(B) - £(A) = t(LAR) - t(FUC)
is given (see ref. 3), over the basic synchronization frame
time intervalt (t = 1 s8), by the equation:
Tt(FL) - Tt(LF)
(3) st(t =138) = + (0.5)+C
2
since (t2—t1) is 0.5 s (see fig. 3).

The range-rate correction C to €4s S defined in ref. 1, is

‘computed as:
[T

+10(FF)-Tt(FF)]+rT (LL)-Tt(LL)]

t t+10

: 1
(4) C=+3
20
The magnitude of C was usually found to be in the range
2+4 ns/s, yielding a range rate correction of 1 to 2 ns over
the basic frame.

An estimate of € is obtained by taking the arithmetic mean
of a number of successive data (from 100 s up to 16 minutes).
If € would be constant over this measurement interval, then
the standard deviation o(e) of the data would be related to
the precision of the method.

The evaluation of € and o(e) is carried on by applying a
3-sigma width filter; that is, the ey value is rejected if
the residual | e—st|> 30 ; if anyct has been rejected, a new
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€ and o (e) are evaluated using the remaining data.

This procedure is repeated until no more data are rejected;
usually this filter rejects less than the 5/ of the available
data.

Assuming a normal distribution of the data, tge one-sided
estimated error|ide| in the determination of € is given, with
the 99.5% confidence, as:

ot (n=1)

vn

The magnitude of 6e , when € is computed over 50 to 100 data
€, ranges usually between 1 and 5 ns (see fig. 7 and fig. 8).

The capability to look at the precision of the method over
short time intervals is demonstrated by fig. 8 and fig. 9,
where two-hours data are plotted, together with an unweighted
least-squares fit of the available data.

As it can be seen, the average error of the fit is quite small,
less than 1.5 ns.

Expanded time synchronization frame (1t =10s and t =20 s)

As explained in ref. 1, the time synchronization frame can
be lenghtened by simply rearranging the data.

This shows the capability of the method to synchronize two
clocks by using a single communication channel even if a fast
switching of the KF carrier at the two sites is not possible

and a large effect due to the satellite motion is then expect-
ed; however, the amount of the correction due to this motion

can be computed very accurately by using the pseudo-range
data available.
In this case, the clocks differencee:t can be computed as:
T,.(FL) - T (LF)
t
(6) e (1=105) = t+10 + (10.5)-C
2

(since now (to-tq)==10.5 s) where C is given by eq. (4).

This is equivalent to have a station transmitting its time
signal at tgp and the other site transmitting at (tp+10.5)s.
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Accordingly, to simulate a longer time interval (t=20 s) we
can write:

Tt(FL) -7 (LF)

2

t+20

(1) e (t=20s) = + (20.5)+C

where now C is computed as:

[T Ty, 20(FF)..T (FF)] + [T

1 (LL)—Tt(LL)]
(8) C=+3 40

t+20

A comparison of single measurements of €_, evaluated by using
ea. (3), (6) and (7) is presented in fig. 10, over a 200 s
time interval. The agreement between the values of €y for dif-
ferent t's is remarkable, if we note that the correction to

be applied to eqg. (6) and (7) amounts respectively to about

48 and 95. ns in most cases.

Further ana1y51s on the experimental data

Instead of using the differences between the measurement data
T(FL) and T(LF) to compute €, it is possible to use a poly-
nomial fit of the data and then evaluate €4 over the coef-
ficients of the fitted polynomial.

This procedure has the advantage that less data are exchanged
between the two sites (the fit coefficients only) and that
also missing data points at one site can be recovered from
the fitted curve.

By writing:

T(FF) I a (t=tq)t
gr i | 0 .
o) T(LL) = é} b, (t to)1
T(FL) = %i c, (t-%g)
T(LF) =

o i
L; 4, (t-to)
(3) can be written as:

n i
Zi(ci—di)(t—to) +(0.5)°C

(100 gy lt=18) =7

where:
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4 i % i
5i(a +0, ) (3-%0,10) - &ila;+b, ) ($-%p)

(11) C =+
20

S

I .10t
! 1(ai+bi) 10

=

20

If €4 is constant over the measurement interval, then €_=¢€
t to
and ea. (10) becomes:

: 1
(12) €, =3
If only the linear (velocity) terms are significant and any
higher order term (acceleration) of the satellite motion is
neglected, then C is given by
a, + b,

i i

4

This procedure was actually carried on over measurements in-
tervals up to 600 s; over time intervals up to 200 s it was
found that a linear (first order) fit (as given by eq. (12)
and (13)) was usually good anough to evaluate €, and any
further increase in the degree of the polynomial does not
improve the fit; obviously this result depends mainly on the
clocks and the synchronization process behaviour.

(do—co) + (0.5)°C

(13) C =+

This was also a further check of the correctness of thé lin-
ear motion assumption as given by ea. (4).

The test of statistical significance (see ref. 2) of the com-
puted coefficients of the polynomials (9) was carried on by
computing the standard deviation of the estimated coeffi-
cients.

This was done in the following way: the least squares fit is
expressed by the normal equations that, in matrix form, are:

(14) (X'X) ¢ = (X'Y)
where: (¥'X) is the normal equations matrix (or x-products
matrix)
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(X'Y) is the cross-products matrix;
¢ 1is the vector of the coefficients.

An estimated value of the standard deviation of the fit is
computed as:

2
2 1
= ————— X
(15) o (n-k) Ty
where n is the number of data, k is the number of estimated
coefficients and r; is the i-th residual. The estimated stan-
dard deviation (ref. 2) of the k-th coefficient is given by:

(16) O'k= U-‘I ckk

where cy, is the k-th diagonal element of the matrix (X'X)—l
Actually the computation of the (X'X)-! matrix was performed
with Gauss-Jordan reduction and pivot search to minimize the
numerical computation errors. Then an estimated confidence
interval for the coefficient can be computed, by using the
Student t-distribution at (n-k) degrees of freedom.

Ground-equipment delays measurements

Two types of measurements were performed: test-loop-translator
(TLT) measurements and transmitting-chain delay measurements
(LARIO site only).

Test-loop-translator measurements

The experimental set-up is shown in fig. 11. The measurements
performed showed a precision around 1 ns and a long term (1
month) stability of the delay in the order of 1! to 3 ns, if
the ground equipment is operated at the same power level. The
measurements were performed in the same operating conditions
as during the synchronization sessions.

The loop-delay was found to be 3.776 ms (LARIO) and 4.618 us
(FUCINO) on the average.
Transmitter delay measurements (LARIO site only)

The proposed use of a microwave cavity as a frequency discrim-
inator was tested. The cavity was characterized by a Q of
1500 at the transmission fregquency. Unfortunately, the only
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way to couple the cavity near the TLT was via an existing
directional coupler, that attenuates the signal more than
40 dB. '

The rectified signal consequently was very small, since the
cavity contributed an additional attenuatlon of about 12 4B,
and, under these conditions, the measurement was 1mp0331b1e.

In order to increase the rectified signal, it was necessary
to increase the frequency deviation: in these conditions the
communication equipment was working outside the range of nor-
mal operation and the overall system response degraded no-
ticeably. The measurement jitter, for instance, increased up
to 50 ns (1 sigma), as compared to the 1 ns found in the TLT
measurements; this was verified by performing the same TLT
.measurement, but with the larger frequency deviation.

The reproducibility of the measurements, mainly related to
the critical setting of the microwave cavity (the cavity res-
onance was adjusted at the RF carrier frequency when no mod-
ulation was applied), was better than 100 ns, even when
working in these very critical conditions.
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